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Abstract

Background and purpose: Blood pressure (BP) variability has been associated with worse neurologic outcomes 

in acute ischemic stroke (AIS) patients receiving treatment with intravenous thrombolysis (IVT). However, no 

study to date has investigated whether pulse pressure (PP) variability may be a superior indicator of the total 

cardiovascular risk, as measured by clinical outcomes.A
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Methods: We calculated PP variability from 24 hours PP measurements following tPA-bolus in AIS patients 

enrolled in the Combined Lysis of Thrombus using Ultrasound and Systemic tPA for Emergent 

Revascularization (CLOTBUST-ER) trial. The outcomes of interest were the pre-specified efficacy and safety 

endpoints of CLOTBUST-ER. All associations were adjusted for potential confounders in multivariable 

regression models.

Results: We analyzed data from 674 participants. PP variability was identified as the BP parameter with the 

most parsimonious fit in multivariable models of all outcomes, and was independently associated (p<0.001) 

with lower likelihood of both 24-hour neurological improvement and 90-day independent functional outcome. 

PP variability was also independently related to increased odds of any intracranial bleeding (p=0.011) and 90-

day mortality (p<0.001). Every 5mmHg-increase in the 24-hour PP variability was independently associated 

with a 36% decrease in the likelihood of 90-day independent functional outcome (ORadjusted= 0.64, 95%CI:0.52-

0.80) and a 60% increase in the odds of 90-day mortality (OR adjusted= 1.60, 95%CI:1.23-2.07). PP variability 

was not associated with symptomatic intracranial bleeding at either 24 or 36 hours after IVT administration.

Conclusions: Increased PP variability appears to be independently associated with adverse short-term and long-

term functional outcomes of AIS patients treated with IVT. 

Introduction

Elevated blood pressure (BP) levels, both prior to and after the administration of intravenous 

thrombolysis (IVT), are known to have an adverse impact on the outcomes of patients with acute ischemic 

stroke (AIS) receiving tissue plasminogen activator (tPA). Increasing BP values have been independently 

associated with increased likelihood of symptomatic intracranial hemorrhage (sICH) and lower probability of 

functional independence at 3 months.1 Blood pressure (BP) variability has increasingly been recognized as a 

novel risk factor that can provide complementary information on clinical outcomes of AIS patients treated with 

systemic thrombolysis.2 Increased systolic BP (SBP) and diastolic BP (DBP) variability has previously been 

independently associated with worse functional outcomes in AIS receiving treatment with IVT.3-5 

However, no study to date has evaluated the potential impact of pulse pressure (PP) variability, which 

is considered to be a superior indicator of the total cardiovascular risk, on the outcomes of AIS patients treated 

with IVT.6 Moreover, elevated PP levels in the acute phase of stroke have emerged as an independent adverse A
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predictor of short-term and long-term outcomes in patients with acute or hemorrhagic stroke.7-9 In view of these 

considerations, we sought to evaluate the association of  PP variability during the first 24 hours following tPA 

bolus on the outcomes of AIS patients enrolled in the Combined Lysis of Thrombus using Ultrasound and 

Systemic tPA for Emergent Revascularization (CLOTBUST-ER) trial.10

Methods

We analyzed hourly BP measurement data during the first 24 hours following the tissue plasminogen 

activator (tPA) bolus in patients with AIS symptom onset less than 4.5 hours who were randomized in the 

CLOTBUST-ER trial.11 Detailed inclusion and exclusion criteria, comprehensive trial protocol and statistical 

analysis plan of CLOTBUST-ER have been published elsewhere.8 BP measurements prior to the tPA bolus 

were also recorded for all participants.10,11 All patients in the active (ultrasound+tPA treatment) and control 

(tPA treatment only) groups underwent serial BP measurements with automated BP monitors used at each 

individual center every 15 minutes for the first 2 hours, every 30 minutes from two to eight hours and then 

hourly from eight to twenty four hours after the tPA bolus. 10,11 BP goals were prespecified in the study protocol 

as SBP ≤185mmHg and DBP ≤110mmHg prior to the tPA infusion; the BP goals were set at SBP ≤180mmHg 

and DBP ≤105 mmHg during and for the first 24 hours after the tPA infusion initiation,10,11 according  to the 

recommendations from the American Heart Association (AHA) / American Stroke Association (ASA).12 BP 

measurement frequency and pre-specified goals described above were univocally followed by all participating 

centers. CLOTBUST-ER investigators were instructed to implement their site-specific blood pressure lowering 

algorithms, with no particular recommendations on the antihypertensive agent to be used.11 

Pulse pressure (PP) was calculated by subtracting the diastolic BP from the corresponding SBP reading 

of each patient at a given time point. We estimated the SBP, DBP and PP values for each subject during the 24-

hour monitoring period.13 We additionally calculated the corresponding variability of each of the 

aforementioned BP parameters during the 24-hour measurement period as the within-subject standard deviation 

of mean,14,15 and also the association with baseline National Institutes of Health Stroke Scale score. 

We evaluated the associations of SBP, DBP and PP variability within the first 24 hours with the 

following pre-specified efficacy endpoints of CLOTBUST-ER10,11: i) the distribution of modified Rankin Scale 

(mRS) scores (ranging between 0 and 6) at day 90 after tPA administration ii) rate of independent functional 

outcome at 90 days following tPA treatment, defined as a mRS score of 0 or 1 for subjects with pretreatment 

National Institutes of Health Stroke scale (NIHSS) scores of 10–14 and mRS scores less or equal to 2 for 

subjects with pretreatment NIHSS scores more than 14 at the 90 day follow-up; iii) rate of clinical recovery 

assessed at 24 hours after tPA administration, defined as a reduction of 10 or more points on the 24 hour A
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NIHSS score compared with pretreatment NIHSS, or a total 24 hour NIHSS score of 3 or less; iv) rate of 

neurological improvement at 24 hours after tPA administration, defined as a reduction of 5 or more points on 

the 24 hour NIHSS score compared with the pretreatment NIHSS score; v) the distribution of mRS scores at 

day 7 after tPA administration or at hospital discharge. 

We also assessed the relationships of SBP, DBP and PP variability within the first 24 hours with the 

following prespecified safety endpoints of CLOTBUST-ER10,11,16 i) rates of sICH at 24 hours, defined as any 

parenchymal hemorrhage type 2 associated with 4 or more points worsening on the NIHSS scale compared 

with the best prior examination within 24h after tPA bolus; ii) rates of sICH at 36 hours, defined per the SITS 

MOST definition as local or remote parenchymal hemorrhage type 2 on the 22–36 h post-treatment imaging 

scan, combined with a neurological deterioration of 4 points or more on the NIHSS score from baseline, or 

from the lowest NIHSS value between baseline and 24 h, or leading to death; iii) presence of any ICH within 

24 hours following tPA administration; iv) asymptomatic ICH within 24 hours after tPA bolus, defined as any 

ICH on neuroimaging not conforming to the definition of neurological deterioration; v) rates of all-cause 

mortality within the first 90 days following tPA administration. 

The ascertainment of both NIHSS and mRS-scores was performed by trained and certified 

investigators of the CLOTBUST-ER trial. All intracranial bleeds that were associated with neurological 

deterioration, as defined above, were sent to a central imaging core lab for independent adjudication.10,11

Statistical analysis

Patients with missing follow-up data at three months were censored from analyses of efficacy 

endpoints that were assessed at 90 days after symptom onset. The association of each BP parameter with the 

safety and efficacy endpoints of interest was investigated in multivariable logistic and ordinal regression 

models adjusting for all baseline characteristics. All baseline characteristics, including pre-treatment BP, which 

were associated with the corresponding endpoints under evaluation in initial univariable analyses at p values 

less than 0.1 (Supplemental Tables I & II). The final variables that were independently associated in the 

multivariable regression analyses with the outcomes of interest were selected using an alpha value of 0.05. 

Adjusted associations were provided as odds ratios (ORs) or common odds ratios (cORs), with their 

corresponding 95% confidence intervals (95%CI).  In cases of more than one BP parameter independently 

associated with the same outcome of interest we compared the fit of the different multivariable models with the 

use of the Akaike Information Criterion (AIC), where a smaller AIC value indicated a better fit with the data 

and hence a superior multivariate logistic regression model.17,18 For the multivariable models with the lowest 

AIC, we provided additional analyses and graphical representations of the probability of each outcome of A
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interest by 5 mmHg sequential increases of the corresponding blood pressure parameter. Finally, we used the 

Kruskal-Wallis test to investigate for potential differences in the PP variability in the first 24 hours following 

tPA bolus according to the category of the antihypertensive agent that was used.

All statistical analyses were conducted with the Stata Statistical Software Release 13 (College Station, 

TX, StataCorp LP).

The study was approved by the institutional review board at every site or national ethics committee, as 

required.11 Written informed consent was obtained from the patient or a legal representative before enrolment.11

Data Availability Statement

Data will be available from corresponding author upon reasonable request.

Results

From the total 676 patients randomized in the CLOTBUSTER trial we excluded 2 patients due missing all 

serial BP measurements during the first 24 hours following tPA bolus administration. The mean number of 

serial 24 hour BP recordings per the remaining 674 patients (mean age: 66.8±10.6 years, median baseline 

NIHSS score: 14 points) was 22 (median 24, interquartile range 22-24). Patient baseline characteristics and 

outcomes are presented in Table 1.

Multivariable analyses are presented in Supplemental Table III. The likelihood of an independent 

functional outcome at 90 days was independently associated with the PP variability per 1mmHg increase. 

Clinical recovery at 24 hours was also independently associated with the SBP variability, DBP variability and 

PP variability per 1mmHg increase. The probability of 24-hour neurological improvement was independently 

associated with the SBP variability, DBP variability and PP variability per 1mmHg increase. Neurological 

deterioration in the first 24 hours after tPA bolus was independently associated with the SBP variability, DBP 

variability and PP variability per 1mmHg increase. Functional improvement at 7 days after hospital admission 

or at hospital discharge was independently associated with the 24-hour SBP variability, DBP variability and PP 

variability per 1mmHg increase. Likewise, 90-day functional improvement was independently related to the 

24-hour SBP variability, DBP variability and PP variability per 1mmHg increase. 

PP variability was identified as the BP parameter with the most parsimonious fit, associated with the 

smallest AIC values from all BP parameters in the aforementioned multivariate models (Supplemental Table 

III). PP variability was also the only blood pressure parameter that was independently associated with a higher 

risk for any ICH at 24 hours (ORadjusted=1.05, 95%CI: 1.01-1.09) and all-cause mortality (ORadjusted=1.09, 

95%CI: 1.04-1.13) per 1mmHg increase. The probability of symptomatic ICH at either 24 or 36 hours after A
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IVT administration was not found to be related to SBP, DBP or PP variability (Supplemental Table III). Figure 

1 provides a graphical representation of the sequential mean PP measurements for the first 24 hours after tPA 

bolus in patients with and without neurological deterioration at 24 hours.

Every 5mmHg increase in the 24-hour PP variability (Table 2) was  independently associated with a 

lower likelihood of 24-hour neurological improvement (ORadjusted=0.66, 95%CI: 0.54-0.80), lower likelihood of 

24-hour clinical recovery (ORadjusted=0.71, 95%CI: 0.57-0.88; Figure 2A), decreased odds of independent 

functional outcome at 90 days (ORadjusted=0.64, 95%CI:0.52-0.80; Figure 2B), functional improvement (shift 

analysis of 1 point decrease in mRS-scores across all subgroups) at day 7 or discharge (cORadjusted=0.68, 

95%CI:0.57-0.82), and at 90 days (cORadjusted=0.66, 95%CI: 0.55-0.78) in multivariable binary or ordinal 

logistic regression models. Finally, a 5mmHg increase in 24-hour PP variability was independently related to 

increased odds of all-cause mortality at 90 days (ORadjusted=1.60, 95%CI: 1.23-2.07; Figure 3A) in multivariable 

analyses adjusting for potential confounders. The corresponding association of 5mmHg increase in PP 

variability with the likelihood of any ICH at 24-hours did not retain its statistical significance in multivariable 

logistic regression models (ORadjusted =1.21, 95%CI: 0.94-1.56; Figure 3B).

Patients with history of antihypertensive treatment during the first 24 hours after tPA administration 

were found to have significantly higher levels of 24-hour PP variability compared to patient receiving no 

antihypertensive treatment (13.8±5.5 vs. 12.5±5.5, p=0.006). No difference in the levels of 24 hour PP 

variability according to the category of the antihypertensive agent used was uncovered (p=0.498; Figure 4).

Discussion

The present analyses of CLOTBUSTER data indicate that PP variability during the first 24 hours 

following the tPA bolus has a significant predictive value for both short-term and long-term clinical outcomes 

in AIS patients. Every 5mmHg increase in the 24-hour PP variability was independently associated with a 34% 

lower chance of 24-hour neurological improvement, 29% lower likelihood of clinical recovery at 24 hours, 

36% decrease in the likelihood of 90-day independent functional outcome and a 60% increase in the odds of 

90-day mortality.

Our findings are in accordance to previous observational studies in consecutive AIS patients with and 

without treatment with IVT, which reported an independent association of PP with increased  risk of mortality 

both at hospital discharge and at 1 year following stroke onset, higher likelihood of neurological deterioration 

during hospitalization and functional dependence at three months, and increased odds of 1 year stroke 

recurrence .8,9,19,20  PP variability during endovascular thrombectomy (EVT) has also been identified as an 

independent predictor of worse clinical outcomes in AIS patients receiving treatment with EVT.21 Interestingly, A
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widened PP has also been highlighted as an independent predictor for higher mortality in ICH patients.22 PP in 

the acute stage of ischemic stroke has been reported to have a nonlinear J-shaped relationship with major 

vascular events and stroke recurrence during the first year after stroke onset, displaying a stronger predictive 

power than other commonly used BP parameters.23 In addition, primary prevention studies have provided 

robust evidence that increased PP is strongly associated with adverse long-term outcomes, including vascular 

events, first-ever stroke and all-cause mortality.24

The superiority of PP as a cardiovascular risk marker in hypertension is well established, while it is 

known that with advancing age, the optimal predictor of cardiovascular risk shifts from diastolic BP to systolic 

BP and then to PP.25 It is also known that at optimal achieved systolic BP, cardiovascular risk is still defined by 

low or high diastolic BP, highlighting that PP is potentially more informative than individual information on 

systolic or diastolic BP measurements.26 Elevated PP, as a marker of arterial stiffness, has been correlated with 

a higher affinity to mortality and dependency risk following ischemic stroke compared to other BP indices.27 

Apart from elevated PP being a known surrogate marker of arterial stiffness, it has been associated with 

impairment of collateral circulation in patients with AIS due to large artery atherosclerosis.28 Increased PP 

results in a cerebral blood flow pulsatility increment, which could be harmful to cerebral microcirculation at 

the acute phase of cerebral ischemia.29 On the other hand, a low PP may reduce cerebral perfusion by 

disrupting the autoregulation of cerebral blood flow during the acute stage of an ischemic stroke.30

To the best of our knowledge, the present study is the first to highlight the impact of PP variability on 

the short-term and long-term outcomes of AIS patients treated with IVT using data from a phase III RCT with 

an adequate sample of patients and consecutive BP recordings in the acute stroke stage. Compared to previous 

reports investigating the association of SBP or DBP variability with the outcomes following IVT treatment for 

AIS, we hypothesized that PP variability as a potentially superior marker of arterial stiffness and 

cerebrovascular hemodynamics would provide additional insight. Nevertheless, some limitations of the present 

report also need to be acknowledged. First, per study protocol there are no data on the recanalization status 

during the first 24 hours after tPA bolus. Therefore, potential differences on the reported associations according 

to the recanalization status, or the impact of recanalization status on PP variability, cannot be further 

investigated. However, observational studies of AIS patients treated with EVT suggest that the association of 

increased BP variability with worse clinical outcomes is present in both successfully recanalized and non-

recanalized patient groups.31,32 Additionally, we have no information on the timing of intracranial bleeding, 

therefore increased PP variability could be the result rather than the cause of intracranial bleeding. Moreover, 

as no follow-up imaging data on the extent of cerebral ischemia were available within CLOTBUST-ER we 

were unable to evaluate the association of PP variability with infarct expansion. Second, no independent A
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association of PP –or any other BP parameter– with the sICH risk was identified in our multivariable analyses. 

Even though previous studies have reported a significant association of poor outcome with increased BP 

variability despite the lack of any association with ICH occurrence,33 we consider that the lack of any 

association between PP variability and sICH may be related to the limited number of sICH events at both 24 

(n=13) and 36 hours (n=15) within the CLOTBUSTER trial, and therefore the limited statistical power to 

uncover a significant association.  Third, as BP variation is known to differ significantly between stroke 

subtypes34 we cannot exclude the confounding role of different stroke etiology and underlying 

pathophysiologic mechanisms (embolism vs. in-situ atherothrombosis) in the reported outcomes. However, 

taking into account that patients were included in the CLOTBUST-ER trial if they had an NIHSS score of at 

least 10, with the vast majority (72%) of enrolled patients finally having NIHSS scores of 12 or more,35 we 

postulate that the percentage of patients with non-embolic stroke (lacunar infarcts) is negligible. In the presence 

of a proximal vessel occlusion, the association of increased BP variability with worse neurological outcome has 

been reported to be more pronounced in patients with large lesion core volume, concurrent viable ischaemic 

penumbra and good collaterals.36 Finally, although differences on the effect of classes of anti-hypertensives in 

the SBP variability has previously been suggested,37,38 in our analyses we failed to uncover any differences in 

PP variability according to classes of anti-hypertensive medications used in CLOTBUST-ER. The disparity of 

our findings with previous reports could be attributed to the different patient population with AIS in our study 

and the preference of certain drug classes over another (Supplemental Figure I), suggesting the possibility of 

selection bias.

In conclusion, increased PP variability appears to be independently associated with adverse short-term 

and long-term clinical outcomes in AIS patients treated with IVT. Our report adds to the evidence that 

variability of BP is detrimental in the setting of IVT treatment for AIS, suggesting that tight BP monitoring and 

control need to be implemented during the first hours following IVT administration. Additionally, the use of 

antihypertensive agents known to be associated with less blood pressure fluctuations (e.g. calcium channel 

blockers, non-loop diuretics) might be favored over antihypertensive medications that have been related with 

increased blood pressure variability (e.g. b-blockers). 37,38 The potential effect of pharmacological interventions 

aiming at reducing PP variability and improving functional outcome of AIS patients treated with IVT needs to 

be tested within the setting of a properly designed and adequately powered RCT.
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TABLES

Table 1. Baseline characteristics and outcomes of the study population

Variables

Baseline characteristics

Sonothrombolysis treatment (%) 334 (49.5%)

Age (years, mean±SD) 66.8±10.6

Male sex (%) 392 (58.2%)

Baseline NIHSS score (median, IQR) 14 (11-18)

Hypertension (%) 409 (60.9%)

Diabetes mellitus (%) 155 (23.0%)

Atrial fibrillation (%) 116 (17.2%)

Systolic BP before alteplase bolus (mmHg, mean±SD) 150.0±20.3

Diastolic BP before alteplase bolus (mmHg, mean±SD) 81.7±13.2

Serum glucose before alteplase bolus (mg/dl, mean±SD) 138.5±53.2

Time from symptom onset to alteplase bolus (min, median, 

IQR)

121 (95-165)

Alteplase bolus within 3h from symptom onset (%) 562 (83.5%)

USA centers (%) 91 (13.5%)

Any antihypertensive treatment during the first 24 hours after 

alteplase bolus

190 (28.7%)

Efficacy outcomes

Independent functional outcome at 90 days (%) 227 (37.1%)*

Days to discharge (median, IQR) 7 (5-12)**

NIHSS score at 24 hours (median, IQR) 8 (3-15)***

Clinical recovery at 24 h (%) 216 (34.1%)***

Neurological improvement at 24 h (%) 356 (56.2%)***

mRS at 7-days/ hospital discharge (median, IQR) 3 (1-5)****

mRS at 90 days 3 (1-4)*

Safety outcomes

Symptomatic ICH at 36 hours (%) 15 (2.2%)A
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Symptomatic ICH at 24 hours (%) 13 (1.9%)

Asymptomatic ICH at 24 hours (%) 60 (8.9%)

Any ICH at 24 hours (%) 73 (10.8%)

All-cause mortality at 90 days (%) 99 (16.2)*

* missing data in 62 patients

** missing data in 89 patients

*** missing data in 41 patients

**** missing data in 59 patients

BP: blood pressure, SD: standard deviation, NIHSS: National Institutes of Health Stroke Scale, IQR: 

interquartile range, NIHSS: National Institutes of Health Stroke Scale, mRS: modified Rankin Scale, ICH: 

intracranial hemorrhage

Table 2. Overview of the independent associations of efficacy and safety endpoints in the study population 

with 24-hour pulse pressure variability increase per 1 mmHg and 5 mmHg on multivariable binary logistic and 

ordinal logistic regression models adjusting for potential confounders.

Outcome per 1mmHg increase in PPV per 5mmHg increase in PPV

ORadjusted (95%CI) p-value ORadjusted (95%CI) p-value

Independent functional outcome at 

90 days

0.91 (0.87, 0.96) <0.001 0.64 (0.52, 0.80) <0.001

Clinical recovery at 24 h 0.91 (0.87, 0.96) <0.001 0.71 (0.57, 0.88) 0.002

Neurological improvement at 24 

hours

0.91 (0.87, 0.94) <0.001 0.66 (0.54, 0.80) <0.001

Neurological deterioration at 24 1.06 (1.01, 1.11) 0.013 1.32  (0.99, 1.78) 0.062A
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hours

mRS at 7 days/ discharge* 0.98 (0.97, 0.99) <0.001 0.68 (0.57, 0.82) <0.001

mRS at 90 days* 0.98 (0.97, 0.99) <0.001 0.66 (0.55, 0.78) <0.001

Symptomatic ICH at 24 hours 1.01 (0.98, 1.04) 0.592 1.32 (0.75, 2.34) 0.333

Symptomatic ICH at 36 hours 1.01 (0.98, 1.03) 0.680 1.49 (0.88, 2.51) 0.137

Asymptomatic ICH at 24 hours 1.00 (0.98, 1.02) 0.922 1.09 (0.80, 1.47) 0.591

Any ICH at 24 hours 1.05 (1.01, 1.09) 0.011 1.21 (0.94-1.56) 0.142

Mortality at 30 months 1.09 (1.04, 1.13) <0.001 1.60  (1.23-2.07) <0.001

*reported as common odds ratios

All associations are adjusted for the baseline characteristic associated with the corresponding outcome of 

interest with a p value of less than 0.1 in univariable analyses provided in Supplemental Tables III&IV

PPV: pulse pressure variability, OR: odds ratio, mRS: modified Rankin Scale, ICH: intracranial hemorrhage

FIGURES

Figure 1. Graphical representation of sequential hourly measurements of mean pulse pressure for the first 24 

hours after tPA bolus in patients with and without neurological deterioration at the first 24 hours following tPA 

bolus.

Figure 2. Graphical representation of the probability of (A) 24-hour clinical recovery and (B) 90-day 

independent functional outcome by 5mmHg increase in the 24-hour pulse pressure variability at 24-hours 

following tPA bolus.

Figure 3. Graphical representation of the probability of (A) 90-day all-cause mortality and (B) any intracranial 

hemorrhage  by 5mmHg increase in the 24-hour pulse pressure variability at 24-hours following tPA bolus.

Figure 4. Box plots on the pulse pressure variability at 24-hours following tPA bolus stratified by the classes of 

the antihypertensive agents used.
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