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Chapter 1
GENERAL INTRODUCTION

CHAPTER 1

Cardiovascular disease and arterial calcifications
Heart disease and stroke are the number 1 and 2 global causes of years of life lost.1 In the
developed world, considerable progress has been made in terms of treatment and prevention,
but cardiovascular disease remains responsible for a large burden of morbidity and mortality.
Arterial calcification is consistently associated with increased cardiovascular disease risk.2,3 As the
extent of calcification correlates well with atherosclerotic plaque burden in the coronary arteries,
arterial calcification used to be considered a marker of atherosclerotic disease anywhere in the
body.4,5 However, the relations between calcification, atherosclerosis and cardiovascular disease
are not straightforward. Substantial excess risk remains associated with arterial calcification
after adjustment for traditional cardiovascular risk factors, and arterial calcification can improve
CVD prediction when added to models with traditional risk factors. Recent studies propose that
calcification could contribute to cardiovascular risk by itself, not merely as a marker that reflects
underlying atherosclerotic burden.6 Arterial calcification was long considered a passive process
of mineral deposition but is now understood to be an actively regulated process.7 The question
arises as to whether modification of calcification processes could reduce cardiovascular disease
burden.
Different types of calcification
Calcification can occur in different layers of the arterial wall (Figure 1). Intimal arterial calcification
(IAC) occurs when atherosclerotic plaques calcify and is located in the intima or directly subintimal. Calcification in the arterial media, first described by Mönckeberg in 1903 and also
known as “Mönckebergs medial sclerosis”, arises without the need for atherosclerotic changes
being present.8 Calcification of the internal elastic lamina (IEL), traditionally considered part of
the intima, also occurs without any adjacent atherosclerotic plaque formation.8 In some vascular
beds, medial calcification and IEL calcification seem to be a continuum9, in others the IEL tends
to show isolated calcification.10–12 For the sake of clarity, we will use the term “medial arterial
calcification” (MAC) for non-atherosclerotic calcification, including IEL calcification.
Morphologically, IAC is spotty/patchy/irregular, whereas MAC can be recognized as circular/
linear/smooth calcification (Figure 2). Although these types of calcifications often co-exist, they
can also occur separately and seem to have a preference for different arterial beds.13 MAC is known
to occur frequently in female breast arteries, the carotid siphon and leg arteries,9,10,14 and is more
prevalent in patients with diabetes or kidney disease.9,14,15 IAC is known to occur frequently in
the coronary arteries, the aorta and at the carotid bifurcation, and is more prevalent in patients
with traditional cardiovascular risk factors such as smoking and hyperlipidemia.6,16,17 MAC and
IAC also impact arterial physiology differentially, as MAC is believed to predominantly lead to
vascular stiffness,18 whereas IAC, as a part of atherosclerosis, is related to plaque formation and
luminal narrowing.6
Risks associated with MAC
More than a century after the distinction between IAC and MAC was first made, there is still
controversy surrounding the clinical importance of MAC. MAC has long been considered
innocent. To enable studying the clinical consequences, attempts have been made to distinguish
IAC from MAC in living subjects using radiological techniques. In 1950, a study was published
on arteriosclerosis in lower extremity arteries in autopsy specimens. It found that calcification of
the intima, media and IEL could be distinguished both radiologically and histologically.19 Later
studies have also reported on the radiology-pathology correlations of recognized patterns of
calcification.9,20 Although the reported abilities to distinguish MAC from IAC were moderate to
good, there are certain limitations, including the inability to assess more deeply located arteries,
especially in the thorax and skull.
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Figure 1| Artery wall structure

1

Image credit: Blausen.com staff. “Blausen gallery 2014”. Wikiversity Journal of Medicine. DOI:10.15347/
wjm/2014.010. ISSN 20018762. Creative Commons licence.

Despite these challenges, a number of studies have assessed whether arterial calcification of
non-intimal (MAC) appearance was associated with detrimental outcomes.14,21 Evidence that
has been collected so far consists of two types of studies: studies on breast arterial calcification
(BAC) in women and studies on MAC in the extremities of patients with kidney disease and/or
diabetes. BAC is thought to be exclusively located in the IEL and media.9 Chronic kidney disease
patients and patients with diabetes suffer from high burdens of cardiovascular disease. They are
also known to have high levels of arterial calcification in general, and of MAC especially.13
Because of the perceived unimportance of MAC, as well as the challenges in distinguishing IAC
from other types of calcification, the data on the risks associated with MAC are very limited.
The scarce existing evidence however, shows associations of MAC with increased risks of
cardiovascular morbidity and mortality.14,21–23
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Figure 2| Different types of arterial calcification

Left to right: normal artery (A= adventitia, M=media, I=intima), artery with atherosclerotic changes: (I=
intimal thickening,*= IAC), artery with calcification of the media (filled arrowhead) and internal elastic
lamina (outlined arrowhead).

Elevated ankle brachial index
An elevated ankle brachial index, the ratio between the systolic blood pressure measured at the
ankle and the brachial artery, is currently considered an indicator of increased cardiovascular
risk.24–27 Elevated ABI (≥ 1.30 or 1.40) is generally believed to arise due to MAC leading to
incompressible arteries26,27, even though literature supporting this hypothesis is very limited.28
The increased risks found with elevated ABIs are attributed to arterial stiffening, currently
recognized as an important process in the pathways to cardiovascular disease.29,30 The complex
interplay between MAC, vascular stiffness and adverse outcomes has not been fully elucidated,
however.
Objectives of this thesis
Rising interest in arterial stiffness as an independent risk factor for cardiovascular disease has
renewed the interest in MAC.31,32 Enhanced understanding of the role of arterial calcification
in the development of cardiovascular disease could aid the identification of new therapeutic
targets and potentially relieve the heavy burden of cardiovascular disease among patients with
diabetes and kidney disease.
The objectives of this thesis are to study the risks factors for and risks associated with MAC, and
to compare these to those of IAC. Underlying these objectives are the broader aims to determine
whether MAC has clinically significant detrimental effects and to determine to what extent MAC
differs from IAC with regards to its risk factor associations and clinical consequences.
Outline of this thesis
As there is no established method for assessing MAC, we use different approaches to study MAC,
namely studying vascular beds that are known to harbor a high MAC prevalence, studying high
ankle brachial index as a proxy for MAC, and studying MAC as defined by calcification pattern.
In Chapter 2, we systematically review the available literature on the associations between
traditional cardiovascular risk factors and BAC, as well as the available evidence on the
association between BAC and cardiovascular disease risk. In Chapter 3, we describe the findings
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of a Dutch general population case-cohort study assessing the risk of various cardiovascular
outcomes associated with having BAC. In Chapter 4, we describe the occurrence of regression
of BAC.
In Chapter 5, we assess the associations of cardiovascular risk factors with calcification of
the splenic, iliac, and breast arteries, as well as their associated mortality risks. This study was
conducted in a general population cohort from San Diego, California, USA. In Chapter 6, the
associations of calcification in increasing degrees of circularity in the aorta and common iliac
arteries with all-cause and cardiovascular mortality are assessed, in the same study population.
In Chapter 7, we determine the associations of high ankle brachial index with cardiovascular
disease and mortality in the SMART (Second Manifestations of ARTerial disease) cohort, a mix of
cardiovascular disease and high-risk patients. In Chapter 8, we describe the risk factor profiles
associated with IAC versus MAC of the lower extremity arteries in the SMART cohort.
In Chapter 9, we discuss the conclusions that can be drawn from the data presented in this
thesis and the remaining challenges for future research.
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ABSTRACT
Objective
Breast arterial calcifications (BAC), regularly observed at mammography, are medial calcifications
and as such an expression of arteriosclerosis. Our objective was to evaluate and summarize the
available evidence on the associations of BAC with cardiovascular risk factors and cardiovascular
risk.
Methods
A systematic literature review and meta-analysis were conducted. Embase and PubMed
databases were searched. After critical appraisal, odds ratios were extracted from studies
of moderate or good quality that examined risk factors for BAC or associations of BAC with
cardiovascular disease. Random effects model meta-analyses were used to calculate pooled
odds ratios and 95% confidence intervals (95%CIs).
Results
BAC prevalence is around 12.7% among women in breast cancer screening programs. Increasing
age (pooled OR 2.98 [95%CI 2.31-3.85] for every 10 years), diabetes (pooled OR: 1.88 [95%CI 1.362.59]) and parity as opposed to nulliparity (pooled OR 3.43 [95%CI 2.23-5.27]) are associated
with higher BAC prevalence. Smoking is associated with lower BAC prevalence (pooled OR 0.48
[95%CI 0.39-0.60]). No associations were found with hypertension, obesity or dyslipidemia.
Although longitudinal studies (n=3) were scarce, BAC appear to be associated with an increased
risk of cardiovascular disease events (adjusted hazard ratios for coronary heart disease ranging
from 1.32 [95%CI 1.08-1.60] to 1.44 [95%CI1.02-2.05]).
Conclusion
BAC appear to be associated with an increased risk of cardiovascular disease events, while only
being associated with some of the known cardiovascular risk factors, illustrating that medial
arterial calcification might contribute to cardiovascular disease through a pathway distinct from
the intimal atherosclerotic process.
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INTRODUCTION
Arterial pathology can occur in all three layers of the arterial wall. In the intima, calcification occurs
within plaques and is associated with the well-known atherosclerotic process.1 In the deeper
layers, especially in the media, circular calcifications are fairly common, generally considered
innocent, though a scarcely studied phenomenon.2 The formation of bone tissue in the media is
part of a process called arteriosclerosis. Media calcifications could contribute to cardiovascular
disease through a different mechanism than atherosclerosis, supposedly by increasing arterial
stiffness.3 If so, this could have important therapeutic and prognostic consequences.
A limited number of articles have been published on the topic of medial calcification. Pathologic
studies convincingly demonstrated the presence of medial calcification in the aorta, and in
the arteries of the lower extremity, with prevalence increasing with age.4,5 Furthermore, some
studies investigated associations of radiographical medial arterial calcification in the lower
extremity with cardiovascular disease outcomes. These studies were mostly performed in highly
selected subgroups, such as diabetes patients and renal disease patients.6,7 Large prospective
studies in the general population are lacking, in part because intimal and medial calcification
cannot be easily distinguished with non-invasive methods.
An exception is breast arterial calcification (BAC), which is a type of medial calcification that
is regularly observed on screening mammography.8 BAC is a potential women-specific risk
factor for cardiovascular disease risk.9–13 Several studies have suggested that BAC is associated
with traditional cardiovascular risk factors, such as hypertension, diabetes and chronic kidney
disease.8,14–17 In 2013, two reviews addressing the relation between cardiovascular risk factors
and BAC as well as its association with cardiovascular disease outcomes were published.
However, a quantitative pooling of the results was lacking, nor was the potential for confounding
systematically addressed.18,19
Therefore, our objective was to systematically review and critically appraise the literature on the
determinants of BAC and its associations with cardiovascular events and to summarize these
findings in a meta-analysis, taking into account the potential for confounding and other types
of bias.

METHODS
This review was conducted in concordance with the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) statement.20 A review protocol outlining the methods
was agreed upon before the start of the study and provided in the supplementary materials.
Eligibility criteria
Inclusion criteria were: original research reported in English, German, Dutch or Spanish
on women who had undergone mammography that addressed BAC in association with
cardiovascular disease, cardiovascular risk factors or reproductive factors; or that reported BAC
prevalence in the general population, diabetes patients or renal disease patients. For risk factors
or reproductive factors, articles had to present odds ratios (ORs) or data from which these could
be calculated for one of the following determinants: age, diabetes, hypertension, dyslipidemia,
obesity, renal disease, menopausal status and use of hormone replacement therapy, smoking,
parity, and lactation history. Conference abstracts were excluded, as they do not provide
sufficient information to make an informed decision on risk of bias.
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Information sources and search strategies:
PubMed and EMBASE were searched using a predefined search string provided in the
supplement including “breast artery calcification” and its synonyms (Table S1). Our search was
updated until the 24th of June 2014. References of all relevant articles were screened to identify
potential missing articles.
Study selection and assessing risk of bias in individual studies
Titles and abstracts were screened by one reviewer (EJEH) to determine whether they reported
on the topic of BAC. Two authors assessed all possibly relevant articles independently (EJEH and
JWJB), and applied the eligibility criteria to the full text article. Non-concordant judgments were
discussed with a third author (PAdJ) and resolved by consensus.
As no universally recommended tool for assessing the quality of observational epidemiological
studies exists21,we used predefined criteria. We assessed articles on the following items: selecting
representative study population, selecting appropriate controls (when applicable), methods
for measuring BAC, methods for measuring (other) outcomes, dealing with missing data/nonresponse, statistical methods and controlling for confounding. Every item was rated “unknown/
unreported”, “poor”, “moderate” or “adequate” and assigned 0, 0, 1 or 2 points, respectively.
Overall quality was calculated by summing all scores and dividing by the number of applicable
items (6 or 7). Studies scoring below 1.0 were rated “poor quality”, studies scoring ≥1.0 but <1.5
were rated “moderate quality” and studies scoring ≥1.5 were rated “good quality”.
Data extraction
For the extraction of general population prevalences, studies that scored at least “moderate” on
both the items “Selecting representative study population” and “Methods for measuring BAC”
were included. Only studies of “moderate” to “good” quality were used to extract association
measures (ORs). ORs or hazard ratios describing the association between BAC and cardiovascular
disease were extracted for the following outcomes: cardiovascular mortality, coronary heart
disease, stroke, and peripheral artery disease. For these outcomes, we chose only to include
longitudinal (cohort or case control) studies.
As age is consistently reported as a determinant of BAC and an important determinant of
cardiovascular disease and its risk factors, we used age-adjustment as a minimum requirement
in the controlling for confounding for the following variables: diabetes, hypertension,
dyslipidemia, obesity, renal disease, menopausal status, the use of hormone replacement
therapy and cardiovascular disease outcomes. Age-adjustment was considered adequate if age
was incorporated in a regression model as a continuous variable or if stratified analyses were
performed across at least 3 age strata. When no age-adjusted ORs were given but prevalence
rates among groups were provided stratified by age across at least 3 strata, a Mantel-Haenszel
pooled OR was calculated. We did not impose the requirement of age-adjustment to the
extraction or calculation of ORs for smoking, parity and lactation history as these do not
change (much) with age among older women. Also, for age itself, no minimum requirement for
controlling for confounding was set.
Data analysis
We conducted meta-analyses for specified outcomes when at least three moderate to good
quality studies provided effect sizes across similar levels of a specific outcome. Random effects
meta-analysis models were fitted to the natural logarithms of the odds ratios, as effects were
expected to be heterogeneous due to the variety of study populations and study designs
included in the analyses. Heterogeneity was tested and reported using I2. Sensitivity analyses
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were performed stratifying by quality and including different degrees of adjusting for
confounding. The presence of small study effects and the possibility of publication bias were
assessed using funnel plots. Funnel plot asymmetry was formally tested using the random/
mixed-effects version of Egger’s test22 when at least 10 studies were included in one analysis.
Analyses were performed using R (R Foundation for Statistical Computing, Vienna, Austria),
version 2.15.2 and the ‘metafor’ package, version 1.8-0.

RESULTS
We identified 1658 unique articles through our PubMed and Embase database searches. After
screening of titles and abstracts, 116 articles were found to be relevant and were assessed full text
(Figure 1). Quality assessment was performed on 63 relevant articles. We found 30 articles to be of
“good quality”8–11,17,23–47diabetes mellitus, and subsequent cardiovascular and noncardiovascular
mortality. MATERIALS AND METHODS: A prospective cohort study was carried out in 12,239
women aged 50-68 years who participated in a breast cancer screening program. The screening
mammograms were coded for the presence of breast arterial calcification. Diabetes (n = 442, 18
articles of “moderate quality”12–16,48–60non-hypertensive group was lowest (7.3% and 15 articles
of “poor quality”61–75abdominal aortic aneurysm, or femoropopliteal bypass (study groups A and
B. The full critical appraisal is provided in the supplementary material (Table S2).
No data was extracted from 11 articles, because they did not fulfill criteria of quality and

Figure 1| Search strategy flowchart
Pubmed: n=1238
Embase: n=528

Citations identified through
search strategy: n=1766
Duplicate articles excluded:
n=108
Unique articles for title/
abstract screening:
n=1658
Articles excluded by title/abstract:
n=1542
Articles retrieved for full
text assessment:
n=116

Reference
checking: 0 new

Relevant articles:
n=63

Articles excluded: n= 53
- Relevance* (n=22)
- Case report or not an original
article** (n=21)
- Conference abstract, full article
included (n=4)
- Conference abstract (n=4)
- Language (n=2)

Legend: *=not reporting on selected outcomes, not reporting on mammographically detected BAC in women,
**=reviews, comments
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adjustment for confounders as described in the methods section.15,35,51,55,59,63–65,70,71,74 Data was
extracted from 52 articles; their characteristics are summarized in Table 1. About half of all
studies included women from the general population, recruited through breast cancer screening
programs. A wide range of populations was included in the remainder of selected studies. Articles
were fairly consistent in their definition of BAC, describing it as “parallel lines along the course
of vessels”, “railroad track configuration” or a description of a similar nature. The vast majority of
articles described BAC only as present (in at least one breast) or absent. Articles that did attempt
to quantify BAC did so in a variety of ways. We chose to use only results from analyses using
present/absent scoring. All articles but one specifically (re-) assessed mammograms for BAC,
which screened the original mammography reports for mention of BAC.11

Table 1| Overview of all included studies
Year

Design

N

Mean age
(years)

Overall
quality

BAC
prevalence*

Bae

2013

CaCo

959

? r. > 40

±

10.5%

Cetin

2004 (I)

CS

2400

? r. 32-75

±

9.1%

Cetin

2004 (II)

CS

2400

? r. 32-75

±

9.1%

Cox

2002

CS

4400

? r. 49-66

±

12.0%

Crystal

2000

CS

865

56

+

17.6%

Dale

2008 (II)

CS

1000

58

±

16.1%

Ilica

2011

CaCo

6118

? r.40-95

±

11.5%

Irribarren

2004

Cohort

12.761

56

+

3.0%**

Kemmeren

1996 & 1998

Cohort

12.239

57.7

+

9.0%

Loberant

2014

CS

1786

? r. 40-93

+

14.4%

Maas

2006 (I)

CS

1699

57

+

11.4%

Maas

2007 (II)

CS

1689

57.2

+

11.0%

Markopoulos

2004

CS

420

? r. 41-75

-

11.0%

Pidal

2009

CaCo

1759

? r. 45-65

±

8.4%

Reddy

2005

CS

1905

57.6

+

29.4%

Rotter

2008

CS

1919

55.9

+

14.0%

Sanchez Vidal

2000

CS

600

52.7

-

8.2%

Schnatz

2007

CS

1919

55.9

+

14.0%

Schnatz

2011

Cohort

1454

56.3

+

16.3%

Sedighi

2011

CaCo

537

52.3

+

14.7%

Taskin

2006

CaCo

6156

? r. > 40

±

7.9%

van Noord

1996

CS

12.239

57.7

+

9.0%

Xue

2008

CS

1139

39.7

-

11.7%

Zafar

2013

CS

200

46

-

13.5%

Author
Population: general

Population: general, postmenopausal
Bielak

2010

CS

240

62.1

+

43.8%

Ferreira

2009

CS

307

55.2

±

8.5%
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Table 1| Overview of all included studies - continued
Author

Year

Design

N

Mean age
(years)

Overall
quality

BAC
prevalence*

Kataoka

2006

CS

1590

63.2

+

16.0%

Maas

2007 (I)

Cohort

499

57.9

+

11.6%

Nasser

2014

CS

211

62.1

±

18.0%

Yildiz

2008

CaCo

636

?

+

10.2%

Population: chronic kidney disease
Abou-Hassan

2014

Cohort

202

58.3

+

58.4%

Canabal

2008

CS

61

?

-

55.7%

Duhn

2011

CaCo

106,71

61.3

+

47.2%

Evans

1992

CS

16

56.6

-

56.3%

Hassan

2012

CaCo

292, 292

62.2

+

39.7%

Nieto

2005

CaCo

26, 492

?. ± 64

-

34.6%

Sommer

1987

CaCo

15, 100

? r. 37-74

-

45.1%

Dale

2010

CaCo

790, 819

? r. 24-93

±

36.5%

Fuster

2004

CS

230

59.8

+

40.0%

Fuster

2005

CS

230

59.8

±

40.0%

Schmitt

1984 (II)

CS

169

?

-

16.0%

Schmitt

1985

CaCo

150, 300

? r. 35-74

±

8.7%

2

Population: diabetes

Population: miscellaneous
Fiuza Ferreira

2007

CS

131

61.1

+

39.7%

Hekimoglu

2012

CS

55

63

+

41.8%

Henkin

2003

CaCo

319

61.8

+

41.1%

Maas

2004

CS

600

67.4

+

23.0%

Matsumura

2013

CS

202

58.8

+

?

Penugonda

2010

CS

94

66.7

+

60.6%

Reddy

2008

CS

228

64

+

39.0%

Sickles

1985

CS

5000

?

±

9.6%

Zgheib

2010

CS

172

64.3

+

33.1%

CaCo=case control, CS= cross sectional, ? =not mentioned in paper (when mean age is not provided, we report r.=range if
available), + =good quality , ± = moderate quality , - = poor quality. *= In case of case control studies of diabetic and renal
disease patients, stated prevalences are of the patients, not of the controls. **=Mammograms were not read specifically
for breast arterial calcification.

The prevalence of BAC
BAC prevalences reported by studies including women in breast cancer screening programs,
as an approximation of the general population of women in their fifth to seventh decade
of life are shown in Figure 2 (top). A random effects model yielded a prevalence estimate of
12.7% with a 95%CI (95% confidence interval) of 10.4-15.1%. Seven of the general population
studies reported prevalences for different age groups, summarized in Figure 2 (bottom), which
shows that BAC prevalence increases from around 10% in 40-year-old women to around 50% in
80-year-old women.12,25,27,29,45,49,73
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Figure 2| BAC prevalence in the general population

15

Fig. 2. BAC prevalence in the general population e Top: BAC prevalences reported in general population studies. ? ¼ not mentioned in paper (when mean age is not provided, we
report r. ¼ range
if available).
Bottom: BAC prevalence
among
different age
groups, from studies.
7 studies [12,25,27,29,45,49,73].
Top:
BAC prevalences
reported
in general
population
?=not mentioned in paper (when mean age

is not provided, we report r.=range if available). Bottom: BAC prevalence among different age groups, from

which shows that BAC prevalence increases from around 10% in 40indicating a doseeresponse relation [30,37,73]. Two studies re12,25,27,29,45,49,73
7 studies.to
year-old women
around 50% in 80-year-old women
ported signiﬁcantly higher prevalences of BAC in women who re[12,25,27,29,45,49,73].
ported to have breastfed at least one of their children, compared to
Increasing age was almost universally found to be an important
women with children who did not breastfeed [24,47]. All studies
determinant for BAC prevalence. Including all 10 studies reporting
providing age- or multivariable adjusted ORs for the use of horalmost
universally
found
to bemone
an important
determinant
fortowards
BAC prevalence.
ORs for theIncreasing
presence of age
BAC, was
we found
a pooled
OR of 2.98
[95%CI
replacement
therapy pointed
a reduced prevalence
2.31e3.85]Including
for every all
10 10
years
of increasing
of BAC among
userswe
(ORfound
0.56; [95%CI
0.37e0.84],
3C), despite
studies
reportingage
ORs(Fig.
for 3A)
the presence
of BAC,
a
pooled
OR ofFig.
2.98
2
[8,11,24,26,30,33,37,38,50,57].
Effects
were
heterogeneous
variation in the effect sizes
(I : 88.23%) [11,24,26,50,53,76]. Het8,11,24,26,30,33,37,38,50,57
[95%CI
2.31-3.85]
for
every
10
years
of
increasing
age
(Figure
3A).
increased
2
erogeneity could not be explained by degree of adjustment, but was
(I ¼ 87.02%). Sensitivity analyses did not affect the results, nor was
2
parity (p
= 0.01(see
Effects
were heterogeneous
analyses
did not
affect
theNo metathe heterogeneity
reduced
Supplement
3 for all sensitivity(I = 87.02%).
diminishedSensitivity
when including
good quality
studies
only.
analyses). results, nor was the heterogeneity reduced (see supplement
analysis on the
of menopausal
status with BAC was
3 association
for all sensitivity
analyses).
performed as we found only 2 articles reporting age-adjusted ORs.
Both studies reported increased rates of BAC prevalence in meno3.2. Reproductive
factors
Reproductive factors
pausal women, irrespective of age [28,38].

Women with children were found to have a higher prevalence of BAC than women without

Women with children were found to have a higher prevalence of
11,28,47,52,53,57,76
children
(OR children
3.43; [95%CI
Figure 3B).
were homogenous (I2:
3.3. CardiovascularEffects
risk factors
BAC than women
without
(OR 3.43;2.23-5.27],
[95%CI 2.23e5.27],
2
: 0.00%)
Fig. 3B) [11,28,47,52,53,57,76].
Effects were
homogenous
0.00%) and sensitivity
analyses
did(Inot
materially change results. The number of children
and sensitivity analyses did not materially change results. The
studies that presented age- 30,37,73
adjusted ORs
was also positively associated with BAC, indicatingFrom
a dose-response
relation. or multivariable
Two studies
number of children was also positively associated with BAC,
for BAC according to the presence or absence of hypertension, we
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Figure 3| Forest plots
A. 10 years of
increasing age

B. Parous versus
nulliparous women

Cox, 2002
Fuster, 2004
Iribarren, 2004
Maas, 2004
Maas, 2007 (I)
Reddy, 2008
Schnatz/Rotter, 2007/2008
Bielak, 2010
Duhn, 2011
Hekimoglu, 2012

Iribarren, 2004
Fuster, 2005
Maas, 2006
Taskin, 2006
Maas, 2007 (I)
Pidal, 2009
Sedighi, 2011
RE model: 3.43 [ 2.23 − 5.27 ]
I^2: 0 %

RE model: 2.98 [ 2.31 − 3.85 ]
I^2: 87.02 %
1

2

5

0.5

C. HRT use versus
no HRT use

2.0

5.0

D. Hypertension versus
no hypertension

2

van Noord, 1996
Cetin, 2004 (I and II)
Iribarren, 2004
Kataoka, 2006
Maas, 2006
Taskin, 2006
Maas, 2007 (I)
Reddy, 2008
Bielak, 2010
Sedighi, 2011
Bae, 2013

Cox, 2002
Iribarren, 2004
Maas, 2006
Taskin, 2006
Maas, 2007 (I)
Schnatz/Rotter, 2007/2008
RE model: 0.56 [ 0.37 − 0.84 ]
I^2: 88.23 %
0.1

1.0

2.0

RE model: 1.20 [ 1.00 − 1.42 ]
I^2: 54.18 %

E. Smokers versus
non−smokers
van Noord, 1996
Crystal, 2000
Henkin, 2003
Iribarren, 2004
Maas, 2004
Kataoka, 2006
Maas, 2006
Fiuza Ferreira, 2007
Maas, 2007 (I)
Rotter, 2008
Yildiz, 2008
Ferreira, 2009
Pidal, 2009
Bielak, 2010
Penugonda, 2010
Zgheib, 2010
Sedighi, 2011
Matsumura, 2013
Abou−Hassan, 2014
Nasser, 2014
RE model: 0.48 [ 0.39 − 0.60 ]
I^2: 45.58 %

1.0

0.5

1.0

2.0

5.0

F. Diabetes versus
no diabetes
Sickles, 1985
Kemmeren, 1996, 1998
Cetin, 2004 (I and II)
Iribarren, 2004
Maas, 2004
Kataoka, 2006
Maas, 2006
Taskin, 2006
Schnatz/Rotter, 2007/2008
Reddy, 2008
Bielak, 2010
Dale, 2010
Sedighi, 2011
Bae, 2013
RE model: 1.88 [ 1.36 − 2.59 ]
I^2: 79.53 %

0.1

1.0 2.0

1

2

5

Forest plots of the ORs and 95%CIs of the risk factors and reproductive factors as determinants of BAC. RE
model: random effects model.

reported significantly higher prevalences of BAC in women who reported to have breastfed
at least one of their children, compared to women with children who did not breastfeed.24,47
All studies providing age- or multivariable adjusted ORs for the use of hormone replacement
therapy pointed towards a reduced prevalence of BAC among users (OR 0.56; [95%CI 0.37-0.84],
Figure 3C), despite variation in the effect sizes (I2: 88.23%).11,24,26,50,53,76 Heterogeneity could not
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be explained by degree of adjustment, but was diminished when including good quality studies
only. No meta-analysis on the association of menopausal status with BAC was performed as we
found only 2 articles reporting age-adjusted ORs. Both studies reported increased rates of BAC
prevalence in menopausal women, irrespective of age.28,38
Cardiovascular risk factors
From studies that presented age- or multivariable adjusted ORs for BAC according to the
presence or absence of hypertension, we calculated a borderline significant overall OR estimate
of 1.20 [95%CI 1.00-1.42](Figure 3D).11,14,24,28–31,38,47–49,53 Heterogeneity (I2: 54.18%) was reduced to
non-significant levels (I2: 0.00%) when including good quality studies only, with a comparable
OR of 1.08 [95%CI 0.98-1.19]. Studies consistently reported ORs below 1 for smokers versus
non-smokers, indicating that the prevalence of BAC is lower among smokers (OR of 0.48 [95%CI
0.39-0.60], Figure 3E).10,11,13,23,24,26,28,30–32,34,37,40,41,43,44,46,47,52,60 The estimated OR did not change
substantially in any of the sensitivity analyses, but heterogeneity (I2: 45.58%) was reduced
to non-significant levels in the analyses limited to current smoking or age- or multivariable
adjusted ORs. We found a combined OR of 1.72 [95%CI 0.95-3.09] for BAC for women diagnosed
with hyperlipidemia versus women without this condition24,28,48,53, with marked heterogeneity
(I2: 63.87). We did not find an association between BMI and BAC; the pooled adjusted OR for BAC
per unit increase in body mass index (BMI) was 0.99 [95%CI 0.95-1.04].24,30,36 Effect sizes were
homogeneous (I2: 27.50%). Two other studies compared BMI categories and also found ORs
with confidence intervals comprising unity.11,28
Pooling 14 studies reporting age-adjusted or multivariable adjusted ORs, we found that there
is an increased rate of BAC among diabetes patients (OR: 1.88; [95%CI 1.36-2.59], Figure 2F), but
with marked heterogeneity in effect sizes (I2: 79.53%). The pooled OR was attenuated when
only good quality studies were included or when only multivariable adjusted studies were
included. Resulting ORs were 1.56 [95%CI 1.32-1.83] and 1.73 [95%CI 1.39-2.15], respectively,
but still statistically significant. Seven papers assessed BAC prevalence among renal disease
patients, reporting considerably higher prevalences than those found in the general population,
ranging from 25% among patients with chronic kidney disease stage 3, to 63% among patients
with end-stage renal disease (in need of dialysis or transplantation).8,17,44,66–69 No meta-analysis
incorporating ORs comparing kidney patients to healthy controls could be performed as only 2
studies of moderate to good quality compared these groups.8,17
There was no funnel plot asymmetry for age, smoking and hypertension. For diabetes, the
funnel plot was asymmetrical (p=0.0354), including more small studies that showed relatively
small effect sizes compared to larger studies (see Figure S1).
BAC as a risk factor for CVD
Only 5 articles reported prospectively on cardiovascular disease.9,11,23,42 As outcomes were not
similarly defined, no pooled effect size could be calculated. The first cohort study, reporting on
mortality, found an age-adjusted hazard ratio of 1.35 [95%CI 1.07-1.70] for cardiovascular death
for women with BAC, which did not change considerably after additionally adjusting for known
risk factors and parity.9,23 The second cohort study found comparable results, with BAC being
associated with a 1.32 [95%CI 1.08-1.60]-fold increased rate of coronary heart disease, and a 1.52
[95%CI 1.18-1.98]-fold increased rate of heart failure after adjusting for several cardiovascular
risk factors as well as age and parity.11 The third cohort study found a much larger effect size
with an OR of 3.54 [95%CI 2.28-5.50] for incident cardiovascular disease.42 The most recent study
did not recruit from the general population as the previous cohorts did, but included women
with end stage renal disease. As a secondary analysis, they studied the association of coronary
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artery disease and peripheral artery disease that occurred after the time of the mammography,
in women who did not have clinical events before. They found a significantly increased risk for
peripheral artery disease (OR 4.56, 95%CI 1.20-17.3) but not for coronary artery disease (OR 1.06,
95%CI 0.48-2.38). See Table 2.

Table 2| Longitudinal studies reporting on the association between BAC and cardiovascular
disease
Study

Outcome

HR (ageadjusted)

95%CI

HR (RF
adjusted*)

95%CI

All-cause mortality

Kemmeren, 1996,1998
1.11

0.95-1.28

1.29

1.06-1.58

Cardiovascular mortality

1.35

1.07-1.70

1.29

1.01-1.66

CHD mortality

1.47

1.06-2.03

1.44

1.02-2.05

Cerebrovascular mortality

0.98

0.56-1.71

0.88

0.49-1.61

Other cardiovascular mortality

1.45

0.96-2.19

1.38

0.89-2.16

1.71

1.00-2.94

Cardiovascular mortality among
DM patients
Iribarren, 2004
Coronary heart disease

1.29

1.07 - 1.57

1.32

1.08-1.60

Ischemic stroke

1.40

1.11 - 1.76

1.41

1.11-1.78

Transient ischemic attack

1.44

0.77 - 2.70

1.42

0.75-2.67

Hemorrhagic stroke

1.43

0.79 - 2.60

1.54

0.84-2.83

Heart failure

1.52

1.18-1.96

1.52

1.18-1.98

Incident cardiovascular disease

3.54 (OR)

2.28 - 5.50

Coronary artery disease

1.06 (OR)

0.48-2.38

Peripheral arterial disease

4.56 (OR)

1.20-17.3

Schnatz, 2011

Abou-Hassan, 2014

HR = hazard ratio , OR = odds ratio, 95%CI = 95% confidence interval, CHD = coronary heart disease, DM = diabetes
mellitus, RF = risk factor
* Kemmeren: adjusted for age, DM, hypertension, parity, body mass index and smoking, Iribarren: adjusted for age, race,
education level, body mass index, total serum cholesterol, smoking, alcohol, hypertension, diabetes, family history of
myocardial infarction, parity, early menarche and hormone replacement therapy, Abou-Hassan: adjusted for age, ESRD
duration, diabetes, smoking.
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DISCUSSION
This review systematically summarized the evidence on the associations of cardiovascular risk
factors and reproductive factors with BAC, and its association with cardiovascular disease risk.
Our data show that BAC appear to be associated with an increased risk of cardiovascular disease
events, while only being associated with some of the known cardiovascular risk factors.
Risk factors for BAC
A strong and consistent association is found between increasing age and presence of BAC.
Although a strongly age-related phenomenon, it is not an omnipresent finding among elderly
women nor to be too eagerly accepted as part of healthy aging. An interesting finding is the
reduced prevalence of BAC among women who smoke. This is in line with Shah et al, replicated
in a larger number of studies, and found to be robust to several sensitivity analyses.77 Although
it may seem surprising at first, an inverse relationship of smoking with BAC is not unthinkable,
as BAC is a type of medial calcification, a pathophysiological process distinct from intimal
calcification.78 Limited data on other arterial beds support that smoking is associated with less
medial calcification79,80, or not associated with medial calcification, while intimal calcification
is.7 Explanations proposed in literature include effects of smoking on weight and estrogen
metabolism and the selective survival of smokers without BAC after the age of 50.29,30 The latter
explanation appears unlikely for such a big effect in this age group. A satisfactory explanation
is not available.
Clear associations were also found for reproductive variables, with higher rates of BAC among
parous versus nulliparous women, among those with a history of lactation and lower rates with
hormone replacement therapy. Although no meta-analyses could be performed, menopause
appeared to be associated with BAC presence, independently of age. A proposed mechanism
behind the associations of parity and lactation with BAC is the transient hypercalcemia and
over-distension and micro-trauma during pregnancy and lactation.47 However, as BAC tends to
appear decades after the fertile age, this cannot be a direct effect but rather changes induced to
the vascular wall that persist long-term. For example, smooth muscle cells could be triggered to
up-regulate mineralization by hormonal influences more directly.
A clear and consistent association was found between diabetes and BAC presence, an
association that persists after age-adjustment. Renal disease also appears to be associated
with a higher BAC prevalence. However, other cardiovascular risk factors were not associated
with BAC. Heterogeneous effects were found in the associations reported of hyperlipidemia
and hypertension with BAC. This could in part be due to different outcome definitions ranging
from direct measurements to a self-reported diagnosis. Confidence intervals comprise unity,
providing insufficient evidence to confirm or reject an association between these risk factors
and BAC. However, if present, the effect size is likely to be small.
BAC and cardiovascular risk
Longitudinal studies investigating the associations between BAC and cardiovascular disease
risk were scarce, but results were consistent in showing increased hazards for cardiovascular
disease among BAC-positive women after adjusting for age and traditional cardiovascular
risk factors.9,11,23,42diabetes mellitus, and subsequent cardiovascular and noncardiovascular
mortality. MATERIALS AND METHODS: A prospective cohort study was carried out in 12,239
women aged 50-68 years who participated in a breast cancer screening program. The screening
mammograms were coded for the presence of breast arterial calcification. Diabetes (n = 442
The review by Shah et al77 included all studies regardless of study design, population under
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study, or degree of adjustment for confounding and reached the same conclusion. In any case,
the certainty of the conclusions on different subtypes of cardiovascular disease is premature
given the scarcity of high quality evidence. Whether BAC can aid in risk stratification and risk
management for cardiovascular disease needs to be further investigated.
BAC and medial arterial calcification
BAC is generally considered to be a type of medial arterial calcification, also called Mönckeberg’s
medial calcific sclerosis or medial elastocalcinosis. Only one study directly assessed the
correlation between the presence of BAC on mammography and medial arterial calcification in
radiographs of the extremities in renal patients and they reported a high correlation.8 Further
research is needed to establish whether this finding is generalizable to other vascular beds and
populations. Although not much is known about the risk factors for medial calcification, at first
impression our findings appear to correspond to those published, as medial arterial calcification
is reported to be associated with older age, diabetes and renal disease.2,7
Strengths and Limitations
The strength of our study is that we systematically reviewed, critically appraised and metaanalyzed the literature on the determinants of BAC and on the associations with cardiovascular
risk.
As in any meta-analysis, the validity of the summary measures relies on the validity of the original
research. Although we have applied certain quality criteria, the diversity in study designs made
critical appraisal a hard and somewhat subjective process. The heterogeneity encountered for
many of the associations warrants cautious interpretation and reported ORs should therefore
not be interpreted as exact effect size estimates, but rather as an indication of the direction
and magnitude of effects. The possibility of publication bias can never be completely discarded
although we have only observed clear funnel plot asymmetry once, analyzing ORs for BAC by
diabetes status. The analysis included more small studies that showed relatively small effect
sizes (nearest to 1), compared to bigger studies, which is not the normal direction of asymmetry
found in publication bias.
Conclusion
Although longitudinal studies are scarce, BAC, an expression of arteriosclerosis, appear to be
associated with an increased risk of cardiovascular disease events, while only being associated
with some of the known cardiovascular risk factors. This illustrates that medial arterial
calcification might contribute to cardiovascular disease through a pathway distinct from the
intimal atherosclerotic process. Although our understanding of medial arterial calcifications is
still limited, these calcifications may provide a novel route to an improved understanding and
treatment of cardiovascular disease.
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SUPPLEMENT 1: REVIEW PROTOCOL
Eligibility criteria
Types of studies
Original studies of both cross-sectional and longitudinal nature, written in English, German,
Dutch or Spanish will be considered eligible. Case reports and non-systematic reviews will
be excluded. Conference abstracts will not be included, as they do not provide sufficient
information to be able to make an informed decision on risk of bias.
Types of participants
Participants should be women that have all undergone mammography.
Types of outcome measures
In order to be eligible, studies must report on at least one of the following outcome measures:
• Associations with cardiovascular disease:
o Cardiovascular mortality
o Coronary heart disease
o Stroke
o Peripheral artery disease
• Associations with cardiovascular risk factors or reproductive factors:
o Age
o Hypertension
o Smoking
o Dyslipidemia
o Obesity
o Diabetes
o Renal disease
o Parity
o Lactation history
o Menopausal status
o Use of hormone replacement therapy
Search
Information sources
Pubmed and Embase will be searched using search terms focused on our determinant using
synonyms for breast, artery and calcification. See table S1 for the full search syntax in Pubmed,
the same terms will be used in the Embase-adapted search syntax. A library information
specialist was consulted to ensure adequate use of search terms and database options. No
built-in limits or search filters will be used aside from a “NOT-term” excluding animal studies
from Mesh-indexed citations. We will try to identify additional relevant papers by checking the
reference lists of all identified relevant papers.
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Table S1| Pubmed database search syntax
Search

Syntax

#1

(((breast[Title/Abstract]) OR mamma[Title/Abstract]) OR mammary[Title/Abstract]) OR mammograph*[Title/
Abstract]

#2

(((((vessel[Title/Abstract]) OR vessels[Title/Abstract]) OR artery[Title/Abstract]) OR arterial[Title/Abstract]) OR
arteries[Title/Abstract]) OR vascular[Title/Abstract]

#3

(((calcif*[Title/Abstract]) OR scleros*[Title/Abstract]) OR calcinos*[Title/Abstract]) OR calcium[Title/Abstract]

#4

(arterioscler*[Title/Abstract]) OR atheroscler*[Title/Abstract]
#1 AND ((#2 AND #3) OR #4)
#5 NOT(animals[Mesh] NOT humans [Mesh])

Study selection
To determine which articles need to be assessed further, title and abstract will be screened. All
articles that possibly report on the topic of breast artery calcification will be assessed full text
by two authors independently and abovementioned criteria will be applied to determine which
articles will be included. In case of disagreement, this will be resolved by consensus. Eligibility
criteria will be reviewed to determine whether they need to be specified further.
Data collection
Risk of bias in individual studies
Before extracting data from relevant studies, we will assess the risk of bias within each study.
As no consensus exists on the recommended tool for assessing the quality of observational
epidemiological studies1, no pre-existent tool was chosen. The following items will be assessed:
• Appropriate methods used for selecting representative study participants?
• Adequate description of selection of participants? Inclusion/exclusion criteria
described?
• Appropriate methods used for selecting controls (when applicable)?
• Appropriate methods used for measuring determinant (BAC)?
• Blinding used when applicable?
• Appropriate methods used for measuring (other) outcomes?
• Appropriate reporting of and dealing with missing data/non-response?
• Appropriate methods used to control for confounding?
• Appropriate statistical methods used (aside from controlling for confounding)?
Every item will be rated “unknown/unreported”, “poor”, “moderate” or “adequate” and assigned
0, 0, 1 or 2 points, respectively. Overall quality will be calculated by summing all scores and
dividing by the number of applicable items (6 or 7). Studies scoring below 1.0 will be rated “poor
quality”, studies scoring ≥1.0 but <1.5 will be rated “moderate quality” and studies scoring ≥1.5
will be rated “good quality”.
Data items and summary measures
For the extraction of BAC prevalences, studies will be included when they score at least
“moderate” on both the items “Selecting representative study population” and “Methods for
measuring BAC”.
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Only studies of “moderate” to “good” overall quality will be used for extraction of association
measures, for the outcomes described under “types of outcome measures”. For the associations
of cardiovascular risk factors or reproductive factors with BAC, odds ratios will be extracted. For
associations of BAC with cardiovascular disease, odds ratios and hazard ratios will be extracted
from longitudinal (cohort or case control) studies. In addition to these criteria, we will set we
age-adjustment as a minimum requirement in the controlling for confounding for the following
variables: diabetes, hypertension, dyslipidemia, obesity, renal disease, menopausal status, the
use of hormone replacement therapy and cardiovascular disease outcomes.
Synthesis of results
Studies reporting on the same outcomes will be grouped and the feasibility of meta-analysis
will be assessed. When at least 3 studies report on the same (similarly defined) outcome, metaanalysis will be conducted using random effects meta-analysis models. Heterogeneity will be
tested using I2.
Risk of bias across studies
Sensitivity analyses will be performed stratifying by quality (moderate versus good quality
studies) and including different degrees of adjusting for confounding (crude, age-adjusted or
multivariate adjusted). The presence of small study effects and the possibility of publication
bias will be assessed using funnel plots. Funnel plot asymmetry will be formally tested using
the random/mixed-effects version of Egger’s test2 when at least 10 studies are included in one
analysis.
References:
1.

2.
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99–110.
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SUPPLEMENT 2: CRITICAL APPRAISAL
Table S2| Full critical appraisal
Author

Year

1.

2.

3.

4.

5.

6.

7.

Mean

Overall

Abou-Hassan

2014

2

NA

2

2

?

2

2

1.67

+

Akinola

2011

0

NA

1

1

?

1

0

0.50

-

Bae

2013

2

2

2

2

?

1

1

1.43

±

Baum

1980

1

NA

1

2

2

2

0

1.33

±

Bielak

2010

2

NA

2

2

1

2

2

1.83

+

Canabal

2008

0

NA

1

0

?

0

2

0.50

-

Cetin (I)

2004

2

NA

2

2

?

0

0

1.00

±

Cetin (II)

2004

2

NA

2

2

?

0

0

1.00

±

Cox

2002

1

NA

2

2

?

2

1

1.33

±

Crystal

2000

1

NA

2

2

0

2

2

1.50

+

Dale

2006

1

1

1

2

1

0

0

0.86

-

Dale

2008 (I)

1

1

1

1

2

1

1

1.14

±

Dale

2008 (II)

1

NA

1

2

1

2

1

1.33

±

Dale

2010

1

1

1

2

1

1

1

1.14

±

Duhn

2011

2

2

2

2

2

2

2

2.00

+

Evans

1992

1

1

2

2

?

0

0

0.86

-

Ferreira

2009

2

NA

2

2

?

1

1

1.33

±

Fiuza Ferreira

2007

2

NA

2

2

?

1

2

1.50

+

Fuster

2004

2

NA

2

2

?

2

2

1.67

+

Fuster

2005

2

NA

2

2

?

1

1

1.33

±

Hassan

2012

2

2

1

2

?

2

2

1.57

+

Hekimoglu

2012

2

NA

2

2

?

2

2

1.67

+

Henkin

2003

2

1

2

2

2

1

1

1.57

+

Ilica

2011

2

1

2

1

?

2

1

1.29

±

Iribarren

2004

2

NA

0

2

2

2

2

1.67

+

Kataoka

2006

2

NA

2

2

?

2

1

1.50

+

Kemmeren

1996

1

NA

2

2

2

2

2

1.83

+

Kemmeren

1998

2

NA

2

2

2

2

2

2.00

+

Leinster

1987

1

NA

1

0

?

0

0

0.33

-

Loberant

2014

2

NA

2

2

1

2

1

1.67

+

Maas

2004

2

NA

2

2

?

2

2

1.67

+

Maas

2006

2

NA

2

2

?

2

2

1.67

+

Maas

2007 (I)

2

NA

2

2

1

2

2

1.83

+

Maas

2007 (II)

2

NA

2

2

?

2

2

1.67

+

Markopoulos

2004

1

1

1

2

?

0

?

0.71

-

2
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Table S2| Full critical appraisal - continued
Author

Year

1.

2.

3.

4.

5.

6.

7.

Mean

Overall

Matsumura

2013

2

1

2

2

0

2

2

1.57

+

Moshyedi

1995

1

NA

1

2

?

1

1

1.00

±

Nasser

2014

1

NA

1

2

0

2

2

1.33

±

Nieto

2005

0

0

0

0

?

1

0

0.14

-

Oliveira

2009

2

2

1

2

?

2

2

1.57

+

Pecchi

2003

1

NA

1

1

?

0

2

0.83

-

Penugonda

2010

2

NA

2

2

?

2

1

1.50

+

Pidal

2009

2

1

2

2

?

1

1

1.29

±

Reddy

2005

2

NA

2

2

?

2

1

1.50

+

Reddy

2008

2

NA

2

2

?

2

2

1.67

+

Rotter

2008

2

NA

2

2

2

2

2

2.00

+

Sanchez Vidal

2000

2

NA

1

1

?

0

0

0.67

-

Sarrafzadegann

2009

2

NA

2

2

?

0

2

1.33

±

Schmitt

1984

0

NA

1

2

?

0

1

0.67

-

Schmitt

1985

1

2

2

2

?

0

1

1.14

±

Schnatz

2007

1

NA

2

1

2

1

2

1.50

+

Schnatz

2011

2

NA

2

1

2

1

1

1.50

+

Sedighi

2011

2

2

2

2

1

2

2

1.86

+

Sickles

1985

2

NA

1

2

?

0

1

1.00

±

Sommer

1987

1

1

2

1

?

0

0

0.71

-

Taskin

2006

2

1

1

1

?

2

2

1.29

±

Topal

2007

1

NA

2

1

?

1

0

0.83

-

van Noord

1996

2

NA

1

2

?

2

2

1.50

+

Wada

2012

0

NA

1

2

?

1

0

0.67

-

Xue

2008

1

NA

1

1

?

0

0

0.50

-

Yildiz

2008

2

1

2

2

?

2

2

1.57

+

Zafar

2013

1

NA

1

1

?

1

0

0.67

-

Zgheib

2010

2

NA

2

2

2

1

1

1.67

+

1=Selecting representative study population, 2=Selecting controls (when applicable), 3=Methods for measuring
determinant (BAC), 4=Methods for measuring outcomes, 5=Dealing with missing data/non-response, 6=Statistical
methods, 7=Controlling for confounding, ?=insufficient information, NA=not applicable, + = good quality, ± = moderate
quality, - = poor quality.
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SUPPLEMENT 3: SENSITIVITY ANALYSES & FUNNEL PLOTS
Table S3| Sensitivity analyses
Heterogeneity
Q (degrees of
Model

N

OR

freedom)

p

I2

All studies

10

2.98 [95% CI 2.31-3.85]

50.12 (9)

< .0001

87.02%

Good quality only

9

2.86 [95% CI 2.16-3.77]

44.40 (8)

< .0001

85.32%

Multivariable adjusted only

7

2.66 [95% CI 1.95-3.63]

47.49 (6)

< .0001

91.34%

General population only

5

3.72 [95% CI 3.06-4.53]

20.13 (4)

0.0005

75.90%

All studies

7

3.43 [95%CI 2.23-5.27]

3.56 (6)

0.7353

0.00%

Good quality only

4

4.46 [95%CI 2.38-8.36]

0.63(3)

0.8895

0.00%

Multivariable adjusted only

2

3.10 [95%CI 1.02-9.40]

0.02 (1)

0.8889

0.00%

All studies

6

0.56 [95%CI 0.37-0.84]

48.00 (5)

< .0001

88.23%

Good quality only

4

0.69 [95%CI 0.51-0.93]

6.10 (3)

0.107

51.83%

Multivariable adjusted only

2

0.65 [95%CI 0.35-1.18]

5.97 (1)

0.0146

83.24%

All studies

11

1.20 [95%CI 1.00-1.42]

20.34 (10)

0.0262

54.18%

Good quality only

8

1.08 [95%CI 0.98-1.19]

5.53 (7)

0.5957

0.00%

Multivariable adjusted only

5

1.30 [95%CI 0.98-1.72]

11.15 (4)

0.0249

72.71%

All studies

20

0.48 [95%CI 0.39-0.60]

30.99 (19)

0.0404

45.58%

Good quality only

17

0.49 [95%CI 0.39-0.62]

28.90 (16)

0.0246

50.14%

only

6

0.51 [95%CI 0.40-0.64]

1.44 (5)

0.9196

0.00%

Current smoking

13

0.47 [95%CI 0.40-0.56]

13.77 (12)

0.3155

11.05%

All studies

14

1.88 [95%CI 1.36-2.59]

58.96 (13)

< .0001

79.53%

Good quality only

9

1.56 [95%CI 1.32-1.83]

11.89 (8)

0.1563

0.00%

Multivariable adjusted only

5

1.73 [95%CI 1.39-2.15]

2.70 (4)

0.6086

0.00%

All studies

3

0.99 [95%CI 0.95-1.04]

2.21 (2)

0.3318

27.50%

4

1.72 [95%CI 0.95-3.09]

8.56 (3)

0.0358

63.87%

Age

Parity

2

Hormone replacement therapy use

Hypertension

Smoking

Age- or multivariable adjusted

Diabetes

BMI

Hyperlipidemia
All studies
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Figure S1: Funnel plots
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ABSTRACT
Background
Breast arterial calcifications (BAC) are a type of medial arterial calcifications located in the female
breast arteries.
Objectives
We aimed to investigate the association of breast arterial calcifications (BAC) with risk of different
types of cardiovascular outcomes and diabetes.
Methods
We performed a series of case-cohort studies nested within the PROSPECT-EPIC cohort, including
a random subcohort (n=1,672), and incident cases of coronary heart disease (n=1,050), stroke
(n=398), peripheral artery disease (n=257) and type 2 diabetes (n=526). The median follow-up
was 13.2 years. We calculated hazard ratios using Cox proportional hazards models, adapted to
the case-cohort design and adjusted for traditional cardiovascular risk factors.
Results
Of the women in the subcohort 8.6% had BAC in at least one breast, 1.2% had “severe” BAC. BAC
presence was associated with risk of coronary heart disease (HR 1.44; 95% CI 1.02-2.01), and
a cardiovascular disease compound (HR 1.39; 95% CI 1.00-1.93). Much larger effect sizes were
found for women with the most severe grade of BAC, with HRs of 3.40 (95% CI 1.76-6.57) for
coronary heart disease, 2.85 (95% CI 1.32-6.15) for stroke, 3.32 (95% CI 1.36-8.07) for ischemic
stroke, and 2.93 (95% CI 1.05-8.16) for peripheral artery disease compared to women without
BAC. No associations were found with incident diabetes.
Conclusions
BAC presence is modestly associated with cardiovascular disease, with an approximately
3-fold increased risk for the severest grade of BAC, independent of traditional cardiovascular
risk factors. This indicates a possible contribution of a medial, non-atherosclerotic pathway to
cardiovascular disease events.
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INTRODUCTION
Vascular calcifications are associated with a 3 to 4 fold increased cardiovascular disease and
mortality risk.1 Two types of arterial calcification can be recognized: calcification of the arterial
intima (within plaques, as part of the atherosclerotic process) and calcification of the arterial
media (circular calcifications, generally considered part of the process called arteriosclerosis),
also known as Mönckeberg’s medial calcific sclerosis.2 These types of calcification are distinct
in their morphology and pathology and can occur independently.3,4 However, as it is hard to
distinguish medial from intimal calcification with most non-invasive methods, not much is
known about the differences in pathogenesis and in clinical consequences.5
Breast arterial calcification (BAC) is a type of medial calcification regularly seen on mammography.
Large-scale breast cancer screening programs have provided the opportunity to assess the
presence of this form of medial calcification in the general female population. It is unknown to
what extent BAC is a marker for medial calcification in other vascular beds, but one study in renal
patients showed that breast arterial calcifications correlated highly with medial calcification in
other arteries within these patients.6
In a systematic review, we described that breast arterial calcifications are associated with some
of the well-known cardiovascular risk factors such as age, diabetes and renal disease, but not
with all.7 Less breast arterial calcification occurs in smokers and no associations were found
with BMI, hypertension and hyperlipidemia. Nevertheless, available evidence suggests that
women with breast arterial calcifications are at an increased risk for cardiovascular disease after
adjustment for age and known cardiovascular risk factors.8–11 However, the evidence supporting
an association of breast arterial calcification with increased risk of cardiovascular disease is still
rather scant. So far, 3 cohort studies were conducted.8–11 Outcome definitions varied between
studies, and the reported effect sizes differed considerably. In the current study, we have chosen
to study multiple cardiovascular end points separately as we wish to assess whether associations
differ between outcomes and to facilitate comparison with previous studies. As the relation of
BAC with diabetes has only been studied cross-sectionally,8,10,12,13 we will also study whether
breast arterial calcification is associated with an increased risk of developing diabetes.
Therefore, the aims of the present study are to investigate the association of BAC presence and
severity with risk of incident coronary heart disease, ischemic and total stroke, peripheral artery
disease and type 2 diabetes.

METHODS
Design and Study Population
This study is a case-cohort study, nested within the Prospect-EPIC cohort, one of the two Dutch
contributions to EPIC (European Prospective Investigation Into Cancer and Nutrition).14 The
case-cohort design provides an efficient study design to prospectively investigate associations
between baseline determinants and outcome without having to conduct laborious or expensive
measurements of an entire cohort.15 The Prospect cohort consists of 17,357 routine breast
cancer screening participants, predominantly of Caucasian ethnicity and aged 49-70 years at
enrolment between 1993 and 1997. All participants provided written informed consent, and
the Institutional Review Board of the University Medical Center Utrecht approved the ProspectEPIC study. Details on recruitment and characteristics of the Prospect cohort are described
elsewhere.14

45

3

CHAPTER 3

From the original 17,357 participants, a 10% random sample was previously drawn as a subcohort
(n=1736). Characteristics of this subcohort did not differ from the full baseline cohort.16 For our
present study, cohort participants who did not give informed consent for follow-up through
the linkage of databases, as well as the participants for whom linkage failed (n=885, 5.1%) were
excluded. This resulted in a full cohort size of 16,737 women and a subcohort of 1672 women.
The women in the subcohort were compared to four sets of incident cases that have arisen in
the full cohort, namely coronary heart disease cases, stroke cases, peripheral vascular disease
cases, and incident diabetes cases. See Figure 1 for the flowchart.
Breast arterial calcification
Baseline film mammograms of the subcohort and all detected cases were retrieved from archives
and scored for the presence and severity of breast arterial calcifications by two experienced
radiologists, blinded to patient characteristics. BAC was considered present if the radiologist
observed typical railroad-track pattern (parallel lines) calcification along the course of vessels
observed in at least one breast. Severity was graded according to the following descriptions:

Figure 1| Participant flowchart

Participants invited, n = 50,313

Full PROSPECT cohort, n = 17,357

10% random sample
from baseline, n =
1736

Consent for follow up, n = 16,737

CHD n = 1050

Random sample,
n = 1672

Cases detected
during follow
- up = 1989

Stroke n = 398
PAD n = 257
DM n = 526

Participants available for analysis n = 3,434
Figure legend: CHD = Coronary heart disease, PAD= peripheral artery disease, DM = Diabetes mellitus.
Numbers do not add up due to overlap among cases and overlap between random sample and cases.
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‘mild’ if there was BAC in one artery partially, ‘moderate’ if there was BAC in one artery entirely
and ‘severe’ when BAC was present in multiple arteries. Severe BAC is illustrated in Figure 2. The
between observers Cohen’s kappa was 0.48 (95% CI [95% confidence interval] 0.37-0.59) for BAC
presence/absence and the kappa with linear weighting for all 4 categories was 0.53 (95% CI
0.46-0.61) in a sample of 240 mammograms.

Figure 2| Severe BAC
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Cardiovascular disease outcomes
Information on incident coronary heart disease, stroke and peripheral vascular disease was
obtained through linkage to the municipal population registries, to Statistics Netherlands, and
to the national hospital discharge diagnosis database from the Dutch Centre for Health Care
Information using a validated probabilistic matching algorithm.17 These databases provided
vital status, causes of death and hospital discharge diagnoses, respectively. Coronary heart
disease was defined as ICD9 codes 410-414, 427.5, 798.1, 798.2 and 798.9, stroke was defined
as ICD9 codes 430-434 and 436, ischemic stroke was defined as ICD9 codes 433 and 434 and
peripheral vascular disease was defined as ICD9 codes 440–444. Corresponding ICD-10 codes
were used where necessary. Both fatal and non-fatal cases were included. For the cardiovascular
disease compound endpoint we used all cases of coronary heart disease, stroke and peripheral
artery disease. Follow up was complete until the 31st of December 2007.
Incident diabetes cases were detected through self-report in follow-up questionnaires, linkage
to the national hospital discharge diagnosis database and a urinary glucose strip test. Diabetes
was considered present if the case could be verified against general practitioner or pharmacist
information (85.4% for self-reported cases, 66.9% for all detected/ascertained cases) or if at
least two out of three detection methods were positive. Details on detection and verification
procedures have previously been described.18
Covariates
Information on confounders and effect modifiers was extracted from the Prospect baseline
database. Baseline data were gathered by questionnaires, a medical examination (including
weight, height and blood pressure measurements) and a blood sample, as described previously.14
Hypertension was considered present if there was reported use of antihypertensive medication
or a mean measured systolic blood pressure ≥140 mmHg or a mean measured diastolic blood
pressure ≥90 mmHg. Smoking status was classified as ‘current’, ‘previous’ or ‘never’. Use of
hormone replacement therapy was classified as ‘ever’ or ‘never’. Menopausal status was classified
as ‘postmenopausal’, or ‘premenopausal/perimenopausal/unknown’. An estimated glomerular
filtration rate (eGFR) in ml/minute was calculated from a serum creatinine measurement and
the age at recruitment, using the MDRD formula.19 Other variables extracted were body mass
index, age, parity (number of term pregnancies), ratio total/HDL cholesterol and weekly hours
of physical activity. Physical activity was assessed using a previously validated questionnaire.20
Data analysis
We were not able to retrieve the mammograms of 11.9% (n=408) of study participants. Also,
some information on other variables was missing due to lost blood samples or lost or incomplete
questionnaires. Percentages missing values for each variable in the random sample (subcohort)
are given in the baseline table, Table 1. The pattern of missing data fulfilled the criteria for
‘missing at random’. We therefore used multiple imputation (m=15) to impute the missing
data, using the Amelia II package in R, which uses a bootstrap-based Expectation Maximization
algorithm.21 Descriptive statistics for the baseline measurements, stratified by breast arterial
calcification status are presented for the subcohort as means with standard deviations for
continuous variables and percentages for categorical variables.
We fitted modified Cox proportional hazards models accounting for the case-cohort design
using Prentice-weighting to obtain hazard ratios (HRs) and 95% confidence intervals (95%
CIs) for the associations of breast arterial calcification with disease outcomes.15 For every
outcome, crude (unadjusted), age-adjusted and multivariable adjusted models were made. For
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the multivariable analysis of cardiovascular disease outcomes we adjusted for age, smoking,
HDL/total cholesterol ratio, hypertension, physical activity, body mass index, alcohol intake,
type 2 diabetes, cardiovascular disease history, parity number, menopausal status and pulse
pressure. We hypothesized that pulse pressure, as a marker of arterial stiffness, would be a
potential mediator in the relation between BAC and cardiovascular disease. To assess the
potential attenuating effect of pulse pressure on the association, we left it out of the first
multivariable model (model 3) and incorporated it in the second multivariable model (model
4). For the multivariable analysis of the diabetes outcome we adjusted for age, body mass index,
physical activity, HDL/total cholesterol ratio and smoking. BAC was modeled as a dichotomous
(present/absent) and ordinal (absent/mild/moderate/severe) variable. The proportional hazards
assumption was assessed by correlation tests of Schoenfeld residuals for the BAC variable and
event time, using a procedure adapted to the case-cohort design.22 No violations were detected.
All statistical analyses were performed using R, version 2.15.2 (R Foundation for Statistical
Computing, Vienna, Austria.). Add-on packages ‘Amelia’ and ‘survival’ were used for multiple
imputation and Cox proportional hazards regression, respectively.

3

RESULTS
Of the women in the subcohort (n= 1672) with mammograms available (n=1540), 133 women
(8.6%) had BAC in at least one breast. The grade reported was ‘mild’ in 75 (4.9%) women,
‘moderate’ in 39 (2.5%) women and ‘severe’ in 19 (1.2%) women.
Baseline characteristics of the subcohort stratified by BAC status are described in table 1. Women
with BAC tended to be older; more often had hypertension, were less often smokers, had more
children, were more often postmenopausal and used hormone replacement therapy less often.
They also drank slightly less alcohol, had slightly higher mean systolic blood pressures and had
slightly lower estimated glomerular filtration rates. Other variables, including BMI and total/HDL
cholesterol ratio did not differ substantially.
During an average follow-up of 12.0 (±1.9) years we detected 1050 coronary heart disease cases,
398 stroke cases of which 247 were ischemic stroke cases, 257 peripheral artery disease cases
and 526 incident type 2 diabetes cases. Results of the models are presented in table 2. After
multivariable adjustment, BAC presence was significantly associated with CHD (HR = 1.44; 95%
CI: 1.02-2.01) and the compound CVD endpoint (HR = 1.39; 95% CI 1.00-1.93). HRs for stroke and
PAD were similar but non-significant. The analyses of BAC severity showed that the relation of
BAC with cardiovascular disease is grade dependent. Women with the severest grade of BAC had
a multivariable adjusted 3.40-fold increased risk (95% CI 1.76-6.57) of coronary heart disease
compared to women without BAC. For stroke, we observed similar results, with a multivariable
adjusted HR of BAC presence for stroke of 1.39 (0.92-2.08) but with a multivariable adjusted HR
for the severest grade of BAC of 2.85 (95% CI 1.32-6.15). The HRs for ischemic stroke were slightly
higher at 1.49 (95% CI 0.91-2.42) for BAC presence and 3.32 (1.36-8.07) for the severest grade
of BAC. The multivariable adjusted HR of BAC presence for peripheral artery disease was not
statistically significant at 1.37 (95% CI 0.74-2.52). However, again a grade dependent association
of BAC severity with peripheral artery disease was found, with a significant multivariable
adjusted HR for the severest grade of BAC of 2.93 (95% CI 1.05-8.16). Part of the effects can be
attributed to pulse pressure, especially for stroke and PAD, given the difference in HR between
models 3 and 4. In none of the models there was a statistically significant association of BAC with
risk of type 2 diabetes (HR for severe BAC 1.24, 95% CI 0.48-3.17).
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132.8 (20.0)
79.3(10.6)
26.0 (4.0)
4.0 (1.3)
2.3 (1.4)
3.7 (0.4-14.1)*
5.3 (2.7-9.2)*
105.8 (22.0)
71.2%
25.7%
24.4%
43.1%
2.3%
1.1%
0.2%
0.2%

Diastolic blood pressure (mmHg)

BMI(kg/m2)

Ratio total/HDL cholesterol

Parity number

Alcohol intake (g/day)

Physical activity (hours/week)

eGFR (ml/min)

Postmenopausal

HRT use, ever

Current smoking

Hypertension

Type 2 diabetes

CHD history

Stroke history

PAD history

0.0%

0.0%

1.3%

1.3%

50.7%

13.3%

22.7%

93.3%

99.5 (22.1)

5.9 (2.8-11.8)*

2.3 (0.2-10.0)*

3.4 (1.8)

4.0 (1.2)

25.3 (4.1)

80.6 (11.3)

137.8 (23.4)

61.2 (5.5)

0.0%

0.0%

2.6%

2.6%

48.7%

7.7%

10.3%

82.1%

97.1 (22.2)

6.5 (4.1-10.8)*

2.4 (0.1-8.0)*

3.1 (1.8)

3.8 (1.0)

25.5 (4.0)

76.8 (8.3)

133.2 (14.8)

61.9 (5.9)

Mean/% (SD)

BAC moderate (n= 39)

0.0%

0.0%

0.0%

5.3%

52.6%

10.5%

10.5%

84.2%

98.8 (15.7)

4.1 (2.0-9.4)*

3.0 (0.4-10.9)*

3.4 (1.8)

3.7 (1.2)

26.2 (4.8)

77.5 (10.0)

141.1 (17.4)

63.4 (4.1)%

Mean/% (SD)

BAC severe (n=19)

0.0%

0.0%

0.0%

0.0%

0.2%

0.5%

0.5%

0.5%

2.2%

7.7%

0.5%

0.7%

2.2%

0.1%

0.4%

0.8%

0.0%

%

% missing (RS)

replacement therapy, CHD = coronary heart disease, PAD = peripheral artery disease.

* Median (interquartile range), BAC = breast arterial calcification, BMI = body mass index, HDL = high-density lipoprotein, eGFR = estimated glomerular filtration rate, HRT = hormone

56.9 (6.0)

Mean/% (SD)

Mean/% (SD)

Systolic blood pressure (mmHg)

BAC mild (n= 75)

No BAC (n=1407)

Recruitment age (years)

Baseline characteristics

Table 1| Baseline characteristics of the subcohort
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1.16 (0.92-1.48)

1.44 (1.04-1.99)

1.39 (1.00-1.93)

Model 2

Model 3

Model 4

1.19 (0.83-1.72)

1.47 (0.98-2.19)

1.39 (0.92-2.08)

Model 2

Model 3

Model 4

1.44 (1.02-2.01)

Model 4

1.73 (1.24-2.43)

1.46 (1.04-2.05)

Model 3

Model 1

1.22 (0.94-1.58)

Model 2

0.116

0.059

0.338

0.001

0.036

0.028

0.130

<0.001

0.048

0.030

0.215

<0.001

P

1.19 (0.66-2.14)

1.27 (0.73-2.23)

1.08 (0.64-1.82)

1.49 (0.91-2.45)

1.24 (0.80-1.91)

1.26 (0.82-1.94)

1.13 (0.80-1.59)

1.44 (1.04-2.00)

1.22 (0.80-1.88)

1.27 (0.84-1.92)

1.11 (0.80-1.52)

1.45 (1.08-1.96)

HR (95% CI)

Mild

BAC severity

0.555

0.401

0.779

0.112

0.334

0.284

0.490

0.029

0.354

0.249

0.539

0.013

p

HR (95% CI)

p

0.502
0.418
0.804
0.828

0.406
0.709
0.687
0.665

0.369
0.794
0.715
0.732

HR (95% CI)

1.16 (0.76-1.77)
0.83 (0.53-1.30)
1.08 (0.59-1.97)
1.07 (0.59-1.95)

1.23 (0.76-1.98)
0.91 (0.55-1.49)
1.14 (0.60-2.19)
1.16 (0.60-2.23)

1.37 (0.69-2.70)
0.91 (0.45-1.84)
1.15 (0.54-2.48)
1.14 (0.53-2.46)

2.85 (1.32-6.15)

3.21 (1.51-6.83)

2.29 (1.13-4.63)

3.82 (1.91-7.65)

3.40 (1.76-6.57)

3.50 (1.82-6.72)

2.40 (1.34-4.29)

3.58 (2.02-6.35)

3.37 (1.80-6.31)

3.54 (1.89-6.64)

2.25 (1.29-3.94)

3.48 (2.01-6.02)

Severe

Moderate

0.008

0.003

0.022

<0.001

<0.001

<0.001

0.003

<0.001

<0.001

<0.001

0.005

<0.001

p

physical activity, body mass index, alcohol intake, type 2 diabetes, cardiovascular disease history, parity number, menopausal status. Model 4: model 3 plus pulse pressure.

HR = Hazard ratio, 95% CI = 95% confidence interval. Model 1: crude, Model 2: age-adjusted, Model 3: multivariable adjusted for age, smoking, HDL/total cholesterol ratio, hypertension,

Stroke

1.62 (1.27-2.06)

Model 1

Coronary heart disease

1.59 (1.27-1.99)

Model 1

Compound CVD endpoint

HR (95% CI)

BAC presence

Table 2| Associations between BAC (presence and severity) and incident cardiovascular disease and diabetes
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1.79 (1.19-2.70)

1.23 (0.79-1.90)

1.56 (0.97-2.51)

1.49 (0.91-2.42)

Model 2

Model 3

Model 4

0.75 (0.51-1.08)

0.88 (0.58-1.33)

Model 3*

1.37 (0.74-2.52)

Model 4

Model 2

1.43 (0.80-2.58)

Model 3

0.93 (0.65-1.34)

0.97 (0.61-1.55)

Model 2

Model 1

1.31 (0.83-2.06)

Model 1

0.542

0.125

0.714

0.313

0.231

0.912

0.242

0.110

0.067

0.357

0.006

P

0.84 (0.49-1.44)

0.73 (0.44-1.19)

0.88 (0.54-1.43)

1.36 (0.64-2.88)

1.42 (0.71-2.86)

1.10 (0.65-1.86)

1.42 (0.85-2.39)

1.35 (0.66-2.76)

1.42 (0.71-2.84)

1.18 (0.63-2.20)

1.64 (0.90-2.99)

HR (95% CI)

Mild

BAC severity

0.519

0.208

0.615

0.426

0.322

0.725

0.180

0.413

0.326

0.608

0.106

p

0.75 (0.33-1.70)

0.55 (0.26-1.20)

0.70 (0.33-1.51)

0.73 (0.15-3.45)

0.74 (0.16-3.55)

0.43 (0.11-1.76)

0.60 (0.15-2.41)

0.95 (0.34-2.64)

0.96 (0.35-2.65)

0.72 (0.27-1.91)

1.08 (0.41-2.87)

HR (95% CI)

Moderate

0.494

0.135

0.369

0.690

0.710

0.242

0.469

0.922

0.938

0.504

0.881

p

1.24 (0.48-3.17)

1.27 (0.58-2.78)

1.75 (0.80-3.81)

2.93 (1.05-8.16)

3.24 (1.16-9.00)

1.59 (0.62-4.07)

2.39 (0.94-6.06)

3.32 (1.36-8.07)

3.70 (1.54-8.88)

2.50 (1.12-5.57)

4.20 (1.91-9.22)

HR (95% CI)

Severe

0.658

0.555

0.158

0.040

0.025

0.335

0.067

0.008

0.003

0.025

<0.001

p

index, physical activity, HDL/total cholesterol ratio and smoking. Model 4: model 3 plus pulse pressure.

physical activity, body mass index, alcohol intake, type 2 diabetes, cardiovascular disease history, parity number, menopausal status. Model 3*: multivariable adjusted for age, body mass

HR = Hazard ratio, 95% CI = 95% confidence interval. Model 1: crude, Model 2: age-adjusted, Model 3: multivariable adjusted for age, smoking, HDL/total cholesterol ratio, hypertension,

Incident diabetes

HR (95% CI)

BAC presence

Model 1

Peripheral artery disease

Ischemic stroke

Table 2| continued
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DISCUSSION
We observed that BAC presence, and in particular presence of severe BAC, was associated with
increased cardiovascular disease risk. Adding well-known cardiovascular risk factors to ageadjusted models did not further attenuate the association, but rather increased it. We did find an
attenuation caused by pulse pressure, which may be a mediator in the causal pathway. Neither
BAC presence nor severity was associated with risk of type 2 diabetes.
Strengths and limitations
Strengths of this study include its large population derived from the general population of
women in the breast cancer screening age. A substantial follow-up duration and high rates
of complete follow-up provided us with sufficient numbers of events for a comprehensive
multivariable analysis. We had extensive risk factor information available for adjustment. A
limitation of our study is that the BAC severity measure used is a subjective one. This may have
led to some imprecision and poses challenges to replication and implementation in further
research. Current technological developments, enabling automatic delineation of vessels and
quantification of the amount of calcium within breast arteries are promising in this respect.23
Other limitations inherent to our design are that there can be some degree of non-differential
misclassification on variables (risk factors) for which we have had to rely on self-report, and that
we do not have information on the changes in risk factors over time. The detection of cases
through linkage with the Hospital Discharge Diagnosis Database has been validated for coronary
heart disease.24 For ‘softer’ endpoints, for example peripheral artery disease, registration is
probably less accurate and the cases in the hospital are most likely the more severe cases. As in
any observational study, there could be residual confounding.
Two previous cohort studies on the association of BAC presence with several cardiovascular
morbidity and mortality outcomes found comparable effect sizes.8–10 A third smaller cohort
study reported on a compound of cardiovascular outcomes and reported a much larger effect
size (OR 3.54 [95% CI 2.28-5.50]), which now appears to be the outlier.11 We are the first to have
examined the risks of BAC in categories of severity. The increased risks are mainly associated
with the severest grade of BAC, which was only present in 1.2% of the women in the subcohort.
We did not see a clear stepwise graded relation, as the HRs found for the moderate category
were lower than for the mild and severe categories. Either the description of the grades (‘mild’ if
there was BAC in one vessel partially, ‘moderate’ if there was BAC in one vessel entirely) did not
permit adequate distinction of severity of these grades or there is truly no linear relation but a
threshold effect.
We did not observe great differences in effect sizes between different cardiovascular outcomes,
as the multivariable adjusted HRs were all in the range of 1.38 to 1.58 for BAC presence and in
the range of 2.92 to 3.59 for the severest grade of BAC. This suggests that despite differences
in their etiology, the contribution of a mechanism leading from BAC (or other types of medial
arterial calcification) to different cardiovascular disease types may be similar. The other cohort
studies that looked at different endpoints did not find large differences, either.8–10
While other studies have consistently shown cross-sectional associations between BAC and
higher presence of diabetes, we were the first to study it in a longitudinal fashion. We did not
find any associations of BAC with subsequent diabetes, which concurred with our hypothesis
that diabetes contributes to breast arterial calcification and that the association would not be
present in the opposite direction. This was based on mechanistic studies showing upregulation
of osteogenic programs as a consequence of high glucose load in animal models of diabetes,
which would lead to occurrence of MAC instead of the other way around.25–27
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We hypothesize that the observation of an association of BAC with increased cardiovascular risk,
apparently independent of traditional risk factors, may indicate the role of a pathophysiological
mechanism that differs from the intimal atherosclerotic process. Breast arterial calcification
could be a marker of a more generalized tendency to develop medial arterial calcification in
other vascular beds. One study in renal patients indeed showed that breast arterial calcifications
are associated with medial calcification in other arterial beds.6 In the general population,
these studies so far are lacking. Radiology-pathology correlation studies have shown BAC to
be localized in the arterial media and internal elastic membrane, which is consistent with the
pathological description of medial calcification in other vascular beds.6,28 A limited number
of articles were published on the cardiovascular risks associated with medial calcification in
other vascular beds. These studies, conducted in specific patient groups, reported increased
risks associated with medial calcification and found effect sizes generally greater than ours, but
comparable to those we found for the severest grade of BAC.29–31
Experimentally induced medial arterial calcification resulted in increased arterial stiffness
and left ventricular mass in animal studies, therefore it is hypothesized that medial arterial
calcification leads to cardiovascular disease through increased arterial stiffness, widening pulse
pressure and hypertension.3,31–33
In our view, medial calcification could constitute an insufficiently studied pathway to
cardiovascular disease. This pathway could form a therapeutic target, mainly in diabetes patients
and renal patients as these patient groups have a high prevalence of medial calcification and
are at high risk of cardiovascular disease. In addition, it could be evaluated whether there is a
role for BAC as a prognostic marker. However, severe BAC, for which the increased risk is most
substantial, was only present in 1.2% of our population and reclassification benefits may thus
be small.
Conclusions
BAC presence is modestly associated with cardiovascular disease, with a much larger effect size
for the severest grade of BAC. Severe BAC could be a marker of a more generalized tendency
to develop medial arterial calcification in all vascular beds. The apparent independence of the
relationship from traditional risk factors indicates a possible contribution of a medial, nonatherosclerotic pathway to cardiovascular disease events that could form a new therapeutic
target. We did not find evidence to support an association between having BAC and the
subsequent development of type 2 diabetes.
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Medial arterial calcification (MAC) is currently gaining interest as a possible cause of cardiovascular
disease distinct from atherosclerosis.1 Because MAC is actively regulated by processes bearing
great similarities to the dynamic process of bone formation, reversibility of MAC can be expected.1
Although regression has been observed in animal models, surprisingly limited observations of
MAC regression in humans are available. Currently none of the cardiovascular medications has
convincingly been shown to modify arterial calcification.
Breast arterial calcification (BAC) is a type of MAC regularly observed in mammography. In
breast cancer screening programs, these arteries are visualized repeatedly in a highly systematic
fashion in the general population. BAC can therefore serve as a convenient model for MAC. BAC
was found to be independently associated with a moderately increased cardiovascular disease
risk in the general population.2 A few cases of BAC regression have been reported.3 The extent to
which BAC regression occurs remains unknown.
We hypothesized that BAC regression would be present in a population of women participating
in breast cancer screening. From August 1, 1998, to January 31, 1999, we screened 32,589 women
by mammography within the Utrecht area in the Netherlands. After approval was obtained from
the institutional review board of the University Medical Center Utrecht, the mammograms of
these women were systematically investigated for BAC by 1 of 2 board-certified radiologists.
If BAC was present, the index mammogram was retrospectively compared with previous
mammograms, if available. Regression was defined as a decrease of arterial calcification in at

Figure 1| Regression of Breast Artery Calcification

Two mammograms taken 4 years apart, showing regression of breast artery calcification.
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least 1 segment of an artery compared with previous mammograms, as illustrated in Figure 1. To
determine whether regression had occurred, both radiologists assessed the mammograms and
resolved disagreements in consensus meetings.
At least 1 previous mammogram was available for 25,296 women; of these, 2,948 (11.8%) had
BAC in at least 1 breast on the index mammogram. Among these 2,948 women with BAC, the
BAC had regressed in 98 women (3.3%; 95% confidence interval: 2.7 to 4.0). All women with
regression of BAC were sent a questionnaire regarding their medical history and cardiovascular
risk factors. The 43 women (44%) who completed the questionnaire were on average 72.5 years
of age with a body mass index of 25.5 kg/m2. Cardiovascular risk factors were common: 34.9%
current or previous smokers, 37.2% with hypertension, 36.6% with hypercholesterolemia, 14.6%
with diabetes, and 11.9% with renal disease. Although no direct comparison is possible, the
characteristics of these women appear comparable to those of women with BAC described in
published reports.2 Regression of BAC has been reported to occur after renal transplant, but this
cannot fully explain our findings.3 The dual assessment of mammograms with BAC regression has
diminished measurement error due to interrater variability; however, some measurement error
may remain, due to between-mammogram variability. Most of the regression found, however,
represented clear interruptions in chains of calcium that were previously not interrupted, which
was easy to ascertain.
In conclusion, our study convincingly showed that MAC is a reversible process in the population.
Further research into the causes of regression and possible effective therapy is warranted.
References
1.
2.
3.

Lanzer P, Boehm M, Sorribas V, et al. Medial vascular calcification revisited: review and perspectives. Eur
Heart J. 2014;35:1515-1525.
Iribarren C, Go AS, Tolstykh I, Sidney S, Johnston SC, Spring DB. Breast Vascular Calcification and Risk of
Coronary Heart Disease, Stroke, and Heart Failure. J Women’s Heal. 2004;13:381-389.
McDougal BA, Lukert BP. Resolution of breast pain and calcification with renal transplantation. Arch
Intern Med. 1977;137:375-377.

61

4

Chapter 5
CALCIFICATION OF THE SPLENIC, ILIAC, AND BREAST ARTERIES
AND RISK OF ALL-CAUSE AND CARDIOVASCULAR MORTALITY

Eva J.E. Hendriks,
Joline W.J. Beulens,
Pim A. de Jong,
Yvonne T. van der Schouw,
Wei-Ning Sun,
C. Michael Wright,
Michael H. Criqui,
Matthew A. Allison,
Joachim H. Ix
Accepted for publication in Atherosclerosis

CHAPTER 5

ABSTRACT
Background and aims
CVD risks associated with coronary artery calcification (CAC) and abdominal aortic calcification
(AAC) are well known, but less is known about other calcified arteries. We aimed to assess the
associations of arterial calcification in the breast, splenic, and internal and external iliac arteries
with CVD risk factors and mortality.
Methods
We conducted a case-cohort study nested in a cohort of 5196 individuals who self-referred for
whole body computed tomography (CT), including a random subcohort (n=395) and total and
CVD mortality cases (n=298 and n=90), who died during a median follow-up of 9.4 years.
Results
The prevalence of calcification on CT, scored using a simple visual score, was 11.6% in the splenic,
47.9% in the internal iliac and 9.5% in the external iliac arteries, while 3.7% of women had breast
artery calcification (BAC). AAC and CAC were previously measured using the Agatston technique.
Calcification in the splenic and iliac arteries was associated with calcification in the abdominal
aorta but differentially associated with other CVD risk factors in logistic regression models. The
prevalence of BAC was too low to fit these multivariable models. Using Prentice-weighted Cox
proportional hazards models, calcification in the splenic, internal, and external iliac arteries
were significantly associated with mortality, but no longer significant when adjusted for CVD
risk factors. Breast artery calcification was associated with mortality independent of CVD risk
factors (HR 5.67 [95%CI 1.50-21.41]).
Conclusions
Risk factors associated with calcification, and risks of calcification with death differ across
vascular beds, possibly reflecting different pathophysiology.
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INTRODUCTION
Most research on arterial calcification has focused on intimal calcification arising within
atherosclerotic plaques in the coronary arteries, the aorta, and carotid bifurcation.1–3 Intimal
calcification is closely associated with traditional cardiovascular risk factors, including smoking
and hyperlipidemia.1 However, arterial calcification is not always associated with atherosclerosis.
Other patterns of calcification are recognized and can occur independently, namely calcification
occurring in the arterial media and internal elastic lamina.4 These non-atherosclerotic types
of calcification are often lumped together under the heading of “medial arterial calcification”
(MAC). Notably, MAC seems to share some, but not all, risk factors of intimal calcification.5
More specifically, MAC occurs frequently in patients with diabetes and kidney disease and
its prevalence increases with older age6–8 but smoking is associated with a lower prevalence
of MAC9–11 and hyperlipidemia does not associate with MAC.8,11 These data, along with its
occurrence in the absence of lipid plaque on pathologic examination, are consistent with MAC
being a distinct disease process.12
As it is difficult to distinguish MAC from intimal calcification in vivo, little is known of the relative
contribution of these two types of calcification to the total calcium burden across different
vascular beds. MAC is known to occur frequently in female breast arteries, the carotid siphon
and leg arteries.6,7,13 Calcification in arteries of the breast is known to be entirely non-intimal6,
while splenic artery calcification is thought to be predominantly medial.14 Only one previous
study related cardiovascular risk factors to the presence of calcium in the splenic artery and
found a significant unadjusted correlation of glucose levels with splenic artery calcification, but
did not study a comprehensive set of risk factors.15 In this study, our first aim was to evaluate the
risk factor profiles associated with calcification in a number of small to medium sized arteries,
namely the female breast artery, the splenic artery and the internal and external iliac arteries.
We aimed to compare and contrast the risk factor profiles, which might point towards different
predominant types of calcification in these vascular beds.
Because of the aforementioned limitations in distinguishing the types of calcification, there
are little data assessing the relationship of MAC with cardiovascular end-points. The few
studies that do exist indicate higher risks, contradicting the previously held belief that MAC
is innocuous.7,11,16 For example, breast artery calcification (BAC) on mammography has been
associated with an increased risk of cardiovascular disease, but to our knowledge, no studies
have evaluated BAC by computed tomography (CT). For the splenic artery, we are not aware of
any studies determining associations with clinical outcomes. Therefore, our second aim was to
determine the associations of arterial calcification in the breast, splenic artery and both internal
and external iliac arteries with all-cause and cardiovascular mortality.

PATIENTS AND METHODS
Population
The study population consisted of 5196 community-living individuals that were self-referred or
referred by their primary care physician for CT scanning for preventive medicine purposes in San
Diego between 2000 and 2003. The study population is described in detail elsewhere.17
For this study, we designed a nested case-cohort study. This is an efficient design used to
evaluate associations between baseline determinants and outcomes by evaluating a random
sample of all participants at baseline (the subcohort) and all cases occurring from the entire
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cohort.18 A sample of 395 participants was drawn randomly from all baseline participants,
forming the subcohort. Our cases constituted all deceased participants (n=298), resulting in a
total sample size of 670, as some cases were also sampled in the randomly selected subcohort,
as expected (Figure 1).

Figure 1| Participant flowchart

This flowchart summarizes our case-cohort sampling strategy. A sample of 395 participants was drawn
randomly from all baseline participants, forming the subcohort. Our cases constituted all deceased
participants (n=298), resulting in a total sample size of 670, as some cases were also sampled in the
randomly selected subcohort, as expected.

Baseline measurement of risk factors
At baseline, all participants provided information on demographics, risk factors and past medical
history. Height and weight were measured and body mass index (BMI in kg/m2) was calculated.
Trained technicians measured blood pressure after at least 5 minutes of rest. Random serum
lipid and glucose measurements were obtained by finger-stick using the Cholestec LDX system
(Hayward, CA, USA). Baseline measurements are described in more detail previously.17 Diabetes
was defined as blood glucose level greater than 200 mg/dl or use of antiglycemic medication.
Dyslipidemia was defined as a ratio of total cholesterol to high-density lipoprotein cholesterol
greater than 5 or use of a cholesterol-lowering medication. Hypertension was defined as
systolic blood pressure greater than 140 mm Hg or diastolic pressure greater than 90 or use of
hypertensive medication for this condition.
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Assessment of calcification
All participants underwent “whole body” CT scans i.e. scanning from the base of the skull to
the pubic symphysis. Details on scanning procedures are described elsewhere.3 Within the
thoracic aorta, abdominal aorta, carotid, coronary, and iliac arteries (common and external),
calcium scores had been calculated previously using the method described by Agatston.19,20 For
this study, we used thoracic and abdominal/pelvic CT scans with a slice thickness of 6 mm to
measure breast, splenic, external and internal iliac artery calcification in the subcohort and cases
only (Figure 2).
For all participants in the subcohort, and all death cases, additional scoring of the breast
(females), splenic, and internal and external iliac arteries was conducted by a researcher (EJEH)
blinded to the patients’ clinical data. Calcification in the breast arteries was scored as absent or
present. Calcification in the splenic artery and internal and external iliac arteries were scored as
absent, mild, moderate, or severe using the following cut-points for artery length affected with
calcification: 0, <0.5 cm, 0.5-1.5 cm, and >1.5 cm for the splenic artery and 0, <1cm, 1cm-3cm,
and >3cm for the internal and external arteries, respectively. We used the ruler tool in the OsiriX
Imaging Software21, but because of the tortuosity of the arteries we evaluated, the length is
considered an estimate. Two researchers scored a random sample of 30 scans independently
(EJEH and PAdJ). The Cohen’s kappa’s for inter-rater reliability for presence/absence of
calcification were 0.43 (95%CI 0.0 - 0.89), 0.47 (95%CI 0.14-0.80), 0.93 (95%CI 0.81-1.06), and 0.59
(95%CI 0.28-0.90) for the breast, splenic, internal iliac and external iliac arteries, respectively.
The linear weighted kappa for the grades of calcification were 0.62 (95%CI 0.36-0.87) for the
splenic artery, 0.70 (95%CI 0.53-0.87) for the internal iliac artery and 0.52 (95%CI 0.25-0.78) for
the external iliac artery.

Figure 2| CT images of calcification in the studied vascular beds

Breast artery calcification
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Figure 2| CT images of calcification in the studied vascular beds - continued

Top: Splenic artery calcification. Bottom: Internal and external iliac arteries (calcifications in the internal
iliac arteries)

Cardiovascular and All-Cause Mortality
As described previously, all participants in the parent study were followed longitudinally for
mortality17,22 using the Social Security Death Index and the National Death Index through the
31st of December 2010. Patients were cross-referenced with study records to confirm identity.
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Death certificates were obtained and study physicians with experience in adjudicating CVD
outcomes adjudicated the underlying and contributing causes of death. CVD-specific mortality
included myocardial infarction, stroke, congestive heart failure, coronary artery disease, and
other vascular diseases. A total of 298 deaths occurred during this period, of which 90 were
classified as CVD-specific mortality.
Statistical analyses
To identify unique risk factors associated with calcification in the different vascular beds, we
conducted a cross-sectional study among the subcohort participants only. Characteristics of
the subcohort were described by presence or absence of calcification in the different arteries,
as means with standard deviations or percentages with number for continuous and categorical
variables, respectively. For non-normally distributed continuous variables, median and
interquartile ranges are given. Characteristics were not disaggregated by BAC status for women
because the number of women with BAC in the subcohort was too small to be considered
reliable (n=6).
Multiple imputation techniques were used to impute missing data in the baseline co-variables
used in multivariable analysis.23 Data from the full cohort was used for the imputation. In the
full cohort, the mean percentage missing of the covariables that were imputed was 7.8%, with
a maximum of 22.7% (for measured systolic blood pressure). Analyses were run on 15 imputed
datasets and combined to obtain estimates and confidence intervals using Rubin’s rule.24
To assess the risk factor profile associated with calcification in the different vascular beds, we
used logistic regression models with risk factors as independent variables and calcification
presence or absence in the respective beds as the dependent variables. Model 1 adjusted for
age (continuous) and sex. In model 2 we additionally adjusted for traditional CVD risk factors
(smoking status [former, current, never], dyslipidemia [present/absent], BMI [continuous],
diabetes [present/absent], and hypertension [present/absent]). In model 3 the log of 1+ the
quantification of the calcification of the coronary arteries and the proximal and distal aorta were
added. A final model, selected for parsimony, included all covariates with a p value <0.25 in
model 3.
To assess associations of calcification in each vascular bed with CVD death and all-cause
mortality, we used both the subcohort and the death cases. We used modified Cox proportional
hazards models that were adapted for analysis of case-cohort data as described by Prentice et
al.18 In model 1, we modeled the presence/absence of calcification in each vascular bed as the
independent variable and adjusted for age and sex. In model 2, we additionally adjusted for
smoking status, dyslipidemia, BMI, diabetes and hypertension. In a third model, we additionally
adjusted for the number of vascular beds (0-5) with evidence of calcification (Agatston score
> 0): carotid arteries, thoracic aorta, abdominal aorta, common & external iliac arteries and
coronary arteries. To determine whether a graded severity of calcification is associated with
the mortality outcomes, we also modeled calcification in the splenic, internal and external
iliac arteries by categories of severity, adjusting for variables described in model 2 above. The
proportional hazards assumption was assessed by correlation tests of Schoenfeld residuals for
the BAC variable and event time, using a procedure adapted to the case-cohort design.25 No
violations were detected.
Statistical analyses were performed using R, version 3.2.0 (R Foundation for Statistical
Computing, Vienna, Austria.). Add-on packages ‘Amelia’ (1.7.2) and ‘survival’ (2.38-1) used for
multiple imputation and Cox proportional hazards regression, respectively.

69

5

CHAPTER 5

RESULTS
Among the 395 individuals randomly sampled for inclusion in the subcohort, the mean age
at baseline was 56.6 years (SD 11.1) and 41.3% were female. The prevalence of calcification
in the subcohort was 11.6% (n=46) for the splenic artery, 47.9% (n=187) for the internal iliac
artery and 9.5% (n=37) for the external iliac artery. Among the 163 women, 3.7% (n=6) had BAC.
Characteristics of the subcohort by presence of calcium in the different vascular beds are shown
in table 1. Across the different vascular beds, those with artery calcification were older, more
frequently male and former smokers, and had higher prevalence of diabetes, hypertension, and
dyslipidemia. BMI was similar among those with and without artery calcification.
Table 2 shows the association of risk factors with presence of calcium in the splenic, internal
iliac and external iliac arteries. Age and diabetes were the only two factors that were strongly
and independently associated with splenic artery calcification (ORs per 10 years 3.85 [95%CI
2.53-5.84] and 4.18 [95%CI 1.15-15.25], respectively, Model 2). Calcifications in the coronary and
abdominal aorta were also strongly associated with splenic artery calcification, but adjustment
for these variables did not meaningfully alter the strong associations of age and diabetes with
splenic artery calcification.
Risk factors associated with internal iliac calcification differed from those associated with splenic
artery calcification. Here, age (OR per 10 years 3.74 [95%CI 2.74-5.12]), male sex (OR [95%CI 4.04
2.28-7.16]), and current smoking (OR 4.21 [95%CI 1.61-10.96]) were independently associated
with iliac calcification, whereas diabetes was not (model 2). Calcification in the coronary arteries
and abdominal aorta were also strongly associated with internal iliac artery calcification.
Inclusion of these calcification variables weakened the association of age and smoking with
internal iliac calcification, but the associations of age and male sex with internal iliac calcification
persisted despite this adjustment, and smoking was rendered not significant but borderline
(p=0.06) (Model 4).
For external iliac artery calcification, age (OR per 10 years 3.47 [95%CI 2.21-5.45]), current
smoking (25.23 [95%CI 6.75-94.33]), and diabetes (6.07 [95%CI 1.32-27.86]) were found to be
independent risk factors (Model 2). Again, calcification in the abdominal aorta was strongly
associated with external iliac calcification. The effect size estimate of the association of CAC
with external iliac artery calcification was similar as with internal iliac artery calcification, but
not significant. After adjustment for calcification in these vascular beds, only smoking persisted
(OR 9.87 [95%CI 2.24-43.61]) as an independent risk factor for external iliac calcification, and
diabetes closely approached statistical significance (OR 6.09 (95%CI 0.98-37.95]) in Model 4.
During 9.4 years median follow-up, 298 participants died (115 deaths among female), of
which 90 (37 among females) were classified as CVD deaths. Table 3 depicts the associations
of calcification prevalence with CVD mortality and all-cause mortality. Presence of BAC was
significantly and strongly associated with both CVD mortality (HR 12.30 [95%CI 2.84-53.37]) and
all-cause mortality (HR 4.67 [95%CI 1.57-13.88]), adjusted for age. After multivariable adjustment
for traditional CVD risk factors, BAC remained significantly associated with total mortality (HR
5.67 [95%CI 1.50-21.41]). While the hazard ratio for CVD mortality remained very high based
on the point estimate, the association was no longer statistically significant, perhaps because of
limited statistical power (HR 19.05 [95%CI 0.76-480.64]).
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35.4% (n=104)

3.8 (2.3)

40.9% (n=137)

4.0% (n=13)

3.7% (n=6)

11.6% (n=46)

47.9% (n=187)

7 (0-178)

Hypertension

Total/HDL cholesterol ratio

Dyslipidemia

Diabetes

Breast artery calcium†

Splenic artery calcium

Internal iliac artery calcium

CAC (Agatston)*

25.6% (n=52)
26.1% (n=37)
3.7 (2.1)
30.2% (n=51)
2.3% (n=4)
3.6% (n=4)
3.0% (n=6)
0.0% (n=0)
0 (0-8)
0 (0-0)
0 (0-32)
0 (0-0)

40.1% (n=75)
45.6% (n=67)
3.8 (2.6)
52.8% (n=85)
5.9% (n=9)
3.9% (n=2)
20.9% (n=39)
100.0% (n=187)
119 (7-426)
78 (0-410)
472 (100-1536)
406 (98-1188)

556 (138-1473)

86.7% (n=39)

100.0% (n=46)

7.7% (n=1)

15.4% (n=6)

55.3% (n=21)

4.1 (2.9)

56.2% (n=18)

43.5% (n=20)

0 (0-242)

16 (0-316)

0 (0-46)

2 (0-82)

42.9% (n=148)

0.0% (n=0)

3.3% (n=5)

2.4% (n=7)

39.1% (n=116)

3.8 (2.2)

32.8% (n=86)

31.5% (n=110)

8.6% (n=30)

27.0 (4.6)

43.0% (n=150)

55.0 (10.4)

2910 (1474-4629)

2572 (1312-4037)

953 (180-2864)

607 (189-1071)

100.0% (n=37)

51.4% (n=19)

8.3% (n=1)

13.8% (n=4)

60.0% (n=18)

3.7 (2.7)

55.6% (n=15)

54.1% (n=20)

24.3% (n=9)

26.8 (3.8)

32.4% (n=12)

67.9 (9.4)

0 (0-233)

16 (0-316)

0 (0-46)

2 (0-107)

42.5% (n=150)

7.4% (n=26)

3.3% (n=5)

3.1% (n=9)

39.3% (n=118)

3.8 (2.3)

34.0% (n=89)

30.3% (n=107)

7.1% (n=25)

27.2 (4.6)

42.5% (n=150)

55.3 (10.6)

artery calcium. †: among women (n=163).

median (interquartile range) in case of skewed variables*. Categorical variables are described as a percentage (number). BMI=body mass index, CVD=cardiovascular disease, CAC=coronary

For external and internal iliac artery n=390 because 5 people did not have external and iliac artery scoring (scans partially missing). Continuous variables are described using mean (SD) or

calcium (Agatston)*

(Agatston)*
Common & ext. iliac artery

(Agatston)*
Abdominal aorta calcium

6.4% (n=13)

11.2% (n=21)

1718 (189-3798)

32.9% (n=130)

Former smoking

26.7 (4.6)

27.6 (4.4)

8.7% (n=4)

27.6 (3.9)

1 (0-400)

8.6% (n=34)

Current smoking

54.7% (n=111)

27.3% (n=51)

1700 (628-3804)

27.1 (4.5)

BMI (kg/m2)

51.2 (9.4)

62.2 (10.0)

28.3% (n=13)

68.4 (9.2)

53 (0-582)

41.3% (n=163)

Sex (% female)

306 (110-1935)

56.6 (11.1)

Age (years)

353

Absent

203

187

349

37

Present

Absent

Present

46

External iliac artery calcium

Internal iliac artery calcium

Present

Absent

Splenic artery calcium

0 (0-112)

395

N

Thoracic aorta calcium

Total subcohort

Characteristic

Table 1| Subcohort characteristics by presence of calcium in the different vascular beds
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Model 1
OR (95% CI)
3.60 (2.70-4.80)
4.89 (2.89-8.27)

Internal iliac artery calcium
Variable
Age
Sex (male)
BMI
Smoking: current vs never
former vs never
Hypertension
Dyslipidemia
Diabetes
Thoracic aorta calcium
Abdominal aorta calcium
CAC score
p
<0.001
<0.001

p
<0.001
0.015

Model 2
OR (95% CI)
3.74 (2.74-5.12)
4.04 (2.28-7.16)
1.03 (0.97-1.10)
4.21 (1.61-10.96)
1.51 (0.87-2.64)
1.10 (0.59-2.06)
1.67 (0.94-2.96)
0.69 (0.18-2.66)

Model 2
OR (95% CI)
3.85 (2.53-5.84)
1.88 (0.82-4.35)
1.05 (0.96-1.15)
1.95 (0.54-7.10)
1.10 (0.51-2.37)
1.20 (0.50-2.89)
1.57 (0.70-3.51)
4.18 (1.15-15.25)

External iliac artery calcium
Model 1
Model 2
Variable
OR (95% CI)
p
OR (95% CI)
Age
3.11 (2.14-4.51)
<0.001
3.47 (2.21-5.45)
Sex (male)
2.00 (0.90-4.47)
0.091
1.22 (0.48-3.08)
BMI
1.01 (0.92-1.12)
Smoking: current vs never
25.23 (6.75-94.33)
former vs never
4.13 (1.54-11.04)
Hypertension
1.40 (0.55-3.54)
Dyslipidemia
1.83 (0.70-4.78)
Diabetes
6.07 (1.32-27.86)
Thoracic aorta calcium
Abdominal aorta calcium
CAC score
Analyses done in subcohort (n=395). For external and internal iliac artery in n=390 because 5 people
abdominal aorta calcium and CAC were modeled as the log of 1+ the quantification (Agatston score).

Model 1
OR (95% CI)
3.55 (2.46-5.12)
2.64 (1.21-5.77)

Splenic artery calcium
Variable
Age
Sex (male)
BMI
Smoking: current vs never
former vs never
Hypertension
Dyslipidemia
Diabetes
Thoracic aorta calcium
Abdominal aorta calcium
CAC score
Model 3
OR (95% CI)
1.50 (0.99-2.27)
3.95 (2.04-7.65)
1.01 (0.94-1.08)
2.62 (0.86-7.96)
1.23 (0.65-2.30)
1.04 (0.51-2.13)
1.11 (0.58-2.14)
0.77 (0.15-4.04)
1.08 (0.94-1.25)
1.41 (1.24-1.59)
1.21 (1.06-1.37)

Model 3
OR (95% CI)
1.55 (0.90-2.66)
1.38 (0.53-3.58)
0.99 (0.90-1.09)
0.61 (0.14-2.65)
0.77 (0.34-1.76)
1.08 (0.40-2.88)
1.25 (0.54-2.91)
4.49 (1.00-20.19)
1.10 (0.91-1.33)
1.31 (1.02-1.68)
1.34 (1.08-1.66)
p
0.059
<0.001
0.880
0.089
0.524
0.904
0.752
0.753
0.281
<0.001
0.004

p
0.115
0.513
0.869
0.506
0.532
0.885
0.604
0.050
0.314
0.034
0.007
Model 4
OR (95% CI)
1.60 (1.09-2.33)
3.86 (2.09-7.15)
2.78 (0.94-8.25)
1.21 (0.65-2.26)
1.44 (1.28-1.62)
1.23 (1.08-1.39)

Model 4
OR (95% CI)
1.62 (1.04-2.54)
5.80 (1.37-24.6)
1.36 (1.09-1.70)
1.38 (1.13-1.68)
p
0.016
<0.001
0.065
0.539
<0.001
0.001

p
0.034
0.017
0.006
0.002

Model 3
Model 4
OR (95% CI)
p
OR (95% CI)
p
0.92 (0.47-1.78)
0.800
0.93 (0.29-3.03)
0.905
0.94 (0.84-1.06)
0.315
9.05 (1.88-43.54)
0.006
9.87 (2.24-43.61)
0.003
2.91 (0.99-8.50)
0.051
2.90 (1.01-8.33)
0.047
1.04 (0.35-3.10)
0.945
1.80 (0.62-5.25)
0.282
6.14 (0.91-41.36)
0.062
6.09 (0.98-37.95)
0.053
1.24 (0.95-1.61)
0.110
1.21 (0.97-1.51)
0.090
1.96 (1.22-3.17)
0.006
1.96 (1.24-3.11)
0.004
1.25 (0.97-1.61)
0.091
1.22 (0.97-1.53)
0.084
did not have external and iliac artery scoring (scans partially missing). Thoracic and
p
<0.001
0.679
0.790
<0.001
0.005
0.481
0.214
0.021

p
<0.001
<0.001
0.299
0.003
0.144
0.765
0.079
0.592

p
<0.001
0.138
0.249
0.310
0.802
0.682
0.275
0.030

Table 2| Associations of risk factors with presence of calcium in the different vascular beds
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Table 3| Associations of presence of medium artery calcification with all-cause and cardiovascular
mortality
CVD mortality (cases = 37)

All-cause mortality (cases = 115)

Breast artery calcium (present/absent)*
Model

HR (95%CI)

p

HR (95%CI)

p

Model 1*

12.30 (2.84-53.37)

0.001

4.67 (1.57-13.88)

0.006

Model 2*

29.59 (1.86-471.38)

0.017

7.33 (2.03-26.45)

0.002

Model 3*

19.05 (0.76-480.64)

0.074

5.67 (1.50-21.41)

0.011

CVD mortality (cases = 90)

All-cause mortality (cases = 298)

Splenic artery calcium (present/absent)
Model

HR (95%CI)

p

HR (95%CI)

p

Model 1

1.69 (0.83-3.42)

0.146

1.65 (0.97-2.78)

0.063

Model 2

1.46 (0.71-2.97)

0.302

1.51 (0.89-2.57)

0.129

Model 3

1.37 (0.68-2.79)

0.380

1.43 (0.84-2.42)

0.191

Internal iliac artery calcium (present/absent)
Model

HR (95%CI)

p

HR (95%CI)

p

Model 1

1.24 (0.60-2.58)

0.563

1.37 (0.86-2.17)

0.185

Model 2

0.91 (0.41-2.04)

0.826

1.15 (0.70-1.87)

0.586

Model 3

0.75 (0.31-1.79)

0.514

0.97 (0.56-1.68)

0.901

5

External iliac artery calcium (present/absent)
Model

HR (95%CI)

p

HR (95%CI)

p

Model 1

2.15 (1.06-4.38)

0.034

1.86 (1.08-3.20)

0.025

Model 2

1.47 (0.63-3.42)

0.375

1.34 (0.73-2.47)

0.348

Model 3

1.33 (0.56-3.12)

0.517

1.22 (0.66-2.27)

0.526

Model 1: adjusted for age and sex. Model 2: adjusted for sex, age, smoking status, dyslipidemia, BMI, diabetes and
hypertension. Model 3: additionally adjusted a 0-5 score of the number of calcified vascular beds out of the carotids,
coronaries, abdominal and thoracic aorta and common iliac arteries. HR=hazard ratio, 95%CI=95% confidence interval. *:
Analysis in women only. Models 1 to 3 adjusted as described above except for sex.

Although point estimates were greater than 1, we did not find significant associations of splenic
artery or internal iliac artery calcification with CVD mortality or total mortality, neither when
adjusting for age and sex (HRs ranging from 1.24 to 1.69) nor when additionally adjusting
for other CVD risk factors (HRs ranging from 0.91 to 1.51). Conversely, external iliac artery
calcification was associated with both CVD mortality and all-cause mortality when adjusting
for age and sex (HRs 2.15 [95%CI 1.06-4.38] and 1.86 [95%CI 1.08-3.20], respectively), but the
associations attenuated to non-significant when additionally adjusted for CVD risk factors (HRs
1.47 [95%CI 0.63-3.42] and 1.34 [95%CI 0.73-2.47]). Adding the sum score of the number of
calcified vascular beds (Agatston score > 0) further lowered estimates. The results of the analysis
relating calcification by graded severity to mortality outcomes are shown in supplemental table
1. The associations were largely non-significant across the different vascular beds.
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DISCUSSION
In this nested case-cohort study, we determined the association of various risk factors with
calcification in the splenic, internal and external iliac arteries, and the association of calcification
in these arteries with mortality. We found that the presence of calcium in the abdominal aorta
was strongly associated with calcium in the splenic, internal, and external iliac arteries. However,
the associations of traditional CVD risk factors with calcification differed across artery beds.
Calcification in the splenic, internal or external iliac arteries was not associated with mortality
after multivariable adjustment. In contrast, BAC was uncommon, but when present, was strongly
and independently associated with mortality risk.
Our first aim was to evaluate the risk factor profiles associated with calcification in a number
of small to medium sized arteries and to see if differences inform about potential underlying
pathophysiological mechanisms (i.e. intimal/atherosclerotic versus MAC/non-atherosclerotic
calcification). In the literature, older age7–9,11, diabetes,7,8,11,16 and kidney disease16 are consistently
associated with higher prevalence of MAC. In contrast, smoking is consistently related to
lower prevalence of MAC.9–11 Although there is some heterogeneity, most studies report no
relationship of hypertension or dyslipidemia with MAC.8,11,16 For atherosclerotic calcification,
such as predominant in the coronary arteries, traditional cardiovascular risk factors, including
smoking and hyperlipidemia are associated with calcification.1,11,16
Splenic artery calcification has been described as predominantly medial in prior studies.14 In
our study, only age and diabetes were significantly associated with splenic artery calcification,
which fits a MAC profile. To our knowledge, only one previous study related cardiovascular risk
factors to the presence of calcium in the splenic artery.15 This study showed a small (r=0.17) but
significant correlation between blood glucose level and splenic calcification in 276 patients at
high CVD risk, but no significant correlations with BMI, cholesterol or systolic blood pressure.
These findings are consistent with the association of diabetes with splenic artery calcification
observed in our study. In the previous study, strong correlations were found between splenic
artery calcification and calcification in other vascular beds, similar to our study. However,
this prior study evaluated individual risk factors without multivariable adjustment. Thus, one
important contribution of our study is that it demonstrates the independent relationship of risk
factors with splenic artery calcification for the first time. We find that diabetes and age are strong
and independent risk factors for splenic calcification.
The risk factor profiles for calcification of the internal and external iliac arteries were generally
similar in our study, although age and male sex were significant risk factors for the internal
iliac artery but not for the external iliac artery. Importantly, current smoking was a risk factor
associated with both internal and external iliac artery calcification. As smoking is an important
risk factor for atherosclerosis but associated with a lower prevalence of MAC in prior studies,
it is possible that calcification of the internal and external iliac artery reflects predominantly
atherosclerotic, intimal calcification rather than MAC. Prior studies have generally grouped
parts of the iliac vasculature (internal, external, common) together and report associations with
age, male gender, hypertension, diabetes and smoking.26 A prior study from this cohort also
reported on the associations with calcium in the combined common and external iliac arteries,
and found independent associations with age, hypercholesterolemia and cigarette smoking.3
In contrast, we did not find associations with hypertension or hypercholesterolemia in this
study, but we also did not incorporate the slightly larger common iliac artery. We hypothesize
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that hypercholesterolemia, hypertension, and smoking are important risk factors for intimal
calcification but not necessarily for MAC and that their role in calcification increases as the
contribution of atherosclerotic calcifications to the total calcium burden increases.
A secondary objective of this study was to determine whether calcification in medium sized
arteries is associated with mortality, and whether such associations differed across artery beds.
For calcification in the splenic, internal and external iliac arteries we did not find associations with
mortality in adjusted models. Hazard ratios were consistently greater than one across models,
albeit not significant. Prior studies have reported similarly sized, but statistically significant,
associations of common iliac artery calcification with mortality, yet to our knowledge, no prior
study has differentiated calcification in the common, external, or internal iliac arteries.17,27 Thus,
future studies are required to determine if associations of calcification in these arteries are
attenuated and explained by age and other CVD risk factors, or if our results were rendered not
significant due to insufficient statistical power.
We found that presence of BAC on CT in females was strongly and significantly associated
with increased risk of both CVD and all-cause mortality after adjusting for cardiovascular risk
factors. These results should be interpreted with caution since we had a limited sample size for
women, resulting in wide confidence intervals. Prior studies have demonstrated that BAC on
mammography is associated with cardiovascular mortality, but associations were less strong
than observed in this study.9 In similarly aged populations, the prevalence of mammographic
BAC has been reported to be higher than that observed here by CT. CT may be less sensitive,
thus simultaneously resulting in lower prevalence estimates, and stronger associations with
end-points. Consistent with this hypothesis, a prior study on the association of mammographic
BAC with cardiovascular outcomes showed stronger associations for severe BAC compared to
any BAC.28
This study has multiple strengths. To our knowledge, this is the first study to evaluate associations
of splenic and BAC on CT with mortality risk. The community-based setting, availability of
imaging of multiple vascular beds, and traditional CVD risk factors allow us to determine and
compare strengths of association with risk factors and outcomes across medium sized artery
beds. Despite this and other strengths, the study also has important limitations. The study
sample was not originally collected for research purposes, resulting in missing values for some
variables. For grading calcification severity, we used a semi-quantitative scoring method with
some degree of subjectivity, reflected in moderate inter-rater agreement for some vascular
beds. Some of the confidence intervals were quite wide, indicating low statistical power. When
positive and significant, we are confident in these associations, but have less confidence in the
precision of the estimate. Associations should be interpreted within the confines of the reported
95% confidence intervals. This was especially true for the analysis of BAC, which was limited to
women and had low prevalence, and the analysis by grades of severity. Unfortunately, due to
the limited number of women with BAC in the subcohort we could not assess the associations of
risk factors with the presence of BAC in our study. We lack pathological data, which would clarify
whether calcification in a certain bed is predominantly medial, intimal or both and could provide
further insight into the consequences associated with the different types of calcification.
In conclusion, we found that calcification of the splenic, internal and external iliac arteries is
strongly associated with calcification in the abdominal aorta, but differentially associated
with other CVD risk factors. Age, male gender, and diabetes were predominant risk factors for
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splenic artery calcification, while other CVD risk factors were not, suggesting that splenic artery
calcification may be predominantly MAC. After adjustment for CVD risk factors, calcifications in
the splenic, internal and external arteries were not associated with mortality. BAC is a rare finding
on CT scan in community living females, but when present, was strongly and independently
associated with mortality. This finding supports our hypothesis that, beyond intimal calcification,
MAC may also be associated with increased risk of mortality in community living individuals.
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15 (4)

13 (3)

18 (5)

Mild (> 0.5 cm)

Moderate (0.5-1.5)

Severe (>1.5 cm)

86 (22)

59 (15)

42 (11)

Mild (> 1 cm)

Moderate (1-3 cm)

Severe (> 3 cm)

18 (5)

7 (2)

12 (3)

Mild (> 1 cm)

Moderate (1-3 cm)

Severe (> 3 cm)

13 (15)

7 (8)

18 (20)

51 (57)

Cases (%)

40 (45)

25 (28)

9 (10)

15 (17)

Cases (%)

18 (20)

8 (9)

15 (17)

49 (54)

1.86 (0.55-6.37)

1.59 (0.30-8.31)

1.28 (0.45-3.59)

Reference

HR (95%CI)

1.40 (0.51-3.85)

1.01 (0.41-2.49)

0.53 (0.19-1.48)

Reference

HR (95%CI)

1.07 (0.39-2.95)

1.07 (0.32-3.60)

2.78 (1.03-7.49)

Reference

0.321

0.585

0.643

p

0.520

0.990

0.225

p

0.899

0.918

0.044

p

15 (4)
13 (3)
18 (5)

Mild (> 0.5 cm)
Moderate (0.5-1.5)
Severe (>1.5 cm)

86 (22)
59 (15)
42 (11)

Mild (> 1 cm)
Moderate (1-3 cm)
Severe (> 3 cm)

194 (66)

353 (91)
18 (5)
7 (2)
12 (3)

Mild (> 1 cm)
Moderate (1-3 cm)
Severe (> 3 cm)

42 (14)

27 (9)

32 (11)

Events (%)

Subcohort n (%)

113 (38)

67 (23)

None

External iliac artery calcium (severity)

62 (21)

203 (52)

None

54 (18)

Events (%)

49 (16)

25 (8)

Subcohort n (%)

Internal iliac artery calcium (severity)

185 (62)

349 (88)

None
39 (13)

Events (%)

Subcohort n (%)

HR=hazard ratio; 95%CI=95% confidence interval. Hazard ratios are adjusted for sex, age, smoking status, dyslipidemia, BMI, diabetes and hypertension.

353 (91)

None

Subcohort n (%)

External iliac artery calcium (severity)

203 (52)

None

Subcohort n (%)

Internal iliac artery calcium (severity)

349 (88)

None

HR (95%CI)

Splenic artery calcium (severity)
Cases (%)

Splenic artery calcium (severity)

Subcohort n (%)

All-cause mortality

CVD mortality

Table S1| Associations of severity of calcification in medium sized arteries with total and cardiovascular mortality

1.81 (0.74-4.39)

2.06 (0.61-6.96)

0.82 (0.37-1.82)

Reference

HR (95%CI)

1.74 (0.88-3.41)

1.05 (0.58-1.91)

0.98 (0.55-1.72)

Reference

HR (95%CI)

1.31 (0.61-2.80)

1.20 (0.48-2.99)

2.16 (1.00-4.63)

Reference

HR (95%CI)

0.193

0.245

0.624

p

0.109

0.872

0.931

p

0.486

0.696

0.049

p

CALCIFICATION OF THE SPLENIC, ILIAC, AND BREAST ARTERIES AND MORTALITY

5

79

Chapter 6
ANNULARITY OF ARTERIAL CALCIFICATION AND RISK OF
ALL-CAUSE AND CARDIOVASCULAR MORTALITY

Eva J.E. Hendriks,
Pim A. de Jong,
Joline W.J. Beulens,
Yvonne T. van der Schouw,
Nketi I. Forbang,
Michael C. Wright,
Michael H. Criqui,
Matthew A. Allison,
Joachim H. Ix
Submitted

CHAPTER 6

ABSTRACT
Objectives
We aimed to assess the association of increasing degrees of calcified annularity in the aorta and
common iliac arteries with all-cause and cardiovascular mortality.
Background
Arterial calcification is associated with cardiovascular disease risk. Little is known about the
associations between patterns of calcifications and this risk.
Methods
We conducted a case-cohort study nested in a cohort of 5196 individuals who self-referred for
whole body computed tomography (CT). The sample included a random subcohort (n=395)
and all-cause (n=298) and CVD mortality cases (n=90), who died during a median follow-up of
9.4 years. We scored calcium in the thoracic and abdominal aorta and the common iliac arteries
in categories of annularity (none, 1-90°, 91-180°, 181-270°, 271°-360°). We determined the
correlation between annularity score and Agatston quantification, as well as the associations
with mortality using Cox proportional hazards models.
Results
The correlation between annularity and Agatston scores in the thoracic aorta, abdominal aorta
and common iliac arteries was 0.82 [95%CI 0.79-0.84], 0.94 [95%CI 0.93-0.95] and 0.89 [95%CI
0.87- 0.91], respectively. Greater annular calcium in the abdominal aorta was significantly
associated with all-cause mortality risks (HR 2.31 [95%CI 1.08-4.95] highest category vs. none, p
for trend = 0.002), independent of cardiovascular risk factors and the abdominal aorta Agatston
score. Conversely, annularity scores in the thoracic aorta and common iliac arteries were not
significantly associated with mortality after multivariable adjustment. CVD mortality results
were similar to those of all-cause mortality, but with lower numbers of cases resulting in less
precision and statistical power.
Conclusions
Greater degree of annularity of calcification in the abdominal aorta is associated with higher risk
of all-cause mortality risks independent of the Agatston score and CVD risk factors. The pattern
of calcification in the abdominal aorta thus adds risk information for mortality beyond that
provided by calcium quantification.
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INTRODUCTION
Arterial calcification is associated with risk of incident cardiovascular disease (CVD).1–3 The
Agatston score, the most established method of quantifying arterial calcium on computed
tomography (CT) scans, is calculated by summing the calcified slice areas up-weighted by a
density factor.4 Recent research shows that different quantification methods result in different
associations of calcification with risk.5,6 Notably, the configuration of calcification (i.e. annularity)
has generally not been taken into account in the different proposed methods of quantification.
Calcification can be fully circumferential, encircling the entire artery lumen. The implications
for vessel wall compliance and hemodynamics and resulting cardiovascular risks of this pattern
of calcification are largely unknown. Experimental studies suggest an annular calcification
pattern results in arterial stiffening and adversely affects blood flow dynamics and vessel wall
mechanics and interferes with positive outward arterial remodeling.7 To our knowledge, no prior
clinical study has evaluated the risk associated with degree of annularity of calcification with
clinical endpoints.
In this study, both Agatston scores and a simple annularity-based approach to calcification
scoring were used to assess arterial calcification. Using these, we aimed to determine to
what extent annularity scoring in the aorta and common iliac arteries correlates with calcium
quantification by the Agatston method, as well as whether annularity may be a risk factor for
mortality above and beyond the Agatston score and standard CVD risk factors.

METHODS
Population
Our study population consisted of 5197 community-living individuals that were self-referred or
referred by their primary care physician for CT scanning for preventive medicine purposes in San
Diego between 2000 and 2003. The study sample is described in detail elsewhere.3
Using this population, we conducted a nested case-cohort study and a cross-sectional study. A
case-cohort study is an efficient study-design used to prospectively study associations between
baseline determinants and outcomes by comparing cases that arise in the population to a
random sample of all participants at baseline (the subcohort).8 A sample of 395 participants
was drawn randomly from all baseline participants, forming the subcohort. The cases were
all deceased participants (n=298, 23 of whom were also drawn within the random sample),
resulting in 670 individuals whose data was used in this study. Figure 1 depicts a flow diagram
summarizing our sampling strategy.
At baseline, all participants were questioned on CVD risk factors, medical history and their
height, weight and blood pressure where measured. Non-fasting serum lipid and glucose
measurements were obtained by finger-stick using the Cholestec LDX system (Hayward, CA,
USA). Diabetes was defined as having a blood glucose level greater than 200 mg/dl or use of
antiglycemic medication. Dyslipidemia was defined as a ratio of total cholesterol to high-density
lipoprotein cholesterol greater than 5 or use of a cholesterol-lowering medication. Hypertension
was defined as having a systolic blood pressure greater than 140 mmHg or a diastolic pressure
greater than 90 or use of medication to treat hypertension.
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Figure 1| Participant Flowchart.

This flowchart summarizes our case-cohort sampling strategy. A sample of 395 participants was drawn
randomly from all baseline participants, forming the subcohort. Our cases constituted all deceased
participants (n=298), resulting in a total sample size of 670, as some cases were also sampled in the
randomly selected subcohort, as expected.

Assessment of calcification
All subjects underwent scanning from the base of the skull to the pubic symphysis. For our
assessment, we used thoracic and abdominal scans with a slice thickness of 6 mm. Previously,
calcium scores had been calculated using the method described by Agatston4 within the
following vascular beds: thoracic aorta, abdominal aorta and iliac arteries (external and
common).9 For this study, a researcher blinded to the patients’ clinical data (EJEH) performed
additional scoring of annularity of calcification within the aorta and common iliac arteries for all
participants in the subcohort and all death cases.
The degree of annular calcifications in the aorta and common iliac arteries was scored according
to the following categories: “no annular calcification”, “annular calcification 1-90 degrees”, “annular
calcification 91-180 degrees”, “annular calcification 181-270 degrees”, “annular calcification 271
to 360 degrees”. Figure 2 provides illustrative examples of each score. Presence of the highest
category was recorded for each participant in each of the following segments: thoracic aorta
(above diaphragm), abdominal aorta (below diaphragm) and common iliac arteries. This
resembles a recently described cross-sectional grading method used to score coronary artery
calcification in quadrants on CT angiography.10 Two researchers (EJEH and PAdJ), blinded to
all clinical data and the scores of the other reader each scored a random sample of 30 scans
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independently. The Cohen’s kappas for inter-rater reliability for presence/absence of annular
calcification were 0.87 (95% confidence interval [95%CI] 0.69-1.00), 0.86 (95%CI 0.67-1.00)
and 1.00 (95%CI 1.00-1.00) for the thoracic aorta, abdominal aorta and common iliac arteries,
respectively. The linear weighted kappas for the grades of annularity were 0.84 (95%CI 0.651.00), 0.82 (95%CI 0.71-0.93) and 0.86 (95%CI 0.75-0.97), respectively.
Cardiovascular and All-Cause Mortality
All participants were followed for mortality using the Social Security Death Index and the
National Death Index through the 31st of December 2010. Patients were cross-referenced with
study records to confirm identity. Death certificates were obtained and study physicians with
experience in adjudicating CVD outcomes adjudicated the underlying and contributing causes
of death. CVD-specific mortality included myocardial infarction, stroke, congestive heart failure,
coronary artery disease, and other vascular diseases. A total of 298 deaths occurred in the base
cohort during this period, of which 90 were classified as CVD-specific mortality.
Statistical analyses
Honaker & Kings’ bootstrapping based multiple imputation algorithm was used to impute
missing data in the baseline covariables used in multivariable analysis.11 Data from the full
cohort was used for the imputation. In the full cohort, the percentage of missing variables that

Figure 2| Examples of calcification annularity scoring categories.

6

Illustrated are (left to right, top to bottom): 1-90°, 91-180°, 181-270°, 271°-full circle).
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were imputed was 7.8% on average, with a maximum of 22.7% (for measured systolic blood
pressure). Analyses were run on 15 imputed datasets and combined to obtain estimates and
confidence intervals using Rubin’s rule.12
Characteristics of the subcohort were described as means with standard deviations or
percentages with number for continuous and categorical variables, respectively. For nonnormally distributed continuous variables, median and interquartile ranges were given. The
annularity scores were related to the Agatston scores by calculating the median and interquartile
range of Agatston scores for the participants in each category of the annularity score. For the
common iliac arteries, the Agatston scores entailed the summed left and right scores for the
common and external iliac arteries. We related these to the highest category out of left and right
of our annularity scores. In addition, a Spearman’s rho for the correlation between the annularity
and Agatston scores was calculated.
Cox proportional hazards models adapted to the case-cohort design by Prentice weighting
were fitted for total and CVD mortality separately.8 In models 1-3, calcification annularity was the
primary predictor variable, with no calcification as the reference category. Model 1 was adjusted
for age and sex; model 2 was adjusted for age, sex, smoking status (former, current, never),
dyslipidemia (present/absent), BMI (continuous), diabetes (present/absent) and hypertension
(present/absent). In model 3 the natural logarithm of 1+ the Agatston score in the respective
beds was added to the variables of model 2. In model 4 the natural logarithm of 1+ the Agatston
score was modeled as the independent calcification variable, corresponding to model 3 without
the annularity scoring. The proportional hazards assumption was assessed visually, by plotting
scaled Schoenfeld residuals against event time. No violations were detected.
Statistical analyses were performed using R, version 3.2.0 (R Foundation for Statistical
Computing, Vienna, Austria). Add-on packages ‘Amelia’ (1.7.2) and ‘survival’ (2.38-1) used for
multiple imputation and Cox proportional hazards regression, respectively.
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RESULTS
Among the 395 individuals randomly sampled for inclusion in the subcohort, the mean age
at baseline was 56.6 years (SD 11.1) and 41.3% were female. Baseline details of the subcohort
by annularity of calcification in the abdominal aorta are presented in Table 1. Individuals with
higher degrees of annular calcification were older, had higher systolic blood pressure, were
more often smokers, and had higher Agatston scores compared with individuals with lesser
degrees of annularity.
The results of the assessment of calcification by annularity scores, as well as their relations to the
Agatston scores, are presented in Table 2. For the thoracic aorta, very few participants had more
than 90 degrees of calcification and only 4.1% (n=16) of the subcohort had a score of 91-180
degrees or more. The prevalence of annular calcifications was higher in the abdominal aorta and
the common iliac arteries where the percentages with more than 90 degrees of calcification were
29.4% (n=116) and 18.7% (n=73), respectively. As expected, increasing categories of annularity
were associated with stepwise increases in median Agatston scores. Spearman’s rho, expressing
the correlations between the degree of annularity and Agatston scores was 0.82 [95%CI 0.790.84], 0.94 [95%CI 0.93-0.95] and 0.89 [95%CI 0.87- 0.91] for the thoracic aorta, abdominal aorta
and common iliac arteries, respectively.
Associations of annularity of calcification with all-cause mortality are shown in Table 3. For
thoracic aorta calcium, increasingly annular calcium was not associated with higher risks of
all-cause mortality. For common iliac artery calcification, only the age and sex adjusted model
(model 1) showed a significant p for trend (p=0.03) with mortality and the third highest category
of annularity (181-270 degrees) was statistically associated with mortality (hazard ratio [HR] 2.79
[95%CI 1.13-6.87]). However, after adjustment for CVD risk factors the association was no longer
significant. In contrast, increasingly annular calcium in the abdominal aorta was associated with
greater risk of all-cause mortality after adjustment for risk factors (model 2, HR 2.31 [95%CI 1.084.95] for the highest category, p for trend = < 0.01). When Agatston scores were added (model
3), the association of annularity with mortality was essentially unaltered, with a significant p for
trend (p < 0.01), but the confidence intervals became much wider likely reflecting collinearity.
Interestingly, when adjusted for annularity, the abdominal aorta Agatston score was not
significantly associated with mortality (HR 0.81 [95%CI 0.47-1.41]), while the HR for annularity
in the highest category was 3.66 [95% CI 0.86-15.65]. In contrast, when the Agatston score was
modeled with the risk factors but without the annularity scoring included, we found that it was
independently associated with mortality (1.35 [95%CI 1.01-1.80]).
Associations of annularity of calcification with cardiovascular mortality are shown in Table 4.
Results look essentially similar to those of all-cause mortality, but with lower numbers of cases
resulting in less precision and statistical power. As with all-cause mortality, only annularity of
the abdominal aorta was significantly associated with CVD mortality, both for the age and sex
adjusted model (model 1) and when adjusted for the CVD risk factors (model 2).
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37.2% (n=48)

49.3% (n=74)
26.6 (4.7)
8.0% (n=12)
23.3% (n=35)
120.0 (15.7)
78.1 (10.1)
21.3% (n=23)
52 (40-66)
121.0 (37.0)
206.1 (37.7)
152.3 (40.4)
4.2 (1.6)
27.9% (n=36)
98 (89-112)
0.8% (n=1)
0 (0-5)
0 (0-0)
0 (0-0)
0 (0-0)

Gender (% female)

BMI (kg/m2)

Current smoking

Former smoking

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Hypertension

HDL (mg/dl)*

LDL (mg/dl)

Total Cholesterol (mg/dl)

Non-HDL cholesterol (mg/dl)

Total/HDL cholesterol ratio

Dyslipidemia

Random blood glucose (mg/dl)*

Diabetes

CAC (Agatston)*

Thoracic aorta calcium (Agatston)*

Abdominal aorta calcium (Agatston)*

Common & ext. iliac artery calcium (Agatston)*

406 (153-727)

681 (454-1061)

33 (0-262)

52 (0-253)

5.0% (n=2)

104 (95-118)

71.8% (n=28)

4.4 (1.4)

144.8 (28.5)

197.2 (32.9)

111.4 (28.2)

42 (34-58)

46.3% (n=19)

79.6 (9.2)

132.3 (13.9)

38.8% (n=19)

12.2% (n=6)

26.5 (3.5)

22.4% (n=11)

61.8 (8.4)

N=49

91-180°

836 (315-1686)

1512 (1026-2650)

323 (92-1455)

185 (41-667)

3.8% (n=1)

102 (89-116)

33.3% (n=9)

3.7 (1.0)

139.0 (38.5)

194.4 (47.5)

105.9 (34.9)

54 (46-60)

64.0% (n=16)

80.8 (8.1)

133.7 (16.3)

53.1% (n=17)

12.5% (n=4)

27.9 (4.8)

50.0% (n=16)

66.9 (8.0)

N=32

181-270°

2168 (1048-3964)

3502 (2504-5040)

1154 (256-2854)

505 (234-1134)

6.9% (n=2)

116 (96-125)

46.7% (n=14)

5.1 (3.4)

162.1 (51.2)

215.3 (41.1)

121.4 (42.8)

50 (40-60)

48.1% (n=13)

75.3 (9.9)

134.4 (16.9)

51.4% (n=18)

14.3% (n=5)

27.0 (4.3)

40.0% (n=14)

70.0 (9.8)

N=35

271°-full circle

850 (141-2748)

1370 (270-3562)

450 (54-1635)

176 (11-662)

9.8% (n=26)

107 (94-130)

41.8% (n=110)

4.4 (1.8)

149.8 (43.3)

202.2 (44.9)

116.6 (36.3)

49 (38-62)

51.5% (n=124)

78.5 (11.0)

133.8 (18.2)

45.0% (n=134)

13.8% (n=41)

26.9 (4.9)

38.9% (n=116)

69.5 (11.2)

N= 298

Cases

mass index, CVD=cardiovascular disease, CAC=coronary artery calcium.

Continuous variables are described using mean (SD) or *: median (interquartile range) in case of skewed variables. Categorical variables are described as a percentage (number). BMI=body

24 (0-211)

85 (21-197)

0 (0-71)

8 (0-149)

6.7% (n=7)

100 (88-116)

45.5% (n=50)

4.5 (1.6)

159.7 (39.8)

211.7 (39.6)

127.5 (36.9)

48 (38-64)

35.5% (n=33)

78.7 (10.7)

127.3 (20.3)

31.8% (n=41)

5.4% (n=7)

27.8 (4.6)

58.3 (7.7)

N=129

N=150
48.0 (8.2)

1-90°

Absent

By degree of annular calcification in the abdominal aorta

Subcohort

Age (years)

Characteristic

Table 1| Subcohort characteristics by abdominal aorta calcium annularity
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109

9

5

2

91-180

181-270

271-full circle

129

49

32

35

1-90

91-180

181-270

271-full circle

125

49

13

11

1-90

91-180

181-270

271-full circle

IQR: Interquartile range.

193

0

Common iliac arteries

150

0

Abdominal aorta

270

1-90

Subcohort

Numbers

0

Thoracic aorta

Degrees of calcification

Vascular bed

41

51

61

95

50

115

50

47

60

26

9

9

45

149

86

cases

Mortality

14

20

20

28

8

43

11

17

15

4

4

4

20

46

16

cases

mortality

CVD

4966 (3340-7687)

2764 (1782-4135)

1189 (657-2008)

224 (62-491)

0 (0-0)

3848 (2766-5866)

1910 (1027-2591)

667 (453-1016)

91 (22-217)

0 (0-0)

9638 (8219-11887)

5876 (4917-6810)

2213 (1528-3918)

352 (123-949)

0 (0-0)

Median (IQR)

Agatston quantification

Table 2| Assessment of calcification by annularity scores and relation to Agatston Score for different arteries
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90

3.13 (1.24-7.89)

1.15 (0.34-3.87)

1.80 (0.21-15.63)

91-180 °

181-270 °

271-full circle

1.68 (0.84-3.38)

2.31 (1.08-4.91)

3.43 (1.65-7.13)

91-180 °

181-270 °

271-full circle

1.50 (0.80-2.78)

2.79 (1.13-6.87)

2.46 (0.92-6.60)

91-180 °

181-270 °

271-full circle
0.034

0.074

0.025

0.203

0.220

1.72 (0.64-4.66)

2.36 (0.90-6.17)

1.23 (0.64-2.37)

1.20 (0.71-2.05)

0.171

0.285

0.080

0.536

0.491

p

1.23 (0.81-1.85)

1.12 (0.31-4.08)

1.55 (0.43-5.63)

0.86 (0.33-2.22)

0.92 (0.44-1.92)

1

HR (95% CI)

0.330

0.516

0.861

0.504

0.757

0.817

p

0.461

0.006

0.080

0.291

0.374

0.859

p

0.504

0.849

0.744

0.354

0.176

0.209

p

1.26 (0.96-1.64)

HR (95% CI)

Model 4

1.35 (1.01-1.80)

HR (95% CI)

Model 4

1.25 (0.96-1.61)

HR (95% CI)

Model 4

0.090

p

0.045

p

0.092

p

model 2 but instead of the annularity scoring, the log(1+ Agatston score) is modeled as a predictor variable.

the respective beds (coefficients given in bottom row). For the common iliac artery, the Agatston quantification was done in the common + the external iliac arteries combined. Model 4: as

Model 1: age & sex adjusted. Model 2: adjusted for age, sex, smoking status, dyslipidemia, BMI, diabetes and hypertension. Model 3: as model 2 + adjustment for the log(1+ Agatston score) in

z-score log(1+Agatston)

p for trend

1.36 (0.83-2.22)

1-90°

1

HR (95% CI)

1

HR (95% CI)

None

Model 2

Model 1
p

3.66 (0.86-15.65)

2.12 (0.53-8.55)

1.76 (0.51-6.07)

1.08 (0.46-2.56)

Model 3

0.002

0.032

0.422

0.614

0.658

Common iliac arteries

2.31 (1.08-4.95)

1.39 (0.62-3.13)

1.21 (0.57-2.58)

0.86 (0.45-1.65)

1

HR (95% CI)

0.81 (0.47-1.41)

<0.001

0.001

0.030

0.143

0.771

p

z-score log(1+Agatston)

p for trend

1.09 (0.60-2.01)

1-90°

1

HR (95% CI)

1

HR (95% CI)

None

Model 2

Model 1
p

1.46 (0.15-14.42)

0.50 (0.11-2.18)

2.13 (0.71-6.36)

1.47 (0.81-2.68)

Model 3

0.626

0.629

0.462

0.071

0.027

Abdominal aorta

1.73 (0.19-15.91)

0.61 (0.16-2.30)

2.47 (0.93-6.57)

1.67 (1.06-2.63)

1

HR (95% CI)

Model 3

1.13 (0.79-1.60)

0.297

0.596

0.825

0.016

0.002

p

z-score log(1+Agatston)

p for trend

1.96 (1.28-3.00)

1-90°

1

HR (95% CI)

1

Model 2

HR (95% CI)

p

Model 1

None

Thoracic aorta

Table 3| Associations of annularity of calcification with total mortality
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HR (95% CI)

1

2.85 (1.41-5.76)

7.11 (2.11-23.94)

2.68 (0.67-10.80)

None

1-90°

91-180 °

181-full circle

HR (95% CI)

1

1.28 (0.37-4.43)

2.71 (0.77-9.53)

2.19 (0.56-8.58)

4.61 (1.28-16.62)

Model

None

1-90°

91-180 °

181-270 °

271-full circle

HR (95% CI)

1

1.98 (0.80-4.89)

2.07 (0.74-5.77)

3.93 (1.12-13.78)

3.02 (0.77-11.94)

Model

None

1-90°

91-180 °

181-270 °

271-full circle
0.109

0.115

0.033

0.163

0.138

p

0.002

0.020

0.261

0.120

0.693

p

0.063

0.165

0.002

0.003

p

1.68 (0.40-7.10)

3.27 (0.81-13.18)

1.53 (0.50-4.68)

1.67 (0.62-4.53)

1

HR (95% CI)

Model 2

2.30 (0.61-8.72)

0.80 (0.17-3.79)

1.54 (0.39-6.11)

0.79 (0.21-2.94)

1

HR (95% CI)

Model 2

1.59 (0.35-7.25)

4.21 (1.15-15.45)

2.14 (1.00-4.57)

1

HR (95% CI)

Model 2

0.96 (0.16-5.97)

0.546

1.11 (0.10-12.83)
3.30 (0.27-39.99)

0.784
0.220

3.30 (0.47-23.18)
1.70 (0.24-12.26)

0.096
0.478

0.99 (0.50-1.96)

1.54 (0.31-7.56)

0.450

1.68 (0.45-6.32)

0.459

1

HR (95% CI)

0.314

p

Model 3

0.85 (0.33-2.20)

2.06 (0.24-18.00)

0.033

0.95 (0.18-4.94)

0.535

1

HR (95% CI)

0.725

p

Model 3

1.41 (0.74-2.67)

2.80 (0.60-13.08)

0.229

1.52 (0.55-4.21)

0.030

1

HR (95% CI)

Model 3

0.050

p

0.988

0.769

0.597

0.229

0.594

0.442

p

0.734

0.091

0.349

0.931

0.513

0.951

p

0.294

0.880

0.967

0.190

0.423

p

1.24 (0.79-1.95)

HR (95% CI)

Model 4

1.50 (0.88-2.56)

HR (95% CI)

Model 4

1.66 (1.05-2.62)

HR (95% CI)

Model 4

0.348

p

0.138

p

0.031

p

model 2 but instead of the annularity scoring, the log(1+ Agatston score) is modeled as a predictor variable.

the respective beds (coefficients given in bottom row). For the common iliac artery, the Agatston quantification was done in the common + the external iliac arteries combined. Model 4: as

Model 1: age & sex adjusted. Model 2: adjusted for sex, age, smoking status, dyslipidemia, BMI, diabetes and hypertension. Model 3: as model 2 + adjustment for the log(1+ Agatston score) in

z-score log(1+Agatston)

p for trend

Model 1

Common iliac arteries

z-score log(1+Agatston)

p for trend

Model 1

Abdominal aorta

z-score log(1+Agatston)

p for trend

Model 1

Thoracic aorta

Model

Table 4| Associations of annularity of calcification with cardiovascular mortality
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DISCUSSION
In this study, we found that a simple scoring system that quantifies degrees of calcium annularity
(none, 1-90°, 91-180°, 181-270°, 271°-full circle) correlates highly with the Agatston calcium scores
in the thoracic, abdominal and common iliac arteries. For the abdominal aorta, we found that a
greater degree of annular calcium was associated with all-cause mortality risk, independent not
only of CVD risk factors, but also independent of the Agatston calcium score. Conversely, for the
thoracic aorta and the common iliac arteries, the association was not significant.
Different methods exist for classifying and quantifying arterial calcification. The most established
method is Agatston quantification, first developed for scoring coronary artery calcification
(CAC).4 The score is calculated by multiplying the calcified plaque-area with a density factor (1
for 130-199 Hounsfield units [HU], 2 for 200-299 HU, 3 for 300-399 HU and 4 for 400 or more
HU, depending on the highest calcium density measurement in HU anywhere in the plaque)
and summing the results from all slices. However, recent studies have questioned whether the
Agatston method is the best approach for CVD risk assessment, as high density calcifications
(which are up-weighted in Agatston scoring) seem associated with lower CVD risks compared
to lower density calcifications.5,6 In this work, it has been shown that at any level of CAC volume,
CAC density was inversely and significantly associated with CHD and CVD risk.5 Despite the
increased use of automated scoring methods, Agatston and similar scoring remains complex,
highly sensitive to variations in CT scanning protocol and scanner type, not feasible in contrast
enhanced CT scans (the majority of scans) and relatively time-consuming.13 For the vascular
beds we studied, our very simple calcification score was highly correlated with the Agatston
score. In the abdominal aorta, it was associated with total mortality independent of risk factors,
at least as strongly as the Agatston score. In the other arteries studied, higher degrees of
annularity were rare and our power to show associations was therefore limited. If our results are
confirmed, assessing annularity of calcification in the abdominal aorta may be a useful simple
tool to improve CVD risk prediction.
Little is known about the influence of calcification annularity on clinical outcomes. A recent
study assessed the association of different characteristics of calcification in the carotid arteries
with the presence of focal neurologic symptoms in 194 patients undergoing surgical treatments
of carotid stenosis at a single center. In addition to annularity, the investigators evaluated
calcium score, volume score, and mean/maximum HU values.14 Annularity scores were higher
in persons with higher calcium scores, consistent with our findings. However, greater annularity
was associated with lower odds of neurological symptoms. The authors proposed that, while
increasing calcification initially leads to a vulnerable mixed plaque composition of calcified
and uncalcified plaque, ongoing calcification reflected by greater annularity may lead to
greater plaque stability. Although these findings might seem inconsistent with ours, different
mechanisms could be involved in the carotid bed versus the vascular beds we evaluated. In the
arteries we have studied, arterial stiffness may play a role in influencing CVD risk, above and
beyond local effects like plaque stability.
Annularity often appears as linear “tram-track” segments on longitudinal imaging and is
thought to be a typical characteristic of non-intimal calcifications such as medial calcification
or calcification of the internal elastic lamina.15 Intimal calcification is typically characterized as
spotty or patchy and irregular.15 Historically, intimal calcification was considered the culprit
lesion, and medial calcification was deemed innocent. However, recent studies have contradicted
this, showing that medial calcification is strongly associated with adverse outcomes as well.16–18
Little is known about the relative prevalence of intimal and medial calcification in the vascular
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beds we studied. Medial calcification in the aorta has been described19,20, however, studies that
correlated radiographic appearance with pathologically defined sites of calcification within the
arterial wall have generally focused on arteries of the legs or breast arteries.21–23 We found that
high degrees of annularity were most prevalent in the abdominal aorta, less in the common
iliac arteries and least in the thoracic aorta. While circumferential aortic calcification may reflect
medial calcification, it is also possible that it may reflect extensive intimal calcification and we
cannot determine whether the associated risk of mortality is attributed to medial calcification
or severe intimal calcification. Importantly, the annular calcification in the abdominal aorta
remained significantly associated with all-cause and CVD mortality independent of the Agatston
score of the abdominal aorta. Future studies correlating calcium annularity with pathological
confirmation of the location of calcium within the arterial wall will be required to provide greater
insight to mechanisms underlying the associations reported herein.
Strengths of this study include its evaluation in a general population setting, providing a sample
with a varied degree of atherosclerotic disease burden. This population is also a population
where preventive interventions might be most likely to be employed clinically. The availability
of Agatston scores in multiple vascular beds allowed us to evaluate the correlation of annularity
with Agatston measures in each bed. Availability of measures of traditional CVD risk factors
allowed us to evaluate the unique contribution of annularity above and beyond standard
clinical risk factors. This study also has important limitations. Data were collected for preventive
medicine purposes, and not originally collected for research purposes, and had missing values
for some variables. The width of confidence intervals in certain analyses indicated that we had
lower statistical power, especially for the thoracic aorta and common iliac arteries. This issue was
particularly important for models that simultaneously adjusted for annularity and the Agatston
score, as the two measures were highly correlated and models may have been influenced by
co-linearity. Future studies with greater sample sizes will be required to confirm or refute our
findings.
In conclusion, we found that a simple method of scoring annular calcification in the aorta and
common iliac arteries correlated highly with Agatston score quantification. Greater annular
calcification in the abdominal aorta is associated with higher mortality risk, above and beyond
the Agatston score and CVD risk factors. If confirmed, assessment of the pattern of calcification
may add to the risk information provided by the Agatston score and standard CVD risk factors.
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CHAPTER 7

ABSTRACT
Objective
The objective of this present study is to determine whether high ankle brachial index (ABI)
as compared to ABIs within reference limits is associated with an increased incidence of CVD
(cardiovascular disease) events and all-cause mortality in a high-risk population; and whether
this association is the same for patients with and without diabetes or prevalent CVD.
Approach & Results
7538 patients with ABI >0.9 and either prevalent CVD or a high risk for CVD were selected from
the Second Manifestations of ARTerial Disease (SMART) study. 336 participants (4.5%) had
high ABI (≥1.4 or incompressible). Higher age, male sex, higher body mass index and diabetes
were associated with higher prevalences of high ABI; smoking and higher non-HDL levels were
associated with lower prevalences of high ABI. Cox proportional hazards models were fitted
assessing the association of high ABI (as compared to ABI 0.9-1.4) with the risk of myocardial
infarction (MI), stroke, cardiovascular death, the combined outcome of these three and total
mortality (median follow-up 6.9 years). After multivariable adjustment high ABI was associated
with an increased risk of MI (HR 1.83 [95%CI 1.22-2.76]), but not with stroke (HR 0.86 [95%CI
0.44-1.69]), cardiovascular (HR 1.14 [95%CI 0.70-1.84]) or all cause-mortality (HR 0.95 [95%CI
0.67-1.34]). Associations of high ABI with CVD outcomes tended to be stronger in patients with
diabetes but without statistically significant interactions.
Conclusions
In a high-risk population, the presence of an ABI ≥1.4 was associated with an increased risk for
myocardial infarction, but not with stroke, all-cause or vascular mortality.
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INTRODUCTION
The ankle brachial index (ABI) is the ratio between systolic blood pressure (SBP) measured at the
ankle (posterior tibial and dorsalis pedis artery) and the brachial artery. It is traditionally used to
diagnose peripheral artery disease (PAD), for which a cutoff value of ≤ 0.90 is commonly used.1
People with PAD, even when asymptomatic, have a worse prognosis than people with an ABI
within reference limits in terms of risk of death and cardiovascular events.2
Much less is known about high ABI (≥1.40). High ABIs are generally believed to arise due to
medial arterial calcification, and may be a marker for vascular stiffness.3 High ABI has been
reported to be associated with male sex, diabetes mellitus and hypertension, and inversely
associated with smoking and hyperlipidemia4,5, but the high ABI patient group remains poorly
characterized.
The ABI collaboration published a meta-analysis in 2008, showing a U-shaped association
between ABI and mortality, which indicates that not only low ABI values, but also high ABIs
convey excess risk as compared to ABIs within reference limits.6 High ABI has also been associated
with increased risk of other outcomes than mortality, such as incident cardiovascular disease
(CVD)7, congestive heart failure, stroke and higher left ventricular mass.8 It is hypothesized that
high ABI may be a reflection of increased vascular stiffness that increases the risk of adverse
outcomes. However, prospective studies that describe confounder-adjusted analyses are scarce
and results are inconsistent.3 Inconsistencies may in part be due to different relationships of ABI
across different populations. It has been suggested that the association of ABI with CVD is only
U-shaped in patients with type 2 diabetes and that a high ABI does not convey excess risk in
other individuals.9
The objective of this present study is 2-fold. First, we aim to characterize the group with high ABI
compared with the group with ABI within reference limits in terms of their cardiovascular risk
factors. Secondly we aim to determine whether high ABI (≥ 1.40) as compared to ABI 0.9-1.40
is associated with an increased incidence of CVD events and all-cause mortality in a high-risk
population, in which a majority of patients have clinically manifest cardiovascular disease. As an
additional objective, we wish to study whether this association is similar in subgroups defined
by the presence of prevalent CVD and diabetes mellitus.

MATERIALS AND METHODS
Population:
The SMART (Second Manifestations of ARTerial disease) study is an on-going single center,
prospective cohort study comprised of patients with CVD as well as patients at high risk for CVD.
Details of the study have been described elsewhere.10 Starting in 1996, all patients aged 18-79
years that were newly referred to the University Medical Center Utrecht with either manifest
vascular disease or important cardiovascular risk factors were asked to participate.
Patients were excluded if they suffered from terminal malignant disease, were not independent
in daily activities, and/or had insufficient knowledge of the Dutch language to understand the
patient information. The medical ethics review board at the University Medical Center Utrecht
approved the study, and all participants gave their written informed consent.
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For the present study, patients were eligible when they had ABIs within reference limits (>0.90
and <1.40) or high ABI (≥ 1.40), with a referral for clinically manifest vascular disease (either
coronary artery disease (n=2998), cerebrovascular disease (n=1351) or PAD (n=214)) or who were
referred for the treatment of cardiovascular risk factors (diagnosis of hyperlipidemia (n=1059),
diabetes mellitus (type 1 and 2, n= 564) or hypertension (n=1356)). Patients with PAD could
have ABIs >0.9because the PAD referral group also includes patients with resting ABI within
reference limits but a >20% drop in ABI after exercise, patients with previously abnormal ABIs
that normalized after treatment, or patients with a diagnosis of PAD through other investigations
(for example in case of referral with acute ischemia).
Baseline measurements:
At baseline, all SMART patients underwent a comprehensive vascular screening, consisting of
physical examinations, laboratory measurements, imaging and a questionnaire on medical
history, risk factors and medication use. Hypertension was defined as a SBP of ≥160 mmHg
and/or a diastolic blood pressure ≥95 mmHg (mean of 2 blood pressure measurements) or use
of antihypertensive medication. A history of diabetes mellitus was defined as either a referral
diagnosis of diabetes mellitus, self-reported diabetes mellitus, the use of glucose-lowering
agents or a baseline fasting plasma glucose ≥7 mmol/l and a definitive diagnosis of diabetes
during the first year of follow-up. Glomerular filtration rate (eGFR) was estimated using the
Modification of Diet in Renal Disease (MDRD) formula.11 For the classification of renal function we
used the eGFR cutoff values as described by the Kidney Disease Outcomes Quality Initiative
(KDOQI) guidelines.12 Smoking was self-reported and classified as “current”, “former” and “never”.
Physical activity was measured with a previously validated questionnaire13 and expressed in
metabolic equivalent (MET) hours per week, with use of the MET intensities derived from the
‘Compendium of Physical Activity.14
ABI measurements:
ABI measurements were conducted by experienced professionals in the vascular lab of the UMC
Utrecht, a tertiary referral center for vascular surgery. A Vasoguard dopplerprobe (8MHz) was
used to measure the SBP of the bilateral posterior tibial and dorsalis pedis arteries. For each
ankle, the highest SBP out of these two was used for the ABI calculations. An average SBP was
calculated for each arm from at least 2 measurements of the brachial artery. The arm with the
highest average was used for the ABI calculations. The leg-specific ABIs were thus calculated by
dividing the highest average arm SBP by the highest of the ankle pressures of that leg. If the ABI
could not be obtained due to incompressibility of the artery (> 250 mmHg), this was registered.
Follow up and outcome ascertainment
Patients were sent questionnaires biannually, to assess the occurrence of new health outcomes.
Reported potential outcomes were checked with health records from treating physicians. All
available data were presented to three members of the outcome adjudication committee, who
independently classified each outcome. The three classifications were compared and if any
disagreement existed, a principal investigator was consulted.
Our primary outcome is a compound of major cardiovascular events, comprising myocardial
infarction (MI), stroke, and vascular death. Secondary outcomes are stroke, MI and vascular
death separately and all-cause mortality. Vascular death was defined as death from stroke, MI,
congestive heart failure, rupture of abdominal aortic aneurysm and vascular death from other
causes. Detailed descriptions of outcome definitions are described elsewhere.15 Participants
were followed up until the 1st of March 2013, resulting in a median follow-up of 6.9 years for total
mortality and 6.5 years for the compound outcome, with complete follow-up data for 94.5% of
participants.
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Data analysis
Patients were excluded when they had at least one leg with an ABI ≤0.90 (N= 1376). Patients were
counted in the “high ABI” group if they had at least one leg with an ABI ≥ 1.40 or incompressible
arteries (N=339). If both legs had ABI values within reference limits (>0.90 and <1.40) patients
were placed in the reference group (N=7203). For 36 patients we only had a measurement for
one leg available, they were categorized according to the ABI measurement of that leg. Patients
with ABI missing for both legs (N=33) were excluded from the analysis. This resulted in a final
sample of 7542 patients (Figure 1).
Characteristics of study population across ABI categories were calculated as means with standard
deviation or medians with interquartile range (in case of non-normally distributed variables) for
continuous variables or percentages with number of cases for categorical variables. Risk factors
were compared between patients with high and reference-range ABI using a logistic regression
model with high ABI as outcome
parameter for each risk factor,
Figure 1| Participant Flowchart
adjusted for age and sex, except
for the models for age (unadjusted)
and sex (adjusted for age). As a
sensitivity analysis, the models for
non-HDL and SBP were additionally
adjusted for lipid-lowering drugs
and
blood
pressure-lowering
drugs,
respectively,
because
the proportion treated differed
between people with reference
range and high ABI.
To assess whether high ABI is
associated with an increased risk
for the described outcomes when
compared to ABI in the reference
range, Cox proportional hazards
regression was used, with the ABI
modeled as a categorical variable
(high versus reference range). Crude,
sex/age-adjusted and multivariable
(sex, age, smoking status, diabetes
status, non-HDL cholesterol, SBP,
CVD = cardiovascular disease, CAD = coronary artery disease,
eGFR and prevalent CVD) adjusted
PAD = peripheral artery disease, ABI = ankle brachial index.
models were constructed. As
literature suggests that diabetes, high blood pressure and renal function are potentially in the
causal pathway leading to arterial calcification or arterial stiffness (and thus high ABI) and CVD16,
we performed analyses with and without these confounders. As a sensitivity analysis, we ran the
multivariable model for MI again, this time adjusting for CHD instead of CVD. For the compound
outcome a sensitivity analysis excluding all patients with peripheral artery disease (n= 210) was
performed. The proportional hazards assumption was checked visually by plotting Schoenfeld
residuals; no deviation from proportionality was observed.
Missing values on baseline characteristics that were used in multivariable analyses were filled in
using multiple imputation techniques and multivariable analyses were run on m=15 imputed
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datasets and combined.17 1.2% or less was originally missing from these imputed variables. As
this study used data from an existing cohort, no formal sample size calculation was conducted.
Assuming a ratio of high versus non-abnormal ABI of 1:20, a known number of events for the
compound endpoint of 694 and a type I error rate of 5%, we had 90% power to detect a HR of
1.6.
To study whether the association of high ABI with CVD is similar among subgroups defined
by the presence of diabetes and of prevalent CVD, we ran the final multivariable models for
compound CVD and myocardial infarction in the population stratified by these characteristics.
We tested for the presence of a significant interaction by adding interaction terms to the
multivariable adjusted models for the full population.
All statistical analyses were performed using R, version 3.1.0 (R Foundation for Statistical
Computing, Vienna, Austria.). Add-on packages ‘Amelia’ (1.7.2) and ‘survival’ (2.37-7) were used
for multiple imputation and Cox proportional hazards regression, respectively.

RESULTS
Baseline characteristics
Of 7542 included patients, 7203 (95.5%) had ABIs within reference limits and 339 (4.5%) had
high ABI (≥ 1.40 or incompressible). Patients with high ABI were older (average 58.8 versus 55.4
years) and more often male (86%) compared to those with ABIs within reference limits (66%).
Other characteristics are described in Table 1.
Determinants of high Ankle-Brachial Index
Increasing age and male sex were associated with having high ABI (OR 10 years 1.26 [95%CI
1.15-1.39] and 3.00 [95%CI 2.20-4.09], respectively). Diabetes (OR 1.54 95%CI [1.21-1.98]) and
BMI (OR 1.04 [95% CI 1.01-1.06]) were associated with high ABI at baseline, after age- and sexadjustment. Risk factors significantly associated with having ABIs within reference limits were
a higher non-HDL cholesterol (OR 0.89/mmol/liter [95%CI 0.82-0.98]) and smoking (former
versus never OR 0.70 [95%CI 0.55-0.90], current versus never OR 0.32 [95% CI 0.22-0.46]). The
other characteristics studied (hypertension, SBP, pulse pressure, eGFR, KDOQI category and
physical activity) were not associated with high ABI at baseline (Table 2). Adjustment for medical
treatment with lipid-lowering drugs or blood-pressure lowering drugs did not alter the results of
non-HDL cholesterol and SBP, respectively.
Association between high Ankle-Brachial Index and cardiovascular events and mortality
During a median follow-up of 6.9 (interquartile range 3.7-10.2) years, 292 patients had a MI, 216
patients had a stroke and 680 patients died, 302 of whom from a vascular cause. We counted
694 cases for our compound outcome, with incidences of 13.2 [95%CI 12.4-14.0]/1000 person
years and 19.0 [95%CI 13.4-24.7]/1000 person years in the reference ABI group and the high ABI
group, respectively. The associations between high ABI and our studied outcomes are provided
in Table 3. With age and sex adjustment, only the model for MI showed significant associations.
After multivariable adjustment high ABI remained associated with a higher risk for MI (1.83
[95%CI 1.22-2.75]). Results did not change when adjusting for coronary heart disease instead of
CVD history. No associations were found for any of the other outcomes. In the sensitivity analysis
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Table 1| Baseline characteristics
ABI 0.90-1.40,

Characteristic

Total, n=7542

Sex (% male)

67% (n=5041)

66% (n=4750)

86% (n=291)

Age (years)

55.6 (12.4)

55.4 (12.5)

58.8 (10.7)

Smoking (ever)

70% (5272)

71% (5057)

63% (215)

Smoking (current)

25% (1910)

26% (1871)

12% (39)

Pack years

9.1 (0.0-25.2)

9.1 (0.0-25.2)

4.7 (0.0-17.1)

Physical activity (MET’s * hours/week)

37.8 (18.2-65.7)

37.8 (18.0-65.5)

38.9 (19.7-69.7)

Systolic blood pressure (mmHg)

141.0 (21.4)

140.8 (21.4)

143.3 (22.4)

Diastolic blood pressure (mmHg)

83.8 (12.7)

83.8 (12.7)

84.8 (13.4)

Body mass index (kg/m )

27.1 (4.4)

27.1 (4.4)

27.8 (4.7)

Total cholesterol (mmol/l)

5.1 (1.4)

5.1 (1.4)

4.8 (1.3)

LDL-cholesterol (mmol/l)

3.1 (1.2)

3.1 (1.2)

2.8 (1.2)

HDL-cholesterol (mmol/l)

1.3 (0.4)

1.3 (0.4)

1.2 (0.3)

Non-HDL cholesterol (mmol/l)

3.9 (1.4)

3.9 (1.4)

3.6 (1.3)

Triglycerides (mmol/l)

1.4 (1.0-2.0)

1.4 (1.0-2.0)

1.4 (1.0-2.0)

MDRD eGFR (ml/min)

78.8 (17.9)

78.9 (18.0)

76.5 (16.8)

eGFR < 60 ml/min (KDOQI stage ≥ 3)

12% (903)

12% (855)

14% (48)

Lipid lowering agents

57% (n=4314)

57% (n=4093)

65% (n=221)

Blood pressure lowering agents

70% (n=5254)

69% (n=4986)

79% (n=268)

Glucose-lowering agents

12% (n=893)

12% (n=836)

17% (n=57)

Antithrombotics

61% (n=4601)

61% (n=4383)

64% (n=218)

Hypertension

57% (n=4245)

57% (n=4044)

60% (n=201)

Diabetes

20% (n=1485)

19% (n=1391)

28% (n=94)

Diabetes type 1

2% (n=185)

2% (n=176)

3% (n=9)

Diabetes type 2

17% (n=1300)

17% (n=1215)

25% (n=85)

2

n=7203

ABI>1.40, n=339

Medication use

Manifest cardiovascular disease

66% (n=4967)

66% (n=4723)

72% (n=244)

Coronary heart disease

45% (n=3401)

45% (n=3212)

56% (n=189)

Cerebrovascular disease

21% (n=1614)

21% (n=1547)

20% (n=67)

Peripheral artery disease

5% (n=357)

5% (n=345)

4% (n=12)

7

Characteristics are described as mean (standard deviation) for continuous variables, median (interquartile range) for
skewed continuous variables, and % (number) for categorical variables. MET: metabolic equivalent of task; LDL: lowdensity lipoprotein, HDL: high-density lipoprotein, MDRD Modification of Diet in Renal Disease (11), eGFR: estimated
glomerular filtration rate; KDOQI: Kidney Disease Outcomes Quality Initiative (12).
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excluding patients with PAD, the association of high ABI with the compound outcome did not
change (HR 1.22 [95% CI 0.89-1.66] versus 1.24 [95% CI 0.91-1.68] for the full cohort).
In our stratified analyses we observed that high ABI tended to be a stronger risk factor for
the compound cardiovascular outcome in patients with diabetes, although HRs were not
statistically significant and neither was the interaction term (Table 4). Similarly, high ABI tended
to be a stronger risk factor for the compound cardiovascular outcome in patients with prevalent
CVD but without statistical significance. For myocardial infarction, high ABI was associated with
higher risk in patients with diabetes (HR 2.44 [95%CI 1.26-4.73]) and patients with prevalent CVD
at baseline (HR 1.98 [95%CI 1.28-3.07]), but not in patients without diabetes (HR 1.54 [95%CI
0.91-2.62]) and patients without prevalent CVD at baseline (HR 1.04 [95%CI 0.32-3.40]), although
the interaction terms did not reach statistical significance.

Table 2| Association between risk factors and high ankle brachial index in patients with an ankle
brachial index >0.9
Determinant (predictor) of the model

OR (95%CI) for having high ABI

p

Age (per 10 years)

1.26 (1.15-1.39)

<0.001

Sex (male)

3.00 (2.20-4.09)

<0.001

Diabetes (type 1 or 2)

1.54 (1.21-1.98)

<0.001

BMI (per 1 kg/m2)

1.04 (1.01-1.06)

0.004

Non-HDL cholesterol (per 1 mmol/l)

0.89 (0.82-0.98)

0.014

History of hypertension (treated)

1.20 (0.96-1.49)

0.111

Hypertension (treated or measured)

1.16 (0.93-1.46)

0.184

SBP (per 10 mmHg)

1.04 (0.99-1.10)

0.110

Pulse pressure (per 10 mmHg)

1.02 (0.95-1.10)

0.590

eGFR (per 10 ml/min)

0.95 (0.88-1.02)

0.147

Renal insufficiency (eGFR <60 ml/min)

1.16 (0.84-1.61)

0.375

Smoking (former versus never)

0.70 (0.55-0.90)

0.005

Smoking (current versus never)

0.32 (0.22-0.46)

<0.001

Physical activity (per 10 METs * hours/week)

1.01 (0.98-1.03)

0.635

OR: odds ratio; 95%CI: 95% confidence interval; BMI: Body mass index; HDL: high-density lipoprotein; SBP: systolic blood
pressure; eGFR: estimated glomerular filtration rate; MET: metabolic equivalent of task. The association of age with high
ABI is crude. The association of sex with high ABI is adjusted for age. All other analyses are adjusted for sex and age.
Example: A person with diabetes is at 54% higher odds of being in the high ABI group compared to someone without
diabetes, when adjusted for age and sex.
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1.28 (0.94-1.74)

1.24 (0.91-1.68)

Multivariable 2†

0.179

0.116

0.309

1.83 (1.22-2.75)

1.89 (1.26-2.84)

1.76 (1.18-2.65)
0.86 (0.44-1.69)
0.86 (0.44-1.69)

0.002
0.004

0.666

0.667

0.435

1.14 (0.70-1.85)

1.20 (0.74-1.94)

1.05 (0.65-1.70)

0.77 (0.39-1.50)

0.006

0.595

0.466

0.831

0.95 (0.67-1.34)

0.98 (0.69-1.38)

0.88 (0.62-1.24)

HR (CI)

0.761

0.897

0.466

p

680 events (34 high ABI)

All-cause mortality

has a 77% higher hazard of getting a MI compared to someone with ABIs within reference limits.

disease. †: adjusted for sex, age, smoking status, diabetes status, non-HDL cholesterol, systolic blood pressure, eGFR and prevalent cardiovascular disease. Example: A person with high ABI

MI: myocardial infarction; CVD: cardiovascular disease; HR: hazard ratio; CI: 95% confidence interval. *: adjusted for sex, age, smoking status, non-HDL cholesterol and prevalent cardiovascular

1.17 (0.86-1.59)

Multivariable 1*

HR (CI)

p

302 events (18 high ABI)

HR (CI)

p

216 events (9 high ABI)

HR (CI)

HR (CI)

CVD mortality

p

292 events (26 high ABI)

694 events (44 high ABI)

p

Stroke

MI

Compound outcome

Age/sex adjusted

Model

Table 3| The Associations Between High ABI an Our Studied Outcomes
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1485

6057

4967

2575

7542

Diabetes

No Diabetes

Prevalent CVD at baseline

No prevalent CVD at baseline

Total population

1485

6057

4967

2575

7542

Diabetes

No Diabetes

Prevalent CVD at baseline

No prevalent CVD at baseline

Total population

292 (26)

57 (3)

235 (23)

217 (15)

75 (11)

No. of events (events high ABI group)

694 (44)

127 (5)

567 (39)

504 (25)

190 (19)

No. of events (events high ABI group)

1.83 (1.22-2.75)

1.04 (0.32-3.40)

1.98 (1.28-3.07)

1.54 (0.91-2.62)

2.44 (1.26-4.73)

HR (CI)

1.24 (0.91-1.68)

0.72 (0.29-1.78)

1.32 (0.95-1.84)

1.08 (0.72-1.62)

1.57 (0.97-2.56)

HR (CI)

0.004

0.509*

0.943

0.002

0.269*

0.109

0.008

p

0.179

0.407*

0.476

0.096

0.251*

0.714

0.067

p

eGFR. The models stratified by diabetes status were also adjusted for prevalent CVD, the models stratified by prevalent CVD were also adjusted for diabetes status.

* CVD: cardiovascular disease; HR: hazard ratio; CI: 95% confidence interval. *: p for interaction. All models shown were adjusted for sex, age, smoking status, non-HDL cholesterol, SBP and

No. of patients

Subgroups

Outcome: Myocardial infarction

No. of patients

Subgroups

Outcome: Compound outcome

Table 4| Multivariable adjusted associations of high ABI with cardiovascular disease, stratified by diabetes and prevalent CVD at baseline
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DISCUSSION
In the present study in a population at high risk of cardiovascular disease, age, male sex, high
body mass index and diabetes were associated with higher prevalence of high ABI, while
smoking and higher non-HDL cholesterol were associated with a lower prevalence of high ABI.
High ABI was associated with increased incidence of incident MI after multivariable adjustment,
but not with stroke, vascular or all-cause mortality, or the compound outcome, when compared
to ABIs within reference limits. We found that a significant association existed between high
ABI and MI among patients with diabetes that was not present in others, but no significant
interaction by diabetes status was seen.
The risk factor profile we found might not be expected when considering high ABI as a marker
of cardiovascular risk equivalent to low ABI. A lower rate of current or former smoking and
dyslipidemia in people with high ABI have been previously reported.4,5,18,19 One previous study
reported a lower prevalence of current smoking as well as male sex and high BMI to be associated
with progressing into high ABI,20 which is in line with our cross-sectional findings and suggests
they might be real associations, not just epiphenomena induced by our cross-sectional design.
An explanation for lower rates of smoking among people with high ABI might be found in the
association of risk factors with medial arterial calcification. Medial arterial calcification, a type of
calcification that occurs in the middle layers of arteries, is reported to be associated with age,
diabetes and renal disease and also with lower rates of smoking.21,22 High ABIs are generally
believed to arise due to medial arterial calcification.3 In that sense, our results are in line with
previous studies on medial arterial calcification. However, only one study in patients with type I
diabetes has assessed the relationship between high ABI and medial arterial calcification23 and
found a strong relation between high ABI and medial arterial calcification.
We found a clear association of high ABI with incident MI even after adjusting for risk factors
while we did not find an association with any of the other outcomes. For the compound CVD
outcome, only the crude association was significant, indicating that the risk factors may fully
explain the crude association. Otherwise, there could be a lack of power to show a relatively small
effect size. We did not find any association with stroke or mortality. Several other prospective
studies have reported associations with total and cardiovascular mortality and combined
cardiovascular events7,19,24–26, with substantially larger adjusted effect sizes than ours. Although
different populations have been studied and this may underlie certain differences, a mechanistic
explanation is not evident. To our knowledge, we are the first to study the relationship of high
ABI with stroke as a separate outcome prospectively.
For the relationship of high ABI with increased risk of MI, a causal pathway has been postulated. A
study has shown that high ABI is associated with larger left ventricle mass, an association that was
not attenuated with adjustment for risk factors or subclinical atherosclerosis measurements.8 It
is proposed that high ABI is a marker for arterial stiffness, which contributes to chronic increased
left ventricle after-load.8 With pathological left ventricular hypertrophy, structural remodeling
takes place, resulting in reduced coronary flow reserve, among other consequences.27 For other
outcomes, a causal pathway is less obvious.
Two studies have previously addressed the question of whether the relationship between high
ABI and CVD differs between persons with and without diabetes9,28, a disease state associated
with increased arterial stiffness and with medial arterial calcification.29 The first study showed
significant interaction by diabetes status but it only had 2 participants without diabetes with
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an ABI> 1.30, so the association with cardiovascular mortality (their main outcome) in nondiabetic patients could not be reliably derived.9 The second study, however, showed significant
associations with all-cause and cardiovascular mortality among patients with diabetes and a
lack thereof in patients without diabetes, but without showing a significant interaction.28 This is
similar to what we found when stratifying our myocardial infarction analysis by diabetes status.
Although the evidence does not warrant a conclusion that the relationship truly is different
in diabetes patients, the effect size estimates have so far been higher among patients with
diabetes.9,28 It is hypothesized that in patients with diabetes, high ABI co-occurs with a heavy
burden of risk factors more frequently, and that despite adjustment for risk factors, (residual)
confounding might explain the stronger relationships.5,9,28 Future studies could compare
patients with type 1 and type 2 diabetes, as patients with type 1 diabetes typically have much
less co-occurring risk factors. If patients with type 1 diabetes are found to have a similar high
ABI-CVD relation, it is it unlikely that the stronger association among patients with diabetes is
purely due to the higher co-existence of other risk factors.
Additional studies are needed to shed light on whether a high ABI is mainly a marker of a
generally advanced stage of atherosclerosis, or whether high ABI represents arterial stiffness
that is detrimental in itself. Other measures of arterial stiffness, such as pulse wave velocity,
are associated with a range of detrimental outcomes.30 Future studies should aim to verify the
reported relationship of high ABI with medial arterial calcification and expand our knowledge of
the relationships between diabetes, medial arterial calcification, arterial stiffness and outcomes.
Strengths of this study include its large sample size and high event rate, the comprehensive
risk factor information, completeness of data and rigorous methods of follow-up and outcome
assessment. Also, our population consisted mainly of patients with prevalent CVD, in contrast to
the populations that have previously been studied, which consisted mainly of patients without
clinical CVD or patients visiting a vascular lab or at high risk for PAD.7,9,24,25 Limitations include the
cross-sectional nature of the studied associations of risk factors with ABI and the small size of
some of the sub groups, which, in combination with the low number of patients on the high end
of the ABI distribution, may have resulted in insufficient power to show an interaction. It is not
known how the co-occurrence of the pathologies of medial calcification and atherosclerosis in
one patient influences the ABI. Although no data is available to support this, it is possible that that
co-occurrence might sometimes result in an ABI between 0.9 and 1.4. On the other hand, when
there is obstructive disease and considerable medial calcification at the same time, the result
might still be an incompressible artery. Unfortunately, our data does not allow us to disentangle
these effects. Lastly, our population is a selected population consisting of a mix of primary
prevention (high-risk) and secondary prevention patients. This limits the generalizability of our
findings. Also, selection potentially induces a risk of selection bias, when looking at risk factor
associations with high ABI. This should be taken into account when interpreting our findings.
Our stratified analyses provide some insight in the potential differences in the associations of
high ABI with events between high-risk and prevalent disease patients.
Conclusion
In this cohort-study of patients with a high risk for cardiovascular disease, we found that high ABI
(≥1.4) was associated with incident MI but not with (cardiovascular) mortality when compared
to an ABI within reference limits (0.9-1.4). We found higher age, male sex, higher BMI, diabetes,
lower non-HDL cholesterol and a lower prevalence of smoking to be associated with high ABI.
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CHAPTER 8

ABSTRACT
Objective
We aimed to assess and compare the risk factor profiles associated with intimal versus medial
calcification of the lower extremity arteries in a high cardiovascular disease risk population.
Methods
We conducted a cross-sectional study of 203 patients included in the Second Manifestations of
ARTerial Disease (SMART) study, who underwent computed tomography (CT) scanning of the
lower extremities. Calcification in the femoral and crural arteries was scored as absent, dominant
intimal, dominant medial or indistinguishable according to a previously validated algorithm. We
fitted multinomial regression models assessing the associations of cardiovascular risk factors
with different patterns of calcification.
Results
Prevalence of intimal calcification was 44% and 38% for the femoral and crural arteries,
respectively, and medial calcification prevalences were 25% and 20%, respectively. We found
considerable consistency in the predominant calcification pattern of the crural and femoral
arteries (linear weighted Cohen’s kappa 0.41 [95%CI 0.29-0.52]). Patients with dominant medial
calcification were older, more often male and more often had diabetes than patients with
intimal calcification. Conversely, patients with intimal calcification were more often smokers
than patients with medial calcification. In multinomial logistic regression models, age was a
significant risk factor for all types of calcification compared with no calcification. Male sex was
associated with medial calcification, but not with intimal or indistinguishable calcification, when
using absence of calcification as a reference category. Current smoking was associated with
intimal calcification, but not with medial calcification. No significant relationships were found
with other cardiovascular risk factors.
Conclusions
Within the same individual, there is often a predominant arterial calcification type (intimal or
medial) throughout the lower extremity. These patterns of calcification appear to have different
associated risk factor profiles.
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INTRODUCTION
Arterial calcification is associated with increased cardiovascular risks.1 Intimal arterial
calcification (IAC), considered a representation of underlying atherosclerotic plaque burden, has
long been held responsible for this association, whereas other types of arterial calcification were
considered innocent.2 In recent years, increasing interest is directed towards medial arterial
calcification (MAC) and other forms of non-atherosclerotic calcification, such as calcification of
the internal elastic lamina.2 Based on radiology-pathology correlation studies, IAC is thought
to have a spotty/patchy look on radiographs, whereas medial and internal elastic lamina
calcification tend to outline the artery with a smooth layer of calcium, resulting in ‘tram-track’
linear or annular calcifications.3,4 This annular calcification pattern, which we will refer to as MAC,
occurs frequently in female breast arteries, the carotid siphon and leg arteries.5–7
Several studies have related MAC to risk factors and outcomes in living patients. These studies
found that older age8,6,9,10, diabetes8,6,10,11, and kidney disease11 are risk factors associated with MAC.
In contrast, smoking is consistently related to a lower prevalence of MAC9,10,12, and despite some
heterogeneity, most studies report no relationships with hypertension or dyslipidaemia.8–11 Still,
the available information is rather limited, as most of these studies were performed in selected
groups of patients with diabetes or kidney disease. Also, only few assessed both MAC and IAC10,11;
most studies investigated MAC in isolation6,8,9,12, precluding direct comparison of MAC with IAC.
Studies on IAC, such as predominant in the coronary arteries, report positive associations with
traditional cardiovascular risk factors, including smoking and hyperlipidaemia.10,11,13
The scarce evidence relating MAC to outcomes consistently shows increased risks of
cardiovascular morbidity and mortality9–11,14, contradicting the theory that IAC is the only
pathophysiology responsible for the association of arterial calcification with poor outcomes.
Elevated ankle brachial indices (>1.3 or >1.4) or incompressible ankle arteries, currently
considered a marker of elevated cardiovascular risk15–19, are commonly attributed to MAC.17,18
There is some evidence supporting this explanation, but only from highly selected diabetes
patient groups.20,21
In this study we aim to distinguish MAC from IAC patterns using computed tomography (CT).
We aim to determine and compare the risk factor profile associated with IAC versus MAC (nonatherosclerotic medial/IEL calcification) of the lower extremity arteries.

MATERIALS AND METHODS
Population:
The SMART (Second Manifestations of ARTerial disease) study is an on-going single center,
prospective cohort study comprised of patients with CVD as well as patients at high risk for CVD
due to hypertension, hyperlipidemia, diabetes or other cardiovascular risk factors. Details of the
study have been described elsewhere.22 Starting in 1996, all patients aged 18-79 years that were
newly referred to the University Medical Center Utrecht with either manifest vascular disease or
important cardiovascular risk factors were asked to participate.
Patients were excluded if they suffered from terminal malignant disease, were not independent
in daily activities, and/or had insufficient knowledge of the Dutch language to understand the
patient information. The medical ethics review board at the University Medical Center Utrecht
approved the study, and all participants gave their written informed consent. In an ancillary
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study, also approved by the medical ethics review board, starting March 10th 2015, SMARTparticipants were invited to undergo a CT scan of the legs. In total, 203 patients agreed to
participate until June 28th 2016, whose data are analyzed in the present report. In addition to
SMART in- and exclusion criteria, we excluded patients with bilateral lower limb amputation
and patients whose primary referral diagnosis at time of inclusion in SMART was HIV or preeclampsia. For practical reasons, inclusion was started in patients with clinical manifestations
of cardiovascular disease (i.e. coronary artery disease (CAD), cerebrovascular disease (CVD),
peripheral artery disease (PAD) or abdominal aortic aneurysm (AAA)), and later extended to
patients referred for treatment of important cardiovascular risk factors (diabetes, hypertension,
hyperlipidemia, chronic kidney disease).
Risk factor measurements:
At baseline, all SMART patients underwent a comprehensive vascular screening, including
a questionnaire (on medical history, risk factors and medication use), physical examinations,
laboratory measurements, and imaging studies (abdominal ultrasound, common carotid
ultrasound for carotid intima-media thickness and color Doppler-assisted duplex scanning of
the internal carotid arteries). Hypertension was defined as a SBP of ≥160 mmHg and/or a diastolic
blood pressure ≥95 mmHg (mean of 2 blood pressure measurements) or use of antihypertensive
medication. A history of diabetes mellitus was defined as either a referral diagnosis of diabetes
mellitus, self-reported diabetes mellitus, the use of glucose-lowering agents or a baseline
fasting plasma glucose ≥7 mmol/l and a definitive diagnosis of diabetes during the first year
of follow-up. Glomerular filtration rate (eGFR) was estimated using the Modification of Diet in
Renal Disease (MDRD) formula.23 For the classification of renal function we used the eGFR cutoff
values as described by the Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines.24
Smoking was self-reported and classified as ‘current’, ‘former’ and ‘never’. Ankle brachial index
(ABI) measurements were conducted by experienced professionals in the vascular lab of the
University Medical Center Utrecht, a tertiary referral center for vascular surgery. A Vasoguard
dopplerprobe (8MHz) was used to measure the SBP of the bilateral posterior tibial and dorsalis
pedis arteries. For each ankle, the highest SBP out of these two was used for the ABI calculations.
An average SBP was calculated for each arm from at least 2 measurements of the brachial artery.
The arm with the highest average was used for the ABI calculations. The leg-specific ABIs were
thus calculated by dividing the highest average arm SBP by the highest of the ankle pressures of
that leg. If the ABI could not be obtained due to incompressibility of the artery (> 250 mmHg),
this was registered.
Assessment of calcification
Studies on MAC have so far used conventional radiography to detect MAC. Therefore, we have
assessed the feasibility of using CT scans for this purpose prior to the start of this study. We
obtained routine clinical care data from 44 patients who had both conventional radiographs and
CT scans of their lower extremity. These CT scans and radiographs were scored for presence of
MAC and IAC in the tibial arteries by a single radiologist, to estimate the prevalence of both forms
of calcification and to investigate agreement between radiographs and CT scans for scoring of
IAC versus MAC calcification, showing a Kappa of 0.73 (95%CI: 0.54-0.90). All participants of the
present ancillary study underwent unenhanced computed tomography (CT) scans, scanning
the legs from the femoral head to the feet. Slice thickness was 1 mm with a 0.7 mm increment. A
semi quantitative CT score based on annularity, thickness and continuity of the calcifications was
used to identify calcification as predominantly IAC or MAC calcification. This score was previously
developed and validated through histopathology for distinguishing IAC from MAC calcification
in the internal carotid artery.25 The score contained circularity (absent, dot(s), <90°, 90-270° or
270-360°), thickness (absent, ≥1.5mm or <1.5mm), and morphology (indistinguishable, irregular/
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patchy or continuous), where high degree of circularity, thin and continuous calcifications had
a high likelihood of being MAC, while low degree of circularity, thick and patchy calcifications
had a high likelihood of being IAC. When there was no calcification noticeable, the calcification
was scored as ‘Absent’. When morphology was judged as indistinguishable (mainly in the case
of scarce dots of calcification), the calcification was scored as ‘Indistinguishable’. In all other
cases, points assigned in the scoring system (see Table 1) were summed. Less than 7 points
was defined as ‘Dominant IAC’ and 7 or more points was defined as ‘Dominant MAC’.25 Femoral
and crural arteries (anterior tibial artery and posterior tibial artery) were scored separately. In
the development study, the kappas for inter-rater reliability were 0.80 (95%CI: 0.72-0.88) for
circularity, 0.75 (95%CI: 0.65-0.86) for thickness and 0.70 (95%CI: 0.57-0.82) for morphology.
Data analysis
A linear weighted Cohen’s kappa was calculated to determine the agreement of the femoral
and crural scores. Characteristics of the study population according to CT score categories were
calculated as means with standard deviation or medians with interquartile range (in case of
non-normally distributed variables) for continuous variables or percentages with number
of cases for categorical variables. Baseline variables were complete for 87% of our study
population. Missing baseline variables (0-9.9% missing) were imputed using Honaker and
Kings’ bootstrapping based multiple imputation algorithm before multivariable analyses.26 Risk
factors were compared between patients with different calcification types using multinomial
logistic regression models, with absent calcification as the reference outcome, and IAC, MAC and
indistinguishable calcification as the other outcomes. For each important risk factor (diabetes,
non-HDL cholesterol, hypertension, systolic blood pressure, eGFR, smoking and high or low
ABI) an age and sex adjusted model was made. All statistical analyses were performed using
R, version 3.1.0 (R Foundation for Statistical Computing, Vienna, Austria.). Add-on packages
‘Amelia’ (1.7.2) and ‘nnet’ (7.3-8) were used for multiple imputation and multinomial regression,
respectively.

Table 1| Calcification score
Aspect
Circularity

Thickness

Morphology

8

Points
Absent

0

Dot(s)

1

<90 degrees

2

90-270 degrees

3

270-360 degrees

4

Absent

0

Thick ≥ 1.5mm

1

Thin < 1.5mm

3

Indistinguishable

0

Irregular/Patchy

1

Continuous

4
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RESULTS
Of 203 patients included in this study, 44% (n=89) had a dominant IAC pattern in the femoral
arteries and 38% (78) in the crural arteries. MAC prevalences were 25% (51) and 20% (40),
respectively. 28% (57) of patients had no calcification in the crural arteries, whereas in the
femoral arteries, only 18% (37) of patients had no visible calcification. In 26 (13%) cases the
calcification in the femoral arteries was classified as indistinguishable, and in 28 (14%) cases in
the crural arteries. There was considerable agreement across these vascular beds, as 60 patients
had a dominant IAC pattern in both vascular beds and 33 had a dominant MAC pattern in both
vascular beds (Figure 1). The linear weighted Cohen’s kappa was 0.41 [95%CI 0.29-0.52].

Figure 1| Frequencies of Intimal and Non-Intimal type calcification in the femoral and crural arteries

Femoral calcification

Frequency

75

Crural
calcification
Absent

50

Intima
Media

25

Indistinguishable

0
Absent

Intima

Media

Indistinguishable

Crural calcification

Frequency

75

Femoral
calcification
Absent

50

Intima
Media

25

Indistinguishable

0
Absent

Intima

Media

Indistinguishable

The heights of the bars represent the frequencies of calcification patterns in the vascular bed denoted
above the graph. The segments in the bar represent the frequencies found in the other studied vascular
bed in the same individuals.

Baseline characteristics according to the calcification categorization are presented in Table 2 (by
femoral score) and Table 3 (by crural score). The mean age at baseline of the total sample was
59.3 (SD 10.6) years and only 16% of patients were female. Almost all patients were included in
the SMART cohort for manifest cardiovascular disease (97%), of which coronary heart disease

118

132.7 (16.0)
78.8 (9.8)
27.1 (3.9)
4.5 (1.1)
2.6 (0.9)
1.3 (0.4)
1.3 (1.0-1.8)
86.7 (19.4)
47% (n=95)
15% (n=31)
97% (n=193)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Body mass index (kg/m2)

Total cholesterol (mmol/l)

LDL-cholesterol (mmol/l)

HDL-cholesterol (mmol/l)

Triglycerides (mmol/l)

MDRD eGFR (ml/min)

Hypertension

Diabetes

Manifest cardiovascular disease

5% (n=10)
7% (n=14)

ABI ≥1.4

ABI ≤0.9

Dominant Intimal
N=89
85% (n=76)
62.2 (9.0)
33% (n=29)
90% (n=80)
19.8 (8.0-31.9)
133.6 (16.9)
79.1 (10.0)
27.0 (3.8)
4.6 (1.0)
2.6 (0.8)
1.3 (0.4)
1.4 (1.1-1.9)
85.6 (18.5)
46% (n=41)
13% (n=12)
99% (n=88)
87% (n=77)
11% (n=10)
9% (n=8)
7% (n=6)
0% (n=0)
12% (n=11)

Absent
N=37
70% (n=26)
49.5 (11.6)
24% (n=9)
68% (n=25)
5.5 (0.0-13.0)
128.9 (14.3)
76.9 (11.8)
26.6 (3.7)
4.7 (1.0)
2.7 (1.0)
1.3 (0.3)
1.2 (0.9-2.0)
86.8 (19.2)
32% (n=12)
11% (n=4)
94% (n=33)
49% (n=18)
43% (n=16)
0% (n=0)
16% (n=6)
8% (n=3)
3% (n=1)

4% (n=2)

10% (n=5)

20% (n=10)

4% (n=2)

20% (n=10)

75% (n=38)

98% (n=47)

27% (n=14)

53% (n=27)

84.5 (21.1)

1.3 (1.0-1.7)

1.2 (0.4)

2.4 (0.8)

4.4 (1.0)

27.4 (4.3)

78.0 (8.4)

133.9 (15.2)

2.8 (0.0-11.8)

57% (n=29)

12% (n=6)

63.3 (8.7)

96% (n=49)

N=51

Dominant Medial

0% (n=0)

8% (n=2)

15% (n=4)

4% (n=1)

15% (n=4)

85% (n=22)

96% (n=25)

4% (n=1)

58% (n=15)

95.0 (18.6)

1.2 (0.9-1.5)

1.3 (0.4)

2.7 (1.1)

4.6 (1.4)

27.9 (3.7)

81.8 (7.9)

132.8 (16.7)

5.9 (0.0-14.8)

69% (n=18)

19% (n=5)

55.3 (7.6)

77% (n=20)

N=26

Indistinguishable

LDL: low-density lipoprotein, HDL: high-density lipoprotein, MDRD: Modification of Diet in Renal Disease23, eGFR: estimated glomerular filtration rate; ABI: ankle brachial index.

Characteristics are described as mean (standard deviation) for continuous variables, median (interquartile range) for skewed continuous variables, and % (number) for categorical variables.

13% (n=26)

ABI ≥1.3

5% (n=11)

9.4 (0.1-26.1)

Pack years

Peripheral artery disease

75% (n=152)

Smoking (former and current)

20% (n=40)

24% (49)

Smoking (current)

Cerebrovascular disease

59.3 (10.6)

Age (years)

76% (n=155)

84% (n=171)

Sex (% male)

Coronary heart disease

N=203

Characteristic

Total

Table 2| Baseline characteristics by femoral score
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formed the majority (76% of total), reflecting the order in which departments were involved in
the startup phase of patient inclusion.
Individuals with dominant MAC were older and more often male than individuals with (ranked
from high to low means/prevalences): IAC, indistinguishable or absent calcification. A very
different pattern was observed for smoking, as both current and ever smoking prevalences and
number of pack years was lowest in the group with dominant MAC (e.g. median pack years for
patients with crural MAC 3.0 [IQR 0.0-20.9]), and highest in the group with IAC (median pack
years 16.6 [IQR 7.5-30.8]), with absent and indistinguishable calcification ranking in between.
High ankle brachial indices were substantially more frequent among patients with crural MAC
(24% ABI >1.3) than among patients in the other groups, whereas low ankle brachial indices
were most prevalent among patients with crural IAC (12% ABI <0.9). Diabetes was most
prevalent among patients with MAC (25% of patients with crural MAC), followed by IAC (17%).
The aforementioned ranks were all consistent for femoral and crural calcification. In cholesterol
and blood pressure values, no large differences across groups were observed, and no clear
patterns identified.
Results of the multinomial logistic regression are presented in Table 4. Age was a significant
risk factor for all types of calcification (ORs ranging from 1.81 [95%CI 1.07-3.07] for femoral
indistinguishable calcification to 4.38 [2.57-7.48] for femoral MAC) compared to the absence
of calcification. Male sex was associated with more MAC (OR 10.37 [95%CI 2.14-50.32] for
femoral calcification), but not with IAC or indistinguishable calcification. Current smoking was
associated with a higher prevalence of crural IAC (OR 6.96 [95%CI 1.95-24.90]), and borderline
significantly associated with femoral IAC, but not with MAC, which had a point estimate below
1. An unexpected finding was that higher eGFR was associated with higher risks for all types of
femoral calcification, and IAC and indistinguishable crural calcification. Despite that some OR
estimates substantially differed from unity, confidence intervals were wide and no significant
relationships were found with other cardiovascular risk factors.

DISCUSSION
In this exploratory cross-sectional study among patients with cardiovascular disease or high
cardiovascular disease risk, prevalence of IAC was 44% and 38% for the femoral and crural
arteries, respectively, and MAC prevalences were 25% and 20%, respectively. We found
considerable consistency in the predominant calcification pattern of the crural and femoral
arteries. Furthermore, we assessed the risk factor profiles that were associated with different
patterns of calcification. Cardiovascular risk factor associations appeared to differ between
calcification patterns, despite low statistical power to show associations. Patients with dominant
MAC were older, more often male and more often had diabetes than patients with IAC.
Conversely, patients with IAC were more often smokers than patients with MAC. In multinomial
logistic regression models, age was a significant risk factor for all types of calcification compared
with no calcification. Male sex was associated with MAC, but not with IAC or indistinguishable
calcification, when using absence of calcification as a reference category. Current smoking
was associated with IAC, but not with MAC. No significant relationships were found with other
cardiovascular risk factors.
Prevalences of MAC are expected to differ by population as well as by studied vascular bed.
The MAC prevalences we found in our cohort, which consists predominantly of patients with
prevalent cardiovascular disease, are comparable to those found previously in studies with
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132.7 (16.0)
78.8 (9.8)
27.1 (3.9)
4.5 (1.1)
2.6 (0.9)
1.3 (0.4)
1.3 (1.0-1.8)
86.7 (19.4)
47% (n=95)
15% (n=31)
97% (n=193)

Systolic blood pressure (mmHg)

Diastolic blood pressure (mmHg)

Body mass index (kg/m2)

Total cholesterol (mmol/l)

LDL-cholesterol (mmol/l)

HDL-cholesterol (mmol/l)

Triglycerides (mmol/l)

MDRD eGFR (ml/min)

Hypertension

Diabetes

Manifest cardiovascular disease

5% (n=10)
7% (n=14)

ABI ≥1.4

ABI ≤0.9

Dominant Intimal
N=78
85% (n=66)
62.5 (8.7)
25 (32%)
70 (90%)
16.6 (7.5-30.8)
134.8 (17.8)
79.8 (10.1)
26.6 (3.5)
4.5 (1.0)
2.5 (0.9)
1.3 (0.4)
1.3 (1.1-1.8)
86.9 (19.5)
55% (n=43)
17% (n=13)
97% (n=76)
85% (n=66)
14% (n=11)
9% (n=7)
9% (n=7)
3% (n=2)
12% (n=9)

Absent
N=57
77% (n=44)
50.8 (10.1)
14 (25%)
41 (72%)
6.1 (0.0-14.3)
130.4 (15.9)
79.6 (11.5)
27.1 (4.0)
4.6 (1.2)
2.7 (1.0)
1.3 (0.3)
1.2 (0.9-1.9)
88.8 (17.0)
39% (n=22)
11% (n=6)
95% (n=52)
60% (n=34)
33% (n=19)
4% (n=2)
12% (n=7)
4% (n=2)
4% (n=2)

5% (n=2)

13% (n=5)

24% (n=9)

5% (n=2)

12% (n=5)

80% (n=32)

100% (n=37)

25% (n=10)

42% (n=17)

81.8 (23.1)

1.3 (1.0-1.7)

1.2 (0.4)

2.3 (0.6)

4.3 (0.9)

28.1 (4.7)

77.0 (7.4)

133.1 (15.0)

3.0 (0.0-20.9)

24 (60%)

3 (8%)

63.9 (8.6)

98% (n=39)

N=40

Dominant Medial

4% (n=1)

4% (n=1)

11% (n=3)

0% (n=0)

18% (n=5)

82% (n=23)

100% (n=28)

7% (n=2)

46% (n=13)

88.8 (18.3)

1.4 (1.0-2.0)

1.3 (0.4)

2.8 (0.9)

4.7 (1.1)

27.3 (3.6)

76.8 (7.7)

131.0 (11.2)

9.4 (0.0-30.4)

17 (61%)

7 (25%)

61.2 (9.6)

79% (n=22)

N=28

Indistinguishable

LDL: low-density lipoprotein, HDL: high-density lipoprotein, MDRD Modification of Diet in Renal Disease23, eGFR: estimated glomerular filtration rate; ABI: ankle brachial index.

Characteristics are described as mean (standard deviation) for continuous variables, median (interquartile range) for skewed continuous variables, and % (number) for categorical variables.

13% (n=26)

ABI ≥1.3

5% (n=11)

9.4 (0.1-26.1)

Pack years

Peripheral artery disease

152 (75%)

Smoking (current or former)

20% (n=40)

49 (24%)

Smoking (current)

Cerebrovascular disease

59.3 (10.6)

Age (years)

76% (n=155)

84% (n=171)

Sex (% male)

Coronary heart disease

N=203

Characteristic

Total

Table 3| Baseline characteristics by crural score
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OR (95% CI)
1
1
1
1
1
1
1
1
1
1

Determinant (predictor) of the model

Age (per 10 years)

Sex (male)

Diabetes (type 1 or 2)

Non-HDL cholesterol (per 1 mmol/L)

Hypertension (treated or measured)

Systolic blood pressure (per 10 mmHg)

MDRD eGFR (per 10 ml/min)

Smoking (current versus never)

High ABI

Low ABI

-

-

-

-

-

-

-

-

-

-

p

4.99 (0.55-45.47)

0.27 (0.07-1.16)

3.25 (0.98-10.83)

1.36 (1.02-1.81)

1.06 (0.79-1.43)

1.26 (0.50-3.17)

0.97 (0.61-1.53)

0.98 (0.26-3.68)

2.47 (0.99-6.19)

3.84 (2.38-6.22)

OR (95% CI)

Intimal

0.15

0.08

0.05

0.04

0.69

0.62

0.89

0.98

0.05

0.00

p

1.56 (0.12-20.68)

0.82 (0.21-3.29)

0.55 (0.18-1.70)

1.39 (1.01-1.90)

1.08 (0.78-1.48)

1.66 (0.61-4.53)

0.86 (0.49-1.51)

2.19 (0.57-8.43)

10.37 (2.14-50.32)

4.38 (2.57-7.48)

OR (95% CI)

Medial

0.73

0.79

0.30

0.04

0.66

0.33

0.60

0.26

0.00

0.00

p

NA

0.91 (0.22-3.86)

1.01 (0.30-3.35)

1.50 (1.05-2.15)

1.11 (0.78-1.57)

2.34 (0.78-7.00)

0.84 (0.50-1.43)

0.28 (0.03-2.72)

1.41 (0.45-4.47)

1.81 (1.07-3.07)

OR (95% CI)

Indistinguishable

0.90

0.99

0.03

0.56

0.13

0.53

0.27

0.56

0.03

p

confidence interval, HDL: high-density lipoprotein, MDRD Modification of Diet in Renal Disease23, eGFR: estimated glomerular filtration rate, ABI: ankle brachial index.

Every line of this table represents a separate multinomial model. The models for age and sex are unadjusted. All other models are adjusted for age and sex. OR: odds ratio, 95% CI: 95%

Absent

Femoral calcification

Table 4A| Associations of risk factors with intimal and medial calcification - femoral
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OR (95% CI)
1
1
1
1
1
1
1
1
1
1

Determinant (predictor) of the model

Age (per 10 years)

Sex (male)

Diabetes (type 1 or 2)

Non-HDL cholesterol (per 1 mmol/L)

Hypertension (treated or measured)

Systolic blood pressure (per 10 mmHg)

MDRD eGFR (per 10 ml/min)

Smoking (current versus never)

High ABI

Low ABI

-

-

-

-

-

-

-

-

-

-

p

OR (95% CI)

0.00
0.28
0.62
0.86
0.44
0.89
0.03
0.00
0.53
0.18

OR (95% CI)
3.48 (2.26-5.37)
1.62 (0.68-3.89)
1.34 (0.43-4.19)
0.96 (0.65-1.44)
1.36 (0.62-3.00)
1.02 (0.79-1.30)
1.31 (1.02-1.67)
6.96 (1.95-24.90)
0.66 (0.18-2.41)
3.22 (0.59-17.55)

1.41 (0.16-12.01)

1.72 (0.46-6.40)

0.36 (0.08-1.73)

1.23 (0.92-1.64)

0.95 (0.71-1.27)

0.80 (0.32-2.03)

0.85 (0.52-1.39)

1.98 (0.57-6.81)

11.52 (1.44-92.15)

4.20 (2.49-7.08)

Medial
p

Intimal

0.76

0.42

0.20

0.16

0.71

0.64

0.52

0.28

0.02

0.00

p

0.89 (0.07-10.95)

0.86 (0.18-4.04)

1.20 (0.32-4.52)

1.37 (1.03-1.84)

0.88 (0.64-1.20)

0.96 (0.36-2.57)

1.13 (0.69-1.86)

0.54 (0.10-3.05)

1.08 (0.36-3.24)

2.98 (1.76-5.04)

OR (95% CI)

Indistinguishable

0.93

0.85

0.78

0.03

0.42

0.94

0.63

0.49

0.89

0.00

p

confidence interval, HDL: high-density lipoprotein, MDRD Modification of Diet in Renal Disease23, eGFR: estimated glomerular filtration rate, ABI: ankle brachial index.

Every line of this table represents a separate multinomial model. The models for age and sex are unadjusted. All other models are adjusted for age and sex. OR: odds ratio, 95% CI: 95%

Absent

Crural calcification

Table 4B| Associations of risk factors with intimal and medial calcification - crural
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diabetes patients. A study among newly diagnosed diabetes patients found a thigh MAC
prevalence of 17%14 and a study among patients with an established diabetes diagnosis from a
registry found a femoral MAC prevalence of 41.5%.10 A study reported ankle MAC prevalences
of patients with diabetes ranging from 25% for patients without neuropathy to 79% for patients
with neuropathy ulcers.21 A study found that prevalence of MAC in the lower extremities was
highest in distal sites, ranging from 23% in the pelvis to 38% in the feet for men with diabetes
and ranging from 13% in the pelvis to 21% in men without diabetes.6 This was not entirely
consistent with our finding of a femoral MAC prevalence that was slightly higher than the crural
prevalence.
Although some previous literature exists regarding the risk factors associated with MAC,
studies that have included both IAC and MAC to allow direct comparison are scarce and
mostly conducted in specific patient groups. A 2003 study examined cardiovascular disease
risk factors among end-stage renal disease patients according to the type of calcification seen
on radiographs of the pelvis and thigh. Patients with IAC had higher body mass indexes and
smoking history compared to patients without calcification, whereas patients with MAC did
not differ from patients without calcification in these aspects.11 A study of patients with type 2
diabetes showed that MAC in the femoral arteries was unrelated to conventional cardiovascular
risk factors except for age and duration of diabetes, whereas patients with IAC had lower HDL
cholesterol and more often were smokers.10 These results are consistent with our finding of
smoking being associated with IAC but not with MAC (which had a point estimate below 1).
In our study, the diabetes prevalence was highest in the group with MAC. In the age- and sexadjusted multinomial regression, point estimates for diabetes were also highest for MAC, despite
being non significant. Diabetes is described as one of the most significant risk factors for MAC,
along with kidney disease.6,10,11 Overall, our results are largely consistent with previous studies
looking at MAC and IAC or MAC in isolation. An exception was formed by the associations found
with eGFR, as we found that all types of femoral calcification were more common in patients
with higher eGFR (better kidney function), compared to the absence of calcification. We could
not identify a convincing explanation for this unexpected relationship, which could also be a
chance finding in a relatively small sample.
Studies commonly attribute elevated ankle brachial indices (>1.3 or >1.4) or incompressible
ankle arteries to MAC, but few previous studies directly assessed this relationship.20,21 Individuals
with type 1 diabetes and an ABI ≥1.30 were very likely to have MAC on X-ray imaging (93%) but
many with MAC did not have a high ABI.20 The other study, also performed in diabetes patients,
showed a similar result, with high ABI being specific but not sensitive to the presence of MAC.21
In our study population, an ABI ≥1.30 was most prevalent among patients with MAC, but when
considering MAC as the major determinant or cause of high ABI, it is striking that only 35% of
patients with ABI ≥1.30 had crural MAC. These results illustrate that it is unlikely that crural MAC
as visualized with radiographs and CT is the sole cause for elevated ankle brachial indices, and
consequently, that high ABI does not appear to be a sensitive marker for MAC.
We were the first to use CT scanning for studying MAC and IAC. We found that this approach
was feasible based on pilot data from routine care, and that the distinction between these
calcification patterns could be readily made in the majority of individuals. Despite limited
statistical power, our results are in line with a growing body of literature supporting the
conclusion that MAC and IAC are part of different pathophysiological processes and that both
have a considerable prevalence. There is also increasing evidence that links MAC to adverse
cardiovascular outcomes.2,6,9,11 In this light, the distinction between MAC and IAC and their
respective associated risk factors becomes relevant for the future development of prevention
and treatment strategies.
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Strengths of this study include the concurrent assessment of MAC and IAC and the comprehensive,
standardized risk factor assessment performed in all patients included. A number of limitations
apply to this study. Our multivariable analyses were limited by the small sample size, allowing
only modest conclusions. The large proportion of patients that already had a cardiovascular
diagnosis in the study population is inherent to the sampling for this study. Selection conditional
on having clinically manifest disease, means that risk factors associated with this disease may
show different interrelationships when studied amongst this selection, compared to amongst
the general population (selection bias). Lastly, the method of distinguishing MAC from IAC was
validated histopathologically in the internal carotid artery, not in the leg arteries.
In conclusion, we found that within the same individual, there is often a predominant arterial
calcification type (IAC or MAC) throughout the lower extremity. These patterns of calcification,
dominant IAC, or dominant MAC, appear to have different associated risk factor profiles. The
majority of these vascular wall abnormalities are not detected by ABI. Consequences of these
patterns were not investigated in this current study, but as literature suggests detrimental
consequences of both disease processes, the distinction might be valuable in order to develop
prevention and treatment strategies for both pathophysiological mechanisms.
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CHAPTER 9

FINDINGS AND RELEVANCE
As outlined in the introduction, the objectives of this thesis are to determine the associations
between cardiovascular risk factors and medial arterial calcification (MAC) and the associations
between MAC and cardiovascular outcomes. Underlying these objectives are the broader aims
to determine whether MAC should be considered a clinically significant entity and to determine
to what extent MAC differs from intimal arterial calcification (IAC) with regards to its risk factors
and clinical consequences. In this discussion, I will first concisely summarize the results of the
research reported in this thesis, and address the research aims. Subsequently, I will discuss the
limitations of the methods used. Lastly, I will place our results in a broader context and I will
discuss directions for future research.
Associations of risk factors with MAC
Prior studies found that older age1–4, diabetes1,2,4,5, and kidney disease5 are risk factors associated
with MAC, whereas smoking is consistently related to a lower prevalence of MAC.3,4,6 Despite some
heterogeneity, most studies report no relationships with hypertension or dyslipidaemia.1,3–5 As
described in the introduction, we assessed MAC in diverse ways, as no single gold standard is
established for assessing MAC in vivo. Our approaches consisted of studying vascular beds that
are known to harbor a high MAC prevalence, i.e., breast arterial calcification (BAC, Chapters 2 and
3) and splenic artery calcification (Chapter 5), studying elevated ankle brachial index (the ratio
between the systolic blood pressures of the ankle and the highest out of both arms, Chapter 7)
and studying MAC as defined by calcification pattern using CT scans (Chapter 8).
We consistently found older age and diabetes to be associated with higher MAC prevalence,
regardless of the way we operationalized MAC. Smoking was related to lower prevalence of BAC
and a lower prevalence of elevated ABI. Smoking was related to increased prevalence of IAC, but
unrelated to prevalence of MAC in leg arteries (Chapter 8). Similarly, in Chapter 5, we found that
smoking was related to increased calcification of the internal and external iliac arteries, thought
to represent mostly IAC, but unrelated to splenic artery calcification, considered to be MAC.
Kidney disease was not highly prevalent in our study populations and we could not confirm or
reject this as risk factor for MAC.
As in prior literature, the relationships of MAC with hypertension and dyslipidemia were more
variable. In our meta-analysis, we did not find women with BAC to have more hypertension
than women without BAC (Chapter 2), but in our study with original data, women with BAC
had hypertension more often (Chapter 3). Hypertension neither was associated with high
ABI (Chapter 7), nor with CT pattern-based MAC (Chapter 8). Cholesterol levels did not differ
substantially between women with or without BAC (Chapter 2 and 3). High ABI was less common
among patients with higher non-HDL cholesterol levels (Chapter 7). In our study on CT patternbased MAC, no relationships with cholesterol were identified (Chapter 8).
In conclusion, our findings were largely consistent with other studies reporting on associations
of risk factors of MAC. MAC, and proxies for MAC, had a risk factor profile that was more or
less consistent. MAC appears to be more prevalent among persons of higher age, patients with
diabetes and patients with kidney disease. Although the latter risk factor did not clearly emerge
from our study results, consistent results from prior literature warrant this conclusion. Smokers
appear to have less MAC. Dyslipidemia and hypertension do not seem to be important risk
factors for MAC, as most studies including ours did not reveal consistent significant relationships
with MAC. This risk factor profile thus deviates from the traditional CVD risk factor profile, which
also includes smoking, hypertension and hyperlipidemia. These findings are supportive of the
view that MAC is a distinct pathophysiological entity.
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Associations of MAC with cardiovascular outcomes
It was long thought that MAC was innocuous. IAC, representing advanced atherosclerosis,
was the lesion held responsible for the associations of arterial calcification with cardiovascular
disease. As described in the introduction, a number of prior studies have investigated the
associations of MAC with adverse outcomes.
In patients with diabetes, MAC was previously associated with increased rates of (cardiovascular
or total) mortality2,4,7, diabetic neuropathy8, amputations2,4 and cardiovascular events4, when
compared to patients without MAC. A cohort study in patients with kidney disease requiring
hemodialysis showed that compared to patients with IAC, patients with MAC in pelvis or thigh
had a longer survival, but in turn their survival was significantly shorter than that of patients
without calcifications.5 BAC is the only type of MAC of which consequences have been studied
in the general population. Findings include increased risks of total and cardiovascular mortality,
as well as increased risks of a variety of cardiovascular events.6,9
In the research described in this thesis, we found increased risks of cardiovascular outcomes
associated with MAC, using several approaches to assess MAC, and in diverse study populations
(Chapters 3, 5, 6, 7). Firstly, compared with the absence of BAC, the presence of BAC on
mammography was modestly associated with cardiovascular disease, with an approximately
3-fold increased risk for the severest grade of BAC, independent of traditional cardiovascular
risk factors (Chapter 3). BAC presence scored on CT-scans was associated with an estimated 5.67
[95%CI 1.50-21.41] times increased mortality hazard independent of CVD risk factors (Chapter
5). As CT scans are less sensitive for BAC, the BAC found thus likely reflects the more severe cases.
In addition, elevated ABI (≥1.4) was associated with an increased risk for myocardial infarction,
but not for stroke, all-cause or vascular mortality (chapter 7). Associations of high ABI with CVD
outcomes tended to be stronger in patients with diabetes but without statistically significant
interactions. Our research thus supports and extends the evidence base indicating associations
of MAC with adverse (cardiovascular) outcomes.
We found indications that MAC relates to cardiovascular outcomes independently of IAC. The
degree of annularity of calcification in the abdominal aorta was associated with an increased
mortality rate, even when adjusted for quantity of calcium with Agatston scoring (chapter 6).
Annularity is a calcification characteristic that is typically associated with MAC. Although it
cannot be determined from this data whether annular calcification in the aorta indeed reflected
MAC, the observation that a significant association with both all-cause and CVD mortality
remained after adjusting for total calcification burden using Agatston scoring, indicates that
different calcification morphology may contribute to cardiovascular risk differentially.
So far, associations of MAC with cardiovascular outcomes seem to be of moderate strength.
Existing evidence is insufficient to draw conclusions on the comparative strengths of
associations of MAC versus IAC with outcomes. A study among patients with kidney disease
found that patients with IAC had a shorter survival than patients with MAC, who in turn had a
significantly shorter survival compared to patients without calcifications.5 Nevertheless, when
risk factor-adjusted Cox regression models were used, the association of MAC with all-cause
mortality was much stronger than the association of IAC. Similarly, in a study of patients with
diabetes, the odds ratio for cardiovascular mortality in risk-factor adjusted models was much
larger for MAC than for IAC.7 For a good comparison long-term follow-up may be needed, as
the events associated with atherosclerosis may be more acute while the events associated with
arterial stiffening and MAC may be more chronic requiring longer follow-up times.
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Overall, MAC prevalence rates were considerable, naturally varying by vascular bed and studied
population. For BAC, we found a prevalence of 8.6% in the general population cohort derived
from women in the mammography-screening program (Chapter 3). This prevalence was
somewhat lower than the 12.7% mean prevalence for women of screening age we found in
our meta-analysis (Chapter 2). We found that 3.7% of women had BAC visible on CT imaging,
which is less sensitive to milder calcification (Chapter 5). When using elevated ABI as a marker
for MAC, we found a prevalence of 4.5% in the Second Manifestations of ARTerial Disease
(SMART) study cohort, a study population consisting of patients with cardiovascular disease or
at high cardiovascular risk (Chapter 7). In our SMART ancillary study (Chapter 8), we found MAC
prevalences of 25% and 20% for the femoral and crural arteries, respectively. In this study we
used a pattern-based method of distinguishing MAC from IAC on CT-images (Figure 1). These

Figure 1| Axial plane CT images of the lower extremities

Left: circumferential arterial calcification. Right: spotty arterial calcification.
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prevalences are comparable to prevalences previously reported for radiographic MAC in legs
of patients with diabetes and kidney disease (ranging from 12% - 41%).4,5,7,10,11 One prior study
reported on age-adjusted MAC prevalences according to diabetes status, sex and vascular bed
and reported thigh MAC prevalences ranging from 4.4% for women without diabetes, to 26% for
men with diabetes. For MAC in crural arteries these prevalences were 8% and 29%, respectively.2
Strengths and limitations
The main challenge when studying MAC is to accurately assess and quantify it. MAC can be
exactly localized in pathology samples but there is no established method to reliably distinguish
MAC from IAC in vivo. In studies using radiologic parameters, we need secondary methods of
ascertainment, like pattern recognition. We therefore used several different approaches to
assess MAC.
BAC has repeatedly been shown to be non-intimal.12,13 BAC therefore is a convenient form of
MAC to study, as it can easily be seen on mammograms. Nevertheless, we do not know to what
extent BAC is a marker for MAC in other vascular beds within the same individual. Only one study
in kidney disease patients assessed the congruence of the presence of BAC with the presence
of MAC in other vascular beds. It reported a high consistency between the presence of BAC
and the presence of MAC in legs.12 A limitation of BAC is that it is influenced by pregnancy and
lactation, which both increase its prevalence. Despite these limitations, the consistently elevated
cardiovascular risks found in women with BAC, combined with a risk factor pattern that is very
consistent with other types of MAC, suggest that BAC may be an appropriate indicator for MAC
in other vascular beds. Splenic artery calcification (Chapter 5) was also studied for its reported
MAC predominance.14 For this artery, histopathological evidence supporting this predominance
is, however, less conclusive and mainly based on case reports.
Elevated ABI is thought to represent MAC in the ankles.15,16 However, only two studies directly
assessed this association. One study in patients with type 1 diabetes showed a 93% positive
predictive value of ABI >1.3 for having ankle artery MAC on radiography (pattern recognition).17
In the same study, elevated ABI was not a sensitive marker for MAC, but it was concluded that
when ABI was high, MAC caused it in a majority of cases. The other study, also performed in
diabetes patients, showed a similar result, with high ABI being specific but not sensitive to the
presence of MAC.8 In chapter 8, we found that in our study population, consisting predominantly
of patients with prevalent cardiovascular disease, with and without diabetes, the positive
predictive value of high ABI for crural MAC (CT pattern recognition) was only 35%. These results
illustrate that it is unlikely that crural MAC as visualized with radiographs and CT is the sole cause
for elevated ABI. Consequently, although they are associated, high ABI does not appear to be a
sensitive, nor a specific marker for MAC. Besides MAC, there are other mechanisms that could
give rise to high ABI. One such postulated mechanism is exaggerated amplification of pulse
pressure.18 Pulse pressure increases as the pulse wave reaches peripheral arteries because of the
summation of forward and reflected waves as well as gradual reductions in vessel compliance
and lumen size. Exaggerated pulse pressure amplification occurs in healthy individuals and is a
phenomenon that is not associated with increased cardiovascular risk and unrelated to MAC.18
We found that associations of high ABI with CVD outcomes tended to be stronger in patients
with diabetes (Chapter 7). A potential explanation of this finding may be that ABI elevation
was caused by MAC in a larger proportion in patients with diabetes than in patients without
diabetes. In conclusion, we do not recommend using elevated ABI as a proxy for MAC.
In Chapter 8, we assessed the presence of MAC and IAC in concurrence, by scoring calcification
patterns in the leg arteries (Figure 2). Of our different approaches, this one assesses MAC
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most directly. We are one among very few studies that assessed IAC and MAC in concurrence.
A limitation of this approach remains that no histology is available to have a definite MAC
classification. However, the pattern qualified as MAC correlated well with histopathological MAC
in the initial validation study in the internal carotid artery.19 Histopathological validation specific
to the studied vascular beds will follow. Histology will also be needed to determine to what
extent MAC consists of calcification of the internal elastic lamina, and to further determine the
distribution of MAC versus IAC across different vascular beds. As mentioned in the introduction
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(Chapter 1), calcification of the arterial media and of the internal elastic lamina seem to form a
continuum in some vascular beds12,20,21, whereas in others, such as in the intracranial internal
carotid artery, the internal elastic lamina tends to show isolated calcification.22
In prior literature, conventional radiographs were generally used to visualize MAC. Visualization
of deeper arteries is limited when using radiographs; a disadvantage that is avoided when
using CT scans. The same holds true for arteries that are hidden behind bony structures on
radiographs. Further research is needed to compare the accuracy of CT and radiographs for
MAC assessment in the legs. As described earlier, prevalences found were comparable to those
reported in radiography-based studies. Our epidemiological study will be expanded to include
a larger number of patients, enhancing our now limited statistical power.
In Chapter 6, we studied whether calcification annularity may be a risk factor for mortality above
and beyond the Agatston score. This research question was only indirectly related to MAC, with
annularity being characteristic but not pathognomonic for MAC.
Pathophysiology of MAC and IAC
An enhanced understanding of the mechanisms that cause MAC, and the way in which MAC can
lead to cardiovascular disease, might point towards potential intervention targets. I will briefly
review recent insights from basic science that are linked to our findings.
Arterial calcification was long considered a passive process of calcium deposition, but is now
understood to be a process actively regulated by molecular signaling pathways.23,24 Also,
different mechanisms appear to be involved with MAC versus with IAC, as they share some but
not all risk factors and can occur separately as well as concurrently.23 IAC is closely associated
with atherosclerosis. Calcium accumulates within atherosclerotic lesions, in association with
cholesterol.25 Under the influence of various stimuli, including inflammatory factors, intimal
vascular cells undergo osteogenic differentiation, meaning they become osteoblast-like cells
producing mineralizing extracellular matrix.26 Similar mechanisms are at play in MAC formation,
with medial smooth muscle cells undergoing osteogenic differentiation. The triggers or stimuli
inducting these changes are however different, albeit with overlap. MAC starts with deposition
of hydroxyapatite crystals along damaged elastic fibers and smooth muscle cells.27,28 With renal
insufficiency, hyperphosphatemia promotes MAC.
Diabetes is regarded as a risk factor for both IAC and MAC. Although mechanisms are not fully
elucidated, advanced glycation end products, produced during hyperglycemia, appear to play
a key role in inducing osteogenic differentiation.29,30 In diabetes patients, peripheral neuropathy
is more common and more severe in those with MAC than in those without.8,31 One could
hypothesize that this is a consequence of MAC or that MAC and neuropathy share a common
cause, reflecting a later stadium of the diabetic disease process. However, there is also evidence
suggesting that MAC may be a consequence of neuropathy. In a study of sixty patients (19
with diabetes, 41 without), fifty-five patients (92%) had radiological evidence of MAC 6-8 years
after uni- or bilateral lumbar sympathectomy. After unilateral sympathectomy the incidence of
calcified arteries on the side of operation was significantly higher than that on the contralateral
side (88% versus 18%). It was concluded that sympathetic denervation is one of the causes of
MAC; regardless of diabetes mellitus.32 These findings raise the question as to whether nerve
dysfunction possibly plays a role in the development of MAC.
Mechanisms leading to cardiovascular disease
Even though robust associations of vascular calcification with cardiovascular disease are
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reported, they do not by themselves warrant a conclusion of a primary causal role of vascular
calcification in the pathophysiological pathway. A number of more pathophysiology-focused
studies do however suggest ways in which different types of calcification are connected to CVD
pathophysiology.
As IAC is highly correlated with atherosclerotic plaque burden, calcification was long considered
a marker, not a causal agent of atherosclerotic disease. Remaining controversy surrounds the role
of calcification on plaque stability. A study found that higher density calcifications are associated
with lower risks compared to low-density calcifications, even though higher calcification density
results in higher Agatston scores, that are by themselves strongly associated with cardiovascular
outcomes.33 It is now thought that initial IAC is associated with unstable plaques that are prone
to rupture, whereas ongoing plaque calcification is thought to lead to plaque stability.33,34 Statins
are known to reduce MI incidence and to increase coronary calcification density. It is therefore
postulated that statins stabilize coronary plaques through the extraction of lipids from plaques
and stimulation of calcification, resulting in more densely calcified plaques.35
MAC, however, which can occur without atherosclerotic lesions being present, is thought to
lead to cardiovascular disease through increased arterial stiffness.23,36,37 Arterial stiffness is a
well-established independent risk factor for cardiovascular disease.38 Hemodynamic effects of
arterial stiffness include a shift in timing of the reflection of the backward traveling pulse wave.39
This shift leads to an augmentation of aortic systolic pressure and pulse pressure and to reduced
diastolic myocardial perfusion pressure.40 In turn, elevated aortic systolic pressure increases left
ventricular afterload and leads to ventricular hypertrophy, which was also observed in animal
models with induced MAC.36 Effects are also noted in peripheral arteries, as arterial stiffness is
associated with reduced arterial flow volume in the lower extremities41, as well as with increased
pressure transmitted to the microcirculation, damaging small vessels of the kidneys, brain and
feet.39 It is also proposed that MAC could impede compensatory arterial remodeling.23
Insufficient literature exists to conclude whether IAC and MAC predispose to different types
of cardiovascular disease, which would be expected based on these pathophysiological
insights. Finally, as IAC and MAC often occur concurrently, interaction between these two
pathophysiological processes may lead to more severe disease. In peripheral arterial disease,
both atherosclerotic changes and arterial stiffness can lead to insufficient blood flow to the
limbs. Although peripheral artery disease is traditionally considered an atherosclerotic, intimal
disease, the majority of arterial calcification observed in the lower extremities of patients with
peripheral artery disease is MAC.42 This has led researchers to argue that there is a need for a
better understanding of the interplay of different risk factors.43

FUTURE PERSPECTIVES
Despite advances in management of cardiovascular risk factors and treatment of cardiovascular
events, cardiovascular disease remains the leading cause of global years of life lost.44 For
specific patient groups, such as those with diabetes and chronic kidney disease, cardiovascular
disease remains a major cause of disability and premature mortality, even with optimal medical
management. MAC remains a neglected pathophysiology, which could form a potential future
treatment target.
Among the limited number of studies looking at MAC-outcome associations2,5,7, the number of
studies that investigated IAC in concurrence is even lower.5,7 This is a major hiatus that should

136

GENERAL DISCUSSION

be filled. In order to establish whether MAC indeed is an important factor in the course leading
to cardiovascular events, it is important to follow up patients with MAC and patients with IAC
and see which cardiovascular events they develop. If indeed patients with MAC have different
associated risks from patients with IAC, this would further establish the hypothesis of different
pathophysiological pathways. We wish to extend our study of MAC and IAC in leg arteries in the
SMART population (chapter 8) to include sufficient follow up to study cardiovascular outcomes.
This population, although far from a representation of the general population, includes a diverse
group of patients with prevalent cardiovascular disease or high risk for vascular disease based
on risk factors and we are studying both IAC and MAC.
As mentioned, studies looking at the relationships of MAC with adverse cardiovascular outcomes
have predominantly been conducted in specific patient groups like patients with diabetes and
kidney disease. Studies in the general population have only been conducted for BAC, a specific
type of MAC in the female breast arteries influenced by pregnancy and lactation. Future research
in different and broader populations is necessary to gain insight into the clinical significance
and potential prognostic implications of MAC for the general population.
Prognostic implications
Recent studies have proposed that BAC may be useful as a prognostic indicator of cardiovascular
disease risk in the general population.45 We did not expect much potential for BAC to improve
existing prognostic models, as we only found strong associations for severe BAC, which only had
a 1.2% prevalence. Associations with mild to moderate BAC were weak. A recently published
study has used a semi-quantitative (ordinal) measurement of BAC on digital mammography,
and found a strong quantitative association of BAC with coronary artery calcification.45 BAC was
equivalent to the Framingham risk score in predicting presence of coronary artery calcification.
The authors state that additional studies are needed to validate the ability of BAC to predict
cardiac events in large prospective population-based studies and propose that consideration
may be given to including BAC in mammography reports.45 Although we have not studied
the use of BAC in prognostic models, our research supports its role as a marker of increased
cardiovascular risk, but probably not as a useful predictor.
Potential therapeutic interventions
Treatment of arterial calcification is not currently part of primary or secondary prevention
strategies. As there are reasons to believe that calcification has adverse effects, attempts have
been made to inhibit or even reverse on-going arterial calcification. As is illustrated in Chapter 4,
MAC appears to be a reversible process. Actively regulated processes are potential intervention
targets. I will discuss a number of approaches that have been studied or that are being evaluated
currently.
Prior studies evaluated the effect of statins, which were found to inhibit the calcification of
vascular smooth muscle cells in vitro46,47, but so far failed to inhibit vascular calcification in vivo.48
Phosphate binders, used to counter hypophosphatemia in patients with advanced kidney
disease and were also evaluated for their potential to inhibit vascular calcification. Non-calcium
containing phosphate binders were shown to have a survival benefit and less progression
of vascular calcification when compared to calcium-containing phosphate binders.49 When
compared to placebo, however, treatment with non-calcium containing phosphate binders was
associated with equal or higher calcification levels.50,51
One potential influencer of ongoing calcification is Vitamin K, which activates Matrix Gla protein,
a powerful inhibitor of ongoing calcium deposition in arteries. Observational studies have shown
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that a high intake of subtype vitamin K2 is associated with reduced coronary calcification and a
reduced risk of coronary heart disease.52,53 A randomized study currently conducted in the UMC
Utrecht aims to determine if vitamin K2 supplementation leads to stabilization or attenuation of
ongoing calcium deposition in the femoral artery as quantified by 18F-NaF PET/CT imaging in
patients with type 2 diabetes and arterial disease. Conversely, warfarin, a vitamin K antagonist,
induces calcification of elastic fibers.54
Pseudoxanthoma elasticum is a rare genetic disorder, which is characterized by calcification
in various soft connective tissues including the arterial media.55 A randomized controlled
trial in the UMC Utrecht (TEMP trial) currently evaluates the effectiveness of treatment with
bisphosphonates on inhibiting arterial calcification as measured by the percentage change in
18F-NaF uptake in the leg arteries after 12 months.
The TACT trial conducted in the USA aimed to determine the safety and efficacy of EDTA chelation
therapy for individuals with coronary artery disease and prior myocardial infarction. Chelation is
a process aiming to remove minerals from the body by binding them to a substance. EDTA binds
to multiple cations, including but not limited to calcium. The study results included a significant
reduction in the composite cardiovascular disease endpoint.56 The study came under great
scrutiny, as chelation therapy, stemming from alternative medicine, was controversial. Validity
concerns including high and differential dropout rates were raised, and there is currently no
consensus in the scientific community as to whether this study provides conclusive evidence
of the efficacy of this therapy.57 TACT2 is currently being carried out, aiming to replicate the
findings of TACT1. If EDTA chelation is effective in reducing cardiovascular disease incidence, it
remains uncertain whether this is achieved through a reduction of calcification, as this was not
studied as an outcome.
Lastly, certain calcium antagonists, namely verapamil and diltiazem, are known to inhibit
incorporation of calcium in arterial walls.27 An animal study showed that MAC in the internal elastic
lamina and media of rats’ coronary arteries induced by a cholecalciferol overdose was inhibited
by verapamil.27 It remains to be studied whether these different therapeutic approaches, with
varying degrees of promise, materialize into treatments beneficial to patients in the long term.
MAC however appears to be a therapeutic target worthy of further investigation.

MAIN CONCLUSIONS
Findings in this thesis suggest that:
• MAC is neither rare, nor an innocuous finding, as it is associated with increased cardiovascular
disease risks, both in our study data as well as in prior research
• The risk factor profile associated with MAC appears to differ from that of IAC
• Future research should study MAC and IAC in concurrence, in order to determine the extent
to which they are two distinct pathophysiological processes and to determine to which
extent their cardiovascular consequences differ
• Different methods of assessing calcification besides Agatston scoring should be explored in
future research, as calcification pattern may provide risk information beyond that provided
by calcium quantification alone
• As an actively regulated process with associated detrimental effects, arterial calcification
could form a potential therapeutic target in preventing cardiovascular disease, especially in
heavily burdened patient populations such as those with diabetes or kidney disease
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GENERAL SUMMARY
Arterial calcification is associated with increased cardiovascular disease risk. Different layers of
the arterial wall can become calcified. Calcification of the arterial intima occurs as an advanced
stage of the atherosclerotic disease process. The arterial media and internal elastic lamina
can calcify without adjacent atherosclerotic changes being present. This non-atherosclerotic
calcification, referred to as “medial arterial calcification” (MAC), is mostly ignored in scientific
literature, and studies on its risk factors and cardiovascular consequences are scarce.
The objectives of this thesis are to study the risk factors for and risks associated with MAC, and
to compare these to those of intimal arterial calcification (IAC). Underlying these objectives are
the broader aims to determine whether MAC has clinically significant detrimental effects and to
determine to what extent MAC differs from IAC with regards to its risk factor associations and
clinical consequences. As there is no established method for assessing MAC, we used different
approaches to study MAC, namely studying vascular beds that are known to harbor a high MAC
prevalence, studying high ankle brachial index (ABI) as a proxy for MAC, and studying MAC as
defined by calcification pattern.
The first chapters of this thesis are focused on breast arterial calcification (BAC), a type of MAC that
occurs in the female breast arteries. As BAC is easily assessed in routine screening mammography,
it is a convenient type of MAC to study. In Chapter 2, we systematically reviewed the available
literature on the associations between traditional cardiovascular risk factors and BAC, as well
as the available evidence on the associations between BAC and cardiovascular disease risk.
We found a BAC prevalence of 12.7% among women in breast cancer screening programs.
Increasing age, diabetes and parity as opposed to nulliparity were associated with higher BAC
prevalence. Smoking was associated with lower BAC prevalence. No associations were found
with hypertension, obesity or dyslipidemia. Although longitudinal studies were scarce, BAC
appears to be associated with an increased risk of cardiovascular disease events. The findings of
a study assessing the risk associated with having BAC for various cardiovascular outcomes are
described in Chapter 3. We conducted a case-cohort study nested in the Prospect-EPIC cohort,
a Dutch cohort consisting of 17,357 routine breast cancer screening participants. A case-cohort
study is an efficient study design to prospectively investigate associations between baseline
determinants and outcomes by comparing cases that arise in the population to a random sample
of all participants at baseline (the subcohort). Of the women in the subcohort 8.6% had BAC in
at least one breast, 1.2% had ‘severe’ BAC. We observed that after multivariable adjustment, BAC
presence as compared to BAC absence was modestly associated with higher risk of a compound
cardiovascular disease endpoint (hazard ratio 1.39 [95%CI 1.00-1.93]) consisting of stroke,
coronary heart disease, and peripheral artery disease. Significantly increased risk was also found
for coronary heart disease as a separate endpoint. Hazard ratios for stroke and peripheral artery
disease were of similar magnitude, but non-significant. Much larger effect sizes were found for
women with the most severe grade of BAC compared to women without BAC, i.e. approximately
3-fold increased risks for the different cardiovascular endpoints after adjusting for traditional
cardiovascular risk factors. In Chapter 4, we described the occurrence of regression of BAC on
repeated screening mammograms. The occurrence of regression of BAC illustrates how MAC is
an actively regulated process, which seems to be reversible, and thus potentially modifiable.
In Chapter 5, we assessed the associations of cardiovascular risk factors with calcification of
the splenic, iliac, and breast arteries, arteries in which a MAC predominance was expected. In
addition, we studied mortality risks associated with calcification in these vascular beds. We
conducted a case-cohort study nested in a cohort from San Diego, California, USA, consisting of
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5196 individuals who self-referred for whole body computed tomography (CT). We found that
calcification in the splenic, internal and external iliac arteries as seen on CT-scans was strongly
associated with calcification in the abdominal aorta, but differentially associated with other
cardiovascular risk factors. Age, male gender, and diabetes were predominant risk factors for
splenic artery calcification, while other cardiovascular risk factors were not, suggesting that
splenic artery calcification may be predominantly MAC. After adjustment for cardiovascular
risk factors, calcifications in the splenic, internal and external arteries were not associated
with mortality. BAC was strongly and independently associated with mortality. Data from the
same study population were used in Chapter 6, in which the associations of calcification in
increasing degrees of annularity in the aorta and common iliac arteries with all-cause and
cardiovascular mortality were assessed. We found that a simple method scoring the degree of
annular calcification in the aorta and common iliac arteries on CT images correlated highly with
Agatston score quantification. The degree of annularity of calcification in the abdominal aorta
was associated with an increased mortality rate (hazard ratio 2.31 [95%CI 1.08-4.95]), even when
adjusted for quantity of calcium with Agatston scoring.
In Chapter 7, we determined the associations of high ABI (≥1.4) with cardiovascular disease and
mortality in the SMART (Second Manifestations of ARTerial disease) cohort, a mix of patients
with cardiovascular disease and patients at high risk for cardiovascular disease. A low ABI, the
ratio between the systolic blood pressures of the ankle and the highest out of both arms, is an
indicator of luminal narrowing of the leg arteries, as occurs in peripheral artery disease. Elevated
ABIs, however, are thought to occur when circumferential vascular calcification, as occurring
with MAC, has stiffened the ankle arteries. This indirect measure, or proxy, of MAC, was more
prevalent among patients with diabetes, with higher body mass indices, of higher age and of
male sex, and less common among smokers and patients with higher non-HDL cholesterol
levels. After multivariable adjustment, elevated ABI (≥1.4) was associated with an increased risk
for myocardial infarction, but not with stroke, all-cause or vascular mortality. Associations of high
ABI with CVD outcomes tended to be stronger in patients with diabetes but without statistically
significant interactions. In Chapter 8, we studied associations of risk factors with MAC and IAC as
determined by calcification pattern on CT scans of the legs in the SMART cohort. Prevalence of
IAC was 44% and 38% for the femoral and crural arteries, respectively, and MAC prevalences were
25% and 20%, respectively. We found considerable consistency in the predominant calcification
pattern of the crural and femoral arteries. Patients with dominant MAC were older, more often
male and more often had diabetes than patients with IAC. Conversely, patients with IAC were
more often smokers than patients with MAC. In multinomial logistic regression models, age was
a significant risk factor for all types of calcification compared with no calcification. Male sex was
associated with MAC, but not with IAC or indistinguishable calcification, when using absence
of calcification as a reference category. Current smoking was associated with IAC, but not with
MAC. No significant relationships were found with other cardiovascular risk factors.
In Chapter 9, I discussed the conclusions that can be drawn from the data presented in this
thesis, its limitations, and discuss challenges for future research. I concluded that along with
prior research, findings in this thesis suggest that MAC is neither rare, nor an innocuous finding,
as it is associated with increased cardiovascular disease risks. Furthermore, our results indicate
that the risk factor profile associated with MAC differs from that of IAC. I suggest that future
research should study MAC and IAC in concurrence, in order to determine the extent to which
they are two distinct pathophysiological processes and to determine to which extent their
cardiovascular consequences differ. I propose that different methods of assessing calcification
besides Agatston scoring should be explored in future research, as calcification pattern may
provide risk information beyond that provided by calcium quantification alone. Lastly, as arterial
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calcification is an actively regulated process with associated detrimental effects, I propose that
it could form a potential therapeutic target in preventing cardiovascular disease, especially in
heavily burdened patient populations such as those with diabetes or kidney disease.
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NEDERLANDSE SAMENVATTING
De organen en weefsels van het menselijk lichaam hebben een continue aanvoer van bloed met
daarin zuurstof en voedingsstoffen nodig. Onze slagaderen vervoeren het bloed van ons hart
naar het hele lichaam. Onze slagaderen kunnen ziek worden. Met het ouder worden wordt de
kwaliteit van onze slagaderen langzaam minder, maar bij sommige mensen gaat dit proces veel
sneller. Zij kunnen dan al op jongere leeftijd hart- en vaatziekten krijgen.
Het bekendste ziekteproces van de slagaderen is atherosclerose. In de volksmond wordt
atherosclerose ook wel slagaderaderverkalking genoemd. Bij atherosclerose ontstaan
vernauwingen in slagaderen. De vernauwing ontstaat door een aanslag (plaque genoemd),
van cellen, vetdeeltjes en stolsels tegen de binnenkant van de wand van de slagader, alsmede
een verdikking van de binnenste laag van de bloedvatwand zelf. In de plaques kunnen ook
verkalkingen ontstaan.
De verkalking die optreedt bij atherosclerose, in of tegen de binnenste laag (de intima) van de
wand van de slagader is het meest onderzocht. Verkalking kan echter ook optreden in andere
delen van de wand van de slagader. De media (de middelste laag) van de wand van de slagader
kan ook verkalken, maar over de redenen daarvoor en consequenties daarvan is veel minder
bekend. Mediakalk heeft mogelijk andere gevolgen dan intimakalk, omdat het kan leiden tot
vaatverstijving in plaats van vernauwing. Dit proefschrift heeft daarom ten doel te onderzoeken
hoe risicofactoren voor hart- en vaatziekten samenhangen met mediakalk en hoe mediakalk
samenhangt met hart- en vaatziekten. Hieraan ten grondslag ligt de bredere doelstelling om
te bepalen of mediakalk nadelige effecten heeft op het ontwikkelen van hart- en vaatziekten
en om te bepalen in welke mate mediakalk hierin verschilt van intimakalk. Aangezien er
geen algemeen geaccepteerde methode bestaat voor het meten van mediakalk, hebben we
verschillende benaderingen van mediakalk bestudeerd. We hebben vaatbedden bestudeerd
waarvan bekend is dat mediakalk er vaak in voorkomt, de enkel-arm-index als benadering voor
mediakalk gebruikt en mediakalk gedefinieerd aan de hand van het verkalkingspatroon.
Borstarteriekalk (kalk in de slagaderen van de borst) is een type mediakalk dat zichtbaar is op
mammogrammen (röntgenfoto’s van de borst). In Hoofdstuk 2 van dit proefschrift hebben
we systematisch de gepubliceerde literatuur over de samenhang tussen borstarteriekalk en
risicofactoren voor hart- en vaatziekten in kaart gebracht. Ook hebben we bekeken wat er bekend
is over de samenhang tussen borstarteriekalk en het krijgen van hart- en vaatziekten. Uit onze
literatuurstudie bleek dat borstarteriekalk voorkomt bij naar schatting 13% van de vrouwen in
borstkankerscreeningsprogramma’s, en vaker bij vrouwen op hogere leeftijd, met diabetes en
bij vrouwen met kinderen. Roken hangt samen met minder voorkomen van borstarteriekalk. Er
werden geen verbanden gevonden met hoge bloeddruk, obesitas of verstoorde vethuishouding
(dyslipidemie). Alhoewel longitudinale studies schaars waren, lijkt borstarteriekalk samen te
hangen met een verhoogd risico op hart- en vaatziekten. In Hoofdstuk 3 hebben wij onderzocht
of vrouwen met borstarteriekalk meer risico lopen op hart- en vaatziekten dan vrouwen zonder
borstarteriekalk. Voor deze studie is een groep van 17,357 vrouwen gevolgd die in de jaren ‘90
een mammogram hebben gehad binnen het bevolkingsonderzoek naar borstkanker. Deze
mammogrammen zijn ook gebruikt om te kijken of deze vrouwen borstarteriekalk hadden. Ook
zijn bij hen veel gegevens verzameld over onder meer risicofactoren voor hart- en vaatziekten.
Sindsdien is bijgehouden of zij hart- en vaatziekten hebben gekregen. Het onderzoek liet zien
dat vrouwen die borstarteriekalk hebben op hun mammogram, een hoger risico lopen op harten vaatziekten. Dit verband bleef ook bestaan als er rekening werd gehouden met de andere
risicofactoren die deze vrouwen hadden. Voor de vrouwen met de meest ernstige gradatie

147

ADDENDA

van borstarteriekalk was het risico op hart- en vaatziekten ongeveer 3 keer zo hoog als voor
vrouwen zonder borstarteriekalk. De resultaten van deze studie vormen een aanwijzing voor
een mogelijke rol van mediakalk in het ontstaan van hart- en vaatziekten. Mediaverkalking lijkt
ten minste deels los te staan van atherosclerose. Vaak wordt gedacht dat vaatkalk die eenmaal
is ontstaan niet meer verdwijnt. In Hoofdstuk 4 beschrijven we dat borstarteriekalk bij een deel
van de vrouwen in opeenvolgende mammogrammen minder bleek te worden. Deze bevinding
vormt een aanwijzing dat verkalking een proces is dat omkeerbaar kan zijn, en geeft hoop dat
er misschien manieren kunnen zijn om de afbraak van verkalking te stimuleren.
In Hoofdstuk 5 hebben we bekeken welke risicofactoren verband houden met verkalking in
de miltslagader, bekkenslagaders (de iliacale arteriën) en borstslagaders. We verwachtten
dat vaatkalk in deze vaatbedden ook overwegend uit mediakalk zou bestaan. We hebben
daarnaast gekeken of het risico op overlijden samenhing met kalk in deze vaatbedden. Deze
onderzoeken werden verricht met data van een groep patiënten uit San Diego, Californië, die
een CT-scan bij een screening hebben gehad en daarna zijn vervolgd. We zagen dat vaatkalk
in de onderzochte vaatbedden sterk samenhing met verkalking in de grote buikslagader
(abdominale aorta). De verschillende soorten vaatkalk hingen echter op verschillende wijze
samen met risicofactoren voor hart- en vaatziekten. Zo waren leeftijd, mannelijk geslacht
en het hebben van diabetes belangrijke risicofactoren voor kalk in de miltslagader, terwijl
andere risicofactoren geen samenhang vertoonden. Dit zou kunnen wijzen op een belangrijke
rol van mediakalk in de verkalking van de miltslagader. Na correctie voor risicofactoren
hingen kalk in de miltslagader of de onderzochte bekkenslagaders (iliaca interna en externa)
niet samen met sterfte. Borstarteriekalk hing echter wel sterk samen met overlijden in het
algemeen, en ook met overlijden aan hart- en vaatziekten. In Hoofdstuk 6 zijn gegevens
van dezelfde onderzoekspopulatie gebruikt om te bekijken of ringvormige verkalking in de
grote lichaamsslagader (aorta) en de grote bekkenslagader (iliaca communis) samenhangt
met verhoogde risico’s op overlijden. Typische mediakalk vormt een buis in de wand van het
aangedane vat en ringvorming is daarmee een kenmerk van mediakalk in dwarsdoorsnedes. We
hebben een simpele score gebruikt om de mate van ringvorming te beoordelen en deze score
bleek sterk samen te hangen met de Agatstonscore (een veelgebruikte kwantitatieve kalkscore).
De mate van ringvorming van kalk in de grote lichaamsslagader in de buik (abdominale aorta)
bleek bovendien samen te hangen met verhoogde kans op overlijden, zelfs als gecorrigeerd
werd voor de samenhang van de Agatstonscore met overlijden.
In Hoofdstuk 7 hebben we een indirecte maat gebruikt voor de aanwezigheid van mediakalk.
De enkel-arm-index is de verhouding tussen de bovendruk (van de bloeddruk) in de enkel
en die in de arm. De literatuur geeft aanwijzingen dat een verhoogde enkel-arm-index (≥1.4)
wordt gezien bij zeer stijve slagaderen als gevolg van mediakalk. We hebben onderzocht of
een verhoogde enkel-arm index samenhing met het krijgen van hart- en vaatziekten en met
overlijden. Dit hebben we gedaan in een groep patiënten (het SMART-cohort) verwezen naar
het UMC Utrecht in verband met hart- en vaatziekten of een hoog risico daarop. We zagen
vaker een verhoogde enkel-arm-index bij patiënten met diabetes, patiënten met een hogere
BMI, oudere patiënten en bij mannelijke patiënten. We zagen minder vaak een hoge enkel-armindex bij patiënten die rookten en patiënten die hogere non-HDL cholesterolwaarden (dus:
hoger slecht cholesterol) hadden. Na correctie voor risicofactoren bleek dat verhoogde enkelarm-index samenhing met hogere kansen op het krijgen van een hartinfarct, maar dat er geen
samenhang bestond met het krijgen van een beroerte of met overlijden. De samenhang was
sterker bij patiënten met diabetes, maar statistisch was de sterkte niet significant verschillend.
In Hoofdstuk 8 hebben we bekeken of de risicofactoren die samenhangen met mediakalk
verschillen van de risicofactoren die samenhangen met intimakalk. We hebben daarvoor CT-
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scans van het bovengenoemde SMART-cohort gebruikt, en op basis van het verkalkingspatroon
de vaatkalk ingedeeld. Intimakalk was het dominante patroon in 44% en 38% van respectievelijk
de bovenbeensvaten en de onderbeensvaten. Mediakalk was het dominante patroon bij
respectievelijk 25% en 20%. Het dominante kalkpatroon van de boven- en onderbeensvaten
kwam vaak overeen. Patiënten met een mediakalk-patroon waren ouder, vaker man en hadden
vaker diabetes dan patiënten met intimakalk. Andersom waren patiënten met intimakalk vaker
rokers. In statistische modellen bleek leeftijd een significante risicofactor voor alle soorten
verkalking. Mannelijk geslacht hing samen met mediakalk, maar niet met intimakalk of niette-onderscheiden verkalking, bij gebruik van afwezigheid van kalk als referentiegroep. Roken
hing samen met intimakalk, maar niet met mediakalk. Er werden geen significante verbanden
gevonden met andere cardiovasculaire risicofactoren.
In Hoofdstuk 9 bespreek ik de conclusies die getrokken kunnen worden uit het onderzoek
in dit proefschrift. Ik bespreek de beperkingen van het onderzoek en doe aanbevelingen
voor toekomstig onderzoek. Het onderzoek in dit proefschrift, suggereert, samen met eerder
onderzoek, dat medialkalk niet onschuldig is, aangezien het samenhangt met verhoogde
risico’s op hart- en vaatziekten. Het risicofactorprofiel van mediakalk is bovendien verschillend
van dat van intimakalk. Toekomstig onderzoek zou medialkalk en intimakalk gelijktijdig moeten
onderzoeken, om zo directe vergelijkingen te kunnen maken. Naast de Agatstonscore moeten
andere methoden voor het beoordelen van verkalking onderzocht worden. Verkalkingspatronen
bevatten mogelijk risico-informatie die iets toevoegt bovenop kwantificering alleen. Ten slotte
vormt slagaderverkalking een potentieel therapeutisch aangrijpingspunt dat de moeite van het
onderzoeken waard is, met name in zwaar belaste groepen mensen, zoals bij patiënten met
diabetes of nierziekten.
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