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Significance of pulse pressure 
variability in predicting functional 
outcome in acute ischemic stroke: 
a retrospective, single‑center, 
observational cohort study
Maria Kamieniarz‑Mędrygał 1,2* & Radosław Kaźmierski 3,4

This study aimed to determine the association between pulse pressure variability (PPV) and short- and 
long-term outcomes of acute ischemic stroke (AIS) patients. We studied 203 tertiary stroke center 
patients with AIS. PPV during 72 h after admission was analyzed using different variability parameters 
including standard deviation (SD). Patients’ outcome was assessed after 30 and 90 days post-stroke 
with modified Rankin Scale. The association between PPV and outcome was investigated using logistic 
regression analysis with adjustment for potential confounders. The predictive significance of PPV 
parameters was determined using area under the curve (AUC) of receiver operating characteristics. 
In the unadjusted logistic regression analysis, all PPV indicators were independently associated with 
unfavorable outcome at 30 days (i.a. Odds ratio (OR) = 4.817, 95%CI 2.283–10.162 per 10 mmHg 
increase in SD, p = 0.000) and 90 days (i.a. OR = 4.248, 95%CI 2.044–8.831 per 10 mmHg increase in 
SD, p = 0.000). After adjustment for confounders, ORs for all PPV indicators remained statistically 
significant. On the basis of AUC values, all PPV parameters were found relevant outcome predictors 
(p < 0.01). In conclusion, elevated PPV during first 72 h after admission due to AIS is associated with 
unfavorable outcome at 30 and 90 days, independent of mean blood pressure levels.

Acute hypertensive response occurs frequently in patients during ischemic stroke, but the pathophysiology of 
that phenomenon remains unknown1. Furthermore, it is not clear how to properly control blood pressure (BP) 
in hyperacute ischemic stroke2.Current guidelines suggest setting only the upper threshold of BP3. This threshold 
is different, depending whether the patient is undergoing reperfusion therapy such as intravenous thrombolysis 
(IVT) or mechanical thrombectomy (MT) or not undergoing such treatment3. Therapeutical intervention for BP 
control is only recommended if the upper BP threshold is exceeded, or in case some specific comorbidity (e.g. 
acute heart failure, acute coronary event, aorta dissection, preeclampsia) makes it necessary4. Current guidelines 
lack recommendations regarding the lower BP threshold as well as acceptable BP fluctuations in the acute period 
of stroke. In absence of randomized trials, recommendations are based on observational and retrospective stud-
ies and, as a consequence, their strength is weak5,6. Recent studies have not shown any benefit of aggressive BP 
reduction in hyperacute period7,8. By contrast, studies have proved the “U” shaped relationship between BP levels 
and worse patients outcome and death9,10.

Beside absolute BP levels, also blood pressure variability (BPV) turned out to be associated with unfavorable 
outcome11,12. BPV might be responsible for hypoperfusion and hyperperfusion of vulnerable ischemic penumbra, 
resulting in either enlargement of the ischemic area and cerebral oedema or hemorrhagic transformation. Cur-
rently, there is no unified research methodology for measuring BPV, precluding meta-analysis13,14. Most studies 
estimate BP fluctuations by systolic blood pressure (SBP) and mean arterial pressure (MAP)15. Diastolic blood 
pressure (DBP) is less frequently used, and only a few studies employed pulse pressure (PP). Independently of 
which BP component was the focus, studies up to date have typically used only a single BPV statistic parameter, 
usually standard deviation (SD), and only few publications took into account several different parameters15.
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Elevated PP is associated with poor cardiovascular prognosis16. It was also demonstrated to be associated 
with post-stroke mortality and stroke recurrence17–19. Pulse pressure is a pulsatile and dynamic part of BP so it 
may better describe BP variability. However, only few studies addressed the role of PP variability (PPV) on stroke 
outcome and they only used single parameters20,21. Nevertheless they have found an association between high 
PPV and unfavorable clinical outcome in patients with AIS who underwent either IVT20 as well as prognostic 
significance of PPV for AIS patients treated with MT21. The retrospective study in a group of patients not quali-
fied to the thrombolytic treatment revealed also that PPV provided a prime predictor of bad outcome22. Hence, 
the aim of this study was to determine the relationship between PPV and stroke short- and long-term outcome 
using a variety of statistic parameters.

Methods
Study subjects and data collection.  The study has a retrospective character and is based on an electronic 
database registered in our university stroke unit. The patients study group was collected in 2009–2011. Patients 
included in the study cohort were admitted to the hospital within 36 h from the onset of stroke symptoms. At 
admission, all patients were evaluated using National Institutes of Health Stroke Scale (NIHSS) and Glasgow 
Coma Scale23. At the same time, demographic data, comorbid conditions, history of previous cardiovascular 
diseases and baseline measures were collected. Further on, all patients underwent non-enhanced head computer 
tomography (CT) or magnetic resonance imaging (MRI) at admission and within 2–5 days after stroke onset. 
Patients were treated employing medication and care according to current national stroke guidelines24. From 
227 patients collected in the database, 24 patients were excluded from further analysis because of insufficient 
data (lack of adequate number of BP measures in 14 patients, absence of follow-up visit in 6 patients) or death 
during the period of first 72 h post-stroke (4 patients). The flowchart in Fig. 1 shows the exclusions, which were 
mostly due to interruptions in successive four-hour-interval BP readings needed for the variability estimates. 
Patients’ written consent on participation in the study and collection of personal data was obtained during the 
time of hospitalization. Ethical approval for this study was issued by the Chairman of the Committee on Bioeth-
ics, Poznan University of Medical Sciences (decision from 15.04.2021). This study was completed in accordance 
with the Helsinki Declaration as revised in 2013.

BPV parameters.  Blood pressure values were taken in the supine position in the non-paretic arm by a trained 
nurse using the Ultraview SL2600 monitoring system (Spacelabs Medical Inc., USA), which meets and exceeds 
the American National Standards Institute/Association for the Advancement of Medical Instrumentation (ANSI/
AAMI) standard SP-10. In further analysis we used blood pressure measurements recorded in 4-h intervals from 
midnight after admission through next 72 h of hospitalization. PP was calculated as a difference between systolic 
and diastolic blood pressure (SBP—DBP). PPV was investigated using varied parameters, all employed in for-
mer studies22,25. The following formulae, where xi and  x stand for a single PP reading and the mean value of all 

readings, respectively, were exploited: standard deviation (SD, SD =

√

1/(n− 1)
∑

n

i=1
(xi − x)

2 ), coefficient of 

variation (CV, CV = 100xSD/x ), successive variation index (SV, SV =

√

1/(n− 1)
∑

n−1

i=1
(xi+1 − xi)

2 ), average 

real variability (ARV, ARV = 1/(n− 1)
∑

n−1

i=1
|xi+1 − xi| ), difference maximum-minimum (DMM; difference 

between maximum and minimum PP value recorded) and maximal successive change (MSC; the highest differ-
ence between successive readings).

Functional outcome.  The clinical outcome was assessed by trained neurologists at 30-days (short-term) 
and 90-days (long-term) follow-up, using the modified Rankin Scale (mRS). The functional assessment was 
preceded by an intraobserver reliability check comprising independent neurologists involved in prior studies26. 
Data on the degree of disability and independence in daily activities was gathered during a visit or by a telephone 
survey. It was obtained directly from the patients whenever possible, and otherwise from their caregivers. The 
functional outcome was dichotomized based on mRS score, unfavorable outcome was defined as mRS score ≥ 3 
(dependance/death) while favorable outcome as mRS ≤ 2. This dichotomized division was used for the analyses 
employing the Mann–Whitney U test and in Model 1, 3 and 4 of logistic regression. In Model 2 of logistic regres-
sion, a ‘severity-adjusted’ outcome relying on admission NIHSS score, was employed27. In this case, the outcome 

Figure 1.   Flowchart showing categories of patients excluded from the study.
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was considered unfavorable when mRS score was 2–6 and NIHSS was ≤ 7, or mRS was 3–6 and NIHSS was 
between 8 and 14, or mRS was 4–6 and NIHSS was > 14. In other cases the outcome was considered favorable.

Statistical analysis.  All data analysis was performed using Statistica 13.3 package (Tibco). All the items 
available in the database and relevant to the study were taken into account without prior sample size calcula-
tions. However, in our analysis the sample size is higher by more than one order of magnitude with respect to 
number of variables. Quantitative data were expressed as mean ± SD or median (interquartile range). Categori-
cal variables were described as numbers (percentage). P values < 0.05 were considered statistically significant. 
To determine the relationship between PPV parameters and functional outcome in the groups considered, i.e. 
with/without thrombolytic treatment and the entire cohort, Spearman rank correlation test was used as a first 
approach. To assess the relationship, statistical significance of the correlation coefficients was invoked, consider-
ing moderate values of ρS < 0.4. Similar moderate correlations of BPV indicators were reported before in stroke 
studies28. The statistical significance of differences between the groups of patients with/without thrombolytic 
treatment were evaluated with the Mann–Whitney U test. The association between PPV parameters and unfa-
vorable outcome was examined with multivariable logistic regression analysis. The Odds ratios (OR) and 95% 
confidence intervals (CIs) were calculated per 10 mmHg increase in PPV parameter, as recommended in prior 
systematic review15. The predictive significance of PPV parameters was determined using receiver operating 
characteristics (ROC) curve analysis. The area under the curve (AUC) values, Youden’s Index and cut-off points 
were reported.

Informed consent.  Written informed consent was obtained from all subjects before the study (at the time 
of original data collection).

Results
203 patients were included in the study, out of which 48 (20%) were subject to thrombolytic treatment. None of 
the patients included underwent MT therapy. From the whole cohort, 82 patients achieved unfavorable outcome 
(mRS ≥ 3) at 30-days and 79 at 90-days after stroke. Patients were more likely to be dependent or dead at 30 days 
if they were female, were older or had higher admission NIHSS (left side of Table 1).

This also applied to the group with unfavorable outcome at 90 days (right side of Table 1). Additionally, there 
was no association between admission BP values and stroke short- and long term outcome (Table 1).

The relationship between PPV and 30 and 90 days outcome was analyzed in the thrombolysis and non-
thrombolysis subgroups as well as in the whole cohort, using the Spearman rank correlation test (Table 2). All 
PPV indices were significantly associated with mRS score after 30- and 90-days (p < 0.05), with the exception of 
CV in the thrombolysis group. Interestingly, higher Spearman ρ values were observed in patients after recanaliza-
tion therapy (Spearman ρ = 0.455 for MSC after 90 days outcome). According to the Mann–Whitney U test, there 
was no difference between mean PPV values in the groups with- or without thrombolytic treatment (p > 0.05, 
right side of Table 2). Based on this result, further analyses were performed in the whole cohort (n = 203). We 

Table 1.   Baseline characteristics of two study cohorts for 30-days and 90-days post-stroke outcome. DBP: 
diastolic blood pressure; mRS: modified Rankin scale; NIHSS: National Institutes of Health Stroke Scale; PP: 
Pulse Pressure; SD: standard deviation; SBP: systolic blood pressure. Significant values are in bold.

mRs < 3
(n = 121)

mRs ≥ 3
(n = 82)

U test
p value

mRs < 3
(n = 124)

mRs ≥ 3
(n = 79)

U test
p value

30-days outcome 90-days outcome

Age (years: mean ± SD) 64 ± 13 73 ± 12 0.000 64 ± 13 73 ± 12 0.000

Female 49 (40.5%) 47 (57.3%) 0.019 50 (40.3%) 46 (58.2%) 0.013

Past medical history

 Diabetes 24 (19.8%) 18 (22%) 0.717 23 (18.6%) 19 (24.1%) 0.347

 Hypertension 76 (62.8%) 58 (70.7%) 0.244 79 (63.7%) 55 (69.6%) 0.388

 Atrial fibrillation 24 (19.8%) 25 (30.5%) 0.083 25 (20.2%) 24 (30.4%) 0.098

 Heart failure 9 (7.4%) 10 (12.2%) 0.256 10 (8.1%) 9 (11.39%) 0.200

 Myocardial infarction 13 (10.7%) 15 (18.3%) 0.127 12 (9.7%) 16 (20.3%) 0.034

 Stroke 22 (18.2%) 19 (23.2%) 0.387 21 (16.9%) 20 (25.3%) 0.149

 Smoking 25 (20.7%) 13 (15.9%) 0.295 26 (21%) 12 (15.2%) 0.228

 Coronary heart disease 29 (24%) 23 (19%) 0.515 27 (21.8%) 25 (31.7%) 0.117

Clinical features

 Admission NIHSS (median, IQR) 5 (3–7) 15 (7–19) 0.000 5 (3–7) 14 (7–19) 0.000

 Thrombolysed 25 (20.7%) 13 (15.9%) 0.391 25 (20.2%) 13 (16.5%) 0.512

 Admission SBP (mmHg: mean ± SD) 154 ± 23 155 ± 29 0.769 153 ± 24 156 ± 28 0.68

 Admisssion DBP (mmHg: mean ± SD) 91 ± 15 91 ± 21 0.622 91 ± 15 90 ± 21 0.394

 Admission PP (mmHg: mean ± SD) 63 ± 20 65 ± 22 0.420 63 ± 19 66 ± 22 0.208
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observed that correlations between mean PP values and mRS scores were only relevant in the group with throm-
bolytic treatment (Table 2).

The next step of the study was the logistic regression analysis for short- and long-term outcome. The unad-
justed model demonstrated that all PPV indices were associated with risk of unfavorable outcome at 30 and 
90 days after AIS (Table 3, Model 1). In Model 2, all PPV indices were adjusted for their mean values and the 
application of recombined tissue plasminogen activator (rtPA). The PPV indices were independently associ-
ated with poor outcome at 30 days (OR = 4.457, 95% CI 1.961–10.132 per 10 mmHg increase in SD, p = 0.000; 
OR = 1.473, 95% CI 1.190–1.823 for 10 mmHg increase in MSC, p = 0.000) and 90 days (OR = 3.666, 95% CI 
1.648–8.156 per 10 mmHg increase in SD, p = 0.001; OR 1.439, 95% CI 1.167–1.774 per 10 mmHg increase in 
MSC, p = 0.001). Very similar odds ratios (OR) were found for PPV indices when the ‘adjusted outcome’ was 
employed, which took into consideration both mRS and baseline NIHSS scores, as mentioned in the methods 
(Model 3). Model 4 was an extension of Model 2 adjusting for age, gender and history of myocardial infarc-
tion. We conclude that ORs for all PPV indicators remain statistically significant, although their values steadily 
decrease, passing from Model 1 to Model 4. The exception are PP ARV and PP SD indices, for which the ORs 

Table 2.   Association between PPV parameters measured during 72 h after admission and outcome 
determined by mRS at 30- and 90-days post-stroke period (in bold if p < 0.05). *30 d.o. = 30 days outcome; 
† 90 d.o. = 90 days outcome; ‡U—the test compares PP parameters between the groups with and without 
thrombolysis. ARV: average real variability; CV: coefficient of variation; DMM: difference maximum-
minimum; MSC: maximal successive change; PP: pulse pressure; ρS: Spearman ρ; SD: standard deviation; SV: 
successive variation.

PP parameter

Thrombolysis therapy
n = 38

Non-thrombolysis therapy 
n = 165 All n = 203

72 h 30 d.o.* 90 d.o.† 72 h 30 d.o.* 90 d.o.† U test‡ 30 d.o.* 90 d.o.†

mean ± SD ρS ρS mean ± SD ρS ρS p ρS ρS

PP CV 22.3 ± 7.1 0.164 0.136 22.4 ± 7.8 0.272 0.253 0.955 0.248 0.236

PP SV 15.4 ± 4.1 0.359 0.405 16.3 ± 6.3 0.288 0.252 0.636 0.295 0.277

PP MSC 33.6 ± 12.0 0.387 0.455 35.8 ± 16.4 0.262 0.241 0.563 0.287 0.285

PP DMM 43.8 ± 14.4 0.327 0.315 47.1 ± 17.3 0.310 0.290 0.267 0.321 0.307

PP ARV 12.2 ± 3.0 0.341 0.369 12.7 ± 4.8 0.279 0.251 0.155 0.278 0.262

PP SD 11.4 ± 3.3 0.329 0.295 14.4 ± 5.4 0.307 0.272 0.733 0.319 0.288

PP mean 54.5 ± 15.5 0.326 0.362 57.9 ± 13.7 0.046 0.026 0.103 0.123 0.098

Table 3.   Multivariate logistic regression analysis showing the PPV association with unfavorable outcome 
at 30- and 90-days post-stroke period. Model 1 unadjusted logistic regression, Model 2 adjusted to rtPA 
application and mean PP; Model 3 severity adjusted outcome adjusted to rtPA and mean PP; Model 4 adjusted 
to rtPA application, mean PP, age, gender and history of myocardial infarction. ARV: average real variability; 
CI: confidence interval; CV: coefficient of variation; DMM: difference maximum-minimum; MI: myocardial 
infarction; MSC: maximal successive change; OR: Odd’s ratio; PP: pulse pressure; PPV: pulse pressure 
variability; rtPA: recombined tissue plasminogen activator; SD: standard deviation; SV: successive variation.

PP parameter Model 1
Model 2
 + rtPA + mean PP

Model 3
Severity adjusted 
outcome + rtPA + mean PP

Model 4
Model 2 + age + gender + MI

p OR 95% CI p OR 95% CI p OR 95% CI p OR 95% CI

Outcome after 30 days

 PP CV 0.007 1.742 1.161–2.615 0.001 2.193 1.400–3.437 0.004 1.897 1.229–2.927 0.017 1.768 1.107–2.823

 PP SV 0.000 2.925 1.712–4.999 0.001 2.687 1.522–4.745 0.004 2.277 1.301–3.983 0.016 2.072 1.145–3.747

 PP MSC 0.000 1.522 1.241–1.867 0.000 1.473 1.190–1.823 0.002 1.388 1.123–1.715 0.010 1.335 1.071–1.664

 PP DMM 0.000 1.476 1.220–1.784 0.001 1.436 1.171–1.760 0.000 1.460 1.184–1.802 0.012 1.312 1.063–1.619

 PP ARV 0.000 3.855 1.910–7.780 0.001 3.420 1.620–7.217 0.014 2.472 1.200–5.094 0.021 2.518 1.152–5.502

 PP SD 0.000 4.817 2.283–10.162 0.000 4.457 1.961–10.132 0.002 3.651 1.621–8.221 0.012 2.995 1.272–7.053

Outcome after 90 days

 PP CV 0.01 1.646 1.104–2.453 0.001 2.102 1.348–3.278 0.023 1.612 1.067–2.435 0.047 1.607 1.007–2.565

 PP SV 0.000 2.861 1.678–4.878 0.001 2.548 1.451–4.474 0.013 1.990 1.159–3.416 0.040 1.861 1.030–3.364

 PP MSC 0.000 1.502 1.227–1.838 0.001 1.439 1.167–1.774 0.007 1.323 1.080–1.620 0.027 1.282 1.029–1.596

 PP DMM 0.000 1.454 1.205–1.755 0.001 1.397 1.143–1.707 0.00 1.333 1.095–1.622 0.035 1.253 1.015–1.545

 PP ARV 0.000 3.733 1.854–7.519 0.002 3.172 1.511–6.659 0.023 2.286 1.122–4.658 0.051 2.181 0.997–4.772

 PP SD 0.000 4.248 2.044–8.831 0.001 3.666 1.648–8.156 0.018 2.520 1.174–5.413 0.064 2.212 0.953–5.131
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are not statistically significant in Model 4 as far as the long-term outcome is concerned (right-bottom corner 
of Table 3).

The quality and usefulness of PPV indices as predictors of unfavorable outcome was also examined by the 
ROC curve analysis (Table 4).

On the basis of AUC values, all PPV parameters were found relevant outcome predictors (p < 0.01). The high-
est values of AUC amounts to 0.669 for PP DMM index both at 30- and 90-days post-stroke (Fig. 2). We note, 
however, that only in this case the cut-off points are different for these two periods.

Discussion
Our study demonstrates that increased PPV in the acute ischemic stroke phase was associated with both short- 
and long-term unfavorable outcome. Every 10 mmHg increase in the 72-h PPV indices leads to a higher likeli-
hood of unfavorable outcome at 30- and 90-days post-stroke. The association of PPV with functional outcome 
held up even after adjustment for mean PP values, thrombolysis treatment and other baseline characteristics. 
We found that all PPV indices were valuable outcome predictors. Our study shows that DMM and MSC indices, 
which are very easy to compute, are as reliable as other, more complex indicators (CV, SV, SD, ARV). Therefore, 
DMM and MSC seem the most convenient in clinical practice.

Previous studies evaluated BPV most frequently with the use of SBP and MAP components and demon-
strated the association of BPV with poor outcome 90 days after AIS11,12,29–32. This association was more evident 
in studies involving patients after reperfusion therapies12,31,32. Some studies found that BPV is associated with 
the post-stroke outcome only in those patients, who underwent thrombolysis treatment and who did not achieve 
vessel recanalization, based on imaging examination30,33. This led to the view that in patients with successful 
recanalization increased BPV is less of a concern. However, as opposed to MT, in IVT therapy the exact time 

Table 4.   The results of the ROC curve analysis determining predictive power of PPV indicators of unfavorable 
outcome at 30- and 90-days period after stroke onset. *C-f = Cut-off point. † YI = Youden’s Index. ARV: average 
real variability; AUC: area under the curve; CI: confidence interval; CV: coefficient of variation; DMM: 
difference maximum-minimum; MSC: maximal successive change; PP: pulse pressure; PPV: pulse pressure 
variability; SD: standard deviation; SV: successive variation.

PP parameter

30 days outcome 90 days outcome

AUC​ AUC CI C-f* YI† p AUC​ AUC CI C-f* YI† p

PP CV 0.619 0.538–0.699 22 0.25 0.004 0.608 0.526–0.689 22 0.29 0.01

PP SV 0.659 0.582–0.736 16 0.27 0.000 0.659 0.581–0.738 16 0.29 0.000

PP MSC 0.661 0.584–0.737 39 0.26 0.000 0.659 0.58–0.737 39 0.26 0.000

PP DMM 0.669 0.593–0.744 45 0.26 0.000 0.669 0.591–0.746 51 0.3 0.000

PP ARV 0.649 0.571–0.726 14 0.25 0.000 0.648 0.568–0.727 14 0.28 0.000

PP SD 0.675 0.598–0.751 15 0.29 0.000 0.664 0.585–0.742 15 0.3 0.000

Figure 2.   ROC analysis of PP DMM and 30- and 90-days unfavorable outcome. AUC area under the curve, 
CI confidence interval, DMM difference maximum-minimum, PP pulse pressure, ROC receiver operating 
characteristic.



6

Vol:.(1234567890)

Scientific Reports |         (2023) 13:3618  | https://doi.org/10.1038/s41598-023-30648-2

www.nature.com/scientificreports/

of recanalization is unknown. Observational studies examining the impact of BPV in patients treated with MT 
demonstrated a general significant relationship with poor outcome or death, which was not limited to non-
recanalized patients12,31.

The role of PPV in clinical practice is currently underestimated. Up to date only few studies examined the 
relationship between PPV and stroke outcome20–22,25. Our results are consistent with other recent reports. Kat-
sanos et al. conducted a study on a group of thrombolysis-eligible patients and found that increased PPV was 
independently associated with both short- (24-h) and long-term (90 days) outcome20. Every 5 mmHg-increase 
in the 24-h PP SD was independently associated with a 36% decrease in the likelihood of 90-day independent 
functional outcome. We found the association between PPV and poor outcome in the whole cohort of patients, 
i.e. with and without thrombolysis treatment. 10 mmHg increase in PP SD was significantly associated with 
unfavorable outcome at 90 days (ORadjusted = 3.666, 95% CI 1.648–8.156, p = 0.001). Notably, higher Spearman 
correlation ρ’s were obtained here in the group with thrombolytic treatment (ρ = 0.455 for PP MSC after 90 days 
outcome). Because of insufficient amount of patients with thrombolysis, we could not include this group in the 
logistic regression analysis. Another study concerning PPV was carried out on patients with large vessel occlusion 
stroke treated with MT25. In that investigation, PPV 24 h after IAT was associated with poor 3-month outcome 
and PPV indices had an excellent ability to predict unfavorable outcome (AUC 0.924 for SD). For comparison, 
in our study, the corresponding results for the whole cohort were lower (AUC 0.664 for SD), but high enough 
to provide predictive significance (p = 0.000). In both studies, DMM emerged as an equally reliable outcome 
predictor as more complex indices (CV, SV, SD).

It is worth emphasizing that the significance of PP as a predictor of cardiovascular risk is well established16,34–36. 
The relationship between PP and cerebrovascular incidents was less investigated. Lee et al. found that PP in the 
acute period of stroke had a nonlinear, J-shaped relation with major vascular events, or stroke recurrence19. 
Notably, the predictive power of PP was stronger than that of other commonly used BP parameters (SBP, MAP). 
Another study demonstrated a non-linear reverse J-curve association between the admission PP level and 
3-month post-stroke functional outcomes37. By contrast, we have not found any connection between admission 
PP values and post-stroke outcome after 30 and 90 days.

While MAP is defined as an average blood pressure in aorta and its major branches during the cardiac cycle 
and it is nearly constant along the arterial tree, PP is considered as a pulsatile component of BP. MAP and PP are 
dependent variables, though different PP values may occur for a given MAP38. It is observed that PP increases 
markedly with age39. Among the causes affecting PP raise, in young individuals stroke volume and ventricular 
ejection is dominant, whereas in elderly, PP is mainly affected by a reduction in visco-elastic properties of arterial 
wall and the timing of wave reflection38,40. Hence, PP is commonly taken as a marker of arterial stiffness. Arte-
rial stiffness was reported to be associated with resistance in cerebral circulation in elderly41. It is also suspected 
to lead to the impairment of the collateral circulation and therefore, to decrease the benefit of recanalization 
therapies in acute ischemic stroke. Thus future trials investigating the association between PPV and collateral 
circulation in acute stroke patients are highly needed. Systolic BPV was found to be associated with 90-days 
post-stroke outcome in patients with poor collateral status, but the data concerning PPV are lacking42,43.

In our study group, risk factors of achieving worse clinical outcome or death were (1) female sex and (2) 
previous myocardial infarction. We used those factors as confounders in our logistic regression analysis. The 
association between BPV and cardiovascular events is well documented. Increased long-term BPV is significantly 
associated with coronary heart disease incidents and cardiovascular mortality, independent of mean BP44,45. 
Greater short-term BPV after acute coronary syndromes is a predictor of major adverse cardiac events46,47. The 
impact of sex on the magnitude of BPV and further, on ischemic stroke outcome has not been studied to the 
best of our knowledge. Women tend to have higher SBP at the time of presentation with AIS and are more likely 
to have premorbid hypertension48. The underlying mechanism for the observed sex differences is not clear, 
however it has been proposed that female steroid hormones and autonomic dysregulation after menopause are 
likely to play a role49,50. There is a great discrepancy in stroke outcome, with women having more severe strokes, 
less favorable prognoses and greater incidence of death51,52. Therefore we cannot exclude the possibility that our 
data may have been influenced by sex differences. In future trials it would be interesting to systematically study 
the sex disparities in BPV and their association with stroke outcome.

Our study had several limitations. It was a retrospective analysis of a prospective single-center stroke data-
base, which might lead to selection bias and limits the generalizability of the results. The sample size is relatively 
small in relation to prevalence of the stroke incidents and we have used BP measurements in 4-h intervals, which 
is larger than suggested in recent literature13. The database does not contain the results of imaging techniques 
(CT, MRI) so that we could not consider secondary outcomes such as symptomatic intracerebral hemorrhage or 
cerebral infarct volume. In addition, it does not provide information about implemented drug treatments, which 
is a factor possibly affecting BP values. Importantly, we used standard therapy according to the guidelines, so we 
don’t expect significant differences in the influence of antihypertension therapy on outcomes in similar cases. 
As to the adjusted regression analysis, a limited number of clinical cofounders was taken into account, which 
is also a limitation of our study. The outcome of the study may be also affected by a bias arising from subjective 
assessments of the caregivers.

Notwithstanding the foregoing, our study confirms the significance of Pulse Pressure Variability in predicting 
the functional outcome in AIS, both short and long-term. It brings novel insights concerning the usefulness of 
six different PPV indices (CV, SV, SD, ARV, DMM and MSC), while most studies focus only on two. The pro-
vided analysis is comprehensive and combines a wider range of statistical methods than previous studies. The 
issues addressed here aids the recent search of the best BPV measures applicable in clinical practice and more 
importantly, provide the predictors of the functional outcome after ischemic stroke treatment.

In conclusion, elevated PPV during the first 72 h after admission as a result of AIS occurrence is associated 
with unfavorable outcome at 30 and 90 days, and this association is independent of mean BP levels. All considered 
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PPV measures are reliable stroke outcome predictors. Our recommendation is that clinical trials investigating 
the benefit of reducing BPV by using antihypertensive medication should monitor also PPV values.

Data availability
Data and materials are available on request to the corresponding author.
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