
DIAGNOSTIC NEURORADIOLOGY

CT perfusion in hyper-acute ischemic stroke: the acid test
for COVID-19 fear

Giovanni Furlanis1 &Miloš Ajčević2 & Ilario Scali1 & Alex Buoite Stella1 & Sasha Olivo1
& Carlo Lugnan1

& Paola Caruso1
&

Roberta Antea Pozzi Mucelli3 & Agostino Accardo2
& Maria Assunta Cova3 & Marcello Naccarato1

& Paolo Manganotti1

Received: 11 November 2020 /Accepted: 6 January 2021
# The Author(s) 2021

Abstract
Purpose The fear of COVID-19 infection may discourage patients from going to the hospital even in case of sudden onset of
disabling symptoms. There is growing evidence of the reduction of stroke admissions and higher prevalence of severe clinical
presentation. Yet, no studies have investigated the perfusion pattern of acute strokes admitted during the lockdown.We aimed to
evaluate the effects of the COVID-19 pandemic on hyper-acute stroke CT perfusion (CTP) pattern during the first months of the
pandemic in Italy.
Methods In this retrospective observational study, we analyzed CTP images and clinical data of ischemic stroke patients
admitted between 9 March and 2 June 2020 that underwent CTP (n = 30), to compare ischemic volumes and clinical features
with stroke patients admitted during the same period in 2019 (n = 51). In particular, CTP images were processed to calculate total
hypoperfused volumes, core volumes, and mismatch. The final infarct volumes were calculated on follow-up CT.
Results Significantly higher total CTP hypoperfused volume (83.3 vs 18.5 ml, p = 0.003), core volume (27.8 vs 1.0 ml, p <
0.001), and unfavorable mismatch (0.51 vs 0.91, p < 0.001) were found during the COVID-19 period compared to no-COVID-19
one. The more unfavorable perfusion pattern at admission resulted in higher infarct volume on follow-up CT during COVID-19
(35.5 vs 3.0 ml, p < 0.001). During lockdown, a reduction of stroke admissions (− 37%) and a higher prevalence of severe clinical
presentation (NIHSS ≥ 10; 53% vs 36%, p = 0.029) were observed.
Conclusion The results of CTP analysis provided a better insight in the higher prevalence of major severity stroke patients during
the COVID-19 period.

Keywords Stroke . COVID . Coronavirus . CT perfusion . Image processing . Perfusion pattern

Introduction

SARS-CoV2 is a novel coronavirus identified as the cause of
coronavirus disease 2019 (COVID-19) that began in Wuhan,
China, in late 2019 spreading worldwide leading to a WHO
declaration of world pandemic on 11 March 2020 [1]. The
COVID-19 pandemic caused lockdown in a large part of the
world, entailing movement restriction except in case of neces-
sity, work, and health circumstances. In these circumstances,
healthcare systems have been focused primarily on COVID-
19 management and the citizens on COVID-19 symptoms.
Further, the fear for infection discourages patients from going
to the hospital even in case of sudden onset of neurological
and disabling symptoms. A recent study observed a reduction
of 45% of total admissions in a Hub Stroke Unit compared to
the same period in 2019 and a higher prevalence of severe
stroke (NIHSS > 10) at admission during the COVID-19

Giovanni Furlanis and Miloš Ajčević contributed equally to this work.

* Miloš Ajčević
majcevic@units.it

1 Clinical Unit of Neurology, Department of Medicine, Surgery and
Health Sciences, University Hospital and Health Services of Trieste –
ASUGI, University of Trieste, Strada di Fiume, 447,
34149 Trieste, Italy

2 Department of Engineering and Architecture, University of Trieste,
Via A. Valerio, 10, 34127 Trieste, Italy

3 Radiology Unit, Department of Medicine, Surgery and Health
Sciences, University Hospital and Health Services of Trieste –
ASUGI, University of Trieste, Strada di Fiume, 447,
34149 Trieste, Italy

https://doi.org/10.1007/s00234-021-02639-5

/ Published online: 2 February 2021

Neuroradiology (2021) 63:1419–1427

http://crossmark.crossref.org/dialog/?doi=10.1007/s00234-021-02639-5&domain=pdf
http://orcid.org/0000-0001-8307-4360
mailto:majcevic@units.it


pandemic, probably due to a lower number of Emergency
Department admissions of transient ischemic attack (TIA)
and minor stroke patients [2].

Neuroimaging is a vital component in the objective assess-
ment of patients with symptoms compatible with acute ische-
mic stroke [3–6]. In the hyperacute phase, decision-making is
always more based on the tissue clock approach instead of on
the time clock approach. Perfusion-based neuroimaging, such
as CT perfusion (CTP), can identify patients who can most
benefit from the recanalization treatment by identifying irre-
versible infarct core and the ischemic salvageable penumbra
area [7], which is especially useful in extended time windows
patients or wake-up stroke [8–12].

The severity of neurological deficits in terms of NIHSS at
admission was found to be highly correlated with the size of
hypoperfused tissue assessed by CTP processing [5] and by
MR perfusion imaging (MRP)[13]. Lesion volumes assessed
by MRP in acute stroke were demonstrated to be highly asso-
ciated with the NIHSS score at 24 h [14]. In addition, the
functional outcome is related to the final infarct volume and
also depends on lesion location [15, 16].

Recently, some reports highlighted the trend of the reduc-
tion of stroke admissions and higher prevalence of severe
clinical presentation during the COVID-19 pandemic [2, 17,
18]. There is a growing interest for the use of CTP data in
acute stroke research; however, no studies have been conduct-
ed to investigate the perfusion pattern of acute stroke patients
admitted during lockdown.

To evaluate the effects of the COVID-19 pandemic on
stroke CTP pattern, this study compared CTP features and
clinical data of hyper-acute ischemic stroke patients admitted
between 9 March 2020 (start of Italy lockdown) and 2
June 2020 with stroke patients admitted during the same pe-
riod in 2019.

Methods

Study population

In this retrospective observational study, we processed
and analyzed CT perfusion and clinical data of patients
with hyper-acute ischemic stroke admitted to the Stroke
Unit of the University Medical Hospital of Trieste (Italy)
between 9 March 2020 (start of Italy lockdown) and 2
June 2020 (end of mobility restriction period in Italy)
(COVID-19 period) and compared perfusion patterns and
clinical features with patients admitted during the same
period in 2019 (no-COVID period). We included hyper-
acute ischemic stroke patients admitted within 4.5 h from
symptoms onset, stroke patients with suspect of large ves-
sel occlusion (LVO) within 6 h from symptoms onset, and
stroke patients with undetermined onset (SUSO) who

underwent multiparametric CT recordings as per internal
management protocol for all “code stroke” patients. All
included patients underwent multiparametric CT assess-
ment, consisting of non-enhanced CT (NECT), CT angi-
ography (CTA), and CTP. No age limit was applied and
both genders were included. Hemorrhagic stroke and pa-
tients with transitory ischemic attack (TIA) were exclud-
ed. Stroke mimics were excluded by a complete diagnos-
tic workup including clinical and MRI assessment to con-
firm the absence of ischemic lesion. A trained neurologist
performed stroke severity evaluation using the NIHSS at
admission and evaluated the anamnestic level of indepen-
dence with the mRS.

Patients eligible for thrombolysis were treated with intra-
venous rtPA (0.9 mg/kg of body weight, maximum of 90 mg,
infused over 60 min with 10% of the total dose administered
as an initial intravenous bolus over 1 min). Endovascular
thrombectomy (EVT) was performed in eligible patients with
intracranial large vessel occlusions (M1, M2, A1, ICA, and
basilar artery) according to standard clinical practice [19].
Infarct final lesion was evaluated by follow-up NECT (at 24
to 48 h). A common neurologic stroke workup including as-
sessment of stroke risk factors, ECG, intracranial and extra-
cranial ecocolordoppler, echocardiography, and Holter elec-
trocardiography or telemetric ECG monitoring. ECASS -
European-Australian Cooperative Acute Stroke Study 3
criteria were used to define symptomatic hemorrhage (sICH)
[20].

The following data of included patients were collected: (1)
demographic details (e.g., age, sex); (2) stroke etiology by
TOAST classification [21]; (3) stroke syndrome by Bamford
classification (total anterior circulation infarct (TACI), partial
anterior circulation infarct (PACI), lacunar stroke (LACI) pos-
terior circulation infarct (POCI)); (4) National Institutes of
Health Stroke Scale (NIHSS) score at admission and on the
7th day or before in case of discharge; (5) premorbid modified
Rankin score (mRS) and mRS at discharge; (6) stroke risk
factors (arterial hypertension, diabetes mellitus, dyslipidemia,
ischemic cardiopathy, atrial fibrillation); (7) NECT
(ASPECTscore) and final infarct volume at follow-up
NECT; (8) large vessel occlusion; (9) total hypoperfused
CTP volume, core CTP volume, mismatch CTP; (10) symp-
tomatic intracerebral hemorrhage (sICH); (11) rTPA therapy
and/or EVT; (12) time from alert-to-admission; (13) time from
alert-to-treatment; (14) time from alert-to-multiparametric CT
scan; and (15) length of hospitalization and destination at
discharge.

All procedures performed in the study were approved by
the local ethics committee in accordance with the ethical stan-
dards of the institutional research committee and with the
1964 Helsinki declaration and its later amendments or com-
parable ethical standards. Informed consent was obtained
from all individual participants included in the study.
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CT and CTP acquisition and processing

All CT images were acquired by using a 256-slice Philips
Brilliance iCT scanner (Philips Healthcare, Best,
The Netherlands) at 80 kVp and 150–200 mAs. CTP data
were processed by using Extended Brilliance Workstation v
4.5 (Philips Medical Systems, Best, Netherlands) and a home-
made script created in Matlab (MathWorks Inc., Natick, MA).
Perfusion maps, namely mean transit time (MTT), cerebral
blood volume (CBV), and cerebral blood flow (CBF) were
calculated. MTT maps were estimated via a closed-form
deconvolution operation using the time/concentration curve
of a particular voxel and the arterial input function obtained
from source images. The CBV map was calculated from the
area under the time/concentration curves and CBF as ratio
between CBV and MTT. Core and hypoperfused penumbra
areas were automatically identified by applying thresholds
defined by Wintermark et al. [22]. In particular, the infarcted
core areas were identified as MTT > 145% of the contralateral
healthy area and CBV < 2.0 ml/100 g, while penumbra voxels
were identified as MTT higher than 145% of the contralateral
healthy area and CBV > 2.0 ml/100 g. The ischemic volumes
were calculated after the artifact removal by integration of
identified areas as previously described [5, 12].

Final infarct lesion volume was calculated on follow-up
NECT for all patients by a semi-automatic algorithm for seg-
mentation, implemented in Matlab (MathWorks, Natick,
MA), based on seed-based region growing algorithm, and also
supported by additional manual outlining. Two independent
neurologists checked the results of this semi-automatic
process.

Statistical analysis

We performed all statistical analysis using SPSS Statistics 23
(IBM, Armonk/NY, USA). Subgroup analysis and data pre-
sentation was proposed for 2019 and 2020 patients.
Kolmogorov-Smirnov test was adopted to evaluate the normal
distribution of variables. Continuous variables with normal
distribution are presented as mean and standard deviations
(SDs), those with a skewed distribution as median and inter-
quartile ranges (IQRs) indicating the 1st and 3rd quartile, and
categorical variables as counts, percentages, and 95% confi-
dence interval (n, %; 95% CI). Differences between the two
groups were tested with parametric (independent samples T
test), nonparametric tests (Mann-Whitney U test), and chi-
square, as appropriate. Univariate linear regression (B, 95%
CI) was performed to assess the association between the
COVID-19 period and calculated neuroimaging features,
while binary logistic regression (OR, 95% CI) was performed
to assess the association between the COVID-19 period and
large vessel occlusion. A level of p < 0.05 was regarded as
statistically significant.

Results

During the COVID-19 period, a total of 62 patients were ad-
mitted within 24 h from stroke onset to the Stroke Unit com-
pared to the 98 patients admitted in the same period in 2019 (−
37%). In patients admitted within the 24 h window, a slightly
higher NIHSS at admission was observed in the COVID-19
period (median: 10; 4–19 vs 6; 4–17), although non statisti-
cally significant (p = 0.135). Prevalence of patients with
NIHSS at admission ≥ 10 was significantly higher during
the COVID-19 period (n = 33, 53%; 41–66% vs n = 35,
36%; 26–44%, p = 0.029).

In the COVID-19 period, as many as 30 (16F/14M, age
median: 76 years) out of 62 admitted patients underwent
multiparametric CT as “code stroke” patients fulfilling
inclusion criteria, while 51 (22F/29M, age median: 76
years) out of 98 in the corresponding no-COVID-19 peri-
od. All patients admitted to our Stroke Unit in the
COVID-19 period underwent nasopharyngeal swab: all
tests were negative for SARS-CoV-2. The demographic,
risk factors as well as clinical outcome of COVID-19
period and no-COVID-19 period included patients are
presented in Table 1.

There were no differences in alert-to-admission
(108 min vs 89 min, ns), alert-to-CT (155 min vs 150
min, ns), and in alert-to-treatment times (180 min vs 176
min, ns), between the two groups. The percentage of pa-
tients who underwent rTPA treatment and patients
underwent EVT was similar between the two groups
(Table 1). A higher prevalence of severe stroke (NIHSS
≥ 10) was found in COVID-19 period compared to 2019
(n = 17, 57%; 39–74% vs n = 16, 31%; 19–44%, respec-
tively; p = 0.025). A slightly higher prevalence of SUSO
was observed in 2020 (n = 9, 30%, 14–46%) compared to
2019 (n = 9, 18%, 7–28%). No difference in prevalence of
risk factors like arterial hypertension, diabetes, dyslipid-
emia, and atrial fibrillation between the two periods was
observed. In addition, a slightly higher trend of preva-
lence of TACI was found in 2020 patients (n = 12,
40%; 25–56%) than 2019 patients (n = 14, 27%; 15–
40%).

Table 2 reports the neuroimaging findings, namely
ASPECTs assessed on NECT, large vessel occlusion on
CTA as well as calculated CTP features. Figure 1 reports
comparison of CTP features at admission and final infarct
volume on follow-up CT between COVID-19 period and
no-COVID 19 period.

In the COVID-19 period, acute ischemic stroke presented a
significantly higher total CTP hypoperfused volume (83.3 vs
18.5 ml, p = 0.003) and higher core CTP volume (27.8 vs 1.0
ml, p < 0.001), as well as a lower prevalence of penumbra
compared to core yeling a lower CTP mismatch (0.51 vs 0.91,
p < 0.001). ASPECT was significantly lower in the COVID-
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Table 1 Demographics and
clinical data of patients admitted
in COVID-19 period (2020) ver-
sus no-COVID-19 period (2019).
Data are presented as medians
(IQR) and frequencies

Personal characteristics COVID-19 (n = 30) No-COVID-19 (n = 51) p value

Age [y] 76 (68–82) 76 (72–83) 0.618

Female:Male 16:14 22:29 0.375

SUSO (%) 9 (30%) 9 (18%) 0.197

Treatment (%)

rTPA (%) 21 (70%) 37 (73%) 0.806

EVT (%) 7 (23%) 10 (20%) 0.681

NIHSS at baseline 11 (4–17) 6 (4–15) 0.317

NIHSS ≥ 10 (%) 17 (57%) 16 (31%) 0.025

NIHSS at discharge 5 (1–21) 1 (0–7) 0.071

mRS 0–2 anamnestic (%) 29 (97%) 48 (94%) 0.609

mRS 0–2 at discharge (%) 12 (40%) 29 (57%) 0.143

Intrahospital mortality (%) 4 (13%) 6 (12%) 0.836

Bamford Classification (%) 0.510

TACI 12 (40%) 14 (27%)

PACI 10 (33%) 18 (35%)

LACI 4 (13%) 13 (25%)

POCI 4 (13%) 6 (12%)

sICH 3 (10%) 2 (4%) 0.272

TOAST (%) 0.468

Atherothrombotic 2 (7%) 6 (12%)

Small vessel 2 (7%) 10 (20%)

Cardioembolic 16 (53%) 21 (41%)

Cryptogenic 9 (30%) 12 (24%)

Other 1 (3%) 2 (4%)

Risk factors (%)

Hypertension 25 (83%) 41 (80%) 0.742

Diabetes 12 (40%) 18 (35%) 0.672

Dyslipidemia 18 (60%) 33 (65%) 0.672

Atrial fibrillation 14 (47%) 20 (39%) 0.512

Ischemic cardiomyopathy 7 (23%) 16 (31%) 0.438

Length of hospitalization (%) 8 (5–10) 6 (4–17) 0.680

Destination at discharge (%) 0.552

Home 11 (42%) 21 (49%)

Rehabilitation 5 (19%) 6 (14%)

Neuro spoke 7 (27%) 10 (23%)

Other 3 (10%) 6 (14%)

Notes: Participants’ reported age (y), sex (female:male), stroke of unknown symptom onset (SUSO), thrombolytic
therapy (rTPA), endovascular thrombectomy (EVT), NIHSS at admission (number of patients with NIHSS ≥ 10)
and NIHSS at discharge, anamnestic modified Rankin scale (mRS) and mRS at discharge, Intra-hospital mortal-
ity, Bamford stroke syndrome classification (total anterior circulation infarct, TACI; partial anterior circulation
infarct, PACI; lacunar stroke, LACI; posterior circulation infarct, POCI), stroke subtype classification at discharge
classified by Trial of ORG 10172 in Acute Stroke Treatment (TOAST): atherothrombotic, small vessel disease,
cardioembolic, cryptogenic, other cause, history of hypertension (HTN), diabetes (DM), dyslipidemia, atrial
fibrillation (AF), ischemic cardiomyopathy (ICM), length of hospitalization, destination at discharge (home,
rehabilitation department, neurology department in spoke hospital, other department). Results are summarized
for patients admitted in our Stroke Unit in COVID-19 period (9March–2 June 2020) and in no-COVID-19 period
(9 March–2 June 2019). Bold values for significance value for intergroup comparison (p < 0.05—highlighted in
bold)
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19 period compared to no-COVID-19 period (p = 0.026). A
slightly higher prevalence of large vessel occlusion in
COVID-19 period was observed, although none statistically
significant (53.3%; 35.5–71.2 vs 33.3%; 20.4–46.3, p value =
0.077). These results were also supported by regression anal-
ysis reported in Table 2.

Regarding the morphological outcome in terms of extent of
necrotic tissue on follow-up NECT, the final infarct volume was
significantly higher in the COVID-19 period compared to the no-
COVID-19 (35.5 vs 3 ml, p < 0.001). Furthermore, a slightly
higher NIHSS at discharge was observed in the COVID-19 pe-
riod compared to the no-COVID-19, although not statistically
significant (median NIHSS = 5 vs 1, p value = 0.071).

Discussion

In the first months of the COVID-19 pandemic, the main
focus of health authorities and healthcare providers was the
SARS-CoV2 infected population. This had a relevant impact
on treatment of time-dependent pathologies such as stroke and
acute coronary syndrome [2, 23]. A significant reduction of
stroke admissions and a higher prevalence of severe clinical
presentation were observed worldwide due to the spread of
COVID-19 outbreaks [2]. This study aimed at deepening the
analysis of tissue-based stroke patient’s characteristics during
the COVID-19 pandemic compared to the reference period.

The main finding of this study is a significantly higher
perfusion deficit in terms of total CTP hypoperfused volume
and CTP core volume, as well as significantly unfavorable
penumbra to core mismatch in the COVID-19 period

compared to the no-COVID-19. In particular, a significantly
higher total CTP hypoperfused volume (83.3 vs 18.5 ml) and
CTP irreversible core volume (27.8 vs 1.0 ml) were detected,
resulting in a significantly lower mismatch, i.e., percentage of
penumbra of total hypoperfused volume (0.51 vs 0.91). The
main findings are summarized in Fig. 2.

These results obtained by perfusion imaging offer a better
insight in the differences in stroke clinical presentation ob-
served as NIHSS score (median NIHSS = 11 vs 6) and a
significantly higher prevalence of severe stroke presentations
with a NIHSS ≥ 10 (57% vs 31%, p = 0.025). The prevalence
of severe stroke (NIHSS ≥ 10) reflects the high CTP
hypoperfused volumes observed in the COVID-19 period.
This link between stroke severity and perfusion deficit is con-
sistent with previous findings regarding the high correlation
between the baseline NIHSS score and the ischemic volume in
CTP imaging in the acute stroke phase. In a recent study, we
found a significantly strong correlation (r = 0.82, p = <
0.0001) between total hypoperfused CTP volume and
NIHSS at admission in 106 hyperacute ischemic stroke pa-
tients [5]. Low NIHSS values mainly corresponded to low
volumes and, vice versa, high NIHSS values corresponded
to high volumes.

In the COVID-19 period, we observed a reduction of 37%
of total admissions in our Hub Stroke Unit and a prevalence of
very disabling stroke with NIHSS ≥ 10 compared to the same
period in 2019. This may be explained with the lower number
of emergency department admissions of transient ischemic
attack (TIA) and minor strokes related to the diffused fear of
going to the hospital during the pandemic when showing mild
or transient stroke symptoms. Indeed, minor stroke and TIA

Table 2 Neuroimaging data of patients admitted in COVID-19 period (2020) versus no-COVID-19 period (2019)

Neuroradiological assessment COVID-19 (n = 30) No-COVID-19 (n = 51) p value Regression

B/OR (95% CI) p value

NECT

ASPECTs 10 (9–10) 10 (9–10) 0.026 − 0.46 (− 1.00–0.80) 0.094

CTA

Large vessel occlusion
n (%; 95% CI)

16 (53.3%; 35.5–71.2) 17 (33.3%; 20.4–46.3) 0.077 2.84 (1.08–7.47) 0.034

CTP

CTP total hypoperfused
volume [ml]

83.3 (22.0–187.8) 18.5 (3.5–77.2) 0.003 62.94 (29.96–95.91) <0.001

CTP core volume [ml] 27.8 (0–120.2) 1.0 (0–15.9) <0.001 52.20 (29.37–76.03) <0.001

CTP mismatch 0.51 (0.23–0.94) 0.91 (0.74–1) <0.001 − 0.29 (− 0.41–0.16) <0.001

Final infarct volume [ml] 35.5 (3.0–150.8) 3.0 (0–28.3) <0.001 58.24 (29.96–86.51) <0.001

Note: Data are presented as medians (IQR) and frequencies (%; 95% CI—confidence interval). Non-enhanced computed tomography (NECT) and
Alberta Stroke Program Early CT Score (ASPECTS); CT angiography (CTA) and large vessel occlusion (M1, M2, A1, intracranial ICA, and basilar
artery). CT perfusion (CTP) features. Significant differences (p < 0.05) are highlighted in bold. Univariate linear regression between COVID-19 period
and calculated neuroimaging features: B coefficient (95%CI). Binary logistic regression between the COVID-19 period and large vessel occlusion: odds
ratio OR (95% CI); all included patents during the COVID-19 period (n = 30) and no-COVID-19 period (n = 51) underwent CTP and follow-up CT and
were included in the analysis

1423Neuroradiology (2021) 63:1419–1427



patients are characterized by minor CTP hypoperfused vol-
umes [5], while severe stroke patients characterized by dis-
abling symptoms and a large hypoperfused ischemic volume
could not refrain from calling emergency.

The significantly higher prevalence of core presence
in total hypoperfused volume during the COVID-19 pan-
demic could be a sign that the patients may have waited
until the last minute to call the alert. Indeed, we also
observed a trend of increase of SUSO patients. In addi-
tion, a slight prevalence of cardioembolic strokes, char-
acterized by severe presentation and absence of collat-
erals development [24], and patients with comorbidities
could contribute to the worse perfusion pattern.

The fear of in-hospital SARS-CoV2 infection created
anxiety in the general population forcing many patients
with acute and disabling diseases to avoid going to the
hospital. Our neuroimaging and clinical results support
the hypothesis of perceived fear taking into account that
our served area (Friuli Venezia Giulia region) population
characterized by a high prevalence of elderly with
polymorbidities [25], did not show the same high
COVID-19 spread as the other northern Italy regions.

Higher unfavorable perfusion pattern at admission,
taking into account the same percentage of rTPA/EVT
treated patients, supports the finding of higher infarct
volume on follow-up NECT during COVID-19 pandem-
ic (35.5 vs 3.0 ml, p < 0.001). The results of our study
showed that CTP hypoperfused parameters are correlated
with final infarct volume, which is in line with previous
studies based on CTP [26, 27]. Shankar et al. (2016)

found that CTP infarct core was the major predictor of
final infarct volume and, at the same time, total
hypoperfused volume measured by CBF was also corre-
lated with the final lesion [26].

Advanced multimodal neuroimaging plays an increas-
ingly relevant role in the management of patients with
stroke-related symptoms [4, 6, 7, 11, 12, 28, 29]. Using
CTP to identify irreversible infarct core and the ischemic
salvageable penumbra area in a quick and accurate man-
ner allows stroke emergency management based on the
tissue-clock approach instead of on the time-clock ap-
proach. CTP is notably a fast imaging technique, also
characterized by high sensitivity (80%) and specificity
(95%) [30]. In addition, CTP perfusion data may provide
useful information as a complementary asset to under-
stand the pathophysiological mechanisms underlying
the clinical phenomenon.

Our study had some limitations. The data describe a
single-center investigation of a limited sample size.
Moreover, although the included patients were consecu-
tive, we conducted a retrospective observational study. In
this study, we investigated all hyper-acute stroke patients
admitted as “code stroke” patients (within 4.5 h from
stroke onset, within 6 h from stroke onset in case of sus-
pect LVO, or SUSO) who underwent multimodal CT as-
sessment as per regional clinical care integrated pathway
for acute stroke. Patients alerting the emergency services
after 4.5 h (or after 6 h in case of suspect of LVO) were
not labeled as “code stroke” and consequently did not
undergo CT perfusion assessment. Thus, such patients

Fig. 1 Comparison of CT perfusion (CTP) features at admission and final infarct volume on follow-up CT between COVID-19 and no-COVID-19
periods. Box and whisker plot (medians, IQR values, range). Significant differences: *p < 0.05, **p < 0.01
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were not been included in this perfusional study. The
results should be confirmed in a larger clinical study in-
cluding CT perfusion assessment on patients admitted in a
time window extended up to 24 h from onset. In addition,
CT perfusion lower reliability in minor strokes (especially
in lacunar etiology) should be always taken into account.
Nevertheless, our study contributes to give a better in-
sight on the COVID-19 emergency and lockdown impact
on stroke pathway by implementing whole brain CTP
processing in real-life acute stroke admitted patients.

Conclusion

The results of this study highlighted the ischemic stroke CTP
perfusion pattern as an acid test for the COVID-19 fear in
acute ischemic stroke. During the COVID-19 pandemic, a
higher percentage of severe strokes and concomitant higher
hypoperfused volumes and an unfavorable mismatch were
observed resulting in higher infarct brain lesion. These
tissue-evidenced findings deepened the analysis of the conse-
quences on acute stroke pathway caused by the fear for the

Fig. 2 Comparison between CT perfusion and follow-up CT during
COVID-19 and no-COVID-19 periods. Epidemic outbreak in Italy (data
from Italian Ministry of Health daily official report, see http://www.
salute.gov.it/portale/home.html). During the study period (9 March–2
June 2020) a progressive increase of confirmed and active COVID-19
cases in Italy and related deaths. The active cases reached a plateau in the
first days of May. The exemplifying perfusion patterns at admission as
well as follow-up CT lesion extension are reported in the figure for both
study periods (no-COVID-19. left panel; COVID-19, right panel). A

higher total CTP hypoperfused volumes, CTP core volumes and unfavor-
able mismatch were observed in the COVID-19 period compared to the
no-COVID-19. The unfavorable perfusion pattern at admission resulted
in a large final infarct lesion in follow-up CT. During lockdown a reduc-
tion of stroke admissions (− 37%) and a higher prevalence of severe
clinical presentation in terms of NIHSS ≥ 10 was observed. MTT, mean
transit time; CBV, cerebral blood volume; CBF, cerebral blood flow;
Core-Penumbra summary map, Core (red)/Penumbra (green) summary
map. CT follow-up with final ischemic lesion
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pandemic, while also pointing out the novel scenario that first-
line neurologists have to face during the COVID-19
pandemic.

Acknowledgements Open Access funding provided by Università degli
Studi di Trieste. The authors would like to thank Matteo di Franza for
editorial assistance and English proof-reading.

Funding Open access funding provided by Università degli Studi di
Trieste within the CRUI-CARE Agreement.

Compliance with ethical standards

Conflicts of interest The authors have no conflicts of interest to declare.

Ethical approval All procedures performed in the study were approved
by the CEUR FVG ethical committee in accordance with the ethical
standards of the institutional research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Grasselli G, Pesenti A, Cecconi M (2020) Critical care utilization
for the COVID-19 outbreak in Lombardy, Italy: early experience
and forecast during an emergency response. JAMA 323(16):1545–
1546. https://doi.org/10.1001/jama.2020.4031

2. Naccarato M, Scali I, Olivo S, AjčevićM, Buoite Stella A, Furlanis
G, Lugnan C, Caruso P, Peratoner A, Cominotto F, Manganotti P
(2020) Has COVID-19 played an unexpected ‘stroke’ on the chain
of survival? J Neurol Sci 414:116889. https://doi.org/10.1016/j.jns.
2020.116889

3. Vilela P, Rowley HA (2017) Brain ischemia: CT and MRI tech-
niques in acute ischemic stroke. Eur J Radiol 96:162–172

4. Stragapede L, Furlanis G, Ajcevic M et al (2019) Brain oscillatory
activity and CT perfusion in hyper-acute ischemic stroke. J Clin
Neurosci 69:184–189. https://doi.org/10.1016/j.jocn.2019.07.068

5. Furlanis G, Ajcevic M, Stragapede L et al (2018) Ischemic volume
and neurological deficit: correlation of computed tomography per-
fusion with the National Institutes of Health Stroke Scale Score in
acute ischemic stroke. J Stroke Cerebrovasc Dis 27:2200–2207

6. Manganotti P, Furlanis G, Ajčević M, Polverino P, Caruso P,
Ridolfi M, Pozzi-Mucelli RA, Cova MA, Naccarato M (2019) CT
perfusion and EEG patterns in patients with acute isolated aphasia

in seizure-related stroke mimics. Seizure - Eur J Epilepsy 71:110–
115

7. Gonzalez RG (2006) Imaging-guided acute ischemic stroke thera-
py: from ‘time is brain’ to ‘physiology is brain’. AJNR Am J
Neuroradiol 27:728–735

8. Etherton MR, Barreto AD, Schwamm LH, Wu O (2018)
Neuroimaging paradigms to identify patients for reperfusion ther-
apy in stroke of unknown onset. Front Neurol 9:327. https://doi.
org/10.3389/fneur.2018.00327

9. Ma H, Campbell BCV, Parsons MW, Churilov L, Levi CR, Hsu C,
Kleinig TJ, Wijeratne T, Curtze S, Dewey HM, Miteff F, Tsai CH,
Lee JT, Phan TG,Mahant N, SunMC, Krause M, Sturm J, Grimley
R, Chen CH, Hu CJ, Wong AA, Field D, Sun Y, Barber PA, Sabet
A, Jannes J, Jeng JS, Clissold B, Markus R, Lin CH, Lien LM,
Bladin CF, Christensen S, Yassi N, Sharma G, Bivard A,
Desmond PM, Yan B, Mitchell PJ, Thijs V, Carey L, Meretoja A,
Davis SM, Donnan GA (2019) Thrombolysis guided by perfusion
imaging up to 9 hours after onset of stroke. N Engl J Med 380:
1795–1803

10. Thomalla G, Simonsen CZ, Boutitie F, Andersen G, Berthezene Y,
Cheng B, Cheripelli B, Cho TH, Fazekas F, Fiehler J, Ford I,
Galinovic I, Gellissen S, Golsari A, Gregori J, Günther M,
Guibernau J, Häusler KG, Hennerici M, Kemmling A, Marstrand
J, Modrau B, Neeb L, Perez de la Ossa N, Puig J, Ringleb P, Roy P,
Scheel E, Schonewille W, Serena J, Sunaert S, Villringer K,
Wouters A, Thijs V, Ebinger M, Endres M, Fiebach JB,
Lemmens R, Muir KW, Nighoghossian N, Pedraza S, Gerloff C
(2018) MRI-guided thrombolysis for stroke with unknown time of
onset. N Engl J Med 379:611–622

11. Furlanis G, AjcevicM, Buoite Stella A et al (2020)Wake-up stroke:
thrombolysis reduces ischemic lesion volume and neurological def-
icit. J Neurol 267:666–673

12. AjčevićM, Furlanis G, Buoite Stella A et al (2020) A CT perfusion
based model predicts outcome in wake-up stroke patients treated
with recombinant tissue plasminogen activator. Physiol Meas
41(7):075011. https://doi.org/10.1088/1361-6579/ab9c70

13. Choi V, Kate M, Kosior JC, Buck B, Steve T, McCourt R,
Jeerakathil T, Shuaib A, Emery D, Butcher K (2015) National
Institutes of Health Stroke Scale score is an unreliable predictor
of perfusion deficits in acute stroke. Int J stroke Off J Int Stroke
Soc 10:582–588

14. Tong DC, Yenari MA, Albers GW, O'Brien M, Marks MP,
Moseley ME (1998) Correlation of perfusion- and diffusion-
weighted MRI with NIHSS score in acute (<6.5 hour) ischemic
stroke. Neurology 50:864–870

15. Jacobs MA, Mitsias P, Soltanian-Zadeh H, Santhakumar S, Ghanei
A, Hammond R, Peck DJ, Chopp M, Patel S (2001)
Multiparametric MRI tissue characterization in clinical stroke with
correlation to clinical outcome: part 2. Stroke 32:950–957

16. Bagher-Ebadian H, Jafari-Khouzani K, Mitsias PD, Lu M,
Soltanian-Zadeh H, Chopp M, Ewing JR (2011) Predicting final
extent of ischemic infarction using artificial neural network analy-
sis of multi-parametric MRI in patients with stroke. PLoS One 6:
e22626

17. Baracchini C, Pieroni A, Viaro F, Cianci V, Cattelan AM, Tiberio I,
Munari M, Causin F (2020) Acute stroke management pathway
during coronavirus-19 pandemic. Neurol Sci 41:1003–1005

18. Caso V, Federico A (2020) No lockdown for neurological diseases
during COVID19 pandemic infection. Neurol Sci 41(5):999–1001

19. Powers WJ, Rabinstein AA, Ackerson T et al (2019) Guidelines for
the early management of patients with acute ischemic stroke: 2019
update to the 2018 guidelines for the early management of acute
ischemic stroke: a guideline for healthcare professionals from the
American Heart Association/American Stroke. Stroke 50:e344–
e418

1426 Neuroradiology (2021) 63:1419–1427

https://doi.org/
https://doi.org/10.1001/jama.2020.4031
https://doi.org/10.1016/j.jns.2020.116889
https://doi.org/10.1016/j.jns.2020.116889
https://doi.org/10.1016/j.jocn.2019.07.068
https://doi.org/10.3389/fneur.2018.00327
https://doi.org/10.3389/fneur.2018.00327
https://doi.org/10.1088/1361-6579/ab9c70


20. Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti
D, Larrue V, Lees KR, Medeghri Z, Machnig T, Schneider D, von
Kummer R, Wahlgren N, Toni D (2008) Thrombolysis with
alteplase 3 to 4.5 hours after acute ischemic stroke. N Engl J Med
359:1317–1329

21. Adams HPJ, Bendixen BH, Kappelle LJ et al (1993) Classification
of subtype of acute ischemic stroke. Definitions for use in a multi-
center clinical trial. TOAST. Trial of Org 10172 in Acute Stroke
Treatment. Stroke 24:35–41

22. Wintermark M, Flanders AE, Velthuis B, Meuli R, van Leeuwen
M, Goldsher D, Pineda C, Serena J, Schaaf I, Waaijer A, Anderson
J, Nesbit G, Gabriely I, Medina V, Quiles A, Pohlman S, Quist M,
Schnyder P, Bogousslavsky J, Dillon WP, Pedraza S (2006)
Perfusion-CT assessment of infarct core and penumbra: receiver
operating characteristic curve analysis in 130 patients suspected of
acute hemispheric stroke. Stroke 37:979–985

23. Solomon MD, McNulty EJ, Rana JS et al (2020) The Covid-19
Pandemic and the incidence of acute myocardial infarction. The
New England journal of medicine. 383:691–693. https://doi.org/
10.1056/NEJMc2015630

24. Guglielmi V, LeCouffe NE, Zinkstok SM et al (2019) Collateral
circulation and outcome in atherosclerotic versus cardioembolic
cerebral large vessel occlusion. Stroke 50:3360–3368

25. Marcon G, Manganotti P, Tettamanti M (2020) Is Parkinson’s dis-
ease a very rare pathology in centenarians? A clinical study in a
cohort of subjects. J Alzheimers Dis 73:73–76

26. Shankar JJS, Langlands G, Doucette S, Phillips S (2016) CT per-
fusion in acute stroke predicts final infarct volume- inter-observer
study. Can J Neurol Sci 43:93–97

27. Padroni M, Bernardoni A, Tamborino C et al Cerebral blood vol-
ume ASPECTS is the best predictor of clinical outcome in acute
ischemic stroke: a retrospective, combined semi-quantitative and
quantitative assessment. PLoS One 11:e0147910

28. Granato A, D’Acunto L, AjčevićM, Furlanis G, UkmarM,Mucelli
RAP, Manganotti P (2020) A novel computed tomography
perfusion-based quantitative tool for evaluation of perfusional ab-
normalities in migrainous aura stroke mimic. Neurol Sci 41:3321–
3328. https://doi.org/10.1007/s10072-020-04476-5

29. Naccarato M, Ajčević M, Furlanis G, Lugnan C, Buoite Stella A,
Scali I, Caruso P, Stragapede L, Ukmar M, Manganotti P (2020)
Novel quantitative approach for crossed cerebellar diaschisis detec-
tion in acute ischemic stroke using CT perfusion. Journal of the
Neurological Sciences 416:117008. https://doi.org/10.1016/j.jns.
2020.117008

30. Parsons MW (2008) Perfusion CT: is it clinically useful? Int J
Stroke 3:41–50

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1427Neuroradiology (2021) 63:1419–1427

https://doi.org/10.1056/NEJMc2015630
https://doi.org/10.1056/NEJMc2015630
https://doi.org/10.1007/s10072-020-04476-5
https://doi.org/10.1016/j.jns.2020.117008
https://doi.org/10.1016/j.jns.2020.117008

	CT perfusion in hyper-acute ischemic stroke: the acid test for COVID-19 fear
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Study population
	CT and CTP acquisition and processing
	Statistical analysis

	Results
	Discussion
	Conclusion
	References


