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Abstract
The association between cerebral hemodynamics and cognitive impairment has been reported in neurodegenerative and 
cerebrovascular disorders (CVD). However, it is still unclear whether changes occur in the acute phase of CVD. Here we 
investigated cognitive and hemodynamic parameters and their association in patients with CVD during the acute and suba-
cute phases. Seventy-three patients with mild stroke, not undergoing endovascular treatment, were recruited. All subjects 
were devoid of intracranial or external carotid stenosis, significant chronic cerebrovascular pathology, dementia or non-
compensated cardiovascular diseases. Patients were evaluated within 7 days from symptoms onset (T1) and after 3 months 
(T2). Clinical and demographic data were collected. NIHSS, MoCA, FAB, and Word-Color Stroop test (WCST) were used 
to evaluate disease severity and cognitive functions. Basal hemodynamic parameters in the middle cerebral artery were 
measured with transcranial Doppler. Differences between T2 and T1, correlations between cognitive and hemodynamic 
variables at T1 and T2, as well as correlations between the T2-T1 variation in cognitive and hemodynamic parameters were 
assessed. At T1, cognitive performance of MoCA, FAB, and WCST was lower compared with T2; and pulsatility index, 
a parameter reflecting distal vascular resistance, was higher. However, no correlations between the changes in cognitive 
and hemodynamic variables were found; therefore, the two seems to be independent phenomena. In the acute phase, the 
linear association between cerebral blood flow and cognitive performances was lost, probably due to a differential effect of 
microenvironment changes and vascular-specific phenomena on cognition and cerebral hemodynamics. This relationship 
was partially restored in the subacute phase.
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Introduction

The main mechanisms modulating cerebral hemodynamics, 
with the aim of adapting cerebral blood flow (CBF) to the 
metabolic demand of the brain, are cerebral autoregulation, 

cerebral vasoreactivity (CVR), and neurovascular coupling 
[1]. These have been incorporated recently into the concept 
of neurovascular unit, a complex of cellular and extra-cel-
lular structures adapting perfusion to increased metabolic 
demand in response to local changes in neural activity [2]. 
Several nuclear medicine and neuroimaging techniques are 
currently available to measure hemodynamic parameters 
[3]. Among them, transcranial Doppler sonography (TCD) 
allows reliable, non-invasive, and inexpensive evaluation of 
CBF parameters at the level of the main intracranial arteries 
[4, 5].

Cognitive impairment after an acute cerebrovascu-
lar disease (CVD) is rather common, prevalence ranging 
from 20 to 80% of cases, and may contribute to morbid-
ity and mortality [6]. CVD-related cognitive impairment 
more frequently involves frontal executive functions, such 
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as attention and working memory [7–10]. Pathogenesis of 
CVD-related cognitive alterations is quite complex, due to 
the interactions between acute ischemic event, pre-existing 
risk factors, and brain alterations related to age, pathology, 
and comorbidities [9].

Alterations in CVR and hemodynamics have been 
described in patients with neurodegenerative and vascular 
cognitive impairment, and the severity of these alterations 
seems to correlate with CVR derailment. Furthermore, an 
increased risk of worsening of cognitive impairment has 
been associated with alterations in CVR parameters and 
hemodynamics [11]. Despite the potential interest of the 
connection between cognitive impairment and altered cer-
ebrovascular hemodynamics, few studies examined such 
association in patients with acute cerebral ischemia [12–14]. 
Understanding this complex interplay is, however, critical 
for developing prevention, intervention, and rehabilitation 
strategies following acute cerebral ischemia.

Given these premises, the aim of the present study was to 
evaluate executive functions and hemodynamic parameters 
and their possible association during the acute and subacute 
phase of acute CVD. We hypothesized transient impairments 
of cognitive and hemodynamic parameters, undergoing 
improvement in the subacute stage.

Materials and methods

This was a longitudinal, pilot study aimed at assessing cog-
nitive and hemodynamic parameters in patients with acute 
CVD in acute and subacute phase, and at evaluating the 
association between these two factors.

Ethics

The study was performed in accordance with the ethical 
standards as laid down in the 1964 Declaration of Helsinki 
and its later amendments. Approval was granted by the Local 
Ethical Committee of Sapienza University of Rome (Ref. CE 
6584_2021). Data collection and processing followed the 
current European regulation for data protection. All partici-
pants provided written informed consent before the begin-
ning of the procedures.

Participants

Patients were consecutively recruited at the Neurology 
ward and the Stroke Unit of the Sant’Andrea University 
Hospital, Rome, between April and October 2022. Inclu-
sion criteria were (i) diagnosis of acute mild ischemic 
stroke with National Institute of Health Stroke Scale 
(NIHSS) score ≤ 10 and (ii) ability to understand and 

sign informed consent. Exclusion criteria were (i) steno-
sis > 50% of the middle cerebral arteries, vertebrobasi-
lar arteries, or intracranial or external carotid arteries 
defined by MRI or CT scan angiography. Carotid and ver-
tebrobasilar artery stenoses were also assessed by color 
flow B-mode Doppler ultrasound according to standard-
ized criteria [15]; (ii) severe leukoaraiosis, defined as a 
Fazekas scale > 2 at brain MRI [16]; (iii) major disability 
resulting from CVD as defined by a modified Rankin Scale 
(mRankin) > 4; (iv) other conditions affecting evaluation 
(e.g., altered mental state, auditory or visual disturbances, 
etc.); (v) severe respiratory or cardiovascular disease; (vi) 
uncompensated psychiatric disorder; (vii) preexisting 
dementia; (viii) aphasia or dysarthria with a score > 1 on 
NIHSS scoring; and (ix) endovascular treatment of cer-
ebral ischemia (intravenous thrombolysis was not an exclu-
sion criteria).

Study design

Figure 1 shows the flowchart of the participants through-
out the study. Participants were evaluated at baseline, 
within 7 days from onset of symptoms (T1), and 3 months 
after the ischemic event (T2). At baseline, demographic 
and clinical data including age, gender, years of education, 
smoke habits, alcohol consumption, hypertension, diabe-
tes, dyslipidaemia, arrhythmias, coronary heart disease, 
previous CVD, and side and location of lesion, were col-
lected for all participants. The stroke severity was evalu-
ated by means of the National Institute of Health Stroke 
Scale (NIHSS) [17]. The modified Rankin Scale (mRS) 
[18] was used to assess the functional status and disabil-
ity of patients before ischemic event. A brain MRI with 
angiographic sequences was obtained for all participants, 
and the Fazekas score was calculated. General cogni-
tive functions were assessed using the Montreal Cogni-
tive Assessment (MoCA) [19]. Executive functions were 
evaluated through the Frontal Assessment Battery (FAB) 
[20] and the Word-Color Stroop Test (WCST) [21, 22]. All 
patients underwent TCD with evaluation of cerebral hemo-
dynamics parameters. We used the transtemporal acoustic 
window to evaluate the blood flow velocity of the middle 
cerebral artery (MCA). Two dual 2-MHz transducers fitted 
on a headband were used, granting bilateral continuous 
measurement of flow velocity in the MCA (Multidop X2 
DWL GmbH Compumedics, Germany). Depth of insona-
tion ranged from 48 to 52 mm. Maximum, minimum, and 
mean MCA blood flow velocity (Vmax, Vmin and Vmean, 
respectively) and pulsatility index (PI) were recorded in 
all participants. The average of right and left side was cal-
culated for all TCD-based variables. Cognitive and TCD 
evaluations were performed both at T1 and T2.
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Statistical analysis

Statistical analyses were performed using JASP v0.16.3 
(JASP Team, University of Amsterdam), R v4.0.3, and 
RStudio v2022.07.1 + 554 for Windows (R Foundation for 
Statistical Computing, Vienna, Austria). Descriptive sta-
tistics were calculated for the examined variables. Spear-
man’s rho correlation coefficient was used to test correlation 
between clinical and hemodynamic measures at T1 and T2 
and to assess the correlation between the T2-T1 variation in 
cognitive and hemodynamic parameters. To assess the dif-
ference between T2 and T1 for the investigated measures, 
and to compare hemodynamic parameters between the side 
affected and unaffected by ischemic lesion at T1 and T2, 
the Wilcoxon test was used. To control error from multiple 
tests, Bonferroni’s correction of p values was performed. 
The significance threshold was set at α < 0.05. All data were 
reported as mean ± SD or median (Q1-Q3) for numerical 
data and N (%) for categorical variables. For compari-
sons between T2 and T1, mean difference ± standard error 
(MD ± SE) were reported.

Results

A total of 102 patients were screened for enrolment; 73 
patients fulfilled the inclusion and exclusion criteria and 
underwent cognitive evaluation at baseline. In 15 patients, 
no TCD evaluation was performed due to the absence of 
a proper temporal acoustic window. Of the 73 enrolled 
patients, nine did not undergo evaluation at T2. Details about 
population throughout the study are shown in Table 1.

Mean age was 69.5 ± 12.1 years; 40 participants (55%) 
were males. Median NIHSS score for patients with stroke 
was 2 (1–4) and median mRS before ischemic event was 0 
(0–1). Median Fazekas score was 1 (1–2). As to cerebro-
vascular risk factors, 53 (73%) participants had hyperten-
sion, 40 (55%) had dyslipidaemia, 31 (43%) were smoker, 
15 (21%) had a diagnosis of diabetes, and 10 (14%) suffered 
from atrial fibrillation. In 32 (44%) patients, lesion was on 
the right-side and in 41 (56%) on the left side. Lesion was 
localized at cortical level in 17 (19%) patients, at subcorti-
cal level in 41 (46%) patients, and at brainstem level in 31 
(35%) patients.

Fig. 1  Flow chart of participants throughout the study
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Changes between T1 and T2 in the overall 
population

Wilcoxon test showed a significant reduction at T2 
compared to T1 for WCST time (Z = 4.314; P < 0.001; 
MD ± SE =  − 8.1 ± 3.2) and PI (Z = 2.624; P = 0.009; 
MD ± SE =  − 0.07 ± 0.03), together with signifi-
cant increases in MoCA (Z =  − 5.685; P < 0.001; 
MD ± SE = 2.6 ± 0.3) and FAB (Z =  − 3.8321; P < 0.001; 
MD ± SE = 0.8 ± 0.2) scores (Table 2, Fig. 2).

Correlation between cognitive functions 
and hemodynamics

At T1, Spearman’s test showed no correlations between cog-
nitive and hemodynamic variables. At T2, a weak negative 

correlation between WCST time and Vmin (ρ =  − 0.354; 
P = 0.015) was found. No correlations between the T2-T1 
changes in cognitive and hemodynamic variables were found 
(Fig. 3). A significant positive correlation between NIHSS 
score and PI was found both at T1 and T2 (ρ =  − 0.322; 
P = 0.014 and ρ =  − 0.464; P < 0.001, respectively).

Differences between affected and unaffected 
hemisphere in stroke patients

Wilcoxon test showed no significant differences in hemo-
dynamic parameters between affected and unaffected side 
(Table 3).

Discussion

This was a longitudinal pilot study aimed at assessing cog-
nitive and hemodynamic parameters in patients with acute 
mild stroke in the acute and subacute phase and at evaluating 
the possible relationships between these two factors.

Our data suggest that (i) cognitive functions and hemo-
dynamics are transiently impaired during the acute phase 
of mild stroke, and undergo improvement in the subacute 
phase; (ii) there is no correlation in the changes in hemody-
namic and cognitive parameters between acute and subacute 
phases. In the subacute phase, a linear association between 
CBF velocity and cognitive functions was found while this 
relationship is lost in the acute phase; and (iii) there are no 
differences in hemodynamic parameters between affected 
and unaffected hemisphere in stroke patients. These results 
are discussed in detail in the following.

Changes between T1 and T2

The present results show the improvement of executive func-
tions in the subacute phase (T2) as compared to baseline 
(T1) in subjects suffering from acute mild stroke. The altera-
tion of cognitive functions after stroke is extremely com-
mon and very impactful on disability and quality of life of 
patients [6, 9]. Previous studies are in line with our results, 
indicating that, although the cognitive dysfunction in stroke 
is broad and involves different domains, frontal executive 
functions, such as working memory and attention, are par-
ticularly prone to derangement [8, 10, 23].

Similarly, hemodynamic parameters were altered in the 
acute phase and returned toward normality in the subacute 
phase in patients with stroke. Acute ischemic stroke has been 
shown to induce several processes aimed at facilitating the 
restoration of adequate blood flow in the infarct zone. The 
first response after an ischemic insult is the activation of 
collateral circulation with a redistribution of blood toward 
ischemic areas. Subsequently, release of chemical factors 

Table 1  Clinical and 
demographic features of the 
enrolled population

AF, atrial fibrillation; NIHSS, 
National Institute of Health 
Stroke Scale

Stroke (N = 73)

Age (years) 69.5 ± 12.1
Sex (female) 33 (45%)
Diabetes 15 (21%)
Smoke 31 (43%)
Hypertension 53 (73%)
Dyslipidemia 40 (55%)
AF 10 (14%)
Thrombolysis 10 (14%)
Fazekas score 1 (1–2)
mRankin 0 (0–1)
NIHSS 2 (1–4)

Table 2  Cognitive and hemodynamic parameters in the enrolled pop-
ulation at T1 and T2

Parameters that were significantly different at T2 compared with T1 
in the overall population are shown in bold. FAB, Frontal Assess-
ment Battery; MoCA, Montreal Cognitive Assessment; PI, pulsatility 
index; Vmax, maximum MCA blood velocity; Vmean, mean MCA 
blood velocity; Vmin, minimum MCA blood velocity; WCST, Word-
Color Stroop Test

T1 T2

MoCA 23 (19–24) 25 (23–27)
FAB 16 (14–17) 17 (15–18)
WCST time (s) 59.6 ± 24.2 51.2 ± 23.6
WCST errors (n) 1 (0–4) 0 (0–3)
Vmean (cm/s) 44.9 ± 10.9 44.4 ± 11.6
Vmin (cm/s) 27.4 ± 8.0 27.8 ± 9.2
Vmax (cm/s) 80.6 ± 18.3 77.7 ± 19.0
PI 1.22 ± 0.26 1.14 ± 0.23
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supporting angiogenesis and vascular remodelling occurs. 
This latter phenomenon represents one of the long-term 
responses to ischemia and reperfusion [24].

In the early phase of acute ischemic event, we detected 
the increased of PI suggesting an increased vascular resist-
ance. These results are in line with previous studies report-
ing increased PI [13, 25] in the acute phase of ischemic 
event. Indeed, the increased PI measured proximally to the 
blood vessels is thought to reflect increased distal vascular 
resistance and the consequent reduction of diastolic flow, 
which may depend on alterations of microcirculation [26]. 
Moreover, in our study, PI increased with increasing NIHSS 
score, further supporting the presence of an altered vascular 
mechanism related to stroke severity. After 3 months (T2), 
these alterations appear reduced, probably because of vas-
cular remodelling and adaptation in the subacute ischemic 
phase. Previous reports suggested that altered cerebral 
autoregulation and neurovascular coupling could play a key 
role to facilitate cerebral tissue perfusion recovery in the first 
week after acute stroke, but returned to control levels within 
3 months [27]. Our results are in line with this hypothesis of 
dynamic changes of vascular response in the weeks follow-
ing an acute ischemic event.

Correlation between cognitive functions 
and hemodynamics

The finding that, in our patients, both cognitive and hemo-
dynamic parameters are altered in the acute phase (T1) and 
tend to revert toward normality at T2 supports the idea of 
a possible association between the two phenomena. How-
ever, we could not find any significant correlation between 
the changes in hemodynamic and cognitive parameters at 
either T1 or T2. In addition, we found a linear association 
between CBF and executive cognitive functions at T2 but 
not at T1. These findings are in contrast with a recent study 
from Altmann and colleagues [13], who reported the asso-
ciation between PI and both global and executive cognitive 
functions in the acute phase in patients with a lacunar stroke. 
Since PI is believed to reflect the resistance in the arteries 
deep in the brain [26], authors concluded that this parameter 
may be an indicator of small vessel disease, thus explain-
ing the association with cognitive performance. Indeed, in 
previous studies, PI was significantly higher in patients with 
vascular dementia compared to patients with Alzheimer’s 
disease [28]. However, in the study from Altmann and col-
leagues, no longitudinal evaluation was performed to assess 

Fig. 2  Cognitive and hemodynamic variables that showed significant 
changes between T1 and T2. Variables are shown through boxplots, 
raincloud plots, and violin plots. Thick line in the boxes indicates 
median; lower and upper box limits indicate first (Q1) and third quar-
tile (Q3), respectively; black vertical lines indicate lower and upper 
outliers boundaries calculated Q1-(1.5*IQR) and Q3 + (1.5*IQR), 

respectively. Each green point of the raincloud plot represents a par-
ticipants at T1 with the respective, connected value in orange at T2. 
Violin plot shows the kernel density of variables. Panel A Montreal 
Cognitive Assessment (MoCA). Panel B Frontal Assessment Battery 
(FAB). Panel C Word-Color Stroop Test time in seconds (WCST). 
Panel D pulsatility index (PI). IQR, interquartile range
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the potential changes in the correlation between hemody-
namic parameters and cognitive performance over time. 
Moreover, this association was found only for patients with 
lacunar stroke. Conversely, Suministado and collaborators 
[25] showed no association between cognitive decline and 
longitudinal changes in hemodynamic parameters between 
acute and subacute phase. Our results are in line with this 
latter finding, supporting the idea that both cognitive func-
tions and hemodynamic parameters are dynamically altered 
in the following months after an acute ischemic event, but 
the two phenomena seem to be independent.

As to the association between executive performance and 
CBF, this has been reported before [29, 30]. Frontal and 
prefrontal cortices, in particular, are brain areas with high 
oxygen and metabolic demand [31, 32], therefore requir-
ing high blood perfusion. This observation may explain the 
relationship between CBF and cognitive performance. To 
our best knowledge, this is the first study investigating this 
aspect in both the acute (T1) and subacute (T2) phase of 
stroke. One possible explanation to our results could involve 
the altered microenvironment and cellular function [33] and 
the altered neurovascular coupling [27]. Indeed, recent stud-
ies showing a negative effect of neurovascular dysfunction 
on cognitive performance in animal models, suggested that 
that the disruption of the homeostasis of neuronal proteins 
and the interference with the delivery of neurotrophic factors 
needed to maintain a healthy cognition could be crucial in 
these processes [34]. Impaired perivascular clearance due 
to altered neurovascular function has also been suggested 
to play a role in the pathophysiology of cognitive impair-
ment in the context of neurodegenerative disorders [35, 36]. 
An altered neurovascular unit function is described in CVD 
[37, 38]; therefore, we could hypothesize that these micro-
environmental changes could affect cognitive functions, par-
ticularly in the acute phase, while more vascular-specific 
phenomena including altered cerebral autoregulation and 
impaired cerebral vasoreactivity [11, 39] could play a more 
prominent role in the cerebral hemodynamic modifications 
hereby observed. This could explain why, although both cog-
nitive and hemodynamic parameters are altered in the acute 
phase of CVD, they showed no association.

The putative differential effect of microenvironment and 
vascular dysfunction on cognitive and hemodynamic param-
eters, could also explain why we observed a loss of linear 
relationship between executive functions and CBF at T1. In 
the following months, the gradual adaptation and remodel-
ling phenomena (e.g., return toward homeostasis, collateral 
flow stimulation, neo-angiogenesis, and restoration of cer-
ebral autoregulation) could have led to a new balance and to 
the re-emergence of this relationship at T2.

According to this hypothesis, the early interval follow-
ing acute CVDs may represent a period at risk for excessive 
stimulation of prefrontal cortical areas mediating executive 
functions such as attention, set shifting, and complex work-
ing memory paradigms. This should be taken into account 
when planning early neurorehabilitation strategies in sub-
jects affected by acute CVD.

Differences between affected and unaffected 
hemisphere

We did not find any significant difference in hemodynamic 
parameters between affected and unaffected hemisphere 
in stroke patients. Regional differences in hemodynamic 

Fig. 3  Scatterplot showing significant correlations between WCST 
time and Vmin at T1 (upper panel) and T2 (bottom panel). A con-
tinuous line was drawn to show the linear tendency. Vmin, minimum 
MCA blood velocity; WCST, Word-Color Stroop Test

Table 3  Hemodynamic parameters between affected and unaffected 
side at T1 and T2

PI, pulsatility index; Vmax, maximum MCA blood velocity; Vmean, 
mean MCA blood velocity; Vmin, minimum MCA blood velocity

T1 T2

Affected Unaffected Affected Unaffected

Vmean (cm/s) 44.5 ± 11.7 45.2 ± 11.9 44.3 ± 12.5 44.0 ± 12.8
Vmin (cm/s) 27.3 ± 9.1 27.4 ± 8.6 27.6 ± 9.7 27.6 ± 10.4
Vmax (cm/s) 80.2 ± 18.8 81.1 ± 20.9 77.8 ± 19.9 77.7 ± 20.1
PI 1.22 ± 0.29 1.21 ± 0.25 1.16 ± 0.22 1.14 ± 0.27
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parameters between affected and unaffected hemisphere 
have been reported before [27, 40–42]. However, regarding 
hemodynamic parameters measured at the level of MCA, 
the results are conflicting. Some studies reported no differ-
ences in CBF between affected and unaffected hemisphere 
in stroke patients [43, 44]. Another recent study, on the other 
hand, found a significant difference of CBF between the 
affected and unaffected side [45]. However, the difference 
was significant only in moderate (NIHSS 5–15) and severe 
stroke (NIHSS > 15). In our study, we included only patients 
with mild stroke and a NIHSS score ≤ 10 with median score 
of 2 (1–4); therefore, this could explain the discrepancy with 
previous data.

Limitations

We acknowledge that our study suffers from limitations due 
to the non-controlled design and the relative low severity 
of symptoms of our cohort. Moreover, the lack of a control 
group and the features of enrolled patients could limit the 
generalizability of our data due to the relatively good status, 
differences being potentially found in subjects with more 
severe stroke symptoms and size. Further studies, including 
patients with a higher NIHSS, could help addressing this 
issue. Finally, as a pilot study, the small cohort of patients 
enrolled prevented performing more advanced analysis, 
including cerebrovascular risk factors. Considering the com-
plex interplay and the dynamic relationship between cogni-
tion, hemodynamic parameters, and CVDs, future studies 
will be useful to elucidate this aspect.

Conclusions

In conclusion, cognitive functions and hemodynamic 
parameters are impaired in the acute phase of stroke with 
an improvement in the subacute phase. However, the two 
phenomena appear independent. In the acute phase, the 
linear association between CBF and cognitive functions 
is lost while this relationship seems restored, at least, par-
tially, in the subacute phase. These results could suggest 
different underlying phenomena between cognitive and 
hemodynamic dysfunction following acute CVD. Altered 
perivascular microenvironment, neurovascular dysfunction, 
and disrupted homeostasis could play a major role in cog-
nitive dysfunction, while more vascular-specific phenom-
ena, such as altered cerebral autoregulation and impaired 
cerebral vasoreactivity could be more relevant for cerebral 
hemodynamic modifications. In subacute phase, the return 
toward homeostasis as well as vascular remodeling could 
explain the re-emergence of linear relationship between 
CBF and cognitive functions. There is no difference between 
affected and unaffected hemisphere. The results from this 

study could help better understand the complex network of 
physiological and pathological phenomena occurring after 
cerebral ischemic events, design future studies focusing on 
hemodynamics and cognitive alterations, and guide effective 
assessment and treatment strategies in mild stroke patients.
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