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A B S T R A C T   

Background: Limited data exist on the prognostic value of changes in pulse pressure (PP, the difference between 
systolic and diastolic blood pressure) during hospitalization for patients with coronary artery disease who have 
undergone percutaneous coronary intervention (PCI). 
Methods: In the Clinical Deep Data Accumulation System (CLIDAS), we studied 8,708 patients who underwent 
PCI. We aimed to examine the association between discharge PP and cardiovascular outcomes. PP was measured 
before PCI and at discharge. Patients were divided into five groups (quintiles) based on the change in PPQ1 
(− 18.0 ± 9.9 mmHg), Q2 (− 3.8 ± 2.6), Q3 (reference; 3.7 ± 2.0), Q4 (11.3 ± 2.6), and Q5 (27.5 ± 11.2). We 
then analyzed the relationship between PP change and outcomes. 
Results: The mean patient age was 70 ± 11 years, with 6,851 (78 %) men and 3,786 (43 %) having acute cor-
onary syndrome. U-shaped relationships were observed for the incidence rates of major adverse cardiac or ce-
rebrovascular events (MACCE, a composite endpoint of cardiovascular death, myocardial infarction, and stroke), 
revascularization, and hospitalization for heart failure (HF). After adjusting for confounding factors, higher PP at 
discharge was associated with an increased risk of MACCE (adjusted hazard ratio 1.41; 95 %CI, 1.06–1.87 in Q5 
[73.9 ± 9.3 mmHg]). Evaluating PP change revealed a U-shaped association with MACCE (1.50; 1.11–2.02 in Q1 
and 1.47; 0.98–2.20 in Q5). Additionally, Q5 had a higher risk for hospitalization for HF (1.37; 1.00–1.88). 
Conclusions: Our findings demonstrate a U-shaped association between changes in PP and cardiovascular out-
comes. This data suggests the significance of blood pressure control during hospitalization for patients who have 
undergone PCI.  
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1. Introduction 

Blood pressure (BP) is a major modifiable risk factor for coronary 
artery disease (CAD) [1,2]. Lowering BP in patients with hypertension 
reduces their risk of developing CAD [3,4]. For patients with established 
CAD or heart failure (HF), previous studies have reported a J-shaped 
phenomenon between systolic BP (SBP) and diastolic BP (DBP) and 
cardiovascular outcomes, indicating that both higher and lower BP 
levels elevate the risk of poor prognosis [5–8]. The relationship between 
SBP and DBP is better represented by pulse pressure (PP) [9]. PP reflects 
increased large artery stiffness and is an independent risk factor for new- 
onset CAD [9–13]. Additionally, in established CAD, PP serves as a 
prognostic risk factor for cardiovascular outcomes. [14,15] However, 
prior studies have primarily focused on the prognostic implications of PP 
at baseline enrollment [15]. Limited data exist regarding the predictive 
value of changes in PP during hospitalization for patients with CAD who 
have undergone percutaneous coronary intervention (PCI). 

This study aimed to evaluate the association between changes in PP 
and cardiovascular outcomes in patients with CAD who underwent PCI 
using the Clinical Deep Data Accumulation System (CLIDAS) database 
[16]. We also assessed the association of baseline PP with the outcomes 
to confirm the previous findings demonstrating the J- or U-shaped 
phenomenon in this patient population. 

2. Methods 

The CLIDAS database is a multimodal system that directly acquires 

clinical data from hospital information systems (HIS). Implemented in 
six university hospitals and the national cardiovascular center in Japan, 
CLIDAS was developed as part of the Japan Ischemic Heart Disease 
Multimodal Prospective Data Acquisition for Precision Treatment proj-
ect launched in 2015 [16]. This project aimed to establish a standardized 
electronic system based on HIS to capture medical records and other 
clinical data for clinical studies. Briefly, data from HIS, picture archiving 
and communication systems, and physiology servers are linked to a 
multi-purpose clinical data repository system (MCDRS) through the 
Standardized Structured Medical Record Information eXchange2 (SS- 
MIX2) standard and extended storage. Data managers and researchers at 
each facility collect patients’ background information and follow-up 
data. After anonymization, the facilities send their data to the CLIDAS 
server through their individual MCDRS servers. CLIDAS collects data 
following the SS-MIX/SS-MIX2 standard format developed by Japan’s 
Ministry of Health, Labour and Welfare. Finally, researchers analyze the 
data stored on the CLIDAS server. 

BP was measured according to usual practices at each facility at 
hospitalization before PCI and at discharge; these measurements were 
not standardized. The change in PP (ΔPP) was calculated by subtracting 
the BP at discharge from the BP at hospitalization (PP at hospitalization 
− PP at discharge). 

We identified 9,690 patients who underwent PCI in the CLIDAS 
database between April 2013 and March 2019. Due to missing BP data, 
982 patients were excluded (Supplementary Table 1). This resulted in a 
final analysis population of 8,708 patients with CAD. 

The study protocol adhered to the ethical guidelines in the 

Table 1 
Baseline characteristics by the change of pulse pressure in the overall cohort.   

Overall (n = 8708) Q1 (n = 1755) Q2 (n = 1873) Q3 (n = 1671) Q4 (n = 1671) Q5 (n = 1738) p value 

ΔPP (hospitalization-discharge), mmHg 3.9 ± 16.7 − 18.0 ± 9.9 − 3.8 ± 2.6 3.7 ± 2.0 11.3 ± 2.6 27.5 ± 11.2  
Age, years 70 ± 11 71 ± 11 69 ± 11 69 ± 11 70 ± 11 71 ± 11  <0.001 
Women, n (%) 1924 (22 %) 384 (22 %) 361 (19 %) 356 (21 %) 374 (22 %) 449 (26 %)  <0.001 
Body mass index, kg/m2 24.1 ± 3.8 24.0 ± 4.0 24.3 ± 3.8 24.2 ± 3.6 24.2 ± 4.0 24.1 ± 3.6  0.11 
Systolic BP at hospitalization, mmHg 130 ± 23 115 ± 19 122 ± 17 127 ± 17 134 ± 18 151 ± 23  
Systolic BP at discharge, mmHg, 119 ± 16 127 ± 18 120 ± 16 118 ± 15 117 ± 15 115 ± 16  
Diastolic BP at hospitalization, mmHg 72 ± 15 72 ± 16 71 ± 14 71 ± 14 72 ± 15 74 ± 17  
Diastolic BP at discharge, mmHg 66 ± 10 65 ± 10 66 ± 10 65 ± 10 66 ± 10 66 ± 11  
Heart rate at hospitalization, bpm 74 ± 17 75 ± 18 73 ± 16 73 ± 16 73 ± 16 75 ± 19  <0.001 
Heart rate at discharge, bpm 68 ± 11 68 ± 12 68 ± 11 68 ± 10 68 ± 11 69 ± 11  0.67 
Current or ever smoker, n (%) 1864 (39 %) 365 (37 %) 430 (42 %) 364 (40 %) 335 (38 %) 370 (37 %)  0.09 
Dyslipidemia, n (%) 6906 (80 %) 1364 (78 %) 1478 (79 %) 1314 (79 %) 1381 (83 %) 1369 (79 %)  0.009 
Hypertension, n (%) 7180 (83 %) 1457 (84 %) 1516 (81 %) 1363 (82 %) 1384 (83 %) 1460 (84 %)  0.1 
Diabetes, n (%) 3680 (43 %) 750 (43 %) 796 (43 %) 685 (41 %) 701 (42 %) 748 (43 %)  0.75 
Dyslipidemia, n (%) 6906 (80 %) 1364 (78 %) 1478 (79 %) 1314 (79 %) 1381 (83 %) 1369 (79 %)  0.009 
Peripheral artery disease, n (%) 600 (8 %) 140 (9 %) 111 (7 %) 110 (7 %) 110 (7 %) 129 (8 %)  0.12 
Atrial fibrillation, n (%) 453 (5 %) 101 (6 %) 99 (5 %) 77 (5 %) 88 (5 %) 88 (5 %)  0.66 
Previous hospitalization for HF, n (%) 577 (7 %) 134 (8 %) 126 (7 %) 102 (6 %) 109 (7 %) 106 (6 %)  0.33 
Previous PCI, n (%) 1835 (21 %) 379 (22 %) 386 (21 %) 371 (22 %) 367 (22 %) 332 (19 %)  0.15 
Previous CABG, n (%) 481 (6 %) 105 (6 %) 97 (5 %) 98 (6 %) 87 (5 %) 94 (5 %)  0.75 
Previous MI, n (%) 1364 (16 %) 286 (16 %) 312 (17 %) 261 (16 %) 275 (17 %) 230 (13 %)  0.029 
Previous history of stroke, n (%) 931 (11 %) 201 (12 %) 199 (11 %) 163 (10 %) 156 (9 %) 212 (12 %)  0.042 
Acute coronary syndrome, n (%) 3721 (43 %) 718 (41 %) 699 (37 %) 643 (38 %) 699 (42 %) 962 (55 %)  <0.001  

Angiographic Findings, n (%) 
LAD (including LMT) 6475 (81 %) 1317 (82 %) 1398 (82 %) 1223 (80 %) 1231 (80 %) 1306 (82 %)  0.42 
RCA 4924 (62 %) 1037 (64 %) 1027 (60 %) 951 (62 %) 935 (61 %) 974 (61 %)  0.11 
LCX 4353 (55 %) 923 (57 %) 895 (52 %) 827 (54 %) 812 (53 %) 896 (57 %)  0.014 
Multiple vessel disease 3997 (50 %) 844 (52 %) 827 (48 %) 774 (51 %) 740 (48 %) 812 (51 %)  0.1 
Triglyceride (median), mg/dL 117[86, 165] 115 [85, 158] 115 [86, 166] 120 [88, 171] 122 [86, 169] 115 [85, 163]  0.022 
HDL cholesterol, mg/dL 47 ± 13 46 ± 13 47 ± 13 47 ± 13 47 ± 13 46.1 ± 13.1  0.2 
LDL cholesterol, mg/dL 96 ± 31 95 ± 30 95 ± 31 96 ± 31 97 ± 31 99.7 ± 31.2  <0.001 
LVEF, % 57 ± 14 57 ± 14 57 ± 14 58 ± 14 58 ± 14 57.5 ± 13.4  0.035 
eGFR, mL/min/1.73 m2 59 ± 24 55 ± 25 60 ± 23 60 ± 23 61 ± 24 59.3 ± 26.5  <0.001 
BNP (median), pg/mL 75 [29, 220] 93 [33, 273] 64 [25, 184] 63 [28, 193] 69 [27, 197] 85 [33, 233]  <0.001 
Beta blockers, n (%) 4927 (57 %) 975 (56 %) 1032 (55 %) 924 (55 %) 940 (56 %) 1056 (60.8 %)  0.003 
Statins, n (%) 4671 (54 %) 932 (53 %) 1071 (57 %) 933 (56 %) 935 (56 %) 800 (46.0 %)  <0.001 

Abbreviations: BP, blood pressure; BNP, B-type natriuretic peptide; CABG, coronary artery bypass grafting; eGFR, estimated glomerular filtration rate; HDL, high- 
density lipoprotein; HF, heart failure; LAD, left anterior descending artery; LCX, left circumflex artery; LDL, low-density lipoprotein; LMT, left main trunk; LVEF, 
left ventricular ejection fraction; MI, myocardial infarction; PCI, percutaneous coronary intervention; PP, pulse pressure; RCA, right coronary artery. 
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Declaration of Helsinki (1975) and was approved by the institutional 
ethics committees of all participating facilities. Since the CLIDAS data 
was anonymized, the requirement for informed consent was waived. 

A major adverse cardiac or cerebrovascular event (MACCE) was 
defined as the first occurrence of any of the following: cardiovascular 
death, nonfatal stroke, or nonfatal myocardial infarction (MI). Data 
regarding these events were collected from medical records at each 
facility. 

2.1. Statistical methods 

Clinical characteristics were described by quintiles of ΔPP. Summary 
statistics were presented as mean standard deviation, median (inter-
quartile range), and numbers (percentages), as appropriate. One-way 
analysis of variance was used to compare continuous normally distrib-
uted variables across the five groups. The Kruskal-Wallis test was 
employed for continuous non-normally distributed variables, and the 
Fisher exact test was used for categorical variables. 

We estimated incidence rates using Poisson regression models with 
ΔPP modeled via restricted cubic spline curves. Multivariable Cox 
regression models were used to assess the association between changes 
in PP and the occurrence of MACCE, revascularization, or hospitaliza-
tion for HF. Age, sex, and baseline PP at discharge were focused on 
models as covariates. Backward selection was then used to select addi-
tional variables from the following list: diabetes, dyslipidemia, smoking, 
atrial fibrillation, body mass index, estimated glomerular filtration rate 
(eGFR), number of coronary artery stenoses, brain natriuretic peptide 
(BNP), left ventricular ejection fraction (LVEF), history of MI, history of 
coronary artery bypass graft, history of PCI, and history of hospitaliza-
tion for HF. We additionally assessed the association between the PP at 
discharge and patient outcomes. 

Since changes in PP may differ based on the presence of acute cor-
onary syndrome (ACS) or chronic coronary syndrome (CCS), we con-
ducted a subgroup analysis to explore potential differences in these 
groups. Statistical significance was set at p < 0.05. All analyses were 
performed STATA 17 (College Station, TX). 

Fig. 1. Incidence rates per 1,000 person-years of (A) major adverse cardiac or cerebrovascular event [MACCE; defined as a composite of cardiovascular (CV) death, 
myocardial infarction (MI), and stroke], (B) revascularization, and (C) hospitalization for heart failure (HF) across changes in pulse pressure (ΔPP). ΔPP is calculated 
by subtracting blood pressure at discharge from the blood pressure at hospitalization. The solid line represents the incidence rate, and the dashed lines represent the 
95% confidence intervals. 

Table 2 
Association of pulse pressure change with major adverse cardiac or cerebrovascular events, revascularization, and heart failure due to hospitalization.  

ΔPP (hospitalization-discharge) MACCE Revascularization HF hospitalization 

HR (95 %CI) p value HR (95 %CI) p value HR (95 %CI) p value 

Q1 (− 18.0 ± 9.9 mmHg) 
Overall (n = 1755) 1.50 (1.11–2.02) 0.008 0.98 (0.82–1.18)  0.84 0.88 (0.63–1.23)  0.45 
ACS (n = 718) 1.58 (1.01–2.47) 0.045 0.90 (0.66–1.21)  0.48 0.70 (0.41–1.19)  0.19 
CCS (n = 1037) 1.47 (0.98–2.20) 0.06 1.03 (0.81–1.30)  0.81 1.06 (0.69–1.65)  0.78  

Q2 (− 3.8 ± 2.6 mmHg) 
Overall (n = 1873) 1.22 (0.90–1.67) 0.21 0.99 (0.82–1.18)  0.87 1.34 (0.98–1.83)  0.07 
ACS (n = 699) 1.47 (0.93–2.34) 0.10 1.11 (0.84–1.49)  0.46 1.29 (0.79–2.09)  0.30 
CCS (n = 1174) 1.09 (0.72–1.66) 0.68 0.91 (0.73–1.15)  0.44 1.39 (0.92–2.10)  0.12  

Q3 (3.7 ± 2.0 mmHg) 
Overall (n = 1671) Reference Reference Reference 
ACS (n = 643) Reference Reference Reference 
CCS (n = 1028) Reference Reference Reference  

Q4 (11.3 ± 2.6 mmHg) 
Overall (n = 1671) 1.67 (1.24–2.26) 0.001 1.21 (1.01–1.44)  0.036 1.26 (0.90–1.74)  0.17 
ACS (n = 699) 1.76 (1.13–2.75) 0.01 1.24 (0.94–1.64)  0.13 1.08 (0.65–1.79)  0.76 
CCS (n = 972) 1.59 (1.06–2.39) 0.03 1.19 (0.94–1.49)  0.15 1.37 (0.89–2.45)  0.16  

Q5 (27.5 ± 11.2 mmHg) 
Overall (n = 1738) 1.33 (0.98–1.82) 0.07 1.13 (0.94–1.35)  0.20 1.37 (1.00–1.88)  0.05 
ACS (n = 962) 1.26 (0.80–1.96) 0.32 1.15 (0.88–1.51)  0.30 1.16 (0.73–1.85)  0.52 
CCS (n = 776) 1.40 (0.91–2.16) 0.13 1.11 (0.86–1.43)  0.42 1.58 (1.03–2.45)  0.04 

Abbreviations: ACS, acute coronary syndrome; CCS, chronic coronary syndrome; HF, heart failure; MACCE, major adverse cardiac or cerebrovascular event; PP, pulse 
pressure. 
The final model was adjusted for age, sex, baseline PP, estimated glomerular filtration rate, number of coronary artery stenosis, brain natriuretic peptide, and left 
ventricular ejection fraction. 
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3. Results 

The study included 8,708 participants with a mean age of 70 ± 11 
years, with 22 % being women (Table 1). SBP at hospitalization and 
discharge were 130 ± 23 mmHg and 119 ± 16 mmHg, respectively. 
Similarly, DBP and PP also showed a decrease from hospitalization to 
discharge (Table 1). The changes in PP across the quintiles were: − 18.0 
± 9.9 in Q1 (n = 1755), − 3.8 ± 2.6 in Q2 (n = 1873), 3.7 ± 2.0 in Q3 (n 
= 1671), 11.3 ± 2.6 in Q4 (n = 1671), and 27.5 ± 11.2 mmHg in Q5 (n 
= 1738). Interestingly, there was no significant trend in baseline char-
acteristics across the quintiles, except for the highest prevalence of ACS 
observed in Q5 (Table 1). 

During a median follow-up period of 944 days, 702 MACCE were 
observed. 

Event rates (per 1,000 person-years) for MACCE showed a U-shaped 
association with changes in PP. Individuals with Q1 (lowest decrease, 
5.7 [95 % confidence interval [95 %CI] 4.7–7.0)] and Q5 (highest in-
crease, 8.2 [7.0–9.7]) had higher rates compared to the reference group 
(6.9 [5.8–8.1]) (Supplemental Table 2). 

For revascularization, the rates were 21.1(18.9–23.6) in Q1, 25.4 
(23.0–28.1) in Q2, 22.1 (20.0–24.5) in Q3, 23.6 (21.2–26.1) in Q4, and 
23.3 (20.1–25.9) in Q5. For hospitalization for HF, the rates were 5.1 
(4.1–6.3) in Q1, 6.4 (5.3–7.8) in Q2, 6.1 (5.1–7.3) in Q3, 5.3 (4.3–6.5) in 
Q4, and 6.7 (5.6–8.0) in Q5 (Supplemental Table 2). This suggests that a 
U-shaped association may be observed between PP change and out-
comes (Fig. 1). 

After adjusting for age, sex, baseline PP, eGFR, number of coronary 
artery stenosis, BNP, and LVEF, the analysis confirmed the U-shaped 
relationship between PP change and MACCE. Compared to the reference 
group (Q3), a decrease in PP (Q1) was associated with a 50 % increased 
risk of MACCE (adjusted hazard ratio [HR] 1.50, 95 %CI 1.11–2.02, p =
0.008) (Table 2). Conversely, an increase in PP (Q4 and Q5) was also 
associated with an increased risk of MACCE (HR 1.67, 1.24–2.26, p =
0.001 in Q4 and HR 1.33, 0.98–1.82, p = 0.07 in Q5). Additionally, 
higher PP was linked to a higher risk of hospitalization for HF (1.37, 
1.00–1.85, p = 0.05) (Table 2). Similar findings were observed when 
analyzing the association between baseline PP and the outcomes (Sup-
plemental Table 3). Notably, the U-shaped association between PP 
change and outcomes remained consistent when stratified by ACS or 
CCS (Table 2). 

4. Discussion 

Our study, one of the largest to quantify the prognostic value of 
changes in PP during hospitalization, offers valuable insights into the 
predictors of PP and their association with MACCE and HF hospitali-
zation in patients with CAD who underwent PCI. The key novel finding is 
that changes in PP during hospitalization emerged as a prognostic risk 
factor for both MACCE and HF hospitalization. This suggests a poten-
tially under-recognized but important role for PP changes in patient 
prognosis, and the potential utility of PP for a more accurate risk 
assessment after PCI. We observed a U-shaped relationship between 
changes in PP and cardiovascular outcomes, along with confirming the 
established link between baseline PP and outcomes. 

Prior research on PP has primarily focused on its prognostic value for 
developing CAD in hypertensive patients [9–12,17]. This is because a 
larger PP reflects increased large artery stiffness, a factor contributing to 
atherosclerosis [18,19]. Indeed, a previous study demonstrated a posi-
tive correlation between PP and coronary calcium volume, mass, den-
sity, and Agatston score in the general population [20]. Additionally, the 
Framingham Heart Study showed that in middle-aged and elderly in-
dividuals (50–79 years), CAD risk increased with lower DBP at any SBP 
level ≥120 mmHg, suggesting the importance of higher PP for CAD risk 
[10]. The study also reported that neither SBP nor DBP was superior to 
PP in predicting risk, implying PP’s usefulness for risk stratification 
[10]. Existing research on established CAD patients aligns with our 

findings, demonstrating that baseline PP is a prognostic risk factor for 
cardiovascular outcomes. 

Our findings extend the concept of visit-to-visit BP variability from 
the STABILITY trial sub-analysis, which showed that higher variability 
in both SBP and DBP independently predicts increased cardiovascular 
risk in CAD patients, regardless of mean BP [21]. Our study suggests that 
both increased and decreased PP are associated with poor cardiovas-
cular outcomes in patients undergoing PCI. This highlights the impor-
tance clinicians to consider not only SBP and DBP but also PP when 
monitoring these patients. The ability to predict patient outcomes based 
on PP changes from admission to discharge can inform more personal-
ized and effective management strategies. By incorporating PP into 
routine assessments, clinicians may improve the detection and man-
agement of cardiovascular conditions, ultimately leading to better pa-
tient outcomes. 

As a retrospective observational study, our research cannot establish 
causality. However, it can generate hypotheses for future clinical trials 
and help identify high-risk patients who might benefit from stricter BP 
control after PCI. 

This study has several limitations. First, missing BP data in 982 (10.1 
%) of the 9,690 CLIDAS participants between April 2013 and March 
2019 could introduce selection bias. However, minimal differences in 
clinical characteristics between included and excluded patients suggest 
minimal bias (Supplemental Table 1). Second, we lack information on 
valvular diseases (e.g. aortic regurgitation) and BP treatment during 
hospitalization, which could be missing confounders when assessing the 
prognostic value of PP. Finally, with the CLIDAS sample consisting 
almost entirely of Japanese individuals, the results may not be gener-
alizable to other ethnic and socioeconomic groups. 

5. Conclusions 

This large, hospital-based study suggests that both increases and 
decreases in PP during hospitalization are associated with a higher risk 
of MACCE or hospitalization for HF in patients with CAD who under-
went PCI. These results suggest the need for caution when managing BP 
during hospitalization for this patient population. 
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