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INTRODUCTION

During the last 2 years coronavirus disease 2019 
(COVID-19) pandemic stormed into the healthcare sys-
tems worldwide with over 200 million confirmed cases 
of severe acute respiratory syndrome coronavirus type 
2 (SARS-CoV-2) infection and over 4 million deaths 
worldwide.1 Previous hypotheses that COVID-19 was 
not confined to the respiratory system, but it was also 

responsible for a syndrome of multiorgan dysfunc-
tion, including neurological involvement have been 
proved by several studies2 and nowadays COVID-19 
is recognized as a multisystem disease with apparent 
involvement of other organ systems.3,4 Neurological 
manifestations vary from acute cerebrovascular events 
to immuno-mediated diseases.5

Cerebrovascular complications associated with 
COVID-19 include ischemic strokes, intracranial hem-
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Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syn-
drome coronavirus 2 infection. Over the last 2 years the virus has spread world-
wide with enormous implications on the healthcare systems. COVID-19 patients 
suffer from mild upper-airway manifestations to pneumonia and severe acute re-
spiratory distress syndrome and their hospitalizations are often prolonged. Neu-
rological manifestations of the disease are common. Neurosonology (transcranial 
Doppler & cervical duplex ultrasound) is an easily repeatable diagnostic imaging 
modality that can be simply applied at the bedside of COVID-19 patients with 
cerebrovascular diseases or in critically ill patients in the intensive care unit. Neu-
rosonology may provide hemodynamic assessment of cerebral circulation, quanti-
tative evaluation of increased intracranial pressure and detection of micro-embol-
ic signals in real-time. Consequently, it may assist substantially in the diagnosis, 
risk stratification and therapeutic approach of COVID-19 patients with or without 
cerebrovascular complications. In the present narrative review, we discuss the 
emerging clinical utility of neurosonology during COVID-19 pandemic and high-
light the upgraded role of neurosonology resulting from the combination of the 
established applications coupled with the reduced risk of virus spreading during 
ultrasound evaluation compared to other imaging modalities including computed 
tomography and magnetic resonance imaging.
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orrhage and cerebral venous thrombosis.6 In particular, 
according to the meta-analysis by Katsanos et al.7, pa-
tients infected by SARS-CoV-2 appear to have increased 
odds of ischemic stroke rate when compared to con-
temporary or historical non-infected controls. Remark-
able is also a 5-fold increased mortality risk for patients 
infected by SARS-CoV-2 suffering from cerebrovascular 
events compared to non-infected stroke patients.7

Healthcare systems are overwhelmed by the increased 
volume of admissions during the COVID-19 pandemic. 
In times of limited hospital resources and increased 
risk of infection spread to hospital personnel every use-
ful pathway and diagnostic tool which is easily appli-
cable at the bedside becomes valuable.8 The European 
Society of Neurosonology and Cerebral Hemodynamics 
recognizing the crucial role of neurosonology in the 
setting of COVID-19 pandemic released in 2020 prac-
tice recommendations for neurovascular ultrasound 
investigations of acute stroke patients.9 Neurosonology 
can be also applied in COVID-19 patients with other 
pathologies than stroke including increased intracrani-
al pressure (ICP) and cerebral circulatory arrest. In this 
narrative review, we present the emerging neurosonol-
ogy applications for COVID-19 patients and summarize 
the available literature that is relevant to this topic (Table 1).

ULTRASOUND ASSESSMENT OF CERVICAL 
AND CEREBRAL VESSEL PATENCY IN COVID-19 
PATIENTS WITH ACUTE STROKE

All stroke patients should undergo a fast track 
COVID-19 nasopharyngeal test in order to prevent 
in-hospital transmission according to the recommen-
dations of European Society of Neurosonology and 
Cerebral Hemodynamics. All sonographers should 
wear enhanced personal protective equipment (PPE) 
at all times: respirators (N95 or FFP2 masks), surgical 
cap, goggles, face shield, full-sleeved gown, two pairs 
(internal and external) of extended cuff gloves and out-
er short cuff gloves, boot-type shoe covers, and proper 
donning/doffing hygiene. In case of resource limita-
tions, a standard surgical mask can be worn over the 
N95 or FFP2 mask for preservation of the latter.9 

In case of COVID-19 positive and presumed positive 
patients presenting with acute stroke symptoms thera-
peutic decisions on systemic or endovascular reperfu-
sion therapies may rely on ultrasound to avoid poten-
tial time delays related to CT or MR angiography.10 In 
addition, transcranial Doppler (TCD) can provide rapid 
information about vascular stenosis and occlusion, the 
hemodynamic status of the cerebral circulation, and 
real-time monitoring of recanalization.11,12 According to 
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Table 1. Neurosonology applications during COVID-19 pandemic

Application TCD TCCD Clinical relevance

Screening Yes Yes Avoid using CTA for LVO in COVID-19 patients with stroke9

Midline shift evaluation No Yes Avoid using CT to evaluate cerebral edema in COVID-19 patients with stroke40

Screening for RLS Yes No - Avoid TEE in COVID-19 patients with stroke (in particular in negative TCD cases 
for RLS)13

- Detection of pulmonary vascular dilatation in patients with COVID-19 pneumo-
nia46

Microemboli detection Yes No - Risk stratification of stroke recurrence risk in COVID-19 stroke patients11

- Monitoring the response to anticoagulation in COVID-19 patients with stroke15

Vasomotor reactivity Yes No Assessment of cerebral hemodynamic reserve in COVID-19 patients22,25

Ultrasound of cerebral veins 
and sinuses 

No Yes Avoid repetitive CTV or MRV in monitoring COVID-19 patients with CVST33,34

ICP surrogates Yes Yes Avoid insertion of EVD in critically ill mechanically ventilated COVID-19 patients44

Brain death confirmation Yes Yes Avoid other neuroimaging techniques47,48

COVID-19; coronavirus disease 2019, TCD; transcranial Doppler, TCCD; transcranial color-coded duplex, CTA; computed tomography 
angiography, LVO; large vessel occlusion, CT; computed tomography, RLS; right-to-left-shunt, TEE; transesophageal echocardiography, 
CTV; computed tomography venography, MRV; magnetic resonance venography, CVST; cerebral venous sinus thrombosis, ICP; intra-
cranial pressure, EVD; external ventricular.
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a recent Cochrane review that assessed the diagnostic 
accuracy of TCD and transcranial color-coded duplex 
(TCCD) for detecting stenosis and occlusion of intracra-
nial large arteries in people with acute ischemic stroke, 
TCD or TCCD when administered by professionals 
with adequate experience and skills, provide useful 
diagnostic information for detecting stenosis or occlu-
sion of intracranial vessels with a summary sensitivity 
of 95% (95% confidence interval [CI] 0.83–0.99) and a 
summary specificity of 95% (95% CI 0.95–0.98) of all 
included studies.13 Extended applications such as vaso-
motor reactivity (VMR) testing, emboli monitoring, and 
right-to-left shunt detection help clinicians ascertain 
stroke mechanisms at the bedside without transferring 
unnecessary the patients to radiology or cardiology de-
partments, plan and monitor treatment, and determine 
prognosis.14 By assessing VMR, patients that are at high 
risk for stroke recurrence in the setting of symptomatic 
extracranial internal carotid artery stenosis or occlusion 
can be identified. Thus, microembolic signals (MES) 
on TCD in these patients could initiate early carotid 
endarterectomy. Nevertheless, evidence of right-to-left 
shunts as indicated by TCD could imply paradoxical 
embolism as a stroke mechanism.11

NEUROSONOLOGY APPLICATIONS AND DE-
TECTION OF MES

TCD may provide direct evidence of microemboli 

circulating in cerebral arteries in real-time. MES can be 
detected as signals of high intensity and short duration 
within the Doppler spectrum (Fig. 1). They represent 
solid or gaseous particles within the blood flow. Al-
though not causing immediate symptoms, these em-
bolic signals are clinically important, as they can iden-
tify an embolic mechanism and point to the source of 
embolism in patients with stroke or transient ischemic 
attack. TCD represents the gold standard of detection, 
quantification, and localization of cerebral emboliza-
tion in real time.11

Two studies were identified that evaluated MES de-
tection in COVID-19 patients.15,16 Batra et al.15 report 
on six patients with confirmed COVID-19 (four with 
confirmed ischemic stroke and two with encephalopa-
thy) who underwent TCD monitoring for microemboli 
detection. MES were identified in three patients, in-
cluding one who was therapeutically anticoagulated.15 
In contrast with these findings, TCD could not detect 
MES in 16 critically ill COVID-19 patients. Neverthe-
less, it has to be acknowledged that none of these pa-
tients had a history of stroke or encephalopathy and the 
duration of TCD monitoring for emboli detection was 
very short (15 minutes).16

Numerous potential mechanisms for emboli for-
mation have been described in COVID-19. A recent 
autopsy series provided preliminary evidence of hyper-
coagulability as well as endotheliitis and endothelial 
dysfunction with microthrombi observed in multiple 
organ systems, including the brain.17 Klok et al.18 re-

FIG. 1. Transcranial power motion-mode Doppler sonography of the right middle cerebral artery depicting a high-intensity microembolic signal 
(yellow arrow) in spectral display. 
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ported a remarkably high incidence of thrombotic 
complications in 31% intensive care units (ICU) patients 
with COVID-19. 

As TCD provides a non-invasive method for evaluat-
ing cerebral microemboli in patients with COVID-19, 
it may be useful in assessing response to treatment in 
COVID-19 cases with suspected or confirmed disorders 
of hypercoagulability.

CEREBRAL HEMODYNAMICS ASSESSED 
BY NEUROSONOLOGY IN PATIENTS WITH 
COVID-19 DISEASE

Cerebral autoregulation is mechanistically complex 
and depends on myogenic, neuronal, endothelial, and 
metabolic factors. Among numerous methods of esti-
mating cerebrovascular reserve (CVR) TCD presents a 
non-invasively, easily applicable method. CVR refers 
to the capacity of the brain to increase cerebral blood 
volume to maintain a constant regional cerebral blood 
flow (rCBF) in the face of low cerebral perfusion pres-
sure.19

VMR assessed by TCD using vasodilating or con-
stricting stimuli is not a direct measure of autoregula-
tion.20 Brain autoregulation maintains rCBF constant 
with physiological variations in blood pressure. The 
changes in CO2 concentration induce a vasomotor 
response that changes rCBF in parallel to the velocity 
changes. Thus, mean flow velocity (MFV) changes on 
TCD during normo-, hyper-, and hypo-capnia may 
prove a useful index of VMR and the capacity of smaller 
cerebral arteries to adapt to various stimuli.19 

VMR is measured by the breath-holding index (BHI), 
which is the ratio of the percent MFV increase during 
hypercapnia over the time (seconds) of breath-hold-
ing.21 Baseline MFV are obtained during inhalation of 
room air (rest) followed by a 30 seconds breath-holding 
effort, followed by a 4 seconds recording of the highest 
MFV VMR can be quantified by TCD using the BHI:

BHI=([MFVmax−MFVmax]×100/MFVbas)/30 
VMR with the BHI has been studied in 20 COVID-19 

patients and 20 healthy volunteers. The authors re-
ported an intriguing finding; they documented an 
increase in CBF velocity coupled by a decrease in VMR 
in patients with COVID-19 compared to controls, sug-

gesting that this response may be the a result of endo-
thelial dysfunction in the vascular structures of central 
nervous system.22 The working hypothesis for that 
statement raises form the fact that it has been shown 
histopathologically that SARS-CoV-2 virus causes endo-
thelial damage.23 The vascular endothelium is an active 
paracrine, endocrine, and autocrine organ that is in-
dispensable for the regulation of vascular tone and the 
maintenance of vascular homoeostasis.24 The decrease 
of VMR as assessed by TCD may therefore reflect an 
underlying endothelial dysfunction.

Based on the above mentioned hypothesis another 
study aimed to assess cerebral VMR with TCD and BHI 
in 25 patients with mild SARS-CoV-2 infection.25 In 
line with the results of the previous study, the authors 
found lower BHI values compared to the control group 
also highlighting the fact that the impairment of ce-
rebral vasoreactivity may be attributed to SARS-CoV-2 
virus neurotropicity resulting in impaired endothelial 
function.

Ziai et al.16 observed an unexpected finding regarding 
cerebral blood flow velocity in COVID-19 patients hos-
pitalized in ICU. They reported relatively low cerebral 
velocities despite the coexisting low hematocrit levels.16 
It is known that hematocrit and viscosity are inversely 
related to cerebral blood flow velocity that increases  
by ≈20% with a drop in hematocrit from 40% to 30%.26 

The authors hypothesized that lower than expected 
CBF velocities may be explained by a global low flow 
state due to cardiac systolic dysfunction. This observa-
tion deserves further investigation in a larger sample of 
COVID-19 patients admitted to ICU.

CEREBRAL HEMODYNAMICS ASSESSED BY 
NEUROSONOLOGY IN HEALTHCARE WORK-
ERS

Bharatendu et al.27 have recently investigated the 
alterations in cerebral hemodynamics in 154 frontline 
healthcare workers using serial TCD measurements. 
Previous reports had described significant increases in 
headache among that group who used PPE comprising 
of N95 respirator, protective gown and gloves for pro-
longed hours during the COVID pandemic.28 In the 
study of Bharatendu et al.27, the authors evaluated TCD 
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parameters including MEFVs and pulsaltility index in 
middle cerebral artery in parallel with measurements 
of the end-tidal carbon dioxide (ET-CO2) monitored by 
a capnometer. PaCO2 is the most important determi-
nant of the vascular tone in intracranial circulation and 
a rise in partial pressure of carbon dioxide by 1 mmHg 
proportionately increases CBF by 3–6%. The authors 
reported that the use of N95 respirator-mask resulted 
in significant alterations in cerebral hemodynamics. In 
particular, among participants who developed de novo 
headaches the use of N95 respirator mask caused signif-
icant increase in MCA-MFV and ET-CO2, coupled with 
reduction in PI. However, these effects were mitigated 
by the use of additional powered air-purifying respira-
tors (PAPR) as they observed that MFV increased milder 
in this subgroup of patients while PI remained similar 
compared to baseline. The investigators concluded that 
PPE might cause headache to health workers due to the 
increase in cerebral carbon dioxide causing cerebral 
vasodilation. This effect was substantially attenuated by 
the use of additional PAPR. Therefore, the use of PAPR 
together with the N95 mask was recommended for 
healthcare-workers with longer duties in the hospital 
wards.

NEUROSONOLOGY APPLICATIONS IN THE 
DIAGNOSIS AND MONITORING OF CERE-
BRAL SINUS OR VENOUS THROMBOSIS IN 
COVID-19 PATIENTS

Cerebral venous sinus thrombosis (CVST) is a well-
known complication in COVID-19 patients. A multi-
national study including 432 patients COVID-19 with 
stroke identified 18 patients (4.2%) with cerebral venous 
or sinus thrombosis.29

Regarding the imaging detection of CVST, it mainly 
relies on computed tomography venography (CTV), 
magnetic resonance venography (MRV), or digital sub-
traction angiography. However, the aforementioned 
imaging techniques cannot reflect the hemodynamic 
changes in deep cerebral veins, their use in COVID-19 
patients is often problematic and their use for repeated 
monitoring during a short time is not easily applica-
ble.30 

Venous ultrasound techniques have been developed 

in the mid-1990s with the aim to serve as a noninvasive, 
easy to use and cost-effective screening method for 
CVST.31 With the development of high resolution ultra-
sound systems and the advent of the second-generation 
ultrasound contrast agents, ultrasound diagnosis of in-
tracranial venous diseases appears to have a satisfactory 
sensitivity among experience neurosonologists.32

TCCD enables measurements of cerebral blood flow 
velocities in deep cerebral veins, such as the deep mid-
dle cerebral veins, basal vein of Rosenthal, vein of Galen 
but also in straight sinus, transverse sinus, superior 
sagittal sinus, sphenoparietal sinus, superior petrosal 
sinus and inferior petrosal sinus.31 Moreover, TCCD 
can perform serial velocity measurements in venous 
collaterals pathways in patients with acute CVST.33,34 
The latter is important because it has been shown that 
there is an clear relationship between initially high 
venous flow velocities in patients with CVST and the 
severity of disease.31 Furthermore, in the prospective 
study of Stolz et al.34 including 26 patients with acute 
CVST, an initially normal venous ultrasound examina-
tion or normalization within 90 days were significantly 
associated with an excellent functional outcome (mod-
ified Rankin Scale score 0 or 1). This highlights the 
importance of hemodynamic factors for the long-term 
outcome of CVST which cannot be assessed by current 
routine CTV and MRV.

TCCD may therefore serve as a non-invasive, cost-ef-
fective examination technique in the diagnosis and 
mainly in the follow-up of patients with CVST provid-
ing prognostic information on venous hemodynamics 
and collateral pathways. So far, there are no studies with 
application of TCCD in COVID-19 patients suffering 
from CVST but in the setting of COVID-19 where MRI 
is not readily available, the diagnostic role of TCCD 
emerges with increasing clinical relevance. 

NEUROSONOLOGY APPLICATIONS IN CRITI-
CALLY ILL COVID-19 PATIENTS

COVID-19 is associated with severe disease requiring 
intensive care in approximately 5% of proven infec-
tions.35 Several neurological complications which may 
lead patients to ICU are associated with intracranial hy-
pertension, which is a potentially fatal condition.36 ICP 
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monitoring becomes fundamental in order to facilitate 
prompt diagnosis and appropriate therapeutic deci-
sion-making. The gold standard for continuous ICP 
monitoring remains the invasive measurement through 
insertion of a catheter within the brain ventricles con-
nected to an external pressure transducer.37 However, 
this method may be not always available especially in 
times of limited resources as in COVID-19 pandemic. 
Additionally invasive ICP monitoring may increase 
the risk of serious complications, such as infections or 
intracranial hemorrhage.38,39 Noninvasive neuromoni-
toring systems are increasingly used in neurointensive 
care settings for patients with primary cerebral damage 
but also in critically ill patients as useful tools to detect 
neurological complications causing intracranial hy-
pertension.40 In particular, the pulsatility index evalu-
ation by TCD and optic nerve sheath diameter (ONSD) 
measurement by TCCD can be applied safely at the pa-
tient’s bedside to assess cerebral hemodynamics as well 
as to monitor CPP and ICP noninvasively.41 It should 
be mentioned that none of these methods have been 
established in daily clinical practice and a better under-
standing of their diagnostic accuracy is still necessary.

TCD shows spectral waveforms that represent 
the depth, direction, and intensity of the blood flow 
through the intracranial vasculature. Although TCD 
does not measure blood flow directly, the parameters 

that it calculates correlate with CBF.41 
ICP can be also indirectly evaluated using ONSD 

measurements.42 Brain CT studies have showed a cor-
relation between high ICP and increasing ONSD.43 In 
order to measure ONSD a 7.5-MHz to 10-MHz linear 
array transducer is placed on the patient’s closed eye 
after applying ultrasonography gel. The optic nerve 
sheath is marked 3 mm behind the posterior aspect of 
the eye and measurement of the transverse diameter of 
the optic nerve sheath is obtained at this position. If it 
exceeds 5 mm, this indicates increased ICP.41 

A recent study conducted by Battaglini et al.44 aimed 
to assess changes in cerebral hemodynamics, their 
effects on outcome, and their role as potential predic-
tors of neurological complications in 53 mechanically 
ventilated COVID-19 patients by applying TCD and 
ONSD measurements. One of the main findings of the 
study was that increased ICP as estimated by ONSD 
was common in these patients and was also associated 
with longer ICU length of stay. This confirms that, in 
COVID-19 patients, noninvasive ICP monitoring may 
be essential for the early detection of patients who are 
at risk of longer hospitalization in the ICU with subse-
quent complications and difficult recovery.

Another single-center prospective study with 50 
COVID-19 critically ill and mechanically ventilated 
patients showed that early alteration of cerebral hemo-
dynamics (as evaluated by TCD) in combination with 
assessment of intracranial compliance (as evaluated by 
cranial deformation) were associated with increased 

FIG. 2. Transcranial power motion-mode Doppler demonstrating 
detection of multiple microembolic signals after injection of agitated 
normal saline indicating right-to left shunt. 

FIG. 3. Transcranial color-coded, sonography showing reverberating 
flow in M1 middle cerebral artery indicative of circulatory arrest. 
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severity of COVID-19, including death or dependency 
from mechanical ventilation.45

All the above-mentioned findings advocate for larger 
investigations on the role of neuro-monitoring in order 
to detect earlier all relevant ultrasound parameters that 
are important for the outcome of critically ill COVID-19 
patients.

NEUROSONOLOGY APPLICATIONS IN DE-
TECTING PULMONARY VASCULAR DILATATION 
IN PATIENTS WITH COVID-19 PNEUMONIA

Reynolds et al.46 aimed to provide insights into the 
pathophysiology of hypoxemic respiratory disorders in 
COVID-19 by applying TCD with intravenous injection 
of agitated normal saline in 18 mechanically ventilated 
patients with severe COVID-19 pneumonia. They per-
formed TCD-bubble studies in order to detect poten-
tial right-to left shunt (Fig. 2) and had three interesting 
findings: 1) 83% of patients had detectable MES over 20 
seconds of monitoring after injection of agitated nor-
mal saline, 2) PaO2:FIO2 ratio was inversely correlated 
with the number of MES and 3) the number of MES was 
inversely correlated to lung compliance. Based on these 
findings, the authors suggest that pulmonary vasodila-
tations may explain the disproportionate hypoxemia in 
some patients with COVID-19 pneumonia.

NEUROSONOLOGY APPLICATIONS IN BRAIN 
DEATH DIAGNOSIS IN COVID-19

Brain death remains a clinical diagnosis requiring 
a variety of clinical, laboratory, and respiratory crite-
ria.43 Many factors like sedation, drug intoxication, 
hypothermia, neuromuscular paralysis, severe hemo-
dynamic instability, significant electrolyte imbalance 
may preclude the satisfaction of the clinical criteria. 
In such situations, ancillary tests play a vital role to 
confirm brain death and to decrease futile observation 
time.47 TCD provides a useful ancillary test for cerebral 
circulatory arrest confirmation because it is safe, non-
invasive, and it can be easily performed at the bedside. 
On TCD, cerebral circulatory arrest is indicated by flow 
patterns with increased pulsatility, followed by reduc-

tion, elimination, and reversal of diastolic flow. Finally, 
a reverberating flow pattern emerges, and, at that point, 
TCD can confirm complete cerebral circulatory arrest 
(Fig. 3). Absence of flow can only be used as a marker for 
cerebral circulatory arrest if an acoustic signal that had 
previously been obtained in the same patient is now 
absent.48

For mechanically ventilated COVID-19 patients in 
whom brain death is clinically assumed, Kapoor et al.49 
suggest that TCD represents an ancillary test method 
for confirmation of cerebral circulatory arrest with low-
er infection risk for the healthcare providers, allowing 
to avoid a potential virus transmission compared to ap-
nea test. In addition, CT angiography, which is current-
ly in wide clinical use50 is also more time consuming 
and requires the involvement of more staff which in 
COVID-19 setting should preferably be avoided. 

CONCLUSIONS 

COVID-19 pandemic has forced all affected health-
care systems to re-organize their diagnostic pathways 
in order to provide optimal care and minimize the 
risk of transmission. In this context neurosonology, 
which represents a non-invasive, easily applicable at the 
bedside and cost-effective diagnostic tool serves may 
provide invaluable and complementary to other imag-
ing modalities diagnostic information. In the setting 
of acute stroke it may help determine the reperfusion 
treatment. Furthermore, it reliably contributes to diag-
nostic work-up of stroke patients. Thus, neurosonolo-
gists should be familiar with extended neurosonology 
applications and the use of TCD/TCCD in the neuroin-
tensive care setting. 
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