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Aims Coronary artery calcification is a marker of cardiovascular risk, but its association with qualitatively and quantita-
tively assessed plaque subtypes is unknown.

...................................................................................................................................................................................................
Methods
and results

In this post-hoc analysis, computed tomography (CT) images and 5-year clinical outcomes were assessed in SCOT-
HEART trial participants. Agatston coronary artery calcium score (CACS) was measured on non-contrast CT and
was stratified as zero (0 Agatston units, AU), minimal (1–9 AU), low (10–99 AU), moderate (100–399 AU), high
(400–999 AU), and very high (>_1000 AU). Adverse plaques were investigated by qualitative (visual categorization
of positive remodelling, low-attenuation plaque, spotty calcification, and napkin ring sign) and quantitative (calcified,
non-calcified, low-attenuation, and total plaque burden; Autoplaque) assessments. Of 1769 patients, 36% had a
zero, 9% minimal, 20% low, 17% moderate, 10% high, and 8% very high CACS. Amongst patients with a zero
CACS, 14% had non-obstructive disease, 2% had obstructive disease, 2% had visually assessed adverse plaques, and
13% had low-attenuation plaque burden >4%. Non-calcified and low-attenuation plaque burden increased between
patients with zero, minimal, and low CACS (P < 0.001), but there was no statistically significant difference between
those with medium, high, and very high CACS. Myocardial infarction occurred in 41 patients, 10% of whom had
zero CACS. CACS >1000 AU and low-attenuation plaque burden were the only predictors of myocardial infarc-
tion, independent of obstructive disease, and 10-year cardiovascular risk score.

...................................................................................................................................................................................................
Conclusion In patients with stable chest pain, zero CACS is associated with a good but not perfect prognosis, and CACS can-

not rule out obstructive coronary artery disease, non-obstructive plaque, or adverse plaque phenotypes, including
low-attenuation plaque.
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Keywords coronary calcium score • low-attenuation plaque • computed tomography • computed tomography coronary

angiography • atherosclerotic plaque

Introduction

Coronary artery calcification is an established marker of the presence
of atherosclerosis1,2 and its quantification has prognostic implications
over and above traditional cardiovascular risk factors.3 Patients with
a zero-calcium score are at particularly low risk of subsequent cardio-
vascular events, with a ‘warranty period’ established for a zero-
calcium score extending beyond 15 years.1,4 Cardiovascular risk
increases as the calcium score increases, and coronary artery calcifi-
cation is used to stratify patients in different risk groups in order to
adjust management.5 However, concerns have been expressed that
computed tomography (CT) calcium scoring measures the wrong
type of plaque, namely plaques that are stable and relatively unlikely
to rupture and cause events. To date, relatively little is known about
the association between calcium score categories and other types of
higher risk atherosclerotic plaque.

Coronary artery calcification quantifies macro-calcified plaques.
While higher coronary artery calcium scores may be associated with

an increased risk of total and adverse plaque, it does not completely
account for the detailed specific plaque composition. Visually
assessed adverse coronary plaque characteristics, such as positive
remodelling and low-attenuation plaque, are associated with a three-
fold increase in subsequent myocardial infarction, but this is not inde-
pendent of the coronary artery calcium score.3 However, greater
prognostic information can be derived from quantitative assessment
of plaque burden on coronary computed tomography angiography
(CCTA). We have previously established that the burden of low-
attenuation plaque on CCTA, synonymous with the necrotic core of
the thin cap fibroatheroma, is predictive of coronary events, over and
above the presence of luminal stenosis, cardiovascular risk factors,
and coronary artery calcium scores.6

In this post-hoc analysis of the Scottish Computed Tomography of
the HEART (SCOT-HEART) study, we aimed to determine the pres-
ence of visually and quantitatively assessed adverse plaques in
patients across the range of coronary artery calcium scores, and cor-
relate this with subsequent clinical events.

Graphical Abstract

Coronary artery disease and high-risk plaque features are common in patients with zero or low coronary artery calcium score, and low-attenuation plaque
burden (orange arrow) increases as the calcium score increases.

1211CACS with qualitatively and quantitatively CCTA adverse plaque
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Methods

Study design
We analysed the images of patients who underwent computed tomog-
raphy (CT) as part of the SCOT-HEART trial. The rationale, design, and
primary results of SCOT-HEART have been published previously.7–9

Briefly, SCOT-HEART is a multicentre open-label parallel-group random-
ized controlled trial that assessed the use of CT in patients who attended
the out-patient department with suspected angina pectoris secondary to
coronary artery disease.10 The study was approved by the local ethics
committee and all participants gave written informed consent.

Participants
The SCOT-HEART trial recruited 4146 patients between 18 and 75 years
old who attended cardiology outpatient clinics at 12 sites and were
randomized to either standard care or standard care plus CT. In the inter-
vention arm, 1778 of the 2073 participants underwent CT of which 1769
images were available and of suitable image quality for analysis. Non-
contrast CT to assess coronary artery calcium score and CCTA were
performed as described previously.7–9 Information on cardiovascular risk
factors, estimated 10-year risk of cardiovascular disease [the ASSIGN
(ASsessing cardiovascular risk using SIGN guidelines) cardiovascular risk
score11] and subsequent outcomes were obtained from the SCOT-
HEART database. The ASSIGN cardiovascular risk score is an estimated
percentage risk of developing cardiovascular event at 10 years.11

Information on CCTA findings was provided to the patient’s clinician, and
management was optimized by them based on these findings.

Coronary artery calcium score
Coronary artery calcium scores were calculated using the Agatston
method12 using dedicated semi-automatic software (Vitrea Advanced,
Vital Images, Minnetonka, MN, USA). Coronary artery calcium scorers
were classified into six categories: zero (0 AU), minimal (1–9 AU), low
(10–99 AU), moderate (100–399 AU), high (400–999 AU), and very high
(>_1000 AU).

Coronary artery stenoses
Information on the presence of coronary artery stenoses on CCTA was
obtained from the SCOT-HEART database. Trained observers per-
formed a per-segment analysis using a 15-segment model to assess cor-
onary artery stenoses, with complex cases classified by consensus. We
have previously demonstrated high intra- and inter-observer agree-
ment.13 Normal coronary arteries were defined as cross-sectional area
luminal stenosis <10%, non-obstructive coronary artery disease as cross-
sectional area luminal stenosis 10–70%, and obstructive coronary artery
disease as cross-sectional area luminal stenosis >70% in at least one
major epicardial vessel or >50% in the left main stem.

Visual identification of adverse plaque

characteristics
Per segment analysis was performed to identify adverse plaque character-
istics3 including positive remodelling, low-attenuation plaque, spotty calci-
fication, and the napkin ring sign.14 Positive remodelling was defined as an
outer vessel diameter >10% of the mean diameter of the segments dir-
ectly proximal and distal to the plaque,14 low-attenuation plaque as an at-
tenuation density <30 Hounsfield Units (HU),15 spotty calcification as
coronary artery wall calcification <3 mm diameter,14 and the ‘napkin ring’
sign as a central area of low-attenuation plaque with a peripheral rim of
high attenuation.16 Patients with either positive remodelling or low-
attenuation plaque were defined as having an adverse plaque.6

Quantitative assessment of atherosclerotic

plaque
Standardized semiautomatic software (Autoplaque, version 2.5, Cedars-
Sinai Medical Center, Los Angeles, CA, USA) was used to quantify ath-
erosclerotic plaque burden by one of four trained observers, with estab-
lished high interobserver, intraobserver, and interscan agreement.17,18

Automated thresholds were used for scan-specific plaque attenuation19

and the vessel lumen, wall and plaque were defined automatically, with
manual input as required. Quantitative analysis was performed for all
patients with a coronary artery calcium score greater than 0 or those
with at least 1 segment with >10% stenosis, in order to avoid missing
patients with plaque but a calcium score of zero or evaluating segments
with only image noise or motion artefact. Patients with normal coronary
arteries were assigned plaque burdens of 0. Total plaque, calcified plaque,
non-calcified plaque, and low-attenuation plaque volumes were meas-
ured (mm3) and plaque burden was calculated for each (100% � plaque
volume/vessel volume of region assessed). The plaque burdens were
summed on a per patient basis to give a per patient plaque burden.15 A
cut-off of 4% was used to define patients with a high low-attenuation pla-
que burden, based on our previous findings.6

Clinical outcomes
Outcome information was obtained from the SCOT-HEART database.
Information on clinical outcomes was obtained based on national coding
data from the electronic Data Research and Innovation Service of
National Health Service (NHS), Scotland. Review of electronic health
records was performed to supplement this as required. Information was
recorded on invasive coronary angiography (ICA), coronary revasculari-
zation with percutaneous coronary intervention (PCI), or coronary ar-
tery bypass graft (CABG) and late revascularization (undertaken more
than 1 year from randomization). Outcome categorization was per-
formed blinded to CT or other study information. Clinical outcomes
were all-cause mortality, combined non-fatal myocardial infarction (MI)
and coronary heart disease death, and major adverse cardiovascular
events (MACE). MACE was defined as the composite of non-fatal myo-
cardial infarction, non-fatal stroke, coronary heart disease death, or cor-
onary revascularization. Early or late MACE was defined as MACE before
or beyond 1 year from randomization, respectively.

Statistical analysis
Statistical analysis was performed using R, version 3.5.0 (R Foundation for
Statistical Computing, Vienna, Austria). Normally distributed variables
are presented as mean ± standard deviation. Non-normally distributed
data are presented as median and interquartile interval (IQI). Statistical
significance was derived using Wilcoxon test, Kruskal–Wallis test,
Pearson v2 test, Fisher’s exact test, and Wilcoxon rank-sum test with
continuity correction for multiple comparisons, as appropriate.
Correlations were assessed using Spearman rank-order correlation.
Correlations were defined as very weak (<0.2), weak (0.2 to <0.4), mod-
erate (0.4 to <0.6), strong (0.6 to <0.8), and very strong (0.8 to 1).
Outcome data were analysed using Cox proportional hazards regression
and graphically presented using a cumulative incidence plot. Deaths not
related to coronary heart disease were censored for the Cox regression
analysis. The estimated 10-year risk of cardiovascular disease and plaque
burdens were log-transformed for analysis (log base 2 of 1 plus param-
eter). Multivariable models were constructed for both fatal or non-fatal
myocardial infarction and late MACE endpoints. Variables included in the
multivariable models were coronary artery calcium score groups, quanti-
tatively assessed low-attenuation plaque burden, presence of obstructive
coronary artery disease, and estimated 10-year risk of cardiovascular dis-
ease. Data are presented as hazard ratios (HRs) and 95% confidence

1212 M. Osborne-Grinter et al.
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.intervals (CIs). A two-tailed P-value <0.05 was considered statistically sig-
nificant. The data supporting the findings of this study are available from
the corresponding author for checking the reproducibility of the study
results upon reasonable request.

Results

The images of 1769 patients were assessed. Patients had a mean age
of 58± 9 years, 56% were male and the median Agatston score was
21 (IQI 0–230) AU. Over a third (36%, n = 642) of patients had a
zero-calcium score, 9% (n = 163) a minimal calcium score, 20%
(n = 346) a low calcium score, 17% (n = 303) a moderate calcium
score, 10% (n = 169) a high calcium score, and 8% (n = 146) a very
high calcium score (Table 1).

Patients with a zero-calcium score were younger, more likely to
be female, non-smokers without a history of previous coronary heart
disease, cerebrovascular disease, diabetes mellitus, or hypertension
and were more likely to present with atypical angina or non-anginal
chest pain. Patients with very high calcium scores were more likely to
be older hypertensive male smokers with a history of coronary artery
and cerebrovascular disease, and present with typical angina. There
was a moderate correlation between coronary artery calcium score
and estimated 10-year risk of cardiovascular disease (r = 0.46;
P < 0.001), but half of patients (55%) with a zero-calcium score had

an estimated 10-year risk of cardiovascular disease of >_10% and 4%
of patients with a very high calcium score had an estimated 10-year
risk of cardiovascular disease of <10%.

Amongst patients with a zero-calcium score, those with obstruct-
ive disease, visually assessed adverse plaque or high low-attenuation
plaque burden (>4%) on CCTA were more likely to be taking pre-
ventative therapy at 6 weeks (Supplementary data online, Table S1).

Visual assessment of coronary plaque
characteristics
Although the majority (84%, n = 537/642) of patients with a zero-
calcium score had normal coronary arteries (Table 2), 14% had non-
obstructive disease (n = 92/642), and 2% had obstructive disease
(n = 13/642), of which one patient (0.2%) had three-vessel disease. In
addition, 41% (n = 66/163) of patients with a minimal calcium score
had non-obstructive disease and 9% (n = 14/163) had obstructive
coronary artery disease. In contrast, obstructive coronary artery dis-
ease was present in 85% (n = 124/146) of scans with very high coron-
ary artery calcium score, 65% (n = 110/169) with a high calcium
score, and 41% (n = 124/303) with a moderate calcium score. The
number of patients with one-, two-, or three-vessel obstructive dis-
ease increased across the calcium score groups (Table 2).

Adverse plaques (positive remodelling and low-attenuation pla-
que) were present in 2% (n = 14/642) of patients with a zero-calcium

.....................................................................................................................................

....................................................................................................................................................................................................................

Table 1 Characteristics of study participants with different categories of coronary artery calcium score (CACS)

CACS P value

Zero 0

AU

Minimal

1–9 AU

Low

10–99 AU

Moderate

100–399 AU

High

400–999 AU

Very high

�1000 AU

Number 642 (36) 163 (9) 346 (20) 303 (17) 169 (10) 146 (8)

Male 250 (39) 87 (53) 189 (55) 210 (69) 132 (78) 129 (88) <0.001

Age (years) 53 ± 10 56 ± 9 59 ± 8 61 ± 8 63 ± 7 64 ± 7 <0.001

BMI (kg/m2) 30 ± 6 30 ± 6 30 ± 6 29 ± 4 30 ± 5 30 ± 5 0.049

AF 12 (1.9) 4 (2.5) 4 (1.2) 5 (1.7) 5 (3.0) 4 (2.7) 0.711

Previous CHD 21 (3.3) 4 (2.5) 24 (6.9) 42 (13.9) 36 (21.3) 51 (34.9) <0.001

Previous CVD 16 (2.5) 4 (2.5) 18 (5.2) 18 (6.0) 11 (6.5) 12 (8.3) 0.007

Previous PVD 6 (0.9) 2 (1.2) 6 (1.7) 5 (1.7) 7 (4.2) 5 (3.4) 0.055

Smoking status <0.001

Non 350 (55) 88 (54) 154 (45) 121 (40) 65 (39) 67 (46)

Ex 164 (26) 48 (29) 120 (35) 120 (40) 79 (47) 62 (43)

Current 127 (20) 27 (17) 72 (21) 62 (21) 25 (15) 17 (12)

Chest pain diagnosis <0.001

Non-anginal 316 (49) 77 (47) 130 (38) 89 (29) 47 (28) 24 (16)

Atypical 178 (28) 38 (23) 79 (23) 82 (27) 27 (16) 28 (19)

Typical 148 (23) 48 (29) 137 (40) 132 (44) 95 (56.2) 94 (64)

Hypertension 153 (24) 55 (34) 120 (35) 114 (38) 83 (50) 83 (58) <0.001

Diabetes mellitus 44 (6.9) 22 (13.5) 41 (11.8) 35 (11.6) 23 (13.6) 31 (21.2) <0.001

Family history of CHD 279 (44) 76 (47) 154 (45) 125 (42) 71 (43) 60 (41) 0.888

Estimated 10-year risk of cardiovascular

disease

10 [6, 16] 15 [10, 21] 17 [12, 24] 20 [14, 28] 21 [15, 31] 22 [16, 32] <0.001

Number and percent (%), mean ± standard deviation, or median [interquartile interval]. Values in bold indicate statistical significance. Estimated 10-year risk of cardiovascular
disease was calculated using the ASSIGN score.
AF, atrial fibrillation; BMI, body mass index; CTCA, computed tomography coronary angiography; CHD, coronary heart disease; PVD, peripheral vascular disease; CVD, cere-
brovascular disease.

1213CACS with qualitatively and quantitatively CCTA adverse plaque
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.score (Table 2). There was a strong correlation between coronary ar-
tery calcium score and the number of plaques with positive remodel-
ling (r = 0.65, P < 0.001), but a weak correlation with the number of
plaques with spotty calcification (r = 0.31, P < 0.001), visually assessed
low-attenuation plaque (r = 0.30, P < 0.001), or the napkin ring sign
(r = 0.21, P < 0.001). Patients with CACS >_1000 AU had the highest
frequency of adverse plaques (82%, n = 120/146), but adverse pla-
ques were also present in 72% (n = 121/169) of patients with a high
calcium score and 67% (n = 203/303) patients with a moderate cal-
cium score (Table 2). These patterns were similar when limited to
patients with low to intermediate risk (10-year cardiovascular risk
score 1–20%), without a history of previous coronary artery disease
(Supplementary data online, Table S2).

Quantitative assessment of coronary
plaque characteristics
Among patients with a zero-calcium score, 16% (n = 105/642) had
non-calcified and low-attenuation plaque quantified on CCTA.
Calcified plaque was quantified on CCTA in 6% (n = 35/642) of
patients with a calcium score of zero.

Quantitatively assessed calcified plaque burden increased across
all the coronary artery calcium score groups (P < 0.001 for all com-
parisons). Non-calcified plaque burden increased between patients
with a zero, minimal, and low calcium score [median 0 vs. 0 (0–44.3),
P < 0.001 vs. 41.8 (34.6–50.4), P < 0.001], but there was no statistical-
ly significant difference in non-calcified plaque burden between
patients with medium, high and very high calcium score (P > 0.05 for
all comparisons). A similar pattern was observed for low-attenuation
plaque burden (Figure 1). A high low-attenuation plaque burden
(>4%) was present in 13% (n = 85/642) of patients with a zero-
calcium score. The prevalence of a high low-attenuation plaque

burden increased across the calcium score groups, with patients with
a very high calcium score being six times more likely to have a low-
attenuation plaque burden >4% compared to patients with a zero-
calcium score (Figure 2).

Clinical outcomes
Among patients with zero-calcium score, 5% (n = 30/642) underwent
invasive coronary angiography, 1% (n = 7/642) underwent coronary
revascularization, and 0.2% (n = 1/642) underwent late revasculariza-
tion. Of the patients with a minimal calcium score, 13% (n = 21/163)
underwent angiography, 4% (7/163) were revascularized, and none
underwent late revascularization. Increasing calcium score was asso-
ciated with an increased frequency of invasive coronary angiography,
revascularization, and late revascularization (Figure 3), with patients
with a very high calcium score being most likely to undergo invasive
coronary angiography.

Over a median follow-up of 4.8 (IQI 4.1–5.7) years, fatal or
non-fatal myocardial infarction occurred in 41 patients (2.3%). Of
these 41 patients, the calcium score was zero for 10% (n = 4), min-
imal for 7% (n = 3), low for 17% (n = 7), moderate for 17% (n = 7),
high for 20% (n = 8), and very high for 29% (n = 12; Figure 3;
Supplementary data online, Table S3). Patients with a very high cal-
cium score were much more likely to suffer a fatal or non-fatal
myocardial infarction compared to those with a zero-calcium score
(HR 13.4, 95% CI 4.3 to 41.5; P < 0.001; n = 12/146 vs. n = 4/642,
Figure 4). In multivariable analysis, only very high calcium score
was an independent predictor of outcomes when low-attenuation
plaque burden was included in the analysis (Table 3,
Supplementary data online, Table S4).

Late MACE occurred in 74 patients (4.2%), including 1% (n = 8/
642) of patients with a zero-calcium score, 4% (n = 6/163) with

.......................................................................................................................................................

....................................................................................................................................................................................................................

Table 2 Computed tomography findings

CACS P value

Zero 0

AU

Minimal

1–9 AU

Low

10–99 AU

Moderate

100–399 AU

High

400–999 AU

Very high

�1000 AU

CACS 0 3[1–6] 37[22–62] 204[146–291] 611[507–785] 1612[1235–2434]

CCTA

Normal 537 (84) 83 (50) 24 (6.9) 2 (0.7) 0 0 <0.001

Non-obstructive 92 (14) 66 (41) 255 (74) 177 (58) 59 (35) 22 (15)

Obstructive 13 (2) 14 (9) 67 (19) 124 (41) 110 (65) 124 (85)

Number of vessels with obstructive disease

One vessel 10 (1.6) 11 (6.7) 48 (14) 68 (22) 39 (23) 31 (21) <0.001

Two vessels 2 (0.3) 3 (1.8) 13 (3.8) 41 (14) 35 (21) 34 (23)

Three vessels 1 (0.2) 0 6 (1.7) 15 (5) 36 (21) 59 (40)

Adverse plaquea 14 (2.2) 22 (13) 128 (37) 203 (67) 121 (72) 120 (82) <0.001

Positive remodelling 12 (1.9) 21 (13) 127 (37) 202 (67) 121 (73) 120 (82) <0.001

Low-attenuation 4 (0.6) 7 (4.3) 28 (8.1) 57 (19) 35 (21) 37 (25) <0.001

Napkin ring 0 3 (1.8) 12 (3.5) 28 (9.2) 14 (8.3) 19 (13) <0.001

Spotty Calcification 9 (1.4) 17 (10) 88 (25) 108 (36) 43 (25) 34 (23) <0.001

Number and percent (%). Values in bold indicate statistical significance.
aPositive remodelling and/or low-attenuation plaque.

1214 M. Osborne-Grinter et al.
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minimal calcium score, 4% (n = 13/346) with low calcium score, 4%
(n = 13/303) with moderate calcium score, 9% (n = 15/169) with high
calcium score, and 13% (n = 19/146) with very high calcium score
(Supplementary data online, Table S5). Details of the late MACE char-
acteristics in patients with zero or minimal calcium score are pro-
vided in Supplementary data online, Table S6. Compared to patients
with late MACE, those with early MACE were of similar age and sex
and had similar estimated 10-year risk of cardiovascular disease and
coronary artery calcium score but were less likely to have a calcium
score of zero (Table 4). However, patients with early MACE were

more likely to have obstructive disease (87% vs. 55%, P < 0.001), ad-
verse plaques (77% vs. 53%, P = 0.002), had a higher non-calcified pla-
que burden [46% (40–51) vs. 42% (35–49), P = 0.016] and were
more likely to have a low-attenuation plaque burden above 4% (90%
vs. 77%, P = 0.039). In univariable analysis, all calcium score groups
were at increased risk of late MACE compared to patients with a
zero-calcium score (Table 3), with patients with a very high calcium
score at the highest risk (HR 15.9, 95% CI 6.93–36.2; P < 0.001).
However, in multivariable analysis, only a very high calcium score was
predictive of late MACE, along with low-attenuation plaque burden,

Figure 1 Quantitative assessment of atherosclerotic plaque burden on CCTA in patients stratified into coronary artery calcium risk groups.
Median total plaque burden (top left), calcified plaque burden (top right), non-calcified plaque burden (bottom left), and low-attenuation plaque bur-
den (bottom right) in different coronary artery calcium score groups. CACS, coronary artery calcium score.
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the presence of obstructive disease and estimated 10-year risk of
cardiovascular disease (Table 3 and Supplementary data online,
Table S4).

Discussion

We have demonstrated that coronary artery disease, adverse plaque
characteristics, and low-attenuation plaque are rare in patients with a
coronary artery calcium score of zero, and frequent in those with ele-
vated coronary artery calcium scores. At the other end of the spec-
trum of calcification, we have shown that adverse plaque
characteristics and a high burden of low-attenuation plaque occur in
over three-quarters of patients with high or very high calcium scores.
This highlights the underlying reasons for the limited utility of calcium
scoring in symptomatic patients, namely that it misses at-risk patients
at both ends of the calcium spectrum. We have also shown that for
the prediction of subsequent cardiac events, only the presence of a
very high calcium score provides additive prognostic information to
the quantification of low-attenuation plaque burden. Overall CCTA

provides a more complete assessment of symptomatic patients pre-
senting with suspected angina due to coronary artery disease.

In both symptomatic and asymptomatic patients,20,21 CT calcium
scoring has excellent prognostic utility and can be used to stratify
patients into risk groups3 and alter management.22 On CCTA, cal-
cium scoring is a surrogate marker of plaque burden.2 In our study, a
zero-calcium score was associated with good, but not perfect, long-
term outcomes. The low risk associated with a zero-calcium score
has been observed to persist for more than 14 years in patients over
60 years old,4 prompting previous studies to suggest that a zero-
calcium score means that further investigation is not required, even
in symptomatic populations.23,24 Nonetheless, in our analysis of
symptomatic patients with stable chest pain symptoms, the presence
of a zero-calcium score did not preclude the co-existence of ob-
structive disease, multivessel disease, or adverse plaque characteris-
tics (Figure 5). Of the patients with a zero-calcium score, 2% had
visually assessed adverse plaques and 13% had a quantitatively
assessed low-attenuation plaque burden above the high-risk thresh-
old of 4%. Previous studies have shown a similar frequency of adverse
plaques25 and obstructive disease in patients with a zero-calcium
score,26 and that a low or zero coronary calcium score does not rule
out future cardiac events.27 Indeed, in our study, 10% of patients who
experienced a myocardial infarction had a zero-calcium score and 7%
had a normal CCTA. Therefore, in symptomatic patients, CCTA
should be performed instead of coronary artery calcium scoring, be-
cause of the additional information it provides in terms of both pla-
que analysis and prognosis.

At the other end of the scale, patients in our study with a very high
calcium score had much worse outcomes, with the highest frequency
of myocardial infarction, MACE, invasive coronary angiography, cor-
onary revascularization, and all-cause mortality. Indeed, in multivari-
able analysis, a very high calcium score and low-attenuation plaque
burden were the only independent predictors of subsequent myo-
cardial infarction. While individual plaques with heavy calcification
(>1000 AU) are relatively ‘stable’,28 the presence of a high coronary
artery calcium score on a per patient level must be considered a
marker of increased risk of subsequent events. These patients have
more visually assessed adverse plaques, a higher low-attenuation pla-
que burden and, despite treatment optimized based on CCTA find-
ings, they also had an increased risk of myocardial infarction and late
MACE. This suggests a potential mechanism underlying the associ-
ation between calcium score groupings and long-term outcomes,
namely that high calcium scores are associated with a higher probabil-
ity of the co-existence of adverse plaque features.

For patients with low or moderate calcium scores (10–400 AU),
CCTA also provides additional information. A substantial proportion
of patients in these groups have visual or quantitatively assessed ad-
verse plaque phenotypes. These characteristics could be used to
guide more aggressive medical therapy in these patients. This may be
of particular importance in patients <40 years, who generally have
low calcium scores29 but nevertheless have an increased risk of mor-
tality with non-calcified plaque present even with a minimal calcium
score.30 The assessment of non-calcified plaque burden and low-
attenuation plaque may be of particular utility in such patients.

Recent research has advanced our understanding of coronary ar-
tery calcification beyond the Agatston score alone. The density,
morphology, and distribution of calcified plaques have all been shown

Figure 2 Proportion of patients in different coronary artery cal-
cium score groups with (A) low-attenuation plaque burden >4%
and (B) with normal, non-obstructive or obstructive disease on
CCTA. CACS, coronary artery calcium score.

1216 M. Osborne-Grinter et al.
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Figure 3 Proportion of patients with events by coronary artery calcium groups including angiography, all revascularization, all late revasculariza-
tion, late MACE, fatal or non-fatal myocardial infarction, and all-cause mortality. CACS, coronary artery calcium score; CHD, coronary heart disease;
MACE, major adverse cardiovascular events; MI, myocardial infarction. P < 0.001 for all.
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..to be important in predicting the occurrence of subsequent out-
comes31–33 and important sex differences in patterns of calcification
have been established.34 Interestingly, heavily calcified plaques are
not always an indicator of poor prognosis. Rosendael et al.28

observed that patients with an increased volume of calcified plaque

with calcium score attenuation density above 1000 HU were at a
lower risk of future acute coronary syndrome events. This pheno-
type of heavily calcified but stable plaque may account for the fact
that 74% of the patients in our study who had the highest calcium
score category did not suffer MACE during 5 years of follow-up.
Positron emission tomography imaging with 18-F sodium fluoride has
recently demonstrated promise in differentiating patients with
advanced coronary atherosclerosis and high plaque burdens into
those with inactive and active disease, which has important prognos-
tic implications.35

This was a post-hoc study and there are some limitations. The
number of events is low and limits analysis of further additional sub-
groups. The number of events in some subgroups of calcification is
also small, which limits the conclusions that can be drawn from multi-
variable models and results in large confidence intervals. This reflects
the low-to-intermediate risk population in the SCOT-HEART trial
and the fact that treatment was optimized based on the CCTA
results. Indeed, given that clinicians were provided with the CT find-
ings, patients with more severe disease will have been treated more
aggressively. Consequently, the event rates in patients with high
CACS or plaque burden will have been attenuated by treatment
interventions and the relative differences between sub-groups of dis-
ease severity are likely to be conservative. Image quality has the

Figure 4 Cumulative incidence plot for late MACE (after the first
year) and calcium score groups. MACE, major adverse cardiovascu-
lar event.

Figure 5 Computed tomography coronary angiogram images from a 61-year-old man with a coronary artery calcium score of zero but a heavy
burden of atherosclerotic plaque, including a high low-attenuation plaque burden of 9%. (A) A 3D reconstruction of the left anterior descending cor-
onary artery with lumen in blue, non-calcified plaque in red, and low-attenuation plaque in orange. Curved planar reformation (B) and cross-sectional
images (C, D) of the left anterior descending coronary artery show a severe stenosis with non-calcified plaque (orange arrow, C) and an adjacent pla-
que with a heavy burden of low-attenuation plaque (blue arrow, D).

1218 M. Osborne-Grinter et al.
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..potential to impact both qualitative and quantitative CT plaque ana-
lysis. Moreover, in patients with a calcium score of zero, calcified pla-
que could be quantified on CCTA because of the technical
differences in scan acquisition (3-mm compared to 0.5-mm slice
thickness) and the underlying limitations of the Agatston score
method. The Agatston coronary artery calcium score only assesses
calcification above a size and density threshold, and does not include
low density, small, or micro-calcification. Furthermore, we have only
assessed Agatston coronary artery calcium score and not any of the
new methods emerging in this area.26 Finally, our findings reflect a
symptomatic population of patients presenting with stable chest pain.
Our findings may therefore not be applicable to asymptomatic popu-
lations of individuals.

In conclusion, this study has shown that adverse plaque character-
istics and low-attenuation plaque occur frequently in patients with a
zero or low coronary artery calcium score, and these high-risk plaque
features increase in frequency as calcium score increases. Patients
with zero or minimal calcium score have a good, but not perfect,
prognosis. Only a very high calcium score provided additive prognos-
tic information to the low-attenuation plaque burden. We therefore
contend that CCTA provides a more complete assessment of coron-
ary artery disease than the calcium score alone, and provides better
stratification of the risk of subsequent events in patients with stable
chest pain.

Supplementary data

Supplementary data are available at European Heart Journal - Cardiovascular
Imaging online.
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Table 3 Univariable and multivariable analysis for coronary artery calcification and quantitatively assessed low-at-
tenuation plaque burden and the endpoint of fatal or non-fatal myocardial infarction

Univariable analysis HR [95% CI] P value Multivariable analysis HR [95% CI] P value

Fatal or non-fatal MI CACS 1–9 2.92 [0.65–13.1] 0.160 CACS 1–9 1.85 [0.40–8.43] 0.428

CACS 10–99 3.27 [0.96–11.2] 0.059 CACS 10–99 1.24 [0.33–4.59] 0.752

CACS 100–399 3.69 [1.08–12.6] 0.037 CACS 100–399 1.29 [0.34–4.92] 0.709

CACS 400–999 7.67 [2.31–25.5] <0.001 CACS 400–999 2.63 [0.68–10.1] 0.161

CACS >1000 13.4 [4.31–41.5] <0.001 CACS >1000 4.55 [1.20–17.3] 0.026

LAP burden 1.74 [1.19–2.54] 0.004

Obstructive disease 1.03 [0.48–2.22] 0.943

Cardiovascular risk scorea 1.00 [0.98–1.03] 0.805

Late MACE CACS 1–9 2.99 [1.04–8.63] 0.042 CACS 1–9 1.93 [0.65–5.69] 0.235

CACS 10–99 3.24 [1.34–7.83] 0.008 CACS 10–99 1.28 [0.48–3.93] 0.620

CACS 100–399 4.16 [1.73–10.0] 0.002 CACS 100–399 1.30 [0.48–3.51] 0.612

CACS 400–999 10.8 [4.58–25.5] <0.001 CACS 400–999 2.70 [0.99–7.45] 0.052

CACS >1000 15.8 [6.93–36.2] <0.001 CACS >1000 3.37 [1.22–9.29] 0.019

LAP burden 1.44 [1.09–1.89] 0.009

Obstructive disease 2.09 [1.17–3.74] 0.013

Cardiovascular risk scorea 1.02 [1.00–1.04] 0.049

Calcium score groups were compared to those with zero coronary artery calcification. Low-attenuation plaque burden was log transformed for analysis (log2). Bold indicates
statistical significance.
aEstimated 10-year risk of cardiovascular disease calculated using the ASSIGN score.
CACS, coronary artery calcium score; CI, confidence interval; HR, hazard ratio; LAP, low-attenuation plaque; MACE, major adverse cardiovascular event; MI, myocardial
infarction.
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Table 4 Demographic and CT characteristics for patients with MACE occurring at less than 1 year or greater than
1 year

MACE �1 year MACE >1 year P

Early MACE Late MACE

n 83 74

Male (%) 65 (78) 51 (69) 0.248

Age (years) 59 ±7 60 ±8 0.533

BMI (kg/m2) 30 ±5 30 ±5 0.443

Atrial fibrillation 3 (3.6) 1 (1.4) 0.696

Prior history of CHD 19 (23) 17 (23) 1

Prior history of CVD 5 (6.0) 6 (8.2) 0.825

Prior history of PVD 1 (1.2) 4 (5.4) 0.298

Smoking habit Non-smoker 40 (48) 32 (43) 0.785

Ex-smoker 26 (31) 24 (32)

Current smoker 17 (21) 18 (24)

Chest pain diagnosis Non-anginal 11 (13) 19 (26) 0.14

Atypical angina 14 (17) 10 (14)

Typical angina 58 (70) 45 (61)

Hypertension 31 (38) 34 (47) 0.309

Diabetes mellitus 9 (11) 13 (18) 0.326

Family history of CHD 39 (47) 36 (49) 0.897

Estimated 10-year risk of cardiovascular disease 20 [15–31] 21 [14–30] 0.825

CACS 375 [115–921] 292 [60–1027] 0.358

CACS 0 0 8 (11) 0.02

1–9 3 (4) 6 (8)

10–99 16 (19) 13 (18)

100–399 25 (30) 13 (18)

400–999 20 (24) 15 (20)

>1000 19 (23) 19 (26)

CCTA Normal 0 6 (8) <0.001

Non- obstructive 11 (13) 27 (37)

Obstructive 72 (87) 41 (55)

Number of vessels with obstructive disease One-vessel disease 27 (33) 11 (15) <0.001

Two-vessel disease 22 (27) 16 (22)

Three-vessel disease 23 (28) 14 (19)

Adverse plaque 64 (77) 39 (53) 0.002

Positive remodelling 64 (77) 38 (51) 0.001

Low-attenuation 28 (34) 11 (15) 0.011

Napkin ring 16 (19) 6 (8) 0.075

Spotty calcification 32 (39) 16 (22) 0.034

Number of adverse plaques 0 19 (23) 35 (47) 0.008

1 17 (21) 15 (20)

2 23 (28) 11 (15)

3þ 24 (29) 13 (18)

Quantitative plaque assessment

Total plaque burden 50.71 [46.76–54.72] 48.98 [40.43–54.53] 0.103

Total calcified burden 2.99 [1.42–5.57] 3.40 [0.95–7.87] 0.983

Total non-calcified plaque burden 46.26 [40.22–51.00] 42.06 [35.61–48.67] 0.016

Total low-attenuation burden 7.03 [5.60–8.82] 6.33 [4.34–9.06] 0.091

Low-attenuation plaque burden >4% 75 (90) 57 (77) 0.039

Mean ±standard deviation; median [IQI]; number (%). Bold indicates statistical significance.
BMI, body mass index; CAS, coronary artery calcium score; CCTA, computed tomography coronary angiography; CHD, coronary heart disease; CVD, cerebrovascular disease;
PVD, peripheral vascular disease.
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