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Enrichment of the Postdischarge GRACE Score With Deceleration Capacity Enhances the Prediction Accuracy of the Long-Term Prognosis After Acute Coronary Syndrome
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Background: Cardiac autonomic nerve imbalance has been well documented to provide a critical foundation for the development of acute coronary syndrome (ACS) but is not included in the postdischarge GRACE score. We investigated whether capturing cardiac autonomic nervous system (ANS)-related modulations by 24-h deceleration capacity (DC) could improve the capability of existing prognostic models, including the postdischarge Global Registry of Acute Coronary Events (GRACE) score, to predict prognosis after ACS.

Method: Patients with ACS were assessed with 24-h Holter monitoring in our department from June 2017 through June 2019. The GRACE score was calculated for postdischarge 6-month mortality. The patients were followed longitudinally for the incidence of major adverse cardiac events (MACEs), set as a composite of non-fatal myocardial infarction and death. To evaluate the improvement in its discriminative and reclassification capabilities, the GRACE score with DC model was compared with a model using the GRACE score only, using area under the receiver-operator characteristic curve (AUC), Akaike's information criteria, the likelihood ratio test, category-free integrated discrimination index (IDI) and continuous net reclassification improvement (NRI).

Results: Overall, 323 patients were enrolled consecutively. After the follow-up period (mean, 43.78 months), 41 patients were found to have developed MACEs, which were more frequent among patients with DC <2.5 ms. DC adjusted for the GRACE score independently predicted the occurrence of MACEs with an adjusted hazard ratio (HR) of 0.885 and 95% CI of 0.831–0.943 (p < 0.001). Moreover, adding DC to the GRACE score only model increased the discriminatory ability for MACEs, as indicated by the likelihood ratio test (χ2 = 9.277, 1 df; p < 0.001). The model including the GRACE score combined with DC yielded a lower corrected Akaike's information criterion compared to that with the GRACE score alone. Incorporation of the DC into the existing model that uses the GRACE score enriched the net reclassification indices (NRIe>0 7.3%, NRIne>0 12.8%, NRI>0 0.200; p = 0.003). Entering the DC into the GRACE score model enhanced discrimination (IDI of 1.04%, p < 0.001).

Conclusion: DC serves as an independent and effective predictor of long-term adverse outcomes after ACS. Integration of DC and the postdischarge GRACE score significantly enhanced the discriminatory capability and precision in the prediction of poor long-term follow-up prognosis.
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INTRODUCTION

Acute coronary syndrome (ACS) occurs in people who are prone to exacerbations and adverse outcomes, and optimizing the risk stratification of these patients is of considerable clinical interest (1, 2). Therefore, even if the optimal treatment is known, identifying which ACS patients will benefit the most from early interventional treatment can be challenging. Currently, the Global Registry of Acute Coronary Events (GRACE) score is the most well-established risk stratification tool for the prediction of in-hospital and long-term mortality and the risk of myocardial infarction after ACS (3, 4). Although it has been well established that the overall prognosis after ACS is worse among those with cardiac autonomic nerve imbalance than among those without cardiac autonomic nerve imbalance (5–8), the GRACE score does not include data from wearable devices that test cardiac autonomic function.

Notably, the value of 24-h deceleration capacity (DC), a feasible and non-invasive indicator that captures autonomic activity-related modulations of heart rate, adds valuable and repeatable information for timely identification of ACS patients at higher risk and aid in risk stratification (5–8). Accordingly, previous studies have also demonstrated that DC may serve as a predictor of mortality and outperformed a standard measure of heart rate variability (HRV) (8). Moreover, adjustment of the admission GRACE score, calculated for the prediction of in-hospital mortality, by short-term DC improves the accuracy of prediction of the composite of mortality, including in-hospital, 30 and 180-day mortality, among patients with suspected ACS (9). However, whether the readily accessible clinical 24-h DC remains a significant prognostic factor to enhance the predictability of prognostic models, including the postdischarge GRACE score, for ACS patients after long-term follow-up remains unclear.

Therefore, we investigated the value in long-term prognosis of 24-h DC added to the postdischarge GRACE score among ACS patients and the underlying incremental prognostic value of entering DC into an existing model including the postdischarge GRACE score only.



METHODS


Patient Population

We retrospectively enrolled 323 consecutive patients with ACS at Renmin Hospital of Wuhan University from June 2017 through June 2019. The previously established guidelines addressed the process and criteria for acute coronary syndrome diagnosis (10). ACS included non-ST-elevation ACS (NSTE-ACS) and ST-elevation ACS (STE-ACS). Patients with NSTE-ACS included those presenting with unstable angina (UA) and non-ST-segment elevation myocardial infarction (non-STEMI), and patients with STE-ACS included those presenting with ST-elevation myocardial infarction (STEMI). The main exclusion criteria were as follows: atrial fibrillation, pacemaker implantation, use of any medications that affect heart rate, severe liver or renal insufficiency <30 ml/(min 1.73 m2), inflammatory or infectious disease, depressive disorder, hyperthyroidism and excessive alcohol consumption. The flowchart of participant enrollment is presented in Figure 1. Due to the purely retrospective observational, our study was exempt from requiring ethics approval and informed consent from eligible patients by the Renmin Hospital of Wuhan University Ethics Committee.


[image: Figure 1]
FIGURE 1. Flowchart of patient enrollment.




Laboratory Examinations

Venous blood specimens were collected when patients were initially referred to the emergency department or cardiology department. All participants were subjected to routine whole blood analysis, including routine blood, blood glucose, kidney function, and plasma lipid analyses.



Holter Monitoring and DC Analysis

All participants included in this study underwent 24-h Holter monitoring (DMS300-4A, DM Software, Inc., USA) recordings after coronary angiography. The 24-h mean heart rate, time-domain parameters [i.e., standard deviation of all normal sinus RR intervals (SDNN), standard deviation average of normal-to-normal (NN) intervals (SDANN), percentage of the number of times that the difference between adjacent normal RR intervals >50 ms in the total number of NN intervals (pNN50), root mean square successive difference (rMSSD)], frequency-domain parameters [i.e., high-frequency power (HF), low-frequency power (LF), and low-frequency/high-frequency ratio (LF/HF)] and DC were automatically specifically calculated via commercial software (H-Scribe Analysis System, Mortara Instrument, Inc., Milwaukee, WI, USA) as shown in a previous reference (11, 12). Frequency domain parameters yield a more accurate and detailed quantification of heart rate than time domain parameters (13, 14). Morevore, the predictive value of LF/HF may be superior to other parameters of HRV (15–17). DC analysis is divided into three steps. First, the RR scatter plot shows the scatter of the full range of beat-to-beat RR intervals, from which the starting time for analysis is selected. The analysis length and number of cardiac cycles were then chosen, with the analysis length generally defaulting to a full 24 h. Finally, the X (0), X (1), X (- 1), and X (- 2) values reflected in the heart rate deceleration curve were substituted into the formula DC = [x (0) + X (1) + X (- 1) + X (- 2)]/4 to compute the 24 h DC, and the resulting unit was ms.



GRACE Score

The GRACE score was calculated at discharge to predict 6-month mortality (https://www.outcomes-umassmed.org/grace). The parameters of the GRACE score include age, heart rate, systolic blood pressure on arrival, creatinine level, percutaneous transluminal coronary intervention (PCI) during in-hospital period, coronary artery bypass grafting (CABG) during in-hospital period, previous myocardial infarction (MI), ST-segment depression, increased levels of cardiac enzyme/marker and congestive heart failure.



Follow-Up

The average time to follow-up was 43.78 months. Patients were discharged, and follow-up was conducted through an outpatient follow-up or telephone follow-up. At the end of the follow-up, a total of 21 cases (6.1%) were lost, and 323 patients (93.9%) were followed to the end. The clinical endpoint of our study was a composite endpoint clinical events of major adverse cardiovascular events (MACEs), including death and non-fatal myocardial infarction. Two experienced physicians adjudicated the endpoint events according to medical record reviewing.



Statistical Analysis

Continuous variables are represented by a mean plus a standard deviation (SD) or as the median with interquartile range (IQR) determined by skewness, whereas categorical variables are summarized as frequencies and percentages. All participants were stratified into three groups based on their DC [low-risk group (DC > 4.5 ms), intermediate-risk group (DC > 2.5 ms, and DC ≤ 4.5 ms), and high-risk group (DC ≤ 2.5 ms)]. Differences between groups were analyzed with one-way analysis of variance (ANOVA), the Mann–Whitney U test or the Kruskal–Wallis test depending on the normality of the distribution. Categorical variables were analyzed with the chi square (χ2) test. Survival free from MACEs was analyzed by the Kaplan–Meier method. Final covariates were age, sex, past history and laboratory results according to the results of the pre-survey. We used univariate Cox regression analyses first performed to determine the potential predictors of MACEs, followed by multivariate Cox analyses of significant variables with a p-value < 0.05 to improve the accuracy of the conclusions. Differences were considered statistically significant at p < 0.05. Statistical analysis was performed with SPSS software (version 23; SPSS).

The predictability of MACEs using DC, GRACE score and GRACE score combine with DC by receiver operator characteristic (ROC) curve analysis. We compared whether adding DC to the GRACE score would enhance the discriminative and reclassification capabilities of the models. The fit of each nested model was compared via the χ2 likelihood ratio test to assess whether the logistic regression model that integrated DC and the postdischarge GRACE score supported a significantly better fit than the model including the GRACE score alone. Comparison of the nested and non-nested models, including the GRACE score or DC or LF/HF added to the GRACE score, was weighted by calculating the corrected Akaike's information criterion (AICc), delta-AICc (δ AICc), and Akaike weights (wi) to represent the probability that a given model was the best predictive model in the set (18).

Predicted probabilities (%) of MACEs were generated by logistic regression models using the GRACE score alone and the GRACE score combined with LF/HF or DC. The addition of DC and LF/HF to the existing models with the GRACE score was evaluated with the predicted probabilities of MACEs implementing multiple methods of improvement in discrimination: increase in the area under the receiver operating characteristic curve (AUC), category-free continuous net reclassification improvement (cNRI>0) and integrated discrimination improvement (IDI). Given the presence of missing specific predefined clinical risk thresholds for the models containing the GRACE score, categorical NRI was not employed. The net percentage of patients with the event of interest correctly assigned a higher predicted risk was defined as the event NRI (NRIe), and the net percentage of persons without the event of interest correctly assigned a lower predicted risk was defined as the non-event NRI (NRIne). Total NRI was defined as the sum of the net percentages of persons with and without the events of interest correctly assigned a different predicted risk. The IDI was equal to the enhancement in discrimination slope defined as the mean difference in predicted risks between those with and without events. The IDI was equal to the difference in the initial and updated models in the discrimination slope formed between the mean predicted probabilities (%) of patients with and without events.




RESULTS


Clinical Baseline Characteristics

The baseline features of all of the enrolled ACS patients classified into three groups according to the DC value are presented in Table 1. Our results indicated that patients with lower DC (≤2.5 ms) were likely to be older (p < 0.001) and have non-ST-elevation ACS (NSTE-ACS) (p = 0.004); higher creatinine levels (p = 0.047), glucose levels (p = 0.032) and average heart rate (p < 0.001); lower esti mated glomerularfiltrationrate (eGFR) (p = 0.016), SDNN (p < 0.001), rMSSD (p < 0.001), Pnn50 (p < 0.001), LF (p < 0.001), HF (p < 0.001), and LF/HF (p = 0.031); a higher GRACE score (p < 0.001) and GRACE risk (p = 0.001); history of MI (p = 0.021); and increased creatine kinase-MB (CK-MB) levels (p = 0.034) and incidence of MACEs (p < 0.001).


Table 1. Baseline characteristics of the study population categorized by deceleration capacity (DC).
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The Relationship Between DC and MACEs

The incidence of MACEs among the patients with ACS in this study was collected over an average follow-up of 43.78 months. Forty-one patients experienced MACEs, including 10 patients in the low-risk group (5.5%, n = 183), 17 patients in the intermediate-risk group (18.1%, n = 94), and 14 patients in the high-risk group (30.4%, n = 46). Kaplan–Meier analysis indicated that the incidence of MACEs was significantly different among patients with ACS based on DC values (χ2 = 26.089, p < 0.001, Figure 2). Besides patients in the high-risk group had a higher incidence of MACEs than those in the intermediate-risk and low-risk groups. In addition, those with intermediate risk were more susceptible to MACEs than those with low risk (p < 0.05).


[image: Figure 2]
FIGURE 2. Cumulative survival of MACEs in patients with ACS based on the DC value.




Predictors of MACEs

Univariate Cox analysis showed that history of MI, NSTE-ACS, neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), creatinine, lipoprotein a [Lp (a)], DC, and GRACE score (all p < 0.05) were potential predictors of MACEs in patients with ACS (Table 2). Multivariate Cox analysis consistently showed that DC (HR: 0.885, 95% CI: 0.831–0.943, p < 0.001) and the GRACE score (HR: 1.020, 95% CI: 1.007–1.034, p = 0.002) were risk factors for MACEs at the final follow-up (Table 2).


Table 2. Predictors of the occurrence of major adverse cardiovascular events (MACEs) in patients with acute coronary syndrome (ACS): results of univariate and multivariate cox-regression analyses.
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Moreover, subgroup analysis was based on STEMI and NSTE-ACS patients. Univariate Cox analysis showed that PLR, NLR, high-sensitivity C-reactive protein (hs-CRP), DC, and GRACE score (all p < 0.05) were predictors of MACEs for all of the evaluated STEMI patients, as shown in Table 3. Furthermore, for all of the evaluated STEMI patients, independent influencing factors for the incidence of MACEs included DC (HR: 0.901, 95% CI: 0.828–0.981, p = 0.016) and the GRACE score (HR: 1.024, 95% CI: 1.001–1.048, p = 0.043) according to multivariate Cox analysis (Table 3).


Table 3. Predictors of the occurrence of MACEs in patients with ST- segment Elevation Myocardial Infarction (STEMI): results of univariate and multivariate Cox-regression analyses.

[image: Table 3]

Subsequent univariate Cox analysis further indicated that previous MI, NLR, creatinine, DC, GRACE score, and systolic blood pressure (SBP) (all p < 0.05) were potential predictors of MACEs among patients with NSTE-ACS, as shown in Table 4. For all of the evaluated NSTE-ACS patients, multivariate Cox analysis indicated that NLR (HR: 1.041, 95% CI: 1.000–1.084, p = 0.048), creatinine (HR: 1.013, 95% CI: 1.003–1.024, p = 0.011), DC (HR: 0.894, 95% CI: 0.811–0.986, p = 0.025), GRACE score (HR: 1.019, 95% CI: 1.002–1.036, p = 0.024), and SBP (HR: 1.034, 95% CI: 1.015–1.053, p < 0.001) were independent predictors for MACEs (Table 4).


Table 4. Predictors of the occurrence of MACEs in patients with Non-ST segment elevation myocardial infarction/ unstable angina (NSTEMI/UA): results of univariate and multivariate Cox-regression analyses.

[image: Table 4]

To assess whether models that included the GRACE score combined with DC or LF/HF presented a significantly better fit than those limited to the GRACE score alone, we compared nested models using the likelihood-ratio test. Our results demonstrated that the addition of DC (χ2 = 9.227, df = 1, p < 0.001) significantly enriched the predictive power of the existing model including the GRACE score to predict the incidence of MACEs (Table 5). In addition, the inclusion of LF/HF (χ2 = 0.329, df = 1, p = 0.416) did not optimize the model fit.


Table 5. Akaike's information criteria and likelihood ratio test to determine the best fitting model for prediction MACEs.
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The model including the GRACE score and DC had the lowest AICc and the highest Akaike's weight compared to the other two models, GRACE score alone and GRACE score with LF/HF (Table 5).

DC, but not LF/HF, combined with the GRACE score could improve the net reclassification of the updated model in predicting MACEs at the last follow-up date (Table 6, Central illustration). Employing continuous NRI (NRI>0), DC enhanced reclassification by 7.3% for patients with MACEs and by 12.8% for patients without MACEs, demonstrating a significant overall improvement in net reclassification (NRI 0.200, p = 0.003). Entering DC into a logistic regression model including the GRACE score appeared to predict a lower risk of MACEs than the GRACE score alone in both the MACE and MACE-free survival groups. The addition of LF/HF did not improve reclassification (NRI 0.04, p = 0.573). The addition of DC, but not LF/HF to the established model including the GRACE score promoted integrated discrimination, as evident in Table 6, Figure 3. Moreover, our results generated an IDI of 1.04%, p < 0.001.


Table 6. Net reclassification improvement for model improvement with the addition of DC or LF/HF to GRACE.
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[image: Central illlustration]
Central illlustration. Combined efficacies of DC and postdischarge GRACE score for risk stratification in patients with ACS.



[image: Figure 3]
FIGURE 3. Comparison of discrimination and reclassification abilities of predictive models for MACEs (Model 1: Grace score; Model 2: DC; Model 3: Grace score + DC).


As presented in Figure 3, the c-statistic was 0.711 (95% CI 0.619–0.804, p < 0.001) for model 1 including the GRACE score only and 0.746 (95% CI 0.668–0.824, p < 0.001) for model 2 containing DC only. However, it was 0.765 (95% CI 0.686–0.844, p < 0.001) for the model including the GRACE score and DC (Table 7). For the prediction of MACEs, the positive c-statistic of the combined GRACE score was significantly improved in model 3 (AUC: 0.765; c-statistic: 0.783; 95% CI: 0.686–0.844; p < 0.001).


Table 7. ROC analysis comparing the predictive efficacies of related variables for the incidence of MACEs during follow up.
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DISCUSSION

Our studies now demonstrate that for ACS patients, wearable monitoring of cardiac ANS-related modulations by means of 24-h DC yields prognostic information beyond the known risk predictors. DC significantly optimizes risk stratification by the GRACE score concerning the prediction of MACEs during long-term follow-up. The prediction model including the postdischarge GRACE score and DC provided incremental prognostic information for long-term cohorts with established ACS. Furthermore, adding DC, rather than LF/HF, to the GRACE score could effectively improve the ability and accuracy of the GRACE score alone to predict MACEs after ACS.

Accumulating evidence supports the notion that the GRACE score provides valuable and independent prognostic information for ACS and enriches reliable risk stratification for identifying whether performing early PCI will benefit patients with ACS (3, 4, 19). In addition, previous study indicated that the GRACE score could predict short-term and long-term prognosis for ACS patients (20, 21). Although it is well established that the strong and effective prognostic value of the GRACE score has been confirmed by much evidence (3, 4, 19–21), early risk stratification remains urgently needed for further optimization, especially for low-risk patients with ACS. Therefore, previous studies have recently explored ways to improve the predictability of the prognostic GRACE score, including adding NT-pro-BNP (22), 2-h postload plasma glucose (23), plasma glucose blood inflammation-related indicators (24), plasma myeloperoxidase and trimethylamine N-oxide (25), serum acid uric acid (26) and nutritional risk index (27) to the GRACE score. The findings indicate that blood biochemical indexes and biomarkers provide incremental prognostic information for the predictive capacity of the GRACE score-based prognostic models. However, few studies have specifically focused on non-invasive markers and the GRACE score together to assess the joint prognostic effect.

Notably, the routine detection index of 24-h DC has also been considered to be a useful means for the screening and surveillance of high-risk post-MI patients (8). Moreover, our data are consistent with the finding that autonomic nervous system (ANS) imbalance carries a high risk for acute adverse events (28–30). The difference in risk between STEMI and NSTE-ACS may be explained by the different pathogenesis of the two diseases (31, 32). Therefore, our available data further demonstrated that DC remains an effective predictor in STEMI or NSTE-ACS.

In addition, other non-invasive indicators for the assessment of cardiac autonomic nerve function include HRV (7) and heart rate turbulence (33). However, heart rate turbulence and HRV indirectly reflect ANS modulation due to their poor stability, which limits their application in clinical practice (34–36). Nevertheless, DC is not susceptible to external interference and can reflect parasympathetic activity. Thus, in our study, DC, rather than LF/HF, could effectively increase the predictive capability of the postdischarge GRACE score-based prognostic models. A retrospective study that enrolled 1,821 patients with suspected ACS indicated a positive and independent correlation between short-term DC and short-term mortality among patients with suspected ACS (9). However, another study focused on the association between short-term DC combined with the admission GRACE score and short-term mortality, rather than the potential association between the 24-h DC combined with postdischarge GRACE score and long-term MACEs, which previously limited our understanding of the insights into the potential association between integration of the 24-h DC and postdischarge GRACE score and long-term poor outcomes. In addition, we used the 24-h Holter recordings to estimate the 24-h DC, which has been used as a daily clinical indicator in our practice. Additionally, patient's restrictively selected in the current study to minimize the impact of confounding factors on DC. Furthermore, we found that DC combined with the postdischarge GRACE score may reflect the interactions between ANS imbalance and adverse events, which may better predict poor long-term ensuing episodes of ACS. Given the recent increasing interest in individualized therapy for risk assessment, we believe that DC provides early valuable information for lifestyle modifications and monitoring of patients with ACS.

Physiologically, the ANS plays a crucial role in maintaining and promoting cardiac physiological function (37, 38). Pathologically, increasing research has confirmed that the context of acute myocardial ischemia could trigger an organismal stress response, induce cardiac sympathetic hyperactivity and suppress vagal activity, subsequently leading to coronary constriction, especially culprit vessel vasoconstriction, thus accelerating focal ischemia and hypoxia and causing the deterioration of myocardial ischemia (34, 39). In addition, previous clinical and basic research has shown that the vagus nerve of the ANS is involved in the regulation of the inflammatory response (40, 41), and the potential link among the ANS, inflammation and coronary artery physiology was confirmed by our previous studies (42, 43). Furthermore, our data confirmed that injured cardiac autonomic nerves in the setting of myocardial ischemia subsequently developed an elevated risk of MACEs after ACS. Therefore, we believe that the combination of DC and the GRACE score could enhance risk discrimination and provide important incremental prognostic information for long-term follow-up after ACS.



STUDY LIMITATIONS

First, due to the purely retrospective observational design with long-term follow-up, our results were almost inevitably affected by recall bias and lost follow-up (44, 45). Second, this study has a small sample size and likely suffered from a lack of power. Our findings should be validated with larger samples and prospective studies in the future. Third, our study did not include coronary physiology, which might improve the predictive power when combined with DC and postdischarge GRACE scores. Thus, many known confounding factors were eliminated, but there was no guarantee about other unknown confounding factors. Finally, because it was a purely observational study, whether individualized and comprehensive therapy based on DC-optimized risk models translates into better outcomes remains to be established. Finally, we included only patients wih sinusrhythm, and the influence of the non-sinus rhythm in patients with ACS remains to be seen.



CONCLUSIONS

Our study indicates that wearable devices that automatically evaluate the cardiac ANS by means of the 24-h DC value tend to be a useful risk-stratified indicator for MACEs among ACS patients, regardless of the type of ACS. Moreover, DC further optimized the GRACE score, which has long been regarded as the gold standard for quantitative risk assessment after ACS, providing increased discriminatory ability and accuracy for prognostic information. Where applicable, we highlight that attention should be given to implementing DC as part of comprehensive cardiovascular evaluation and clinical decision-making to enable us to design individualized prognostic therapies.
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