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ABSTRACT

Introduction Incomplete cardiac revascularisation (ICR)
assessed by residual SYNTAX score (rSs) is associated
with increased 5-year mortality. Furthermore, in the
general population, our group has demonstrated that
impaired autonomic function determined by heart rate
recovery time between 10 and 20 s (HRR10–20) following
an active stand is associated with increased all-cause
mortality.
Purpose We hypothesised that ICR would be associated
with impaired autonomic function determined by HRR10–20.
Methods After ethical approval and informed consent,
consecutive patients attending cardiac rehabilitation
in a tertiary referral centre were enrolled. All patients
had percutaneous coronary revascularisation. During
an active stand, real-time heart rate, blood pressure
and ECG recordings were taken using non-invasive
digital photoplethysmography and HRR10–20 determined.
Assessment of autonomic function was performed by
determining speed of HRR10–20 post-orthostatic challenge.
Patients with an rSs >0 were considered incompletely
revascularised and those with an rSs of 0 fully
revascularised. Demographic data were recorded and
statistical analysis performed.
Results Patients (n=53) comprised those with complete
revascularisation (CR) (n=37) and ICR (n=16). In the ICR
group, mean rSs was 9.4.
HRR10–20 was impaired in the ICR group (−3±0.60)
compared with the CR cohort (−6.56±0.52) (p<0.0001).
Completeness of revascularisation was strongly associated
with HRR10–20 (Pearson’s correlation coefficient 0.529;
p<0.0001). Baseline demographics did not differ
significantly. Use of rate-limiting medication was similar
between cohorts (beta blockers, calcium channel blockers,
ivabradine).
Conclusions Our data confirm significant correlation
between ICR and impaired autonomic function determined
by speed of heart rate recovery. Thus, determining
autonomic dysfunction post-ICR may identify those at
increased mortality risk.

INTRODUCTION
Autonomic function plays a central role
in control of homeostatic mechanisms
governing heart rate (HR). This can be
assessed clinically using various indices
including: HR recovery (HRR) following
either exercise or orthostatic challenge,
and various metrics of HR variability

Key questions
What is already known about this subject?
►► Autonomic function as determined by heart rate

recovery time between 10 and 20 s (HRR10–20) has
been previously shown to correlate with all-cause
mortality, while incomplete revascularisation has
additionally been demonstrated to correlate with all-
cause mortality.

What does this study add?
►► Through this study, a strong correlation between au-

tonomic function as derived from HRR10–20 and completeness of revascularisation has been determined.

How might this impact on clinical practice?
►► The use of HRR10–20 may allow risk stratification to

take place, and direct further interventions in order
to potentially improve autonomic function and even
reduce risk of mortality.

(HRV). Studies have previously shown
in a non-
standardised manner that HRR
time following exercise (varying between 1
and 5 min following cessation of exercise)
correlates with increased rates of mortality
in various patient populations, including
patients without clinically evident cardiovascular disease.1–3 HRR after orthostatic challenge has also been reported as a predictor
of cardiovascular disease and mortality. HR
initially increases upon moving from lying to
standing position, due to inhibition of vagal
tone. A peak of HR is observed at approximately 10 s, with a reduction thereafter to
around 20 s. Blood pressure (BP) initially
falls in this same time period; blood pools
in the lower limbs, reducing venous return
and therefore stroke volume, precipitating
the reduction of vagal tone which contributes to the increase in HR. This pattern of
HR and BP change following orthostatic
challenge is shown in figure 1.4 Our group
has previously demonstrated that the velocity
of HRR, between 10 and 20 s (HRR10–20)
following orthostatic challenge, predicts all-
cause mortality in adults 50 years and older
(mean age 64 years) in a general population.
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ICR would be associated with impaired autonomic function derived from the novel variable HRR10–20.

Figure 1 Mean heart rate and systolic blood pressure (SBP)
and diastolic blood pressure (DBP) values across the stand
(including baseline). BP, blood pressure; bpm, beats per
minute.

Participants in the slowest recovery quartile were 2.3
times more likely to die within 4 years than those in
the fastest recovery group, independent of other risk
factors.4
Both HRV metrics and HRR have been used previously in clinical research as a surrogate marker of
autonomic tone, as no direct measurements of the
autonomic system are possible. This can mean that
other factors can influence the extrapolated results; for
example, circadian rhythm, hormones and temperature. Furthermore, time and frequency HRV indices
such as PNN50 (mean number of times an hour where
the change in successive normal sinus intervals exceeds
50 ms), SDNN (SD of normal sinus beats), SDANN (SD
of normal sinus intervals for each of the 5 min segments
within a 24-hour period) and rMSSD (root mean square
of successive differences between normal heartbeats),
along with HRR following exercise stress testing, have
demonstrated a correlation between the presence of
coronary artery disease, mortality and impaired autonomic function.5–7
Incomplete cardiac revascularisation (ICR) is associated with increased 5-year mortality. Various trials have
attempted to elucidate the benefit of a complete revascularisation (CR) strategy in patients with complex coronary artery disease.8–11 The SYNTAX score is an objective,
quantitative and widely used tool used to demonstrate
the burden and complexity of coronary artery disease,
while the residual SYNTAX score (rSs) has additionally
been used to describe residual coronary artery disease—
indicative of ICR following percutaneous coronary intervention (PCI).12
Previous research has demonstrated correlation
between time and frequency domain variables of HRV
with percutaneous revascularisation, but the use of HRR
velocity has not been previously described.5 13 14 Given
that both impaired autonomic function and ICR are both
associated with increased mortality, we hypothesised that

2

METHODS
Study design
We conducted a prospective case–control study from
August 2019 until March 2020 in a tertiary referral
hospital in Dublin, Ireland. The hospital is a supraregional
referral centre for coronary intervention. A sample size of
48 with a ratio of 1:2 was calculated to detect a difference
in HRR10–20 of 2 beats/min with 95% CI and 90% power.
Estimate of difference in HRR10–20 was based on previous
studies of HRR10–20.4 15–17 We aimed to recruit 60 cases (20
ICR vs 40 CR) over a 6-month period. Written informed
consent was obtained from all participants. Patients and
the public were not involved in the design, or conduct, or
reporting, or dissemination plans of the research.
Study participants
Cases
Cases were patients aged >18 years of age who had undergone PCI for stable and unstable coronary syndromes
performed within the previous 3 months. Inclusion criteria
included ICR determined by an rSs of >0, the ability to
perform an active stand from supine to standing within 5 s,
the ability to provide informed consent and resting sinus
rhythm. Participants were determined to be ineligible if
they had a paced cardiac rhythm, atrial fibrillation, if they
were unable to provide consent and if they were unable
to move from supine to standing within 5 s. Cases were
recruited between 1 August 2019 and 1 March 2020.
Controls
Controls were patients aged >18 years of age who
had undergone PCI for stable and unstable coronary
syndromes performed within the previous 3 months.
Inclusion criteria included CR determined by an rSs of
>0, the ability to perform an active stand from supine
to standing within 5 s, the ability to provide informed
consent and resting sinus rhythm. Participants were determined to be ineligible if they had a paced cardiac rhythm,
atrial fibrillation, if they were unable to provide consent
and if they were unable to move from supine to standing
within 5 s. Cases were recruited between 1 August 2019
and 1 March 2020.
Data collection and validation
All eligible participants were recruited consecutively post-
revascularisation through the outpatient cardiac rehabilitation programme. Participants answered a baseline semistructured questionnaire, including self-reported answers
with investigator assistance to complete, containing
demographical data, comorbidities including diabetes,
smoking history and family history of premature coronary
artery disease along with medication usage—including
rate-
limiting or autonomic-
modulating medications
(beta blockers, ivabradine, calcium channel blockers,
salbutamol). Participants additionally underwent a
Armstrong R, et al. Open Heart 2021;8:e001835. doi:10.1136/openhrt-2021-001835
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physical examination including height and weight.
Medical records were reviewed to determine the type of
stent used, where the stent was placed and the indication
for PCI.
Baseline anatomical SYNTAX score and rSs were calculated by two experienced interventional cardiologists
who were blinded to the clinical outcomes and using a
web-
based calculator, and disagreement was resolved
by consensus. Patients with an rSs >0 were considered
incompletely revascularised and those with an rSs of 0
fully revascularised.
Assessment of autonomic function was performed by
determining speed of HRR10–20 post-orthostatic challenge.
A pressure cuff is applied to the participant’s finger, which
measures phasic BP. Following a 10-minute rest period in
a supine position, participants were instructed to stand
promptly (within 5 s). The zero time point was set at the
point where the participant began to rise from supine.
Beat-to-beat variability in HR and BP during the change in
posture was measured via non-invasive digital photoplethysmography (Finometer, Finapres Medical systems, Arnhem,
the Netherlands). Data collected were corrected for height
using a height correction device applied automatically by
the Finometer. During the active stand, real-time HR, BP
and ECG recordings were taken and HRR10–20 extrapolated
as follows: HRs after 10 and 20 s are calculated using a
non-stationary moving average window with window width
set at ±5 s to filter the HR from the Finometer HR signal,
from which the velocity of change within that time frame is
calculated. Wave form graphs of ECG and phasic BP were
assessed for reliability to ensure accuracy of derived physiological parameters, while additionally a signal abnormality
index was used to quantify the quality of the signal data
within the active stand record. This calculates the proportion of beats that are noisy within the time frame of the
stand, whereby 0 implies a clean record with no detected
abnormal beats and 1 implies a very noisy record with all
beats identified as abnormal. All study participants were
included regardless of the signal abnormality index in an
intention-to-treat analysis.
Active stand protocol
Participants all underwent active stand in early afternoon
between hours of 12:00 and 15:00, with measurements
being taken following abstention from caffeine, nicotine
and exercise for the previous 12 hours. Participants had
additionally been instructed to fast for the prior 2 hours
to the active stand occurring. Participants underwent
active stand following approximately 10 min of supine
rest. Baseline BP was calculated as the mean value
between 60 and 30 s before stand. Onset of the stand was
detected via an algorithm using data from the Finometer
height correction unit. Participants were instructed to
remain standing for 3 min following moving from supine,
with continuous phasic BP and ECG tracings throughout.
This protocol has been used and validated in previously
published research.4 15–17
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Figure 2 Flow diagram of Participant Recruitment. HRR10–20,
heart rate recovery time between 10 and 20 s; rSs, residual
SYNTAX score.

Statistical analyses
Statistical analysis was performed using GraphPad Prism
V.9.0.2. Pearson’s correlation coefficient was used to
determine the relationship between HRR10–20 and ICR
versus CR, Shapiro-Wilk test to assess for normality of
distribution, and a Student’s t-
test used to determine
statistical significance of the difference between the two
independent groups (p≤0.05 was considered statistically
significant).
RESULTS
A total of 121 participants were screened across the 6
months of recruitment, with 83 participants meeting
inclusion and exclusion criteria, of whom 53 consented
to participation. Of those recruited, 16 were cases with
ICR and 37 were controls with CR (see figure 2).
Demographic characteristics
Cases and controls did not differ significantly in baseline
demographical and background medical characteristics,
including left ventricular ejection fraction (see table 1).
Use of rate-limiting or autonomic-modulating medications was similar between groups.
Data quality
Signal quality index of phasic BP during active stand was
similar between groups: 0.093 in the ICR group and 0.09
in the CR group. The signal quality index of ECG was
also similar between the groups: 0.011 in the ICR group,
0.013 in the CR group.
3
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Table 1 Baseline demographics
Baseline characteristics
n
Age, mean (years)

Complete revascularisation Incomplete revascularisation
37
60.77

16
64.21

P value
0.17

Age, >65 (%)

48

51

0.94

Male sex (%)

64.1

63.1

0.95

Height (cm)

169.5

170.3

0.96

Height (kg)

84.9

86.4

0.94

Never smoked (%)

49

46.4

0.92

Former smoker (%)

40

42.5

0.94

Current smoker (%)

11

11.1

0.97

Diabetic (%)

11

13.5

0.89

Hypertension (%)

94

95.3

0.97

Dyslipidaemia (%)

92.5

94

0.95

Family history of coronary artery disease (%)

57

58.1

0.97

ST-segment elevation myocardial infarction (%)

34.2

39.3

0.93

Non-ST-segment elevation acute coronary syndrome (%)

25.2

23.9

0.91

Chronic coronary syndrome (%)

40.6

36.8

0.86

Left ventricular ejection fraction (%)

49.7

50.1

0.91

Beta blocker Rx (no)

0.93

36

16

Calcium channel blocker Rx (no)

0

0

Ivabradine Rx (no)

3

1

0.94

Salbutamol Rx (no)

1

0

0.93

Procedures implanting zotorolamus eluting stents (no)

5

2

0.87

Procedures implanting biolimus eluting stents (no)
Procedures implanting everolimus eluting stents (no)
Stents implanted (no)
Left main stent PCI (no)
Left anterior descending PCI (no)

2

1

0.94

33

12

0.84

1.7

1.8

0.91

3

1

0.94

22

7

0.90

Left circumflex PCI (no)

12

Right coronary artery PCI (no)
Time from revascularisation to active stand (weeks)

26
10.4

4

0.89

9
11.1

0.86
0.88

PCI, percutaneous coronary intervention; Rx, prescription.

Autonomic function and revascularisation status
HRR10–20 was impaired in the ICR group (−3±0.60)
compared with the CR cohort (−6.56±0.52) (p<0.0001)
(figure 3). Completeness of revascularisation was strongly
associated with HRR10–20 (Pearson’s correlation coefficient 0.529; p≤0.0001).
No significant difference was observed between groups
in relation to resting or peak systolic BP, resting or peak
diastolic BP and resting or peak HR, as described in
table 2.
DISCUSSION
Our data confirm significant correlation between revascularisation status and autonomic function determined
by speed of HRR. Given the previously established
correlation between impaired autonomic function and
4

all-cause mortality and also the correlation between ICR
and all-cause mortality, our data support the hypothesis
that increased mortality due to ICR may be as a result of
impaired autonomic function and sequelae to which this
pertains.
We have also demonstrated that assessment of autonomic function may facilitate risk stratification among a
high-risk group of patients who have undergone PCIs.
Our findings indicate that autonomic function
correlates with completeness of revascularisation. We
postulate that this may be due to myocardial ischaemia
leading to homeostatic feedback through the neurocardiac system causing reduced vagal tone. In the event that
myocardium is ischaemic, hypoxia and metabolic stress
may cause differences in efferent signalling through the
vagus nerve and cardiac plexus when compared with
Armstrong R, et al. Open Heart 2021;8:e001835. doi:10.1136/openhrt-2021-001835

Open Heart: first published as 10.1136/openhrt-2021-001835 on 11 October 2021. Downloaded from http://openheart.bmj.com/ on December 8, 2022 by guest. Protected by copyright.

Open Heart

Figure 3 Impact of revascularisation status on HRR 10-20.
bpm, beats per minute; HRR10–20, heart rate recovery time
between 10 and 20 s.

non-
ischaemic myocardium. As a result, homeostatic
afferent signalling to the sinoatrial and atrioventricular
nodes may differ resulting in the observed differences in
HRR10–20.
Extrapolating from these findings, we can additionally consider that overall complexity of coronary artery
disease may also correlate with autonomic function. We
have observed that a SYNTAX score of >0 correlates with
impaired autonomic tone, and we suggest that given our
theory that myocardial ischaemia is the causative factor
in this dysregulation, we also suggest that as SYNTAX
score increases, greater impairment in autonomic function may result. This theory should be tested in a larger
patient cohort.
Furthermore, our postulation that ischaemia is the
causative factor of impaired autonomic function leads
to the theory that autonomic function may improve

following coronary revascularisation, and that autonomic
function could be a measure of procedural success. This
additionally requires validation, and can be assessed
by performing autonomic assessments prior to and
post-revascularisation.
The data which we have collected correlate with results
from previous research; Bonnemeier et al demonstrated
that following primary PCI for ST-
segment elevation
myocardial infarction positively impacted on autonomic
function as determined by the SDNN HRV parameter,
while Sedziwy et al further showed that HRV as described
by PNN50, SDNN, SDANN and rMSSD improves
following PCI in patients with stable coronary artery
disease.13 14Our data are the first to show a correlation
between revascularisation status and autonomic function
determined by the novel parameter HRR10–20.
The main limitation of this study is that we measured
surrogate markers of autonomic function through HRR10–
. Due to other factors that can impact HR physiological
20
indices, it may be that there is an inbuilt bias in the results
being implied to autonomic function as a whole. It may
be more suitable in a future study to perform multiple
assessments of autonomic function beyond the HR variable which we assessed.
The case–control design of the study is also a limitation. This allowed determination that there is correlation
between revascularisation status and HR autonomic variables, but does not definitively determine how they are
linked. A prospective study assessing autonomic function
prior to and post-revascularisation may allow determination if revascularisation itself is what improves autonomic
tone. Furthermore, performing quantitative assessment
of ischaemia such as perfusion imaging may validate the
theory that myocardial ischaemia is the causative factor of
impaired autonomic function.
Additionally, patients who had been revascularised
through percutaneous intervention were primarily
assessed. The impact of coronary artery bypass surgery
has not been assessed; the impact of sternotomy, intensive care postoperative stay, saphenous venous grafts
versus arterial grafts and other surgical variables was
not reviewed as part of this study and thus our findings

Table 2 Measured physiological indices; complete revascularisation versus incomplete revascularisation cohorts
Physiological index

Complete revascularisation

Incomplete revascularisation

P value

HRR10–20 (bpm)
HR rest (bpm)

−6.56±0.52
66.36±2.96

−3±0.60
66.63±5.67

<0.0001
0.93

HR peak (bpm)

82.74±4

83.89±7.55

0.77

SBP rest (mm Hg)

136.56±5.29

139.53±8.38

0.55

SBP peak (mm Hg)

127.31±8.97

109.95±12.8

0.75

DBP rest (mm Hg)
DBP peak (mm Hg)

78.85±3.83
69.97±5.31

80.63±5.77
63.79±9.96

0.61
0.25

Mean values with 95% CI.
bpm, beats per minute; DBP, diastolic blood pressure; HR, heart rate; HRR10–20, heart rate recovery time between 10 and 20 s; SBP, systolic
blood pressure.
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cannot be extrapolated to include them. Additionally, the
relative impact of percutaneous versus surgical revascularisation on autonomic function was not assessed.
Furthermore, while these data demonstrate similar
left ventricular function between ICR and CR groups, we
did not formally assess for left ventricular scar burden or
include a significant number of participants with severely
reduced left ventricular systolic function. This area may
be assessed in future research with potential use of cardiac
MRI to assess for burden of scar, systolic function, along
with assessment of ischaemia itself to assess for correlation with HRR10–20.
Further limitations are the limited sample size along
with the single-centre recruitment. Due to these limitations, it may be prudent to view the findings derived
from the study as further hypothesis generating, allowing
direction for future research.
Through our observations, we have raised questions
which can be assessed in future research: Does autonomic function correlate with increasing complexity of
coronary artery disease?; Is myocardial ischaemia the
driving factor behind autonomic dysregulation?; Does
revascularisation improve autonomic function?; Does
percutaneous versus surgical revascularisation make a
difference? These questions will require further research
to answer, and may allow autonomic function to be used
as a marker of procedural success in the future.
The physiology behind the homeostatic control of HR
is increasingly well understood. Beyond the previously
described role of autonomic variables in risk stratification, it may be possible to use physiological parameters
such as HRR10–20 as surrogate markers of disease progression and measures of treatment success or regression.
CONCLUSION
The data support the hypothesis that ICR is associated
with impaired autonomic function determined by HRR10–
. This association has not previously been described
20
and requires further study to elucidate physiological and
pathophysiological cause.
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