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Background: Rate-pressure product (RPP) calculated by multiplying heart rate by systolic blood pressure, is a convenient indicator
closely associated with cardiac work or myocardial oxygen consumption. It has been reported to relate strongly to important indices of
cardiovascular risk in patients with myocardial ischemia. However, its relationship with short- and long-term mortality in patients with
acute coronary syndrome (ACS) undergoing primary PCl/immediate invasive strategy has not been defined.

Methods: This study analyzed 1301 consecutive ACS patients who had undergone primary PCI, between January 2018 and
September 2021. Patients with systolic BP < 90 mmHg were excluded to avoid the confounding effect of cardiogenic shock. RPP
values were collected on admission and were divided into four groups: RPP < 7.4, 7.4 < 8.8, 8.8 <8.8 < RPPS, and RPP > 10.8.
Clinical endpoints were in-hospital cardiac and long-term all-cause mortality. The predictive performance was assessed by C-statistic,
multivariate analysis and survival analysis.

Results: Multivariate analysis showed that these in the highest vs lowest category of RPP (>10.8 vs <7.4) had OR of 4.33 (95%
CI=1.10 —17.01; P = 0.036) in in-hospital cardiac mortality and 3.15 (95% CI=1.24 —8.00; P = 0.016) in long-term all-cause mortality.
In C-statistic analyses, RPP was a strong predictor in ACS, STEMI or UA/NSTEMI group for in-hospital cardiac mortality (AUC =
0.746, 95% CI = 0.722-0.770, p < 0.001) and long-term all-cause mortality (AUC = 0.701, 95% CI = 0.675-0.725, p < 0.001). The
Kaplan—Meier event rate for long-term survival of RPP > 10.8 was significantly lower than that of RPP < 10.8.

Conclusion: RPP showed a positive association with in-hospital cardiac or long-term all-cause mortality in ACS patients undergoing
primary PCl/immediate invasive strategy, and RPP > 10.8 can be as an independent predictor.
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Background

Cardiac work transforms mechanical energy provided by glucose oxidation-derived ATP into kinetic and potential energy
of the blood thereby allowing provision of oxygen and nutrients to bodily tissues. Said myocardial oxygen consumption-
driven cardiac work is mainly determined by mean wall tension, heart rate and ejection interval' > with the latter two
being closely associated. It is difficult to directly measure myocardial consumption. However, ventricular wall tension is
proportional to systolic pressure rendering the product of heart rate and systolic pressure, the rate-pressure product (RPP)
calculated by multiplying heart rate by systolic blood pressure, an easily calculated indicator of cardiac work or
myocardial oxygen consumption. Increased myocardial oxygen consumption has been proven to play a significant role
in the pathogenesis of myocardial ischemia during daily life* and the unmet myocardial oxygen consumption demand in
myocardial ischemia is a significant predictor of adverse prognosis and cardiac mortality.®” RPP is strongly related with
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cardiovascular risk in hypertension patients® and has a close relationship with heart failure patients.” For coronary artery
disease (CAD) patients, RPP is associated with myocardial perfusion imaging findings using gated single photon
emission computed tomography imaging with dipyridamole stress and the occurrence of ischemic events has been
shown to be related closely to increases in the RPP.*'" However, the usefulness of RPP in risk stratification for
occurrence of short- and long-term mortality, has not been established in ACS patients undergoing primary PCI,
which is the subject of the present study.

Methods
Study Population

Total of 1458 consecutive ACS patients were included in this retrospective study cohort between January 2018 and
September 2021, and patients were transferred from inpatient wards or admitted from the community to cardiac catheter
room to undergo primary PCl/immediate invasive strategy. Exclusion criteria: patients systolic BP <90 mm Hg (n = 63),
obvious arrhythmia (n = 29), diagnostic limitations (n = 54) or incomplete procedures (n = 9). Inclusion criteria: Patients
with unstable angina (UA)/non-ST-segment elevation myocardial infarction (NSTEMI) or STEMI (n = 1301) according
to American College of Cardiology/American Heart Association guidelines.'' This study has been approved by Medical
Ethics Committee of Zhejiang Hospital (Approval No. 2017(5K)). This study was conducted in accordance with the
declaration of Helsinki. Due to the retrospective nature of the study, the requirement of patient consent for inclusion was
waived from the Ethics Committee of Zhe Jiang Hospital. Patient personal privacy and data confidentiality has been
upheld.

Clinical Data and Definitions

The demographic and medical history data were included in this study, such as age, sex, and hypertension. Invasive data
were collected from cardiac catheterization laboratory records, such as double/triple-vessel disease, use of thrombus
aspiration, corrected TIMI frame count (CTFC). Treatment post PCI data including use of intra-aortic balloon pump
(IABP) and vasoactive drugs. Admission laboratory data were collected, including alanine aminotransferase (ALT), MB
isoenzyme of creatine kinase (CK-MB), brain natriuretic peptide (BNP), creatinine (Cr), and lactic acid. RPP (heart
ratesystolic blood pressure«10> mmHg/B/M) values were collected on admission. Patients were divided into four
groups in accordance with the cutoff values of ROC for long-term all-cause and in-hospital cardiac mortality: RPP < 7.4,
7.4 < 8.8, 8.8 <RPP < 10.8, and RPP > 10.8. The study primary outcomes were long-term all-cause and in-hospital
cardiac mortality. Clinical follow-up of all patients was assessed by phone interviews or direct hospital visits, with mean
duration of 23 months.

Statistical Analysis

Continuous variables are presented as mean = SD and analyzed by Kruskal-Wallis tests. Categorical variables are
represented as counts and proportions (%) and analyzed by Pearson chi-square tests. C-statistic defined as the area under
the receiver operating characteristic (ROC-AUC) curve was used to assess the predictive value of RPP. The in relation to
outcomes. Kaplan—Meier event curves with Log rank test was used for the survival distributions between groups. Cox
proportional-hazards regression and logistic regression model were used for univariate and multivariate regression ana-
lyses of long-term all-cause and in-hospital cardiac mortality, respectively. Results were shown as odds ratios (ORs) or
hazard ratios (HRs) with associated 95% confidence intervals (Cls). A value of p < 0.05 was defined for statistical
significance, and all tests were two-sided. SPSS version 21.0 (SPSS Inc., Chicago, IL, USA) and MedCalc version 12.0
(MedCalc Software, Mariakerke, Belgium) were used for statistical analysis.

Results

Clinical Data of All Patients
Total of 1301 ACS patients were divided into four groups: RPP < 7.4 (n=331), 7.4 < 8.8 (n =344), 8.8 <RPP < 10.8 (n
= 345), and RPP > 10.8 (n = 281). Baseline characteristics and in-hospital outcomes were detailed in Table 1. As
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compared with patients with RPP < 10.8, those with RPP > 10.8 were at higher risk with: greater proportion of
hypertension, diabetes mellitus, high Killip classification, ST-segment elevation myocardial infarction and low left
ventricular ejection fraction, and more frequent use of vasoactive drugs and intra-aortic balloon pump. In addition, in
laboratory test, patients with RPP>10.8 had higher levels of MB isoenzyme of creatine kinase, alanine aminotransferase,
creatinine, brain natriuretic peptide, and lactic acid as compared with patients with RPP<10.8.

Risk of Primary Outcomes

Prediction of in-Hospital Cardiac Mortality

The in-hospital cardiac mortality of 1301 patients was 5.1% (66 patients; Table 1). Some variables showed significant
effects on in-hospital cardiac mortality after univariate analysis: Killip class III/IV, age, gender, two-vessel or three-
vessel disease, left main or anterior descending branch opening, vasoactive drugs, intra-aortic balloon pump, lactic acid,

Table | Baseline Characteristics of the Study Population, N (%), or means+SD

<7.4 (n=331) 7.4-8.8 (n=344) 8.8-10.8 (n=345) >10.8 (n=281) p
Age, yrs 65.07x11.85 63.37+12.89 62.98+13.73 63.1£13.79 0.14
Male gender 281(84.9) 291(84.6) 274(79.4) 203(72.2) <0.01
Hypertension 166(50.2) 178(51.7) 196(56.8) 166(59.1) 0.05
Diabetes 45(13.6) 62(18.0) 73(21.2) 85(30.2) <0.01
Current/recent smoker 189(57.1) 181(52.6) 163(47.2) 135(48.0) 0.043
Current/recent drinker 71(21.5) 78(22.7) 78(22.6) 60(21.4) 0.799
BMI, kg/m2 26.02+32.1 26.36+31.47 25.59+26.3 28.96+44.82 0.796
Diagnosis on admission 0.383
STEMI 245(74.0) 255(74.1) 262(75.9) 229(81.5)
UA/NSTEMI 86(26.0) 89(25.9) 83(24.1) 52(18.5)
Killip class I/IV 14(4.2) 21(6.1) 53(15.4) 57(20.3) <0.01
SBP, mm Hg 105.1£10.52 112.08+11.87 121.1£15.2 133.11£17.64 <0.01
DBP, mm Hg 64.1+8.28 68.15+10.26 73.19+11.56 78.88+13.8 <0.01
Heart rate, beats/min 61.86x7.16 72.54+7.71 81.25+10.87 94.79+13.2 <0.01
GRACE 157.3£31.17 155.47+35.03 158.19+£38.57 162.04+45.6 0.179
Support therapy post PCI
IABP 7(2.1) 10(2.9) 28(8.1) 38(13.5) <0.01
Vasoactive agents 20(6.0) 22(6.4) 38(11.0) 46(16.4) <0.01
Intervention details
TwolThree-vessel disease 220(66.5) 208(60.5) 199(57.7) 175(62.3) 0.12
LM/ostial LAD 35(10.6) 33(9.6) 44(12.8) 46(16.4) 0.12
Thrombus aspiration 147(44.4) 152(44.2) 152(44.1) 132(47.0) 0.05
TIMI flow grade 0/l on arrival grade0/| 239(72.2) 231(67.2) 221(64.1) 183(65.1) 0.884
TIMI flow grade 3 post PCI 314(94.9) 328(95.3) 330(95.7) 271(96.4) 0.28
Reference vessel diameter 3.15+0.34 3.15+0.31 3.2+0.35 3.23+0.3 091
Degree of stenosis 87.44+14.68 86.63+15.76 86.44+17.12 84.62+17.41 0.24
CTFC 43.63+20.85 41.64£15.97 40.88+16.47 40.55+15.57 0.15
Echocardiographic measurement
LVEDD 50.76%5.19 50.25+5.66 49.94+5.77 50.47+6.28 0.312
LVEF, % 52.68+26.57 50.39+9.65 48.19+9.36 46.91£10.73 0
Laboratory test
BNP, pgml 255.34+413.73 232.13+451.06 386.72+750.78 532.67+995.31 <0.01
Lactic acid, mg/dI 2.25+1.28 2.7+3.6 2.8+1.89 3.34£2.38 <0.01
CKMB peak 286.04+256.47 273.92+15.28 300.68+286.92 373.24£329.99 <0.01
Cr, mg/d| 81.55+31.59 78.96+28.09 82.37+33.69 97.52+112.56 <0.01
ALT 65.82+156.02 62.64+48.92 99.62+287.09 105.56+284.24 0.022
In-hospital cardical mortality 7(2.1) 6(1.7) 12(3.5) 41(14.6) <0.01
Long-term all-cause mortality 10(3.0) 14(4.1) 18(5.2) 48(17.1) <0.01
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Table 2 Effects of Multiple Variables on in-Hospital the Cardiac Mortality in Univariate and
Multivariate Analyses

Univariate Analysis Multivariate Analysis
OR (95% CI) p value OR (95% CI) p value
Killip class HI/IV 22.46 (12.95-38.95) <0.001 6.91(2.54-18.84) <0.001
Age 1.09 (1.06—1.11) <0.001 1.07(1.02-1.11) 0.002
Vasoactiveagents 13.19 (7.78-22.35) <0.001 2.91(1.07-7.90) 0.036
Lactic acid 1.08 (1.01-1.16) <0.001 1.41(1.28-1.55) 0.027
LMostialLAD 5.43(3.21-9.18) <0.001 2.88(1.16-7.18) 0.023
RPP
<74 1.00 Reference 1.00 Reference
74-88 0.82 (0.27-2.47) 0.727 1.12 (0.22-5.67) 0.889
8.8-10.8 1.67 (0.65-4.29) 0.288 1.22(0.28-5.32) 0.787
>10.8 791 (3.49-17.93) <0.001 4.33(1.10-17.01) 0.036

Notes: Adjusted for age, gender, Killip class lll/IV, two- vessel or three-vessel disease, Intra-aortic balloon pump, left main or
anterior descending branch opening, vasoactive drugs, TIMI flow grade 3 post PCI, and lactic acid, CKMB peak, ALT, Cr, and
BNP levels.

TIMI flow grade 3 post PCI, ALT, Cr, CKMB peak, and BNP levels. In multivariable analysis, the following independent
risk factors were revealed: age (OR: 1.07, 95% CI: 1.02—-1.11, P = 0.002), Killip class III/IV (OR: 6.91, 95% CI: 2.54—
18.84, P < 0.001), left main or anterior descending branch opening (OR: 2.88, 95% CI: 1.16-7.18, P = 0.023), levels of
lactic acid (OR: 1.41, 95% CI: 1.28-1.55, P = 0.027), vasoactiveagents (OR: 2.91, 95% CI: 1.07-7.90, P = 0.023) and
RPP > 10.8 (OR: 4.33, 95% CI: 1.10-17.01, P = 0.036) (Table 2). The ROC-AUC of RPP for predicting in-
hospital cardiac mortality was 0.746 (95% CI = 0.722-0.770, p < 0.001) with cutoff value of 10.7 (sensitivity = 0.649
and specificity = 0.792) (Figure 1A). In consideration of the population study is a mixture of differing types of ACS, we
divided the population into STEMI group (991 patients; 76.2%) and UA/NSTEMI group (310 patients; 23.8%) (Table 1).
The ROC-AUC of RPP for predicting in-hospital cardiac mortality in STEMI group was 0.763 (95% CI = 0.735-0.789,
p <0.001) with cutoff value of 10.7 (sensitivity = 0.705 and specificity = 0.777) (Figure 1B). The ROC-AUC of RPP for
predicting in-hospital cardiac mortality in UA/NSTEMI group was 0.691 (95% CI = 0.636-0.743, p < 0.001) with cutoff
value of 11.6 (sensitivity = 0.462 and specificity = 0.914) (Figure 1C).

Prediction of Long-Term All-Cause Mortality
The long-term all-cause mortality of 1301 patients was 6.92% (90 patients; Table 1). Some variables showed significant effects
on long-term all-cause mortality after univariate analysis: Killip class III/IV, age, gender, two-vessel or three-vessel disease,
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Figure | ROC-AUC of RPP for in-hospital cardiac mortality in ACS (A), STEMI (B) and UA/NSTEMI group (C).
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Table 3 Effects of Multiple Variables on Long-Term Mortality in Univariate and Multivariate

Analyses
Univariate Analysis Multivariate Analysis
OR (95% CI) p value OR (95% CI) p value
Killip class 1I/IV 11.55(7.60—17.56) <0.001 4.31(2.15-8.64) <0.001
Age 1.09 (1.07-1.11) <0.001 1.07(1.04—1.10) <0.001
IABP 9.38 (6.08—14.48) <0.001 2.62(1.25-5.48) 0.011
Lactic acid 1.09 (1.07-1.12) <0.001 1.08(1.03—1.13) 0.001
RPP
<74 1.00 Reference 1.00 Reference
74-88 1.32(0.59-2.98) 0.499 1.15(0.40-3.30) 0.8
8.8-10.8 1.70(0.79-3.69) 0.178 1.07(0.38-2.97) 0.899
>10.8 5.76(2.91-11.4) <0.001 3.15(1.24-8.00) 0.016

Notes: Adjusted for age, gender, Killip class Ill/IV, two- vessel or three-vessel disease, Intra-aortic balloon pump, left
main or anterior descending branch opening, vasoactive drugs, TIMI flow grade 3 post PCI, and lactic acid, CKMB peak,
ALT, Cr, and BNP levels.

left main or anterior descending branch opening, vasoactive drugs, Intra-aortic balloon pump, lactic acid, TIMI flow grade 3
post PCI, ALT, Cr, CKMB peak, and BNP levels. In multivariable analysis, the following independent risk factors were
revealed: age (OR: 1.07, 95% CI: 1.04-1.10, P <0.001), Killip class III/IV (OR: 4.31, 95% CI: 2.15-8.64, P < 0.001), levels of
lactic acid (OR: 1.08, 95% CI: 1.03—1.13, P = 0.001), intra-aortic balloon pump (OR: 2.62, 95% CI: 1.25-5.48, P =0.011) and
RPP > 10.8 (OR: 3.15, 95% CI: 1.24-8.00, P = 0.016) (Table 3). The ROC-AUC of RPP for predicting long-term all-cause
mortality was 0.701 (95% CI = 0.675-0.725, p < 0.001) with cutoff value of 10.85 (sensitivity = 0.53 and specificity = 0.81)
(Figure 2A). The Kaplan—Meier event rate for long-term survival of RPP > 10.8 was significantly lower than that of RPP <
10.8 (p < 0.01) (Figure 3A). The population was divided into STEMI group (991 patients; 76.2%) and UA/NSTEMI group
(310 patients; 23.8%) (Table 1). The ROC-AUC of RPP in STEMI group for predicting long-term all-cause mortality was
0.695 (95% CI = 0.665-0.723, p < 0.001) with cutoff value of 10.9 (sensitivity = 0.578 and specificity = 0.795) (Figure 2B).
The Kaplan—Meier event rate for long-term survival of RPP > 10.8 was significantly lower than that of RPP < 10.8 (p <0.01)
(Figure 3B). The ROC-AUC of RPP in UA/NSTEMI group for predicting long-term all-cause mortality was 0.725 (95% CI =
0.672-0.774, p < 0.001) with cutoff value of 10.3 (sensitivity = 0.539 and specificity = 0.806) (Figure 2C). The Kaplan—Meier
event rate for long-term survival of RPP > 10.8 was significantly lower than that of RPP < 10.8 (p < 0.01) (Figure 3C).
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Figure 2 ROC-AUC of RPP for long-term all-cause mortality in ACS (A), STEMI (B) and UA/NSTEMI group (C).
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Figure 3 Kaplan—Meier plot of long-term survival probability of in ACS (A), STEMI (B) and UA/NSTEMI group (C).

Discussion
For ACS patients undergoing primary PCl/immediate invasive strategy, the relationship between RPP, and in-hospital
cardiac or long-term all-cause mortality followed a positive association. Patients with RPP > 10.8 had higher mortality
than those of RPP < 10.8. After multivariable analysis, RPP > 10.8 was an independent positive predictor of in-hospital
cardiac or long-term all-cause mortality.

Heart rate has been associated with prognosis in ACS patients. In the study by Sripal Bangalore and Franz
H. Messerli of ACS patients, a fast heart rate portended an increased risk of cardiovascular events including in-
hospital all-cause mortality and stroke.'”> Higher resting heart rate has been associated with worse short-and long-term
outcomes in ACS patients."> And pharmacologic interventions that slow down heart rate, such as B-blockers, reduce
mortality and improve outcomes.'* Previous studies showed that increased systolic blood pressure is the dominant risk
factor for stroke, coronary heart disease, and heart failure.'>'” Jun Shiraishi has showed that the relationship between
admission systolic blood pressure and in-hospital mortality followed a J-shaped curve (higher event rates at low and high
systolic blood pressure) in acute myocardial infarction patients undergoing primary percutaneous coronary intervention.'®
Heart rate and blood pressure increase significantly in most patients with myocardial ischemia, and increased myocardial
oxygen consumption plays a significant role in the pathogenesis of myocardial ischemia during daily life.*> In multi-
variate analysis controlling for age, sex, and clinical descriptions of angina, the presence of ischemia on ambulatory
monitoring was a significant predictor of adverse prognosis and cardiac mortality during daily life with coronary heart
disease patients.’ The RPP, defined as heart rate multiplied by blood pressure, is a convenient and simple reference index
to indirectly reflect cardiac work load and myocardial oxygen consumption and it relates strongly to important indices for
cardiovascular morbidity and mortality in patients with myocardial ischemia. In the study by Karaye KM, there was
a close relationship between RPP and heart failure with indices for LV wall tension including interventricular septal
thickness, LV end-diastolic dimension and N-terminal B-type natriuretic peptide level. Development of heart failure leads
to hemodynamics disturbance and excessive sympathetic activity. The nerve endings and adrenal medulla release a large
amount of adrenaline and norepinephrine into the blood to maintain cardiac output by accelerating heart rate and
enhancing myocardial contraction, which in turn promotes cardiac remodeling and aggravates heart failure generating
a vicious circle.'” As many of you known, the RPP is an index of myocardial metabolism that correlates closely with
myocardial hemodynamics. The fractional flow reserve (FFR) and instantaneous wave-free ratio (iFR) correlate well and
are similar coronary functional indexes, although they differ in some respects. The study®® has found that RPP is closely
related to FFR and instantaneous iFR, and even affects the ability of iFR to evaluate the degree of ischemia. Although the
study?! has found that the recovery of RPP after exercise is a potent predictor of cardiac death in patients with coronary
artery disease (CAD) and type 2 diabetes (T2D), the association of RPR and short- and long-term all-cause mortality has
however not been well described in ACS patients. Our results found a positive association between RPP and in-hospital
cardiac or long-term all-cause mortality. RPP is an independent predictor of long-term prognosis in patients with CAD

122

who underwent PCI.~ A low RPP reactivity was associated with increased risk of cardiovascular death or nonfatal

myocardial infarction in patients with stable CAD.? Patients with RPP > 10.8 had higher mortality than those of RPP <
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10.8, indicating that higher heart rate and blood pressure or more cardiac work was needed to provide effective blood
supply for basic metabolism.

HALP (hemoglobin, albumin, lymphocyte, and platelet) may be a significant independent predictor of in-hospital
mortality in patients with STEMI treated with primary PCI.>* The white blood cell count to mean platelet volume ratio is
associated with syntax score in patients with STEMI.* In the study by Alan Hinderliter, patients with myocardial
ischemia during daily activities tended to develop electrocardiographic changes at a lower exercise heart rate and RPP
than those without ischemia. In patients with myocardial ischemia, the systolic pressure increased slowly during exercise
because of impaired left ventricular function, while it increased significantly in healthy people. Compared with healthy
people, patients with myocardial ischemia often show higher RPP at rest and lower RPP during exercise. In this process,
heart rate and blood pressure play important roles as bridges. Patients in the high RPP group belong to the high
myocardial oxygen consumption group. For this group, in addition to opening criminal blood vessels as soon as possible
to reduce further myocardial damage, risk factors (such as hypertension) should be controlled as soon as possible, and -
blocker drugs should be added as soon as possible to control heart rate and reduce myocardial oxygen consumption in
a standardized way. And long-term standardized follow-up to adjust medications in real time to address the changes that
occur. This is the first study to our knowledge to document a close relationship between RPP and in-hospital cardiac or
long-term all-cause mortality.

Limitations

There are several limitations. Firstly, as a retrospective and observational study at a single center, full adjustment for
potential confounders and selection bias were precluded, so multicenter studies with less restrictive inclusion/exclusion
criteria, larger sample sizes, and various assessment timings are needed to validate and extend the results of this study.
Secondly, heart rate and blood pressure values should be estimated by ambulatory monitoring, because they were affected
by the many adjustments to the potential and ongoing medical conditions of patients before admission. Thirdly, besides
long-term all-cause mortality, more long-term outcomes also should include heart failure, stroke, post-discharge re-
infarction, and cardiac arrest to increase their clinical relevance.

Conclusions

In this study, the relationship between RPP, and in-hospital cardiac or long-term all-cause mortality followed a positive
association with increased event rates at high groups in ACS patients undergoing primary PCI. After multivariable
analysis and survival analysis, RPP > 10.8 can be as an independent predictor for in-hospital cardiac and long-term all-
cause mortality.
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