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Chapter 6

ABSTRACT

Background: Progression of coronary artery disease (CAD) using serial coronary computed
tomography angiography (CTA) is of clinical interest. Our primary aim was to prospectively
assess the impact of clinical characteristics and statin use on quantitatively assessed
coronary plaque progression in a low-risk study population during long-term follow-up.

Methods: Patients who previously underwent coronary CTA for suspected CAD were
prospectively included to undergo follow-up coronary CTA. The primary endpoint was
CAD progression, defined as the absolute annual increase in total, calcified and non-
calcified plaque volume by quantitative CTA analysis.

Results: In total, 202 patients underwent serial coronary CTA with a mean interscan
period of 6.2 + 1.4 years. On a per-plaque basis, increasing age (3 = 0.070; P = 0.058) and
hypertension (3 = 1.380; P = 0.075) were non-significantly associated with annual total
plaque progression. Male gender (3 = 1.676; P = 0.009), diabetes (3 = 1.725; P = 0.012)
and statin use (3 = 1.498; P = 0.046) showed an independent association with annual
progression of calcified plaque. While hypertension ( =2.259; P =0.015) was an
independent determinant of non-calcified plaque progression, statin use ( =-2.178;
P =0.050) was borderline significantly associated with a reduced progression of non-
calcified plaque.

Conclusions: Statin use was associated with an increased progression of calcified coronary
plaque and a reduced progression of non-calcified coronary plaque, potentially reflecting
calcification of the non-calcified plaque component. Whereas hypertension was the only
modifiable risk factor predictive of non-calcified plaque progression, diabetes mainly
led to an increase in calcified plaque. These findings could yield the need for intensified
preventive treatment of patients with diabetes and hypertension to slow and stabilize
CAD progression and improve clinical outcome.
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CLINICAL PERSPECTIVE

Progression of coronary artery disease (CAD) using serial coronary computed tomography
angiography (CTA) is of clinical interest. In the present study, we prospectively assessed
the impact of clinical characteristics and statin use on quantitatively assessed coronary
plaque progression in a low-risk study population during long-term follow-up. For this
purpose, patients who previously underwent coronary CTA for suspected CAD were
prospectively included to undergo follow-up coronary CTA. We demonstrated that
statin use was associated with an increased progression of calcified coronary plaque
and a reduced progression of non-calcified coronary plaque. Whereas hypertension was
the only modifiable risk factor predictive of non-calcified plaque progression, diabetes
mainly led to an increase in calcified plaque. The present findings significantly add to
our current knowledge on the long-term effects of clinical characteristics and statin use
on coronary plaque progression. It could be hypothesized that the increase in coronary
calcification represents a ‘healing’ mechanism of statins, whereby coronary plaques
become increasingly stabilized through calcification of the necrotic core. In addition, our
study findings could yield the need for intensified preventive treatment of patients with
diabetes and hypertension to slow and stabilize CAD progression and improve clinical
outcome.

INTRODUCTION

Coronary artery disease (CAD) is the leading cause of mortality and disability-adjusted
life-years lost worldwide." Multiple studies have evaluated the natural history of CAD
and its responsiveness to medical therapy using serial invasive coronary angiography or
intravascular ultrasound.?¢ Coronary computed tomography angiography (CTA) has rapidly
emerged as a tool to non-invasively evaluate coronary artery plaque with high diagnostic
certainty.”® Therefore, it has become of increased interest to study the progression of
CAD using serial coronary CTA. Although prior studies have evaluated coronary plaque
progression by serial coronary CTA, most studies were limited by a short follow-up
duration, retrospective design or qualitative approach.'”™ Moreover, little is known about
the impact of clinical characteristics on coronary plaque progression in relation to statin
use. Accordingly, our aim was to prospectively assess the impact of clinical characteristics
and statin use on quantitatively assessed coronary plaque progression in a low-risk study
population during long-term follow-up.
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METHODS

Study design

The Horizon 2020 funded SMARTool (Simulation Modeling of coronary ARTery disease: a
tool for clinical decision support) Project is a prospective, multicenter study in patients
who underwent serial coronary CTA.'® Caucasian patients were included by 7 centers from
5 European countries. The study protocol was approved by all local ethical committees, all
patients gave their written informed consent to participate in the study and the procedures
followed were in accordance with institutional guidelines. The authors declare that all
supporting data are available within the article and its online supplementary files.

Patients

Patients who previously underwent coronary CTA for suspected CAD, as part of the EVINCI
(FP7-222915) (n = 152) or ARTreat (FP7-224297) (n = 18) clinical studies, were prospectively
included to undergo follow-up coronary CTA. Additionally, patients who underwent
coronary CTA in the period 2009-2012 for clinical indications (n = 32) and were not
originally included in the EVINCI and ARTreat studies, were also prospectively included. A
full list of inclusion and exclusion criteria is provided in the Supplemental Materials. The
baseline characteristics of excluded patients without (visually assessed) atherosclerosis
development at follow-up are shown in Supplemental Table 1. In total, 275 patients were
enrolled in the SMARTool Project, 263 patients underwent follow-up coronary CTA and 202

Clinical study flow

SMARTool trial

369 Patients eligible to
~ 212 Received QCTA

(eligibility criteria) (690 plague sites)
94 Excluded -
74 Did not provide consent & 1
20 Poor quality of CCTA scan 1
= 10 Excluded
i i No statin information at baseline 1
B e 275 Enrolled in SMARTool trial
6 Atrial Fibrilation on day of scan
6 High creatinine (> 1,3 mg/dL) - ) 202Analysed QCT
. (558plaquesites) -
5 Excluded 263 Received CCTA scan 2 ‘
CAD stenosis assessment unfeasible at CT 1 e
Core Lab (LUMC) for technical reasons. * 1 e 18 32
< Artreat Trial . Clinical

Trial practice
258 Received CAD -
presence/severity

T _assessment

was CCTA scan normal at FU?

No (222)  Yes (36)
10 Excluded -

QCT Image analysis unfeasible ' )

212 Received QCTA

(eRpequesis) S Nomatsubiects. >

Figure 1: Flow diagram of patients included in SMARTool. In total, 275 patients were en-
rolled in the SMARTool Project and 263 patients underwent follow-up coronary CTA. Finally, 202
patients were included in the current analysis. CAD = coronary artery disease; CCTA = coronary
computed tomography angiography; QCT = quantitative CTA analysis.

94



Impact of Clinical Characteristics and Statins on Plague Progression

patients were included in the current study (Figure 1). For all patients, clinical and blood
data were collected prior to the baseline and follow-up coronary CTA.

Coronary CTA analysis

Coronary CTA was performed according to a predefined standard operating procedure
to ensure optimal image quality (see Supplemental Materials). All baseline and follow-up
coronary CTA images were analysed blinded to clinical data by a separate core laboratory
(Leiden University Medical Center). Coronary arteries were assessed according to the
modified 17-segment American Heart Association classification.” First, a visual, side-by-side
analysis of the baseline and follow-up coronary CTAs was performed to assess the presence,
location, severity and composition of coronary plaques. Subsequently, quantitative CTA
analysis was performed for all visually determined plaques, using a dedicated software
package (QAngio CT Research Edition version 3.1.2.0). Baseline and follow-up coronary
lesions were matched using fiduciary landmarks (e.g. side branches, distance from the
ostium) and analysed side-by-side. The complete workflow of quantitative CTA analysis has
been described in detail previously (see Supplemental Materials for a detailed description
of the quantitative CTA analysis).'®

Clinical characteristics and study endpoints

Cardiovascular risk factors, including age, gender, family history of CAD, smoking status,
diabetes, dyslipidemia, hypertension, obesity, medication use and lipid profiles were
prospectively collected prior to the baseline and follow-up coronary CTA (see Supplemental
Materials for the definitions of the clinical variables). Statin use was evaluated at baseline
and follow-up visits and patients were divided into 2 groups:

1. Statin users: if statins were used at baseline and/or follow-up (i.e. at baseline and

follow-up, only at baseline, only at follow-up).
2. Non-statin users: if statins were not used at baseline nor at follow-up.

The primary endpoint of this study was CAD progression, defined as the absolute increase
in plague volume by quantitative CTA analysis on a per-plaque as well as on a per-patient
basis. Per-patient plague volume was calculated by summation of the plaques volumes of
individual coronary plaques. Total, calcified and non-calcified plague volume progression
were assessed on a per-plaque and per-patient basis and were adjusted for the time interval
between the baseline and follow-up coronary CTA (i.e. the interscan period). Accordingly,
the annual plaque volume difference was calculated as follows: (plaque volume at follow-
up - plaque volume at baseline) / (interscan period). For the per-plaque analysis, coronary
arteries with a stent or bypass graft were automatically excluded pairwise to obtain a
similar number of evaluated coronary arteries at baseline and follow-up. For the per-patient
analysis, the influence of missing segments (due to interscan stenting, coronary bypass
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surgery or failure in image reconstruction) on the plaque progression rate was evaluated
and ruled out. This was performed by comparing the median annual plaque progression
rate between patients with and without all coronary vessels analysed. The annual plaque
progression rate was calculated as follows: (@annual plaque volume difference / plaque
volume at baseline) * 100%.

Statistical analysis

Distribution of continuous variables was determined using histograms and Q-Q plots. For
normal distributions, continuous variables are presented as mean * standard deviation
and for non-normally distributed variables as median and 25% to 75% interquartile range
(IQR), and depending on the distributions they were compared with the independent
Student’s t-test and Mann-Whitney U test, respectively. Categorical variables are presented
as number and percentages, and were compared with the chi-square test, or Fisher’s exact
test if 5 or less observations were included in a subclass. Plaque characteristics were
compared at baseline and follow-up using the Wilcoxon signed rank test. A univariable
linear regression analysis was performed to determine the association between clinical
variables, statin use and annual increase in plaque volume (total, calcified and non-
calcified). Multivariable analysis was performed to adjust for clinical variables, baseline
plague volume and low-density lipoprotein (LDL) cholesterol response to statin therapy.
For the per-plaque analysis, a linear mixed model was used to account for potential intra-
patient correlation of coronary plaques. All statistical analyses were performed with the
SPSS software package (IBM Corp Released 2017; IBM SPSS Statistics for Windows, Version
25.0; Armonk, New York: IBM Corp). Statistical tests were considered significant if the two-
sided P-value was <0.05.

RESULTS

Patients

In total, 202 Caucasian patients (80% statin users) who underwent serial coronary CTA
were included in the study with a mean interscan period of 6.2 + 1.4 years. The patient
characteristics are displayed in Table 1. In addition, the change in lipid profile between
baseline and follow-up coronary CTA according to statin use is shown in Table 2. In total,
40 (20%) patients at baseline and 63 (31%) patients at follow-up were at therapeutic goals
(i.e. had LDL cholesterol levels <70 mg/dl).
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Table 1: Patient characteristics.

Statin use P-value
Total(n=202) Yes(n=161) No (n=41)

Age (years) 61+9 61+9 62+8 0.80
Male 140 (69%) 114 (71%) 26 (63%) 0.36
Family history of CAD 94 (49%) 77 (50%) 17 (45%) 0.56
Current smoker 33 (17%) 29 (19%) 4 (11%) 0.34
Diabetes 41 (21%) 36 (23%) 5(13%) 0.19
Dyslipidemia 134 (70%) 119 (77%) 15 (40%) <0.001
Hypertension 131 (68%) 106 (69%) 25 (66%) 0.72
Obesity 38 (20%) 32 (21%) 6 (16%) 0.49
Symptoms

Typical 47 (26%) 37 (26%) 10 (26%) 0.92

Atypical 95 (52%) 76 (52%) 19 (50%) 0.79

Non-anginal 1(1%) 1(1%) 0 (0%) 1.00

Other 23 (13%) 18 (12%) 5(13%) 1.00

No symptoms 17 (9%) 13 (9%) 4 (10%) 0.76
Medication

Beta-blockers 86 (45%) 75 (49%) 11 (29%) 0.028

ACE-inhibitors/ARBs 95 (50%) 75 (49%) 20 (53%) 0.66

Diuretics 31 (16%) 26 (17%) 5(13%) 0.81

Aspirin 133 (69%) 110 (71%) 23 (61%) 0.19

Values are presented as mean + SD or n (%).
ACE = angiotensin-converting enzyme; ARB = angiotensin-Il-receptor blocker; CAD = coronary artery

disease.
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Table 2: Change in lipid profile between baseline and follow-up coronary CTA according
to statin use.

Statin use * P-value

At baseline Only at Only at No (n=41)
Total and follow- baseline  follow-up
(n=202) up(n=91) (n=18) (n=52)

Lipid profile prior to baseline coronary CTA
Total cholesterol (mg/dl) 186 + 48 168 + 44 172+ 46 202+ 44 211+48 <0.001

LDL (mg/dl) 110+ 41 94 + 37 101 =41 124 +37 131+40 <0.001
HDL (mg/dl) 51+15 50x16 5317 49+13 56+ 14 0.12
Triglycerides (mg/dl) 122+63 120+ 60 90 + 47 143+73 111 +52 0.015

Lipid profile prior to follow-up coronary CTA
Total cholesterol (mg/dl) 176 £43 167 39 223 +58 161 +30 195+38  <0.001

LDL (mg/dl) 94 + 40 84 + 36 137 £ 51 8224 114+ 38 <0.001
HDL (mg/dl) 55+15 54+15 58+18 53+13 56+ 15 0.59
Triglycerides (mg/dl) 147 £ 95 161111 165+138 125+56 134 + 66 0.10
Change in lipid profile between baseline and follow-up coronary CTA
Total cholesterol (mg/dl) -9 +52 0+44 51+67 -41+43 -15+42 <0.001
LDL (mg/dl) -16 £ 46 -11+40 35+58 -42 + 40 -18+ 36 <0.001
HDL (mg/dl) 3+£12 4+10 6+16 4+10 0t14 0.14
Triglycerides (mg/dl) 24+94 42 +99 89+144  -24+74 23+53 <0.001

Values are presented as mean + SD.

CTA = computed tomography angiography; HDL = high-density lipoprotein; LDL = low-density
lipoprotein.

* Statin use at baseline and follow-up: statins were already used at the baseline coronary CTA and
were continued during the interscan period.

Statin use only at baseline: statins were used at the baseline coronary CTA, but were discontinued
during the interscan period.

Statin use only at follow-up: statins were not used at the baseline coronary CTA, but were initiated
during the interscan period.

No statin use: statins were not used at the baseline coronary CTA or during the interscan period.

CAD progression for total group

The median annual plaque progression rate between patients with and without all coronary
vessels analysed was not significantly different for total, calcified and non-calcified plaque
(P=0.16, P=0.84 and P =0.73, respectively) (Supplemental Figure 1). Per-patient total
plaque volume change between the baseline and follow-up coronary CTA was 74.8 + 100.8
mm? and the annual change in total plaque volume was 12.2 + 15.8 mm? (Figure 2). The
annual change in calcified and non-calcified plaque volume was 7.9 + 11.8 mm? and 2.1
+15.7 mm’, respectively. A detailed overview of the changes in plaque characteristics for
the 558 detected plaques is provided in Table 3. There was a significant increase in mean
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plaque burden, maximal plaque thickness, diameter stenosis, area stenosis and lesion
length (all P <0.001), while minimal lumen diameter and minimal lumen area significantly
decreased from baseline to follow-up (both P <0.001). The association between baseline
plaque volume and plaque progression according to plaque composition is shown in
Supplemental Figure 2.

Total Calcified Non-calcified

Mean 12.2 + 15.8 mm® Mean 7.9 +11.8 mm® Mean 2.1 15.7 mm?
Median 6.1 (IQR 1.6-19.8) Median 4.3 (IQR 0.5-12.0) Median 0.7 (IQR -4.0-8.5)
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Figure 2: Per-patient annual changes in total, calcified and non-calcified plaque volume.
On a per-patient basis, the mean annual change in total, calcified and non-calcified plaque
volume was 12.2 + 15.8 mm?>, 7.9 + 11.8 mm® and 2.1 + 15.7 mm’, respectively. IQR = interquar-
tile range.

CAD progression according to statin use

The per-patient total plaque volume at baseline was significantly higher in statin users
compared to non-statin users (549 (IQR 232-1027) mm?® vs. 298 (IQR 124-769) mm>; P = 0.013).
Also, statin users showed a higher calcified and non-calcified plaque volume at baseline
compared to non-statin users (33 (IQR 10-77) mm?® vs. 21 (IQR 6-38) mm? P = 0.051 and
479 (IQR 212-896) mm® vs. 284 (IQR 108-702) mm?, P = 0.019, respectively). The per-patient
annual increase in total plaque volume was not significantly different between statin
and non-statin users (12.8 = 16.2 mm?® vs. 10.1 + 13.9 mm?; P = 0.33). Although the annual
progression of non-calcified plaque was significantly reduced in statin users compared
to non-statin users (1.0 £ 16.0 mm? vs. 6.4 + 13.9 mm?> P = 0.049), statin users showed
a significant increase in calcified plaque progression (9.0 = 12.2 mm?® vs. 3.3 + 8.6 mm?>
P =0.001). A detailed overview of the per-plaque changes according to the use of statins
is displayed in Table 3. In Figure 3, an example of quantitative CTA analysis is provided
for a statin-taking patient. Although initially no coronary calcification was present at
quantitative CTA analysis, extensive calcification had occurred after 8 years of follow-up.
The annual change in calcified and non-calcified plague volume according to the intensity
of statin therapy at follow-up is shown in Supplemental Figure 3. Moreover, the change
in % diameter stenosis between patients with and without statin use at baseline and/or
follow-up is shown in Supplemental Figure 4.
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Figure 3: Example of quantitative CTA analysis for a statin-taking patient. Representative
case showing the impact of statin use on CAD progression. Although initially no coronary cal-
cification was present at quantitative CTA analysis, extensive calcification had occurred after
8 years of follow-up. Red indicates necrotic core tissue, light green indicates fibro-fatty tissue,
dark green indicates fibrous tissue and white indicates dense calcium tissue. CAD = coronary
artery disease; CTA = computed tomography angiography.

Impact of clinical characteristics and statin use on CAD progression

On a per-plaque basis, increasing age ( = 0.070; P = 0.058) and hypertension (3 = 1.380;
P = 0.075) were associated with annual total plaque progression, although no significant
associations were found (Table 4). In addition, male gender (B = 1.676; P = 0.009), diabetes
(B=1.725; P=0.012) and statin use (B =1.498; P =0.046) showed an independent
association with annual progression of calcified plaque. While hypertension (8 = 2.259;
P = 0.015) was an independent determinant of non-calcified plaque progression, statin use
(3 =-2.178; P = 0.050) was borderline significantly associated with a reduced progression
of non-calcified plaque. On a per-patient basis, similar results were found (Supplemental
Table 2). Interestingly, patients who experienced a cardiac event (n = 12) during the
interscan period showed a trend toward a more rapid progression of non-calcified plaque
compared to patients without a cardiac event (n = 190) (P = 0.35) (Supplemental Figure 5).

101




Chapter 6

"1919Wesed awo21n0 3y} uo Bulpuadap sisAjeue ay1 104 pasn sem swnjoA anbejd payidjed-uou Jo payd|ed ‘[e1o] .
‘|o1a1s9|0y> uidroidodi| Aysuap-mo| = H-1g7 ‘@seasip A1ayie A1euosod = qyd

1000 ¥00°0-
S¥'0 £00°0-
0500 8/1°C-
LS0 0¢/0-
SL00 65C'C
90 o
860 €00~
9¢€'0 900°L
9L'0 [4: ]
€80 L6170
L1'0 0200

1000 ¥00°0-
680 1000~
L¢0'0 cor'e-
€0 €9€0-
9¢0'0 ¢00C
680 9zlL'0
00 08€°0-
950 90
LZ0 S0l
o £2L°0-
620 S¥0°0

1000> 6€0°0
V0 5000~
900 861'L
00 ¥8C°0
7’0 €810~
660 £00°0
cLoo sl
(0 40] 9790~
90 91’0~
6000 9/9'L
9’0 €00

L00°0> 00
L£0°0 1100~
7100 18271
€0 €450
990 88C°0-
660 ¥00°0
€000 96'L
LEO £89°0-
$80°0 1660~
6000 ol
9¢0'0 2900

100°0> 0L00
0S°0 5000~
L6'0 L¥0°0-
LL0 89C°0-
S/00 08€’L
99'0 L9€°0-
SLo 86L°L
670 1860
¥80 (A4N0}
L1°0 680°L
8500 0400

1000> 0L00
¢s00  0SLO0-
160 S0L'0
850 L6¥°0
7600 6LEL
660 cLo0-
9€0'0 /Ll
L ZAY) 91€0
[4V] 09%°0-
Lo LccL
SC00 800

« ((WW) dulaseq 1e swnjoA anbe|d

(Ip/6w) D-1@7 ut dBueyd aanjosqy
dn-mo||04 10/pue SuI|3Seq 18 3N ullels

Ausaqo
uolsua1IadAH
ejwapidisAg
s919qelq

J9)ows Jua.nd)

avo jo Aoasiy Ajiweq
ETE

(s1eak) oby

anjeA-d ajewnsy

anjen-d ajewnsy

anjeA-d 3jewnsy

anjeA-d ajewnsy

anjen-d ajewnsy

anjeA-d 3jewnsy

ajqeneARInY

a|qelieAlun

a|qeneARIN

a|qelieAlun

a|qeneAniy

a|qelieAlun

payijes-uoN

paypIed

|ejoL

sa|qelieA [ed1uld

*(sisjeue anbejd

-19d) awnjon anbejd payidje>-uou pue payidjed ‘|e30} ul 3SLI4dUl [ENUUR pue 3Sh UllR)S ‘SI|geIIBA [BIIUl]> UBdMID] UOIIRIDOSSY f d|qeL

102



Impact of Clinical Characteristics and Statins on Plaque Progression

DISCUSSION

The impact of clinical characteristics and statin use on coronary plaque progression was
investigated using serial coronary CTA. Statin use was significantly associated with a
more rapid progression of calcified plaque, whereas non-calcified plaque progression
was reduced. While hypertension was the only clinical variable predictive of non-calcified
plague progression, diabetes and male gender were independent determinants of calcified
plagque progression.

Impact of statin use on CAD progression

Statin use has frequently been shown to reduce the rate of major adverse cardiac events
and to improve overall survival in patients with CAD.” The current study is the first to
provide an insight on the long-term impact of statin use on coronary plaque progression in
a low-risk patient population. To our knowledge, our study represents the longest interscan
period to date for a serial coronary CTA study. In our study, statin use was associated with a
slowed progression of non-calcified coronary plaque, whereas the progression of calcified
coronary plaque was increased with the use of statins. Overall, this resulted in a similar
overall progression of coronary plaque in statin and non-statin users.

Multiple other studies have addressed the impact of statin use on CAD progression.
The PARADIGM (Progression of AtheRosclerotic PIAque Determlned by Computed
TomoGraphic Angiography Imaging) registry is the largest study currently performed
in patients who underwent serial coronary CTA."” In this study, the effect of statins on
individual coronary atherosclerotic plaques was assessed during a mean interscan period
of 3.8 years. In agreement with our results, the progression of non-calcified plaque was
significantly reduced in statin users, whereas statin users demonstrated a more rapid
progression of calcified plaque (both P <0.001). Interestingly, statin use was also associated
with a slower rate of overall plague progression (P = 0.002). These conflicting results with
regard to the effect of statins on overall plaque progression could be explained by many
factors, including the enrollment of a patient population with a different background and
follow-up duration. Possibly, the calcifying effect of statins on coronary plaques becomes
more significant over time (i.e. comparable to the reduction in non-calcified plaque),
thereby resulting in no net effect of statin use on overall plaque progression during long-
term follow-up. Also after adjusting for risk factors in multivariable analysis, statin use did
not impact overall plaque progression.

The pro-calcific effect of statins has also been demonstrated in other studies that used

either serial non-invasive or invasive imaging modalities to assess coronary plaque
progression. However, most serial imaging studies were hampered by a short follow-up
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duration or retrospective design.’®™ Most importantly, our study differs from previous
studies in that the majority of statin-taking patients showed a negligible extent of calcified
plaque at the baseline coronary CTA.

It could be hypothesized that the increase in coronary calcification represents a ‘healing’
mechanism of statins, whereby coronary plaques become increasingly stabilized through
calcification of the necrotic core.?® Although conceptually attractive, it remains to be
determined whether this increased calcification is the underlying cause for the improved
clinical outcome in statin-taking patients with confirmed CAD.

Clinical predictors of CAD progression

Increasing age, male gender, hypertension and diabetes were found to be non-significantly
associated with overall CAD progression. Whereas diabetes mainly led to coronary plaque
progression by an increase in calcified plaque, hypertension induced progression of non-
calcified plaque.

Our findings are in line with previous research on coronary plaque progression and
morphology in patients with hypertension or diabetes. Bayturan et al. evaluated
951 patients with very low LDL cholesterol levels (<70 mg/dl) who underwent serial
intravascular ultrasound to assess CAD progression.?’ The authors found that despite
achieving very low LDL cholesterol levels, the presence of diabetes (P =0.02) and an
increase in systolic blood pressure (P = 0.001) were independently associated with CAD
progression. The relationship between hypertension and incident CAD was further
investigated in the CONFIRM registry (Coronary CT Angiography Evaluation for Clinical
Outcomes: An International Multicenter Registry), a large multicenter registry including
patients without known CAD who underwent a single coronary CTA.?? In that study, it
was found that non-calcified plaques, as well as calcified plaques, were significantly
more prevalent in patients with hypertension compared to a matched cohort of patients
without hypertension. More recently, the impact of diabetes and glycemic status on CAD
progression was investigated in two substudies of the PARADIGM registry.?* > In these
studies, it was demonstrated that patients with diabetes experience greater overall CAD
progression compared to patients without diabetes. Although diabetes was significantly
associated with progression of all 4 coronary plaque subtypes (i.e. fibrous, fibro-fatty,
necrotic core and dense calcium), the strongest association was found for progression
of dense calcium plaque. Finally, diabetes was shown to be associated with an increased
prevalence of total and calcified coronary plaque in multiple studies that included patients
who underwent a single coronary CTA or coronary calcium score.?>2
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Our study findings could yield the need for intensified preventive treatment of patients
with diabetes and hypertension to slow and stabilize CAD progression and improve clinical
outcome. Previous studies have demonstrated that good glycemic and blood pressure
control could lead to lower CAD progression.?*' Moreover, the progression of different
plagque types (i.e. calcified vs. non-calcified) in patients with diabetes and hypertension
may suggest the presence of distinct pathophysiological mechanisms of coronary plaque
progression.

LIMITATIONS

The present study has several limitations. First, the number of patients included was
relatively low. This could be an important reason for the lack of statistical significance in the
relationship between clinical variables and overall plaque progression after adjustment for
potential confounders. Second, coronary CTA scanners from different vendors were used
to assess CAD progression which could affect plaque volume measurements. However, all
coronary CTAs at follow-up were performed according to a predefined standard operating
procedure to reduce the difference in Hounsfield units (HU) between coronary CTAs from
different vendors. Third, statin use at baseline and follow-up visits was used to define statin
users, but no information was available on possible changes in treatment and dosages in
the interscan period. Therefore, the effect of statin use on overall CAD progression could
be underestimated if statin-taking patients at follow-up did not use statins during the
entire interscan period. Fourth, quantitative CTA analysis was only performed for visually
determined plaques at the baseline and follow-up coronary CTA. Therefore, patients
without coronary plaques at the follow-up coronary CTA were excluded from the current
study. Fifth, information on non-statin therapy and dietary pattern was not available and
therefore its effect on coronary plaque progression could not be assessed. Sixth, high-risk
plaque features (e.g. napkin-ring sign and spotty calcification) were not analysed in the
current study and are therefore not available.

CONCLUSION

The current study demonstrated that statin use was associated with an increased
progression of calcified coronary plaque and a reduced progression of non-calcified
coronary plaque. Whereas hypertension was the only modifiable risk factor predictive of
non-calcified plaque progression, diabetes mainly led to an increase in calcified plaque.
Additional studies are required to study the effect of statin use and intensive control of
cardiovascular risk factors on coronary plaque progression and its relationship to clinical
outcome.
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SUPPLEMENTAL MATERIAL

Supplemental Methods

I. Full list of eligibility, inclusion, exclusion and exit criteria of SMARTool Clinical
Study

Eligibility criteria:

A. Clinical history and lifestyle data records available at one-time point.

B. At least one previous CCTA examination performed for suspected CHD and of good
quality to allow for: a) Non-invasive FFR-CT assessment b) Quantitative (automated) 17
segments (AHA) analysis and measurement with <10% error of MLA (mm?), lumen area
stenosis (%), mean plaque burden (mm?3), plaque burden at MLA (%), and remodeling
index, c) Plaque phenotype assessment: HU based classification in calcified, non-
calcified (LAP) and mixed plaques, napkin-ring sign, CAC score.

C. Previous blood and plasma sample available for retrospective analysis.

Inclusion criteria:

—_

) Male and female subjects.

) Aged 45-82 years.

) Caucasian population.

) Submitted to CCTA for suspected CHD between 2009 and 2012 (in the context of EVINCI
and ARTreat FPVII studies) at the hospitals reported in “SMARTool Clinical Center”
document and satisfying the elegibility criteria reported above.

A W N

5) Submitted to clinical follow-up in the last 6 months with stable clinical conditions and
documented CHD or persistent intermediate/high probability of CHD.
6) Signed informed consents (clinical and genetic).

Exclusion criteria:

1) Severe multivessel disease (3 vessel and/or LM disease with >90% stenosis).

2) Severe coronary calcification (CAC score > 600).

3) Having undergone surgical procedures related to heart diseases (valve replacement,
CRT treatment, any surgery of the heart or arteries).

4) Documented MACE at history (myocardial infarction, severe heart failure, recurrent

angina) in the last 6 months with/without revascularization.

) Documented severe peripheral vascular disease (carotid, femoral).

6) Surgery of carotid and/or peripheral arteries or cerebral ischemic attack.

) History/surgery of Abdominal Aortic Aneurysm (AAA).

8) Severe heart failure (NYHA Class llI-1V).

9) LV dysfunction (left ventricular EF <40%).
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10) Atrial fibrillation.

11) Lack of written informed consent (clinical consent and/or genetic consent).

12) Pregnancy (evaluated by urine test) and breastfeeding.

13) Active cancer.

14) Asthma.

15) Cardiomyopathy or congenital heart disease.

16) Significant valvular disease (hemodynamically significant valvular stenosis or
insufficiency by echo Doppler).

17) Renal dysfunction (creatinine > 1.3 mg/dL).

18) Chronic Kidney Disease (eGFR < 30 ml/min/1.73 m?).

19) Hepatic failure (at least 3 of the following: albumin < 3.5 g/dL; prolonged prothrombin
time (PT); jaundice; ascites).

20) Waldenstrém disease.

21) Multiple myeloma.

22) Autoimmune/Acute inflammatory disease.

23) Previous severe adverse reaction to iodine contrast agent.

24) Positivity at blood tests for HIV, Hepatitis B and C (CRF number 1-clinical evaluation).

Exit Criteria:

A) Informed consent retired by the patient (genetic or clinical).
B) Adverse events to contrast medium during CCTA.

Il. Standard operating procedure (SOP) for coronary CTA in SMARTool
v' The CT image quality in the majority of cases should be preferably 2.

Quality 4 Quality 2

v" Absence of motion or other artifacts in the acquired image; heart rate less than 65
beats/min and optimally less than 60 beats/min.

v' Please administer nitroglycerin prior to the CTA acquisition.

v' Optimized reconstruction of the most suitable cardiac cycle (i.e. diastole at 70-80% of
the R-R interval).
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v Please send multiple cardiac phases so we may choose different phases for different
coronary segments if needed.

v" kV, mA and contrast protocol should be preferably the same for the first and second
scan. However, changes in patient body composition and local acquisition protocols
should guide decision making.

v" The reconstructed field of view should be reduced to maximize number of pixels
devoted to depiction of the heart, usually field of view of 200-250 mm for coronary
CTA studies of native coronary arteries.

Ill. Complete workflow of quantitative CTA analysis

A 3-dimensional coronary tree was extracted from the coronary CTA data set and
straightened multiplanar reconstructions were created of each coronary artery.
Subsequently, the lumen and vessel wall contours were automatically detected and these
were manually adjusted if needed. Each atherosclerotic lesion was detected based on the
lumen and vessel wall contours and the corresponding references lines, which indicate the
normal tapering of the coronary artery. For each coronary lesion, stenosis parameters were
calculated at the level of the minimal lumen area. In addition, total plaque volume and
plague volume according to the plague composition were determined using predefined
intensity cut-off values in Hounsfield units (HU): -30 to 75 HU for necrotic core plaque, 75
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to 130 HU for fibro-fatty plaque, 130 to 350 HU for fibrous plaque and >350 HU for dense
calcium plaque. Non-calcified plaque was defined as necrotic core, fibro-fatty and fibrous
plaque combined (-30 to 350 HU).

IV. Definitions of clinical variables

Diabetes was defined as physician-diagnosed diabetes or current treatment with
antidiabetic medication. Dyslipidemia was defined as physician-diagnosed dyslipidemia or
current treatment with lipid-lowering medication. Hypertension was defined as physician-
diagnosed hypertension or current treatment with antihypertensive medication. Obesity
was defined as a body mass index greater or equal to 30. Patients were considered as
current smoker if currently smoking or quit within the last 3 months. Family history of CAD
was based on patient self-report. In addition, lipid profiles, including total cholesterol,
low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol and
triglycerides, were obtained at baseline and follow-up.
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SUPPLEMENTAL TABLES

Supplemental Table 1: Baseline characteristics of excluded patients without (visually
assessed) atherosclerosis development at follow-up.

Without atherosclerosis at FU With atherosclerosis at FU
(n=36) (n=202)

Age (years) 56 +8 61+9

Male 8(22%) 140 (69%)

Family history of CAD 19 (56%) 94 (49%)

Current smoker 4(12%) 33 (17%)

Diabetes 4 (12%) 41 (21%)

Dyslipidemia 22 (65%) 134 (70%)

Hypertension 16 (47%) 131 (68%)

Obesity 6 (18%) 38 (20%)

Values are presented as mean + SD or n (%).
CAD = coronary artery disease; FU = follow-up.
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SUPPLEMENTAL FIGURES
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Supplemental Figure 1: Median annual plaque progression rate in patients with and
without all coronary vessels analysed by quantitative CTA analysis. The median annual
plaque progression rate between patients with and without all coronary vessels analysed was
not significantly different for total, calcified and non-calcified plaque. CTA = computed to-
mography angiography.
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Supplemental Figure 2: Association between baseline plaque volume and plaque pro-
gression according to plaque composition. A higher calcified plaque volume at baseline
was associated with progression of both calcified and non-calcified plaque. However, a higher
non-calcified plaque volume at baseline was only associated with progression of calcified
plaque progression.
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Supplemental Figure 3: Annual change in calcified and non-calcified plaque volume
according to the intensity of statin therapy at follow-up. The intensity of statin therapy
was classified according to the ACC 2018 Guideline on the Management of Blood Cholesterol
based on dosage and type.
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Supplemental Figure 4: Change in % diameter stenosis between patients with and with-
out statin use at baseline and/or follow-up. The increase in % diameter stenosis was compa-
rable between patients with and without statin use at baseline and/or follow-up.
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Supplemental Figure 5: Annual change in calcified and non-calcified plaque volume
according to the occurrence of a cardiac event (defined as acute myocardial infarction
or unstable angina). Patients who experienced a cardiac event (n = 12) during the interscan
period showed a trend toward a more rapid progression of non-calcified plaque compared to
patients without a cardiac event (n = 190) (P = 0.35).
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