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Abstract

Background: Acute intracerebral hemorrhage (ICH) often induces a hyperadrenergic response, resulting in a significantly increased
cardiac workload. This study aimed to assess the relationship between early cardiac workload and long-term outcomes following ICH,
utilizing the rate-pressure product (RPP) as a simple surrogate indicator. Methods: We conducted an analysis of data from a large
multicenter, prospective cohort comprising 1364 ICH patients. Heart rate (HR) and systolic blood pressure (SBP) were recorded to
calculate the RPP. Multivariable logistic regression and Cox proportional hazards models were used to evaluate the associations of RPP
with unfavorable functional outcome (modified Rankin Scale score >3) and all-cause mortality at 90 days and 1 year, respectively.
Results: Elevated RPP was independently associated with unfavorable functional outcomes and all-cause mortality at 90 days and 1 year
(all p <0.05). RPP exhibited superior predictive performance, as indicated by higher C-statistics for all outcomes when compared to HR
or SBP alone (all p <0.05). A significant interaction was noted with in-hospital f-blocker treatment (p for interaction < 0.05), indicating
that the association between high RPP and primary outcomes was attenuated in patients receiving B-blockers. Conclusions: Early cardiac
workload, quantified by the RPP, is a potent independent predictor of long-term unfavorable functional outcome and all-cause mortality
in patients with ICH.
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1. Introduction bating secondary brain injury and contributing to poor clin-
ical outcomes. However, direct measurement of cardiac
workload is technically complex [11,12] and challenging to
implement during the acute phase of ICH. As a result, the
clinical significance of early cardiac workload in patients
with ICH remains inadequately elucidated.

The rate-pressure product (RPP), calculated as the
product of heart rate (HR) and systolic blood pressure
(SBP), serves as a well-validated and readily accessible sur-
rogate for myocardial oxygen consumption [13,14]. It is
widely utilized to quantify cardiac workload [15,16,17]. In
the field of cardiology, RPP is a well-established prognostic
marker for adverse outcomes in heart failure and coronary
artery disease [18,19,20,21]. Additionally, among neuro-
logical disorders, RPP has been linked to mortality in acute
aneurysmal subarachnoid hemorrhage and traumatic brain
injury [15,22]. However, its prognostic significance in ICH
has been rarely explored. Therefore, this study aimed to in-
vestigate the association between early cardiac workload,
as measured by RPP, and long-term outcomes.

Intracerebral hemorrhage (ICH) is a devastating sub-
type of stroke accounting for 15-20% of all stroke cases,
and is associated with significant mortality and long-term
disability [1,2,3]. Recent evidence has increasingly un-
derscored the critical role of the brain-heart interaction in
the pathophysiology of acute brain injury [4,5,6]. Follow-
ing the onset of ICH, neurohormonal and autonomic dys-
regulation frequently precipitate a hyperadrenergic state,
which imposes substantial stress on the cardiovascular sys-
tem [5,6].

This hyperadrenergic state triggers an acute increase
in metabolic demand and hemodynamic burden, signifi-
cantly elevating cardiac workload. When the cardiac work-
load surpasses the intrinsic cardiac reserve, the resulting
mismatch between myocardial oxygen supply and con-
sumption predisposes the myocardium to injury [7,8]. Fur-
thermore, as optimal cardiac performance is crucial for
maintaining cerebral perfusion pressure during acute brain
injury, excessive cardiac workload may compromise the
stability of cerebral blood flow [9,10], potentially exacer-
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2. Methods
2.1 Study Design and Population

This study utilized data from a multicenter, prospec-
tive, consecutive, observational cohort that enrolled pa-
tients with ICH from 13 hospitals in Beijingbetween Jan-
uary 2014 and September 2016. The detailed design of
this cohort has been previously described [23]. The co-
hort included patients aged 18 years or older who arrived
at the hospital within 72 hours of symptom onset. Exclu-
sion criteria encompassed a history of ICH or severe comor-
bidities, including: (i) Child-Pugh class C hepatic failure;
(i1) renal failure (estimated glomerular filtration rate <15
mL/min/1.73 m?); (iii) heart failure (left ventricular ejec-
tion fraction <40%); and (iv) malignancy with a life ex-
pectancy of less than 3 months. A total of 1964 eligible
patients were enrolled in the cohort. For the current analy-
sis, patients with incomplete admission SBP or HR data (n
= 181) or lacking follow-up information (n = 386) were fur-
ther excluded. Additionally, patients with atrial fibrillation
(AF, n=33) were excluded because the irregular rhythm as-
sociated with AF renders HR an unreliable measure for es-
timating cardiac workload. Ultimately, 1364 patients were
included in the final analysis.

2.2 Clinical Data Collection

Standardized questionnaires were employed to gather
comprehensive clinical information, encompassing demo-
graphics (age and sex), lifestyle factors (smoking and alco-
hol intake), medical history (hypertension, diabetes melli-
tus, dyslipidemia, ischemic stroke, and myocardial infarc-
tion), and in-hospital medications (antihypertensive, antidi-
abetic, and lipid-lowering agents). The pre-morbid func-
tional status was evaluated using the modified Rankin Scale
(mRS) by trained investigators. Neurological deficit sever-
ity was assessed at admission utilizing the Glasgow Coma
Scale (GCS). Neuroimaging assessments were conducted
based on the initial computed tomography scan obtained
within 24 hours of admission to ascertain hematoma charac-
teristics, including location (lobar, deep, infratentorial, and
ventricular), volume, and the presence of intraventricular
extension.

2.3 RPP Calculation

Early cardiac workload was quantified using the RPP
measured at admission within 72 hours of symptom on-
set (the cohort’s enrollment window), calculated as: [HR
(bpm) x SBP (mmHg)]/ 1000 [20]. Both SBP and HR were
measured after a S-minute rest period in a quiet environ-
ment, prior to the administration of any in-hospital medica-
tions. SBP was assessed using a mercury manometer while
the patient was either seated or supine, and HR was derived
from a 10-second, 12-lead electrocardiogram.

2.4 Follow-Up and Clinical Outcomes

Patients were followed up through telephone inter-
views at 90 days and 1 year after the onset of symptoms to
evaluate their mRS scores. The primary outcomes included
unfavorable functional outcome, defined as an mRS score
of >3, and all-cause mortality. All outcome assessors were
blinded to the patients’ baseline clinical and imaging data.

2.5 Statistical Analysis

Continuous variables exhibiting non-normal distribu-
tion were presented as medians with interquartile ranges
(IQRs), whereas categorical variables were displayed as
counts and percentages. The Kruskal-Wallis test and the
chi-square test (or Fisher’s exact test when appropriate)
were employed to compare baseline characteristics across
the quartiles of RPP (Q1, Q2, Q3, and Q4).

Associations of RPP with unfavorable functional out-
comes and all-cause mortality were evaluated using mul-
tivariable logistic regression and Cox proportional hazards
models, respectively. RPP was modeled both continuously
and categorically by quartiles. Four sequential models were
fitted: Model 1, unadjusted; Model 2, adjusted for age
and sex; Model 3, additionally adjusted for smoking, alco-
hol intake, medical history (hypertension, diabetes melli-
tus, dyslipidemia, ischemic stroke, myocardial infarction),
mRS before onset, admission GCS, location of hematoma,
hematoma volume, and intraventricular extension; Model
4, further adjusted for in-hospital medications (antihyper-
tensive, antidiabetic, and lipid-lowering agents). Trend test
was used to assess the impact of RPP elevation across quar-
tiles on outcomes. To further assess the dose-response rela-
tionship, restricted cubic splines (RCS) based on Model 4
were employed, with 3—5 knots selected according to the
Akaike Information Criterion and placed at prespecified
percentiles. Shift analysis of the full mRS distribution at
90 days and | year across RPP quartiles was conducted us-
ing ordinal logistic regression and the Kruskal-Wallis test.
One-year survival across RPP quartiles was compared us-
ing Kaplan-Meier curves and the log-rank test. The pre-
dictive ability of RPP, HR, and SBP was compared using
C-statistics.

To assess the robustness of the observed associations,
sensitivity analyses were performed by restricting the co-
hort to patients with onset-to-door times of <6 h, <12 h, and
<24 h. Furthermore, subgroup analyses were conducted to
assess the consistency of the findings across different pop-
ulations: age (<65 years vs. >65 years), sex, history of hy-
pertension, onset-to-door time (<6 h, 6-12 h, and >12 h),
ICH severity (GCS >12, 9—12, and <8) and in-hospital -
blocker treatment.

All statistical analyses were performed using R soft-
ware (version 4.4.2; R Foundation for Statistical Comput-
ing, Vienna, Austria), and a two-sided p-value < 0.05 was
considered statistically significant.
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Table 1. Baseline characteristics among ICH patients according to quartiles of RPP.

ssdid dINI

Variables Total RPP p-value
Q1 (<10.89) Q2 (10.89-12.88) Q3 (12.88-15.33) Q4 (>15.33)

n 1364 341 341 341 341

Age, years 57.0 (48.0, 67.0) 59.0 (47.0, 67.0) 58.0 (50.0, 67.0) 57.0 (50.0, 65.0) 56.0 (47.0, 66.0) 0.448

Male, n (%) 915 (67.1) 230 (67.4) 224 (65.7) 230 (67.4) 231 (67.7) 0.939

Smoking, n (%) 585 (42.9) 151 (44.3) 144 (42.2) 152 (44.6) 138 (40.5) 0.673

Alcohol intake, n (%) 499 (36.6) 128 (37.5) 129 (37.8) 122 (35.8) 120 (35.2) 0.863

Medical history, n (%)

Hypertension 934 (68.5) 170 (49.9) 234 (68.6) 258 (75.7) 272 (79.8) <0.001

Diabetes mellitus 205 (15.0) 39(11.4) 46 (13.5) 49 (14.4) 71 (20.8) 0.004

Dyslipidemia 125(9.2) 3294 32(94) 32(9.4) 29 (8.5) 0.971

Ischemic stroke 195 (14.3) 52 (15.2) 46 (13.5) 46 (13.5) 51(15.0) 0.865

Myocardial infarction 28 (2.1) 9(2.6) 8(2.3) 7(2.1) 4(1.2) 0.564

mRS before onset 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.0 (0.0, 0.0) 0.926

Onset-to-door time, h 4.0(1.9,11.4) 5.5(2.3,19.0) 4.5(2.0,11.4) 3.0(1.7,8.4) 3.5(1.8,8.4) <0.001

Admission SBP, mmHg 164.0 (147.0, 185.3) 135.0 (127.0, 150.0) 159.0 (148.0, 170.0) 177.0 (162.0, 188.0) 195.0 (175.0,210.0) <0.001

Admission HR, bpm 79.0 (70.0, 88.0) 70.0 (62.0, 75.0) 76.0 (70.0, 80.0) 80.0 (75.0, 86.0) 98.0 (86.0, 108.0) <0.001

Admission GCS score 14.0 (9.0, 15.0) 14.0 (12.0, 15.0) 14.0 (11.0, 15.0) 14.0 (10.0, 15.0) 10.0 (5.0, 14.0) <0.001

Location of hematoma, n (%) 0.033

Lobar 351(25.7) 106 (31.1) 90 (26.4) 84 (24.6) 71 (20.8)

Deep 772 (56.6) 180 (52.8) 195 (57.2) 206 (60.4) 191 (56.0)

Infratentorial 155 (11.4) 33(9.7) 36 (10.6) 36 (10.6) 50 (14.7)

Ventricular 86 (6.3) 22 (6.5) 20 (5.9) 15 (4.4) 29 (8.5)

Hematoma volume, mL 17.1 (6.7, 37.0) 15.3(5.2,30.2) 14.0 (5.0, 27.9) 15.4 (7.0, 37.1) 27.0 (10.0, 49.5) <0.001

Intraventricular extension, n (%) 488 (35.8) 99 (29.0) 100 (29.3) 120 (35.2) 169 (49.6) <0.001

In-hospital medications, n (%)

Antihypertensive agents 1049 (76.9) 193 (56.6) 267 (78.3) 299 (87.7) 290 (85.0) <0.001

B-blocker 143 (10.5) 20 (5.9) 32(9.4) 47 (13.8) 44 (12.9) 0.003

Antidiabetic agents 94 (6.9) 26 (7.6) 25(7.3) 29 (8.5) 14 (4.1) 0.117

Lipid-lowering agents 196 (14.4) 52(15.2) 41 (12.0) 48 (14.1) 55(16.1) 0.454

Note: Non-normal continuous data were expressed as median (interquartile range) and categorical variables were described as n (%).
Abbreviations: GCS, Glasgow Coma Scale; HR, heart rate; ICH, intracerebral hemorrhage; mRS, modified Rankin Scale; RPP, rate-pressure product; SBP, systolic
blood pressure.
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Table 2. Association between rate-pressure product (RPP) and primary outcomes.

RPP as a categorical variable, quartiles

Outcomes ~ RPP as a continuous variable

Q2 Q3 Q4 p for trend
90-day unfavorable functional outcome, OR (95% CI)
n (%) 560 (41.1) 101 (29.6) 117 (34.3) 132 (38.7) 210 (61.6)
Model 1 1.170 (1.134-1.208) Reference  1.241 (0.899-1.715) 1.501 (1.092-2.067) 3.809 (2.777-5.255) <0.001
Model 2 1.185(1.147-1.225) Reference  1.198 (0.860-1.672) 1.510 (1.088-2.101) 4.182 (3.009-5.852) <0.001
Model 3 1.080 (1.034-1.128) Reference  1.149 (0.755-1.752) 1.250 (0.817-1.916) 1.807 (1.160-2.821) 0.009
Model 4 1.084 (1.036-1.133) Reference  1.190 (0.776-1.826) 1.303 (0.840-2.026) 1.851 (1.173-2.927) 0.008
1-year unfavorable functional outcome, OR (95% CI)
n (%) 466 (34.2) 83 (24.3) 95 (27.9) 111 (32.6) 177 (51.9)
Model 1 1.159 (1.124-1.195) Reference  1.200 (0.853-1.692) 1.500 (1.074-2.102) 3.355(2.428-4.664) <0.001
Model 2 1.181 (1.143-1.221) Reference  1.163 (0.816-1.661) 1.536 (1.085-2.181) 3.790 (2.696-5.368) <0.001
Model 3 1.074 (1.029-1.122) Reference  1.142 (0.732-1.786) 1.380 (0.881-2.167) 1.591 (1.003-2.529) 0.033
Model 4 1.082 (1.035-1.132) Reference  1.224 (0.779-1.928) 1.531 (0.964-2.441) 1.709 (1.065-2.750) 0.017
90-day all-cause mortality, HR (95% CI)
n (%) 281 (20.6) 43 (12.6) 51 (15.0) 60 (17.6) 127 (37.2)
Model 1 1.155 (1.128-1.182) Reference  1.177 (0.783-1.769) 1.440 (0.973-2.130) 3.506 (2.480—4.957) <0.001
Model 2 1.160 (1.133-1.188) Reference  1.159 (0.770-1.742)  1.439 (0.973-2.130) 3.538 (2.502-5.003) <0.001
Model 3 1.041 (1.014-1.068) Reference  1.059 (0.696-1.612) 1.104 (0.732-1.665) 1.384 (0.947-2.022) <0.001
Model 4 1.046 (1.019-1.074) Reference  1.075 (0.705-1.639) 1.212 (0.798-1.840) 1.526 (1.040-2.240) <0.001
1-year all-cause mortality, HR (95% CI)
n (%) 334 (24.5) 57 (16.7) 64 (18.8) 71 (20.8) 142 (41.6)
Model 1 1.144 (1.119-1.170) Reference  1.147 (0.803-1.639) 1.296 (0.914-1.836) 3.064 (2.253-4.167) <0.001
Model 2 1.153 (1.127-1.180) Reference  1.126 (0.788-1.610) 1.305 (0.921-1.850) 3.113 (2.288-4.237) <0.001
Model 3 1.045 (1.019-1.071) Reference  1.059 (0.734-1.530) 1.086 (0.753-1.565) 1.391 (0.991-1.953) <0.001
Model 4 1.050 (1.024-1.076) Reference  1.092 (0.756-1.577) 1.209 (0.834-1.753) 1.539 (1.093-2.168) <0.001

Model 1: Unadjusted;

Model 2: Adjusted for age and sex;

Model 3: Adjusted for variables in Model 2 plus smoking, alcohol intake, medical history (hypertension, diabetes mellitus, dyslipidemia,

ischemic stroke, myocardial infarction), modified Rankin Scale score before onset, admission Glasgow Coma Scale, location of hematoma,

hematoma volume, intraventricular extension.

Model 4: Adjusted for variables in Model 3 plus in-hospital medications (antihypertensive, antidiabetic, and lipid-lowering agents).

Abbreviations: CI, confidence interval; HR, hazard ratio; OR, odds ratio.

3. Results

3.1 Baseline Characteristics

A total of 1364 patients with ICH were included in this
study. The median age was 57.0 years (IQR, 48.0-67.0),
and 915 (67.1%) patients were male. Baseline characteris-
tics according to quartiles of RPP are detailed in Table 1.
Significant differences were observed among the quartiles
concerning history of hypertension, history of diabetes mel-
litus, onset-to-door time, admission SBP, admission HR,
admission GCS score, location of hematoma, hematoma
volume, intraventricular extension, and in-hospital antihy-
pertensive agents (all p < 0.05).

3.2 Association Between RPP and Primary Outcomes

At the 90-day follow-up, unfavorable functional out-
come was observed in 560 patients (41.1%), and 281 pa-
tients (20.6%) had died. By one year, 466 patients (34.2%)

experienced an unfavorable functional outcome, while 334
patients (24.5%) had succumbed to their condition.

When RPP was analyzed as a continuous variable,
each l-unit increase was independently associated with
higher odds of primary outcomes across all models (Ta-
ble 2). In the fully adjusted Model 4, the odds ratio (OR)
was 1.084 (95% confidence interval [CI]: 1.036-1.133) for
90-day unfavorable functional outcome, 1.082 (95% CI:
1.035-1.132) for 1-year unfavorable functional outcome;
the hazard ratio (HR) was 1.046 (95% CI: 1.019-1.074)
for 90-day all-cause mortality and 1.050 (95% CI: 1.024—
1.076) for 1-year all-cause mortality. Furthermore, the RCS
curves illustrated a general monotonic increase in the risk
of all outcomes with rising RPP levels (p for overall < 0.05
and p for nonlinear > 0.05 for all outcomes; Fig. 1.

When RPP was categorized into quartiles, patients in
the highest quartile (Q4) exhibited a significantly higher
risk of primary outcomes compared to those in the low-
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Fig. 1. Restricted cubic spline curves of the association between rate-pressure product (RPP) and primary outcomes. The red

solid lines represent the odds ratios (ORs) for (a) 90-day unfavorable functional outcome and (b) 1-year unfavorable functional outcome,

and the hazard ratios (HRs) for (c) 90-day all-cause mortality and (d) 1-year all-cause mortality. The blue dashed lines indicate the 95%

confidence intervals (CIs), and the gray bars represent histograms of RPP distribution. Models were adjusted for age, sex, smoking,

alcohol intake, medical history (hypertension, diabetes mellitus, dyslipidemia, ischemic stroke, myocardial infarction), modified Rankin

Scale score before onset, admission Glasgow Coma Scale, location of hematoma, hematoma volume, intraventricular extension and

in-hospital medications (antihypertensive, antidiabetic, and lipid-lowering agents).

est quartile (Q1) (Table 2). In Model 4, the multivariable-
adjusted OR for Q4 versus Q1 was 1.851 (95% CI: 1.173—
2.927) for 90-day unfavorable functional outcome and
1.709 (95% CI: 1.065-2.750) for 1-year unfavorable func-
tional outcome; adjusted HR was 1.526 (95% CI: 1.040—
2.240) for 90-day all-cause mortality and 1.539 (95% CI:
1.093-2.168) for 1-year all-cause mortality. Trend analy-
ses revealed a statistically significant association between
increasing RPP quartiles and primary outcomes (Table 2; p
for trend < 0.05 for all). Furthermore, shift analysis showed
that as RPP quartiles increased, the distribution of mRS
scores exhibited a significant shift toward worse functional
outcome at both 90 days and 1 year (ordinal logistic re-
gression overall LR %* = 99.851 and 88.063, respectively;
Kruskal-Wallis H = 96.135 and 86.369, respectively; all p
< 0.001; Fig. 2). Kaplan-Meier survival curves demon-
strated a significant difference in one-year survival rates
across RPP quartiles (log-rank y* =86.32, df =3, p<0.001).

&% IMR Press

Specifically, the lowest cumulative survival probability was
observed in the Q4 group (Fig. 3).

3.3 Sensitivity Analysis

The results of sensitivity analysis are shown in Sup-
plementary Table 1. The relationship between RPP and
outcomes remained robust across different time windows:
<6 h (n = 838), <12 h (n = 1058), and <24 h (n = 1189).
In the fully adjusted model, elevated RPP was consistently
associated with a higher risk of unfavorable functional out-
comes and mortality.

3.4 Subgroup Analysis

The association between RPP and all outcomes re-
mained consistent across subgroups stratified by age, sex,
history of hypertension, onset-to-door time and ICH sever-
ity, with no significant interactions observed (p for interac-
tion > 0.05 for all). However, a significant interaction was
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Fig. 2. Distribution of modified Rankin Scale (mRS) scores across quartiles of rate-pressure product. (a) mRS scores at 90 days.

(b) mRS scores at 1 year.

detected with in-hospital B-blocker treatment (p for interac-
tion < 0.05 for all four outcomes). The association between
high RPP and primary outcomes was attenuated in patients
receiving B-blockers (Fig. 4).

3.5 Predictive Performance of RPP

The predictive performance of the RPP was evaluated
against its individual components, HR and SBP, utilizing
C-statistics (Table 3). The C-statistic of RPP was 0.643
(95% CI, 0.613-0.673) for 90-day unfavorable functional
outcome, 0.637 (95% CI, 0.606-0.669) for 1-year unfa-
vorable functional outcome, 0.668 (95% CI, 0.630-0.706)
for 90-day all-cause mortality, and 0.650 (95% CI, 0.614—
0.686) for 1-year all-cause mortality. When compared to
HR or SBP alone, RPP demonstrated a significantly supe-
rior predictive capability for all four outcomes (p < 0.05 for
all comparisons).

4. Discussion

In this large, multicenter, prospective cohort study,
we systematically demonstrated that (1) RPP was inde-
pendently associated with long-term unfavorable functional
outcome and all-cause mortality in patients with acute ICH;
(2) RPP exhibited greater predictive performance compared
with either HR or SBP alone; and (3) the adverse prognostic
risk associated with high RPP was mitigated by in-hospital
B-blocker treatment. Collectively, these findings identify
elevated early cardiac workload as a potent prognostic fac-
tor for poor long-term outcomes following ICH.

Although the precise mechanisms linking cardiac
workload to ICH prognosis remain incompletely under-
stood, we postulate that the pathological activation of the
brain-heart axis plays a pivotal role. First, the mass effect
of the hematoma and surrounding edema, along with the
toxic effects of blood breakdown products, may structurally
and functionally compromise the central autonomic net-
work (CAN) [24]. This injury can lead to the disinhibition
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Fig. 3. 1-year Kaplan-Meier survival curves across quartiles of rate-pressure product.

Table 3. Comparison of the predictive performance of RPP, HR and SBP for outcomes in patients with intracerebral

hemorrhage.
C-statistic (95% CI) p-value
Outcomes
RPP HR SBP RPP vs. RPP s,
HR SBP

90-day unfavorable functional outcome  0.643 (0.613-0.673)  0.614 (0.583-0.645)  0.604 (0.574-0.635)  0.015 0.001
1-year unfavorable functional outcome  0.637 (0.606-0.669)  0.612 (0.578-0.645)  0.597 (0.565-0.629)  0.035 0.001
90-day all-cause mortality 0.668 (0.630-0.706)  0.638 (0.597-0.678)  0.623 (0.584-0.662)  0.039 0.003
1-year all-cause mortality 0.650 (0.614-0.686)  0.619 (0.581-0.656)  0.611 (0.575-0.647)  0.023 0.006

Abbreviations: CI, confidence interval; HR, heart rate; RPP, Rate-pressure product; SBP, systolic blood pressure.

of sympatho-excitatory centers, precipitating a hyperadren-
ergic state. Such sympathetic hyperactivity has been shown
to aggravate secondary brain injury by inducing disrup-
tion of the blood-brain barrier, exacerbating perihematomal
edema, and promoting a pro-inflammatory state [24,25,26],
ultimately worsening patient prognosis [27,28]. Second,
previous studies have demonstrated that stroke events can
trigger neurovascular uncoupling and impair cerebral au-
toregulation, making cerebral blood flow more dependent
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on systemic hemodynamics [6,29]. In this vulnerable state,
elevated cardiac workload may not only impair cerebral
perfusion but also transmit excessive hydrostatic pressure
to the injured neurovascular unit, potentially exacerbating
perihematomal edema and increasing the risk of hematoma
expansion, thereby worsening neurological injury. Third,
the RPP, also known as the double product, is a well-
validated, non-invasive index of myocardial oxygen con-
sumption [13,14]. During exercise and stress conditions,
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(a) Subgroup analyses for 90-day unfavourable functional outcome

No

Subgroup OR (95% CI) p for interaction
Age 265 0.553
Yes 1.199 (1.124 - 1.280) ——
No 1.172(1.130- 1.217) ——
Gender 0.606
Male 1477 (1.134 - 1.222) ——
Female 1.156 (1.090 - 1.226) —_—
Hypertension 0.715
1167 (1.124 - 1.212) ——
No 1183 (1.112 - 1.259) —_—
Onset-to-door time 0.260
<6h 1.179 (1.131 - 1.228) ———
6-12h 1.157 (1.076 - 1.245) -
>12h 1.119 (1.043 - 1.200) -
Severity 0.307
GCS >12 1.059 (0.996 - 1.126) ——
GCS 9-12 1.057 {0.990 - 1.129) By
GCS <8 1.132 (1.050 - 1.221) —_——
In-hospital B-blocker treatment 0.004
Yes 1.031(0.942 - 1.128)
(

1.188 (1.148 - 1.229)

08

(b) Subgroup analyses for 1-year unfavourable functional outcome

group OR (95% CI) pfori

Age 265 0.602
Yes 1.189 (1.116 - 1.268) —
No 1.166 (1.124 - 1.210) ——

Gender 0.746
Male 1165 (1.123 - 1.208)
Female 1.151 (1.086 - 1.221) —_—

Hypertension 0.252
Yes 1.176 (1.133 - 1.222) ——4
No 1.129 (1.064 - 1.198) —

Onset-to-door time 0.508
<6h 1.162 (1.117 - 1.209) ——

6-12h 1.163 (1.082 - 1.251) .

>12h 1.119 (1.041 - 1.202) —_—

Severity 0.594
GCS >12 1.038 (0.969 - 1.112) —_
GCS 9-12 1.062 (0.993 - 1.135) ——

GCS <8
In-hospital B-blocker treatment
Yes

No

1.088 (1.026 -

1.153) —_—

1.050 (0.957 - 1.153)
1.174 (1.135-1.214) ;

0.027

(d) Subgroup analyses for 1-year all-cause mortality

Subgroup

HR (95% CI)

p for interaction

Age 265

Yes

No
Gender

Male

Female
Hypertension

No
Onset-to-door time
<6h

6-12h
>12h

1.157 (1.109-1.207)
1.147 (1.116-1.178)

1.146
1.137

A17-1.175)
.084-1.194)

1.154
1.136

.123-1.185)

o
1
1
1.085-1.190)

1.137 (1.107-1.168)

1.129 (1.055-1.208)

0.699

0.632

0.465

0.952

(c) Subgroup y for 90-day all mortality

Subgroup HR (35% CI) p for interaction

Age 265 0.734

Yes 1477 (1.123-1.232) —

No 1.152 (1.120-1.185) ——

Gender 0.878

Male 1.153 (1.123-1.184) ——

Female 1.154 (1.096-1.215) —_—

Hypertension 0.447
1.164 (1.132-1.197) —-—

No 1.146 (1.094-1.201) -—

Onset-to-door time 0.767

<6h 1.143 (1.111-1.475) ——

6-12h 1.186 (1.121-1.254) ——

>12h 1.133 (1.049-1.224) ——

Severity 0.863

GCS >12 1.089 (0.992-1.197)

GCS 9-12 1.085 (1.012-1.163)

GCS <8 1.063 (1.035-1.093) —_

In-hospital B-blocker treatment 0.011

Yes 1.032 (0.936-1.139)

No 1.166 (1.139-1.195)

T T
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In-hospital B-blocker treatment 0.001
Yes 1.008 (0.925-1.101) [
No 1.158 (1.132-1.186) I - .
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Fig. 4. Subgroup analyses of the association between rate-pressure product and outcomes.Forest plots show (a) 90-day unfavorable

functional outcome (OR), (b) 1-year unfavorable functional outcome (OR), (c) 90-day all-cause mortality (HR), and (d) 1-year all-cause

mortality (HR) across subgroups.Abbreviations: CI, confidence interval; GCS, Glasgow Coma Scale; HR, hazard ratio; OR, odds ratio.

myocardial oxygen demand rises largely in proportion to
the tension-time work and afterload faced by the left ven-
tricle; HR strongly determines the frequency and cumula-
tive duration of systolic tension development, whereas SBP
serves as a convenient clinical surrogate for left ventricu-
lar afterload [30,31]. Accordingly, RPP increases in paral-
lel with oxygen requirements. Classic invasive studies in
patients with angina demonstrated a close relationship be-
tween RPP and directly assessed indices of myocardial oxy-
gen consumption and myocardial blood flow [13,32]. Con-
sequently, a high admission RPP may indicate an abrupt
surge in myocardial oxygen demand. This acute demand-
supply mismatch may deplete cardiac reserve and trigger
subclinical myocardial injury [7,8], thereby reducing phys-
iological resilience to post-ICH complications.

Our findings align with a previous smaller retrospec-
tive study that identified RPP as a predictor of short-term
(30-day) mortality [33]. However, our study further ex-
tends prior evidence by demonstrating associations with
long-term unfavorable functional outcomes and mortality.
Importantly, these associations remain significant even af-
ter adjusting for baseline severity markers such as GCS
and hematoma volume. This finding implies that elevated
RPP is not merely an epiphenomenon of the initial injury
severity. Instead, it likely reflects a component of systemic
physiological dysregulation that is independently associ-
ated with poor functional recovery.

Furthermore, we found that RPP demonstrated supe-
rior prognostic performance to either HR or SBP alone.
This observation aligns with existing cardiology literature
regarding coronary artery disease [21,34]. Mechanistically,
while SBP primarily reflects left ventricular afterload and
HR reflects the chronotropic state, RPP integrates both pa-
rameters, providing a more comprehensive perspective on
cardiac work. Furthermore, the physiological relationship
between BP and HR is precisely regulated by autonomic
mechanisms, such as the baroreceptor reflex, which main-
tain a dynamic negative feedback balance in a healthy state
[35]. However, in acute ICH, CAN injury can disrupt this
autonomic feedback [36,37], resulting in a simultaneous el-
evation of SBP and HR. RPP effectively captures this “dou-
ble hit” on the cardiovascular system, thus providing a more
accurate reflection of the severity of systemic physiological
dysregulation.

A critical consideration in utilizing admission physi-
ological parameters is the timing of measurement. While
physiological changes are most volatile in the first few
hours, accumulating evidence suggests that autonomic dys-
regulation after ICH is a sustained pathological state that
persists throughout the early acute phase [38]. Sykora et
al. demonstrated that baroreflex sensitivity remains signif-
icantly impaired in ICH patients within 72 hours of symp-
tom onset compared to healthy controls [36]. Therefore,
the RPP obtained within this window may reasonably cap-
ture the pathophysiology of autonomic dysregulation after
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ICH. Importantly, our sensitivity and subgroup analyses re-
vealed that the association between RPP and outcomes re-
mained consistent across all time windows, suggesting that
the prognostic signal of RPP is not driven by a specific
arrival window. Collectively, these findings establish ad-
mission RPP as a temporally stable and reliable prognostic
biomarker during the early phase of ICH.

Current evidence regarding the use of B-blockers in
ICH remains inconsistent. While some studies suggested
benefits, including reduced perihematomal edema, lower
infection rates, and decreased mortality [39,40,41], a recent
large meta-analysis found no significant association with
functional outcome or survival [42]. These divergent find-
ings are likely attributable to the profound clinical and phys-
iological heterogeneity of the ICH population, highlight-
ing the need for a more targeted therapeutic strategy. Our
study proposes a potential direction for stratification. We
observed that the association between high RPP and poor
outcomes was attenuated in patients receiving B-blockers.
Given that B-blockers exert sympatholytic effects, this find-
ing supports the hypothesis that high RPP may identify a
hyperadrenergic phenotype. Therefore, RPP holds the po-
tential to serve as a biomarker for stratifying patients who
might derive greater benefit from targeted sympatholytic
therapy. This hypothesis warrants prospective validation
in randomized controlled trials.

While the brain-heart interaction is well-documented
in the context of ischemic stroke, data regarding ICH re-
main limited [4,43]. Existing studies on ICH have pre-
dominantly focused on overt cardiac pathologies, such as
myocardial infarction, heart failure, and severe arrhythmias
[44,45,46], neglecting the clinical significance of concealed
cardiovascular stress. Our findings underscore the prog-
nostic value of early cardiac workload assessment using the
RPP, an easily obtainable indicator. Incorporating RPP into
initial risk stratification may assist clinicians in identifying
patients experiencing excessive cardiovascular stress who
may require intensified hemodynamic monitoring beyond
standard blood pressure management.

Limitations

Several limitations must be acknowledged. First, as
this is an observational study, the potential for residual con-
founding cannot be entirely ruled out, despite comprehen-
sive multivariable adjustment. Second, due to limitations in
the database, cardiac workload was assessed using a single
admission RPP measurement, which may not fully reflect
the dynamic nature of sympathetic activation and hemody-
namic fluctuations during the early phase of ICH. The tra-
jectory of RPP over the first 24—72 hours may hold greater
prognostic value than the initial baseline value alone. Fu-
ture studies utilizing continuous hemodynamic monitoring
or repeated-measures analysis are warranted to better cap-
ture the impact of these dynamic fluctuations on clinical
outcomes. Third, we lacked specific data regarding the
cause of death (cardiac vs. neurological), as well as access
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to cardiac imaging or biomarker data to definitively confirm
cardiac injury. Fourth, our cohort was predominantly male
(67%), which may limit the generalizability of the findings
to female patients. Future studies with a more balanced sex
distribution are warranted to validate the present results.

5. Conclusions

In this large, multicenter, prospective cohort (67.1%
male), early cardiac workload, quantified by the RPP,
serves as a potent independent predictor of long-term un-
favorable functional outcome and all-cause mortality in pa-
tients with ICH. These findings underscore the prognostic
relevance of the brain—heart interaction and highlight the
potential clinical value of monitoring cardiovascular stress
during the acute phase of ICH.
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