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Abstract

Enhanced sympathetic nervous system activity is associated with increased mortality in many cardiac conditions including
heart failure and coronary artery disease (CAD). To ensure adequate image quality of coronary CT angiography (CCTA),
pre-scan B-adrenergic blockers (BB) are routinely administered. It is currently unknown whether sensitivity to sympathicolytic
compounds is associated with severity of CAD. A total of 2633 consecutive patients (1733 [65.8%] men and 900 [34.2%]
women, mean age 56.7 + 11.5 years) undergoing CCTA for exclusion of significant CAD at our department between 06/2013
and 12/2016 were evaluated. Acute heart rate (HR) responses to BB administration were recorded in all patients. Coronary
plaque burden as indicated by segment severity score (SSS), segment involvement score (SIS), and significant CAD (i.e. >
50% luminal narrowing) was higher in weak responders to BB as compared to strong responders to BB (p=0.001 for SSS
and SIS, and p=0.021 for significant CAD). Accordingly, in a multiple linear regression model adjusted for known risk
factors of CAD such as smoking, hypertension, diabetes and dyslipidaemia, as well as age, sex, body mass index (BMI),
glomerular filtration rate, and HR during CCTA scan, a strong response to BB was selected as a significant independent
negative predictor of coronary plaque burden (beta coefficient—0.08, p=0.001). We demonstrate that individuals with a
weak acute response to BB administration encounter an increased risk of severe CAD. Taking into account sensitivity to
sympatho-inhibition may add complementary information in patients undergoing CCTA for evaluation of CAD.
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Introduction

Cardiovascular disease (CVD) is the major cause of morbid-
ity and mortality in the western world. According to WHO
data, 17.7 million patients died from CVD in 2015, thereby
accounting for 31% of all global deaths [1]. It is estimated
that by 2020 CAD will become the largest cause of disease
D4 Catherine Gebhard burden worldwide [2]. Hence, improved risk prediction tools
catherine.gebhard @usz.ch are urgently needed. Coronary CT angiography (CCTA) pro-
vides the opportunity to non-invasively evaluate coronar
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less in specialized centers [7]. However, in order to ensure
adequate image quality for diagnosis, prospectively ECG-
triggered CCTA is restricted to patients with low and regular
heart rate (HR) during the scan with target HRs ideally less
than 65 bpm and a variability of less than +5 bpm [4, 8]. To
ensure this, a medically induced sympathicolysis prior to the
exam using p-adrenergic blockers (BBs) is widely applied in
CCTA studies, as administration of these agents allow HR
reduction to below 65-70 bpm [9].

Sympathetic nervous system activation plays a key regu-
latory role in cardiovascular system functions as an increase
in cardioactive neurotransmitters provides the heart with
inotropic stimulation and adapts cardiac performance to
increased workload [10]. However, persistent efferent sym-
pathetic activity has been shown to increase mortality in
patients with heart failure [11]. Further, increased sympa-
thetic tone is associated with both, initiation and progression
of atherosclerotic disease by promoting vascular endothelial
dysfunction, platelet activation and platelet-derived growth
factor secretion [12]. In addition, enhanced sympathetic out-
flow favors the rupture of vulnerable plaques by enhancing
platelet activation, hypercoagulability and microvascular
constriction [13].

Thus, given (1) the association of sympathetic activity
and atherosclerotic disease and (2) the routine use of sym-
pathicolytic drugs during CCTA, the aim of this study was
to assess whether the magnitude of pre-scan BB induced
sympathicolysis correlates with severity of CAD in patients
undergoing clinically indicated CCTA.

Methods
Study population

Between June 2013 and December 2016, a total of 2633
consecutive patients (of whom 65.8% were men) with a
mean age of 56.7 +11.5 years and a mean body mass index
(BMI) of 27.1+11.7 kg/m? referred for CCTA at the Uni-
versity Hospital Zurich were retrospectively included in this
study. Repeated CCTA examinations and patients who did
not receive intravenous BB prior to CCTA were excluded.
Our study was conducted in compliance with ICH-GCP-
rules and the declaration of Helsinki and was evaluated and
approved by the local ethics committee (BASEC No. 2017-
1112). The need for written informed consent was waived
by the ethics committee due to the retrospective nature of
the study.

Heart rate control prior to CCTA

To achieve a low HR for the CCTA examination a calm and
quiet atmosphere was created before patient preparation.
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Patients were informed about the course of events during
the examination and baseline HR was recorded. Patients
were then asked to breathe in deeply and hold their breath
for 15 s (according to the maximum duration of scanning).
If HR was > 65 bpm during breath-hold at full inspiration
depth, intravenous metoprolol (Beloc®, AstraZeneca, Lon-
don, UK) was administered up to a maximum of 35 mg
(range 1-35 mg, mean 14.2+9.0 mg). The mean metopro-
lol dose per kg body weight was 0.18 +0.12 mg/kg (range
0.01-0.76 mg/kg). The breathing commands were repeated
until the target HR of < 65 bpm was reached. A single dose
of 2.5 mg of sublingual isosorbide dinitrate (Isoket, Schwarz
Pharma, Monheim, Germany) was administered 2 min prior
to the scan in all patients.

CCTA scanning technique and image evaluation

CCTA was performed on a 64-slice CT scanner (Discov-
ery HD 750, GE Healthcare, Waukesha, WI, USA) from
06/2013 to 11/2014 and on a 256-slice scanner (Revolu-
tion CT, GE Healthcare) from 12/2014 to 12/2016 as previ-
ously described in detail [14—16]. The following scanning
parameters were applied: standard Kernel, slice thickness
0.625 mm, and increment 0 mm. The images were analysed
by consensus of two experienced readers according to Soci-
ety of Cardiovascular Computed Tomography guidelines
[17]. Luminal diameter stenosis severity was scored as 0%
(normal), 1-49% (mild CAD), 50-69% (moderate CAD) and
>70% (severe CAD). CAD was defined as any narrowing
of the luminal diameter. Non-evaluable coronary segments
were excluded from the analysis. For the assessment of CAD
severity, coronary artery plaque scores were calculated using
a segment stenosis score (SSS) and a segment-involvement
score (SIS). SSS was used as a measure of coronary plaque
burden. Each individual segment was scored from 0 to 3
(normal to severe) luminal obstruction. Subsequently,
scores of all 15 individual segments were summed to a total
score ranging from O to 45. SIS was calculated based on
the presence of plaque within a segment, irrespective of the
degree of luminal stenosis within each segment and was
also summed to a total score ranging from 0 to 15 [18].
Patients routinely obtained a non-contrast CT exam at our
institution for coronary calcium scoring (CACS). The latter
was performed on a 64-slice CT scanner (LightSpeed VCT,
GE Healthcare) with the following scanning parameters:
64 % 2.5 mm collimation, rotation time of 0.35 s, tube volt-
age of 120 kV and a tube current of 200 mA. The semi-auto-
matic software SmartScore (GE Healthcare) was used for
quantification of CACS (Agatston units, AU). Segments with
prior coronary artery stent implantation or bypass-vessels
were not included in the CACS analysis and non-evaluable
coronary segments were excluded from the analysis.
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Statistical analysis

Data are presented as mean + standard deviation (SD) for
continuous variables and frequency and percentage for cat-
egorical variables. Prior to analyses, basic assumptions were
checked. Student’s #-test, Mann—Whitney test, analysis of
variance (ANOVA) or Kruskal-Wallis test were used for
group comparisons of continuous variables. For categorical
variables, Chi square tests were used. Summed SSS (range
0-45) and summed SIS (range 0-15) were each categorized
into three strata (SSS=0, SSS>0<4 as well as SSS >4 and
SIS=0, SIS >0 <4, and SIS > 4) before further analysis. For
presentation of patient’s baseline characteristics the study
cohort was stratified according to the median split-dichot-
omized variable ‘HR response to BB’ (median: 85.2 bpm/
mg/kg metoprolol). This variable was computed by dividing
the HR decrease (bpm) following metoprolol administration
(calculated as HR baseline—HR during scan) by the total
amount of injected metoprolol (in mg/kg body weight in
order to account for a potentially confounding effect of body
weight on metoprolol metabolism). Relationships between
BB-dependent HR changes and CCTA outcomes were evalu-
ated using Pearson and Spearman’s correlation coefficient,
as appropriate. A multivariate stepwise linear regression
model taking into account known risk factors of CAD, glo-
merular filtration rate (GFR), body mass index (BMI), HR
during scan, age and sex was applied to assess the associa-
tion of HR response (as continuous variable) with severity
of CAD and Agatston calcium score. Predictors of a weak
response to BB administration were assessed in a stepwise
logistic regression model. All tests were two-sided, and
p-values below 0.05 were considered significant. The data
were analysed by two senior researchers (MM and CG) and
were reviewed and validated by the Biostatistics Department
of the Epidemiology, Biostatistics and Prevention Institute at
the University of Zurich. Statistical analyses were performed
with IBM SPSS statistics v24.0 (IBM Corp., Armonk, N.Y.)
and GraphPad Prism (v4.0, GraphPad Software, San Diego,
CA).

Results
Patient characteristics

A total of 2633 subjects (1733 [65.8%] men and 900 [34.2%]
women) with a mean age of 56.7 + 11.5 years were analysed.
Of the entire population, 15.8% of patients were on BB
therapy at the time of their CCTA (Table 1). The median
HR decrease following BB was 85.2 bpm/mg/kg metopro-
lol (range — 401.5 to 833.0 bpm/mg/kg). For comparison of
baseline demographics, the study population was stratified in
strong and weak responders to BB administration according

to the median split-dichotomized variable. There was no dif-
ference in baseline characteristics between strong and weak
responders to BB administration, except that a weaker HR
response to BB injection was more often observed in women
as compared to men (p =0.04, Table 1; Fig. 1a) and that
weak responders were slightly older than strong respond-
ers (57.3+11.6 vs. 56.2+11.5 years, p=0.017, Table 1).
Patient characteristics stratified by response to BB prior to
CCTA are depicted in Table 1.

Association of B-sympathicolysis and severity
of CAD

On average, HR decreased by 171 bpm/mg/kg metoprolol
in strong responders and by 46 bpm/mg/kg metoprolol in
weak responders (Table 2). Patients with a weak response
to BB administration had a higher baseline HR as com-
pared to strong responders (73.7 +£10.3 vs. 72.4+9.5,
p=0.001, Table 2). Heart rate during scan was significantly
lower in strong responders as compared to weak respond-
ers (55.5+5.7 bpm vs. 62.2+7.9 bpm in weak respond-
ers, p=0.001, Table 2). Accordingly, the target heart rate
of <65 bpm was not reached in 270 patients (10.3%) of
whom 168 (12.8%) were weak responders and 102 (7.7%)
were strong responders. The radiation dose values in mSv
did not differ between strong and weak responders (p=0.18,
Table 2), while mean arterial pressure (MAP) was slightly
higher in strong responders (p =0.018, Table 2).

Coronary plaque burden as indicated by segment sever-
ity score (SSS), segment involvement score (SIS), and sig-
nificant CAD (i.e. >50% luminal narrowing) was higher
in weak responders as compared to strong responders
(»p=0.001 for SSS and SIS, Fig. 1b, ¢, p=0.021 for sig-
nificant CAD, Table 2). Similarly, CACS, as indicated by
Agatston score, was higher in weak as compared to strong
responders (p =0.013, Table 2; Fig. 1d). While baseline
HR did not differ between SSS or CACS strata (Fig. 2a, b,
p=0.3 and p=0.9, respectively), an increased plaque or
calcium burden was detected in patients with a higher HR
during scan (Fig. 2c, d).

HR response to BB is a significant predictor
of coronary plaque burden in CCTA

In a multiple stepwise linear regression model adjusted
for known risk factors of CAD including age, sex, BMI,
GFR, smoking, hypertension, diabetes, dyslipidemia, and
HR during scan, a strong HR response to BB (continuous
variable) was selected as a significant negative predictor of
SIS (beta coefficient — 0.08, p=0.001, Table 3). Similarly,
a strong HR response to BB administration was selected
as a significant negative predictor of SSS in a multiple
stepwise linear regression adjusted for the above variables
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Table 1 Baseline demographics

. Total (n=2633) Strong response to Weak response to p-value
of thF: study population BB (n=1318)* BB (n=1315)
stratified by strong and weak
responders to f-blocker (BB) Age (years) 56.7+11.5 562+11.5 573+11.6 0.017
fgfﬁ;ﬁ;ﬁ‘;’;jﬁgﬁ;ﬂfm o Malesex.n (%) 1733 (65.8%) 889 (67.5%) 844 (64.2%) 0.04
variable BMI kg/m? 27.1+11.7 26.8+10.2 27.4+13.1 0.07
GFR (ml/min) 107.1+36.5 108.3+37.5 105.7+35.0 0.05
Hypertension, n (%) 904 (34.3%) 452 (34.3%) 452 (34.4%) 0.95
Smoking, n (%) 632 (24%) 307 (23.3%) 325 (24.7%) 0.38
Diabetes, n (%) 190 (7.2%) 98 (7.4%) 92 (7.0%) 0.66
Dyslipidemia, n (%) 873 (33.2%) 427 (32.4%) 446 (33.9%) 0.40
Family history of CAD 591 (22.4%) 304 (23.1%) 286 (21.8%) 0.42
Previous ML n (%) 56 (2.1%) 27 (2.0%) 29 (2.2%) 0.78
Previous CABG, n (%) 45 (1.7%) 17 (1.3%) 28 (2.1%) 0.10
Previous PCI, n (%) 84 (3.2%) 38 (2.9%) 46 (3.5%) 0.37
Angina syrnptomsb 228 (8.7%) 106 (8.0%) 122 (9.3%) 0.26
Dyspnea® 235 (8.9%) 121 (9.2%) 114 (8.7%) 0.65
Medication
Platelet inhibitor 483 (18.4%) 239 (18.1%) 244 (18.6%) 0.77
Beta-blocker 417 (15.8%) 199 (15.1%) 218 (16.6%) 0.29
ACE inhibitor 636 (24.2%) 328 (24.9%) 308 (23.4%) 0.38
Lipid lowering agents 538 (20.4%) 262 (19.9%) 276 (21.0%) 0.47

Values are given as mean =+ standard deviation or as n (%)

ACE angiotensin-converting enzyme, BMI body mass index, CABG coronary artery bypass grafting, CAC
coronary artery calcium, CAD coronary artery disease, GFR glomerular filtration rate, MI myocardial
infarction, PCI percutaneous coronary intervention

“Defined as a heart rate decrease of more than 85.2 bpm/mg/kg metoprolol

PCCS class>2
°‘NYHA functional class >?2

(beta coefficient — 0.08, p=0.001, Table 3). In contrast, HR
response to BB administration was not selected as a signifi-
cant predictor of coronary calcium as indicated by Agatston
score (p=NS, data not shown).

A stronger HR response to BB administration was
observed in men as compared to women (p=0.011, Fig. 1a).
Hence, when the study population was stratified by sex, HR
response to BB was predictive of coronary plaque burden
(SSS) only in men (f coefficient —0.05, p=0.027, n=1733),
but not in women (f coefficient —0.003, p=0.921, n=900).
Accordingly, a significant interaction between sex and HR
response to BB was observed when an interaction term con-
sisting of sex and HR response to BB was entered in the
above models (p <0.05, data not shown), indicating that
the association between HR and coronary plaque burden is
sex-dependent.

Predictors of HR responses to BB
Amongst all independent variables (age, sex, body mass
index, baseline heart rate, cardiovascular risk factors includ-

ing smoking status, hypertension, diabetes, dyslipidemia,
and positive family history of coronary artery disease,
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known coronary artery disease including previous myocar-
dial infarction and/or revascularization, medication, and glo-
merular filtration rate) female sex (OR 1.29,95% CI 1.1-1.5,
p=0.003), age (OR 1.02,95% CI 1.01-1.03, p <0.001), and
baseline HR (OR 1.01, 95% CI 1.00-1.02, p=0.007) were
selected as significant predictors of a blunted response to
BB administration in a stepwise logistic regression model
(Table 4).

Discussion

In this retrospective analysis we assessed the acute HR
response to BB administration as a potential surrogate
marker of sympathetic tone in patients undergoing CCTA
and describe its association with the severity and extent
of CAD. We observed that both, a stronger sympatholy-
tic response to BB administration and a lower HR during
CCTA, were associated with reduced coronary plaque bur-
den. Accordingly, a strong HR response to BB administra-
tion was identified as a significant and negative predictor
of coronary plaque burden in a stepwise linear regression
model.
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Fig.1 Women reacted significantly stronger to metoprolol admin-
istration as compared to men (a). Higher coronary plaque burden as
indicated by segment severity score (SSS) stratified by tertiles was
observed in weak responders (b). Coronary plaque burden as indi-

The extent of cardiac sympathetic activation can be esti-
mated from physiological parameters, blood biomarkers,
and imaging findings. These parameters comprise heart to
mediastinum (H/M) ratio of iodine-123-labelled meta-iodo-
benzylguanidine ('*’I-mIBG) uptake, plasma norepinephrine
levels, and beat-to-beat HR variability, all of which have
been shown to add incremental prognostic value in differ-
ent cardiac conditions associated with chronically enhanced
sympathetic outflow [19, 20]. Increased neuronal release of
norepinephrine is usually accompanied by an increase in
norepinephrine concentration in the sympathetic synaptic
cleft, which, in turn, leads to desensitization of myocardial
B-adrenoceptors. B-blockers inhibit catecholamine inter-
actions with p-adrenoceptors, thus preventing G, protein
activation, formation of cAMP, and subsequent activation
of protein kinase A [21]. This protects the myocardium
from catecholamine toxicity leading to a reduction of their
proarrhythmic effect as well as to anti-ischemic effects via
increased coronary blood flow during diastole and reduced
myocardial oxygen demand [22]. Accordingly, the amount
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cated by segment involvement score (SIS), stratified by tertiles was
higher in patients with weak response to BB (c). Patients with weak
responses to metoprolol had a higher coronary calcium load (d). Data
are presented as mean + SEM

of administered BBs has been shown to be related to plasma
norepinephrine levels in patients with heart failure and a
relationship between HR achieved with BBs and hard out-
comes has previously been demonstrated [23-25]. Thus,
given the positive associations between coronary stenosis
severity and a blunted p-adrenoceptor antagonist-mediated
effect in our study, it is tempting to hypothesize that the
weak HR response to BB administration in patients with
increased plaque burden might be related to chronic sympa-
thetic hyperactivity in this population resulting in reduced
B-adrenoceptor density and, thus, less immediate sensi-
tivity to BB bolus injection. However, although the nega-
tive chronotropic response on HR is considered the gold
standard for assessing the degree of B-adrenergic—receptor
blockade [26], HR responsiveness to BB therapy is not a
variable routinely measured to assess sympathetic activity,
and no data exist directly relating a blunted HR responsive-
ness to BB administration to increased sympathetic activity.
Nevertheless, several previous studies support the concept
that altered f-adrenergic receptor sensitivity may mirror
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Table 2 Angiographic and

> Total (n=2633) Strong response to ~ Weak response to  p-value

hemodynamlg parame.ters of the BB (n=1318)* BB (n=1315)

study population stratified by

strong and weak requnder§ to HR decrease in bpm® 108.7+94.3 171.1+£94.3 46.0+32.6 <0.001

ﬁ—bloclfer (BB) admu.ustratlf)n HR variability during scan 5.8+6.6 5.8+6.2 6.0+6.9 0.7

according to the median split-

dichotomized variable HR baseline (bpm) 73.0+£9.9 724495 73.7+10.3 0.001
HR rate during scan (bpm) 58.8+7.6 55.5+5.7 622+7.9 0.001
HR rate during scan > 65 bpm 270 (10.3%) 102 (7.7) 168 (12.8) 0.01
MAP baseline (mmHg) 99.1+11.2 100.3+11.3 98.1+11.0 0.02
Effective dose (mSv) 1.8+1.1 1.8+1.1 1.8+1.0 0.18
SSS 1.9+3.7 1.7+3.4 22+4.0 0.001
SIS 1.3+2.1 1.1+2.0 1.4+22 0.001
Significant CAD® 595 (22.6%) 277 (21.3%) 318 (25.2%) 0.021
Agatston calcium score 184.1+454.3 159.8+413.2 208.3+491.0 0.013
High agatston score? 508 (23.2%) 229 (20.9%) 279 (25.6%) 0.010

Values are given as mean =+ standard deviation or as n (%)

CAD coronary artery disease, HR heart rate, MAP mean arterial blood pressure, SIS segment involvement

score, SSS segment severity score

“Defined as a heart rate decrease of more than 85.2 bpm/mg/kg metoprolol

PHR decrease in bpm per mg/kg metoprolol

°>50% luminal narrowing

d Agatston score > 75th percentile

baseline autonomic tone and may carry prognostic infor-
mation. Indeed, Charkoudian et al. have shown that chronic
elevations in muscle sympathetic nerve activity result in an
apparent downregulation of adrenergic receptor responsive-
ness [27]. Similarly, Bell et al. report a smaller reduction
in resting energy expenditure following adrenergic receptor
blockade with propranolol in individuals with high resting
sympathetic nervous system activity determined by plasma
norepinephrine levels [28] and enhanced release of norepi-
nephrine from cardiac adrenergic nerves has been demon-
strated to downregulate myocardial p-adrenoceptor density
[29]. Further, it is established that persistent sympathetic
firing is associated with an increased risk of mortality, sud-
den cardiac death, heart failure, and fatal myocardial infarc-
tion [30-32]. Accordingly, long-term BB therapy has been
a cornerstone of secondary prevention therapy for patients
with CAD, as large-scale clinical trials demonstrated their
treatment effects on mortality [33].

Consistent with our data, two studies have reported a
relation between autonomic dysfunction, as assessed by HR
variability, and coronary atherosclerosis [34, 35]. Indeed,
these two studies found a positive association between
increased sympathetic tone, as indicated by low heart rate
variability, and angiographic severity or rapid progression
of CAD [34, 35]. Thus, taken together with these previous
data, our findings indicate that the HR responsiveness to BB
administration—a simple and easily obtainable parameter—
might provide additional information in patients with sus-
pected CAD. Notably, while these former reports were based
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on angiographic assessment of CAD, we used CCTA based
severity scores in our study. CCTA enables direct visualiza-
tion of coronary stenosis severity, extent and distribution
and has been shown to have a prognostic value in a wide
variety of patient’s settings [36]. Accordingly, SSS and SIS
have been validated as a robust method to effectively stratify
patients risk with CAD [18].

Although an elevated resting HR has been suggested as
a simple and prognostic surrogate of sympathetic activity
[19, 25], and an association between HR and atherosclerotic
plaque burden has previously been reported [37], we did not
observe a relation between baseline HR and severity of CAD
in our study. The latter might be related to the fact that only
patients with an increased baseline HR > 65 who received
BBs prior to CCTA were included in our study. Notably,
while baseline HR was not associated with CAD severity, a
logistic regression analysis identified baseline HR, together
with female sex and increasing age, as significant predictors
of a blunted HR responsiveness to BB administration in our
study. Accordingly, resting HR was significantly higher in
weak responders to BB administration. Given the known
association between resting HR and sympathetic tone [19,
25], these data further support the concept that an increased
resting level of sympathetic nervous system activation might
account for the observed reduced sensitivity to acute BB
injection in patients with severe CAD. Similarly, cardiac
sympathetic activity as assessed by myocardial fluorine-18
(®F)-dihydroxyphenylalanine (DOPA) uptake has recently
been shown to be significantly enhanced in aged women,
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Fig.2 Baseline heart rate was not associated with coronary plaque
burden (a) or coronary calcium burden (b). A higher heart rate during
the scan was associated with increased plaque burden (c). A higher

indicating that sex and age might be important determinants
of autonomic nervous system activity [38]. Consistent with
this assumption, a weaker HR response to BB administration
was observed in women as compared to men in our study
and both, female sex and age, were selected as significant
predictors of a blunted HR response to BB. Finally, mul-
tiple regression analysis revealed a significant interaction
between sex and HR response to BB, indicating that the
association between BB sensitivity and coronary plaque bur-
den is sex-dependent.

As with any study, certain design limitations are inher-
ent. First, responses to BBs have been shown to vary among
different ethnic groups [39]. Thus, given that our study is
a retrospective analysis in mainly Caucasian patients, the
generalizability of our findings is limited. Second, our study
is observational and does not provide information on the
underling mechanism. Third, although a comprehensive
group of adjustment variables was employed, unmeasured
variables not incorporated into the regression analysis
may have affected the results. Notably, an increase in false
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cium burden (d). Data are presented as mean+ SEM

positive findings due to increased motion susceptibility at a
heart rate > 75 bpm has recently been reported in patients
undergoing native CT imaging for quantification of CACS
[40]. Thus, an effect of the increased HR during scan on
image quality in weak responders to BB injection in our
study cannot completely be ruled out. However, only 1.9%
of patients in our study cohort had a scanning HR exceeding
75 bpm. In addition, our regression models were adjusted
for HR during scan in order to account for a potentially con-
founding effect of an increased HR on image quality, and
coronary segments that were non-evaluable due to artefacts/
low image quality were excluded from our analysis. Fourth,
the injected amount of BB was titrated until a target HR
of <65 was reached in each patient. Thus, no pre-specified
treatment scheme was applied in our study and the amount
of administered BB was left to the discretion of the treating
physician. Nevertheless, in order to account for this potential
treatment bias, we calculated the individual HR response per
mg/kg of injected BB in our study. Finally, although patients
were asked to suspend their regular medications 24 h prior to
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Table 3 Stepwise linear regression models for coronary segment
involvement score (SIS) and segment severity score (SSS). Only vari-
ables staying in the final model are presented

Standardized p-value
coefficient

Independent variable

Stepwise linear regression model for seg-
ment involvement score (SIS, continuous
variable) in patients undergoing CCTA
for suspected coronary artery disease

(n=2633)

Age 0.29 <0.001

Male sex 0.18 <0.001

Hypertension 0.10 <0.001

Dyslipidemia 0.09 <0.001

Diabetes 0.08 <0.001

HR response to BB —-0.08 <0.001
Stepwise linear regression model for seg-

ment severity score (SSS, continuous

variable) in patients undergoing CCTA

for suspected coronary artery disease

(n=2633)

Age 0.26 <0.001

Male sex 0.16 <0.001

Hypertension 0.09 0.001

Diabetes 0.09 0.001

Dyslipidemia 0.08 0.001

HR response to BB —0.08 0.001

Smoking 0.04 0.03

Regression analysis was performed among age, sex, body mass
index (BMI), heart rate during scan (HR, continuous variable), HR
response to BB (p-blocker) administration (bpm/mg/kg, continuous
variable), cardiovascular risk factors including smoking status, hyper-
tension, diabetes, dyslipidemia, and positive family history of coro-
nary artery disease, and glomerular filtration rate (GFR). CCTA coro-
nary CT angiography

Table4 Stepwise logistic regression model for weak response to
B-blocker (BB) administration

Independent variable OR (95% CI) p-value
Female sex 1.29 (1.10-1.51) 0.003
Baseline HR 1.02 (1.01-1.03) <0.001
Age 1.01 (1.00-1.02) 0.007

Only variables staying in the final model are presented (n=2633)

Regression analysis was performed among age, sex, body mass index
(BMI), baseline heart rate (HR), cardiovascular risk factors including
smoking status, hypertension, diabetes, dyslipidemia, and positive
family history of coronary artery disease, known coronary artery dis-
ease including previous myocardial infarction and/or revasculariza-
tion, medication, and glomerular filtration rate

CI confidence interval, OR odds ratio

@ Springer

CCTA, we cannot exclude an effect of individual treatment
regimen, in particular of BBs, on our endpoints. However,
no difference was found in the HR response to BB injection
in patients on BB medication as compared to patients who
were not on BBs indicating that treatment with long-acting
BBs did not interfere with the acute HR increment following
BB injection prior to CCTA scan.

In conclusion, our retrospective analysis demonstrates
that individuals with a weak acute response to BB admin-
istration have an increased risk of CAD as compared to
individuals encountering a strong HR decrease following
BB injection. Our study is the first to show an association
between this routinely obtained parameter and CAD severity
and supports the hypothesis that cardiac autonomic dysfunc-
tion might be operative in patients with severe CAD. Our
data underline the value of understanding sympathetic nerv-
ous system activity in CAD and indicate that understanding
the nature of cardiac autonomic modulation may provide
pathophysiologic and therapeutic insights in cardiovascu-
lar disease management. Further larger-scale investigations
across different age- and risk-groups will have to delineate
the prognostic significance and underlying mechanisms of
our findings.
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