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INTRODUCTION

Intravenous thrombolysis and mechanical thrombec-
tomy have revolutionized acute ischemic stroke (AIS) 
management and consequently, have modified the 
natural history of the disease.1,2 The efficacy and safety 
of reperfusion therapies is indisputable, however, the 
minority of AIS patients are eventually treated (<20% 
at a population-based level), primarily due to time de-
lays, despite the efforts of different health systems to 
develop acute stroke treatment plans and networks.3,4 

Therefore, a considerable proportion of the latest AIS 
studies take advantage of advanced neuroimaging in an 
effort to extend therapeutic time windows and increase 
rates of reperfusion therapies.5,6 Advanced neuroimag-
ing is increasingly becoming readily available following 
the publication of the positive results from recent ex-
tended time treatment trials and the adoption of their 
treatment protocols by international guidelines.7-12 In 
any case, AIS management is continuously becoming 
more demanding and complicated, therefore close 
monitoring with continuous clinical re-assessments are 

Large vessel occlusion accounts for up to 20% of ischemic strokes. Intravenous 
thrombolysis and mechanical thrombectomy are two effective and complementary 
reperfusion therapies of acute ischemic stroke, the former exclusively applicable in 
patients with large vessel occlusions. Real-time, continuous monitoring of acute 
reperfusion therapies is only feasible with the application of transcranial Doppler 
(TCD) and transcranial color-coded duplex (TCCD) sonography. TCD is a bedside, 
easily repeatable examination that can provide with important information re-
garding the localization of occlusion and degree of residual flow, collateral status, 
real time embolization, recanalization timing and persistent target vessel patency. 
TCCD may also identify the presence of intracranial bleeding complicating intra-
venous thrombolysis or mechanical thrombectomy. TCD or TCCD monitoring of 
reperfusion therapies can be conducted in the emergency room, in the stroke unit 
and the angiography suite. In the current era of acute ischemic stroke manage-
ment, TCD and TCCD do not replace other static angiographic imaging modali-
ties but represent easily repeatable, radiation-free, bedside examinations that may 
disclose additional data strongly correlating with clinical outcomes which may 
eventually influence treatment decisions.
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of fundamental importance during acute reperfusion 
therapies. Transcranial Doppler (TCD) and transcranial 
color-coded duplex (TCCD) sonography represent bed-
side, easily repeatable, radiation-free examinations that 
can provide stroke physicians with important informa-
tion regarding the localization of occlusion, degree of 
residual flow, collateral status, real time embolization, 
recanalization timing and persistent target vessel pa-
tency. In this review, we present the potential utility 
and applications of TCD and TCCD applied in the peri-
od before, during and after the acute reperfusion ther-
apies for AIS with underlying large vessel occlusions 
(LVO). Most studies discussed herein have used TCD 
examination, particularly those performing continues 
monitoring. However, in comparison with TCD that it 
is easier to perform in emergency settings, TCCD can 
provide both spatial information and flow spectrum 
on the target vessel. Table 1 presents advantages of one 
modality over the other.

REPERFUSION THERAPIES FOR ACUTE ISCH-
EMIC STROKE

Intravenous thrombolysis (IVT) is the only approved 
systemically administrated acute treatment for AIS, in-
cluding LVO attributed cases.13 IVT has proven to have 
a substantial efficacy in reducing neurological deficit 
with a number needed to treat (NNT) of 4, but also to 
improve 3-month disability with a NNT of 8. The NNT 
for achieving excellent functional outcome ranges from 
10 in patients treated within 3 hours from symptom 
onset and those with minor strokes, to 25 for cases with 
severe strokes.14 IVT is clearly a cost-effective therapy 

with a net benefit of 4,000$ per patient receiving treat-
ment.15

IVT is equally indicated for the treatment of AIS 
with and without underlying LVO. Indeed, a recent 
study highlights the efficacy and safety of IVT in pa-
tients with LVO or distal intracranial occlusions and 
mild stroke severity defined as National Institutes of 
Health Stroke Scale (NIHSS) scores <6 points. Patients 
receiving IVT demonstrated higher odds of function-
al independence and favourable functional outcome, 
without any significant increase in symptomatic intrac-
ranial hemorrhage (sICH) or death. Importantly, the 
effect of IVT was independent of preceded mechanical 
thrombectomy (MT).16 On the other hand, there are 
concerns regarding the utility of IVT in LVO patients 
scheduled to undergo MT. Potential disadvantages 
of bridging IVT with MT include increased risk of 
systemic or intracranial hemorrhage, orolingual an-
gioedema, and distal embolization.17,18 However, cur-
rent non-randomized data form stroke registries and 
meta-analyses support the use of IVT before MT since 
the former is associated with improved outcomes and 
increased recanalization rates.17-19 Randomized on-go-
ing trials intend to shed further light into the value of 
IVT prior to MT.20

However, IVT has other important limitations: nar-
row time window, numerous exclusion criteria (such 
as prior anticoagulation treatment, recent surgery, re-
cent history of previous AIS or myocardial infarction), 
avoidance of antithrombotic medications early after 
treatment, and low recanalization rates (up to 40% of 
LVOs).13,21 Concerning the latter, clot burden is a strong 
predictor of recanalization, and clots with >8 mm 
length have a very low probability of dissolving (<1%) 

Table 1. Comparison between TCD and TCCD: advantages of one over the other

TCD TCCD

Continuous monitoring through the placement of a head-frame
Higher spectral resolution
More accurate detection of microembolic signals
Most available diagnostic criteria refer to TCD studies 
Simultaneous bilateral isonation using a head-frame
May be more efficient for patients with poor temporal windows
Easier to perform at emergency settings
Easier to transfer

Additional spatial information
Visualization of anatomic landmarks of the brain
Trace the course of tortuous vessels
Easier isonation of distal braches
Visualization of disturbed flow (aliasing) through colour flow imaging
Potential detection of AVMs and intracranial aneurysms
Detection of midline shift, hematomas through B-mode
Angle correction for velocity measurements

TCD; transcranial Doppler, TCCD; transcranial color-coded duplex, AVM; arteriovenous malformations.
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with rtPA infusion.22 Accordingly, the advantages of MT 
include more extended time windows, very few con-
traindications, and high recanalization rates.23 Indeed, 
MT compared to standard treatment leads to an abso-
lute increase of recanalization rates by 44%.22 After the 
publication of several positive randomized-controlled 
clinical trials (RCTs), MT within 6 hours of symptom 
onset has become the new standard of care for LVO at-
tributed AIS.12 Several meta-analyses have consistently 
documented the large clinical benefit of MT, which 
can be expressed as NNT of 2.6 to reduce disability by 
at least one level on modified Rankin score (mRS), and 
6 to achieve functional independence (mRS-scores of 
0-2), without significant increase in sICH.23,24 Finally, 
recent data indicates that MT coupled with best medi-
cal treatment (BMT) was associated with a significantly 
lower risk for 3-month mortality compared with BMT 
(risk ratio=0.83, 95% CI: 0.69–0.99; p=0.04) with a NNT 
of 31.25

REPERFUSION TREATMENTS IN THE EXTEND-
ED THERAPEUTIC TIME WINDOWS

A European survey of national scientific societies and 
stroke experts from 44 countries reported mean rates of 
IVT of 7.5% and MT of 1.9% during the years 2015–2016, 
with the highest rates being 20.6% and 5.6%, respec-
tively.26 The main reasons for not offering reperfusion 
therapies to most AIS patients include presentation 
beyond the eligible time windows and unknown time 
of symptom onset, comprising together the 66% of 
the non-treated cases.4 However, infarct growth rate is 
highly variable, with almost half of cases with LVO dis-
playing ‘favorable cerebral perfusion profiles’ that may 
preserve tissue viability for several hours after the ini-
tial arterial occlusion.27 Therefore, recent RCTs utilized 
advanced brain imaging to capture and treat cases with 
late time window presentation and favorable cerebral 
perfusion profiles. Significant benefit from IVT has 
been demonstrated for selected cases with unknown 
time of onset or onset up to 9 hours.7,8 Similarly, pa-
tients with LVO presenting up to 16 to 24 hours after 
stroke onset and fulfilling specific imaging or clinical/
imaging mismatch criteria consistent with the detec-
tion of significant penumbra volumes and relatively 

small ischemic core volumes, may gain large outcome 
benefits from MT.9,10

It is evident that imaging, and particularly advanced 
imaging, is constantly becoming more crucial for 
the management of AIS. The depiction of diffusion 
weighted imaging/fluid-attenuated inversion recovery 
mismatch in brain magnetic resonance imaging (MRI) 
places stroke onset within the first 4.5 hours, whereas 
computed tomography (CT) or MRI perfusion imaging 
identifies the ischemic core and the critically, but not 
irreversibly, hypoperfused brain areas.28 Therefore, 
perfusion imaging may improve diagnostic accuracy, 
enhance outcome prediction, and enable patient selec-
tion for reperfusion therapies particularly in the late 
time windows. In this way, AIS management is moving 
towards a more individualized medical approach.29 On 
the other hand, by increasing rates of reperfusion ther-
apies and including cases with late presentation, AIS 
management becomes increasingly more demanding 
and complicated, given the fact that time is always an 
opponent in the race of a rapid, successful, and safe 
arterial reperfusion.30 Close monitoring of patients 
during AIS management is crucial and TCD may serve 
as an extension to the neurological assessment, guid-
ing treatment decisions and refining CT-angiography/
MR-angiography (CTA/MRA) findings.

TCD/TCCD APPLICATIONS IN ACUTE ISCHEMIC 
STROKE DIAGNOSIS

TCD incorporates several key advantages in the as-
sessment of AIS patients, since it is a low cost, bedside, 
non-invasive, easily repeatable, and safe (no-irradiation 
exposure) examination. Its diagnostic yield includes in-
formation about the site and degree of vascular occlu-
sion, the collateral status and the detection of vascular 
steal phenomena, impaired cerebral hemodynamics, 
and real time embolization (Table 2).31,32

Despite its inherent strengths, TCD examination 
and monitoring has some shortcomings (Table 2). 
Firstly, reliability of the examination depends greatly 
on the expertise of the operator. More importantly, 
10% to 15% of individuals lack adequate transtemporal 
acoustic windows. In such cases, the use of contrast 
agents is indicated to improve monitoring and assist 
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in decision making, with the cost of excluding from 
the diagnostic arsenal the detection of HITS. Another 
limitation is that only downstream monitoring of flow 
in vertebrobasilar occlusions treated with MT is feasi-
ble. Moreover, to avoid treatment delays, the presence 
of an additional individual from the stroke team, in 
charge of performing ultrasounds, is mandated. Obvi-
ously, continuous TCD monitoring, via a head frame or 
manually, may agitate severely affected stroke patients, 
something that is particularly important during endo-
vascular procedures. Lastly, the nonradiolucent parts of 
the head frame can interfere with the lateral projection 
of the angiography and therefore limit its diagnostic 
accuracy.31,32

When performed urgently at the patient’s bedside, 
TCD, in conjunction with carotid/vertebral artery du-
plex, may aid in the selection of candidates for IVT 
(Table 3). Although NIHSS scores >10 are consistent 
with LVO, cases with low NIHSS scores, even lower of 
4, are not uncommon.33,16 TCD may rapidly detect cases 

with LVO causing a minor stroke, a finding that might 
encourage tissue plasminogen activator (tPA) adminis-
tration without further delays to reduce the likelihood 
of late clinical deterioration.34 In such cases, LVO de-
tection may also prompt some stroke experts to select 
tenecteplase as thrombolytic instead of alteplase, based 
on preliminary data showing higher recanalization 
rates with tenecteplase in comparison to alteplase.35 

Patients with acute basilar artery occlusion may pres-
ent with coma. A rapid and accurate ultrasound diagno-
sis will lead to earlier IVT infusion initiation that might 
improve odds of early recanalization, and subsequently 
outcomes.36 Accordingly, TCD has shown high accuracy 
(93%) compared to angiography for emergent assess-
ment of posterior circulation stroke.37 In addition, TCD 
may contribute to the differential diagnosis of stroke 
mimics thus limiting unnecessary treatments.38 

TCD is also helpful for the diagnosis of uncommon 
causes of AIS with contraindications to IVT. Represent-
ative examples include aortic dissection, intracranial 

Table 2. TCD advantages and limitations in acute ischemic stroke diagnosis and monitoring

Advantages Limitations

Bedside examination Absent transtemporal windows (10–15%)

Easily repeatable Useful only in the hands of specially trained and experienced operators

Non-invasive Additional individual required to perform TCD during acute AIS man-
agement to avoid treatment delays

Inexpensive Can only monitor downstream flow in VB occlusions treated with MT

Absence of irradiation May agitate severely affected stroke patients during IA procedures

Provides diagnostic information about location and degree 
of occlusion, collateral status, impaired hemodynamics, 
vascular steal phenomenon, real-time embolization

The nonradiolucent parts of the head frame can interfere with the lateral  
projection of the angiography

Refines CTA/MRA findings

TCD; transcranial Doppler, AIS; acute ischemic stroke, VB; vertebra-basilar, MT; mechanical thrombectomy, IA; intra-arterial, CTA; com-
puted tomography angiography, MRA; magnetic resonance angiography.

Table 3. TCS selection of appropriate candidates for IVT

Assist in treatment decisions for patients presenting with mild stroke (NIHSS<4)

Assist in treatment decisions in comatose patients (BA occlusion)

Assist in differential diagnosis of stroke mimics

Assist in timely diagnosis of uncommon causes of AIS with contrandications to IVT (aortic arch dissection, endocarditis, intracranial 
aneurysm with intraluminal thrombus, vasospasm due to undiagnosed SAH)

TCS; transcranial sonography, IVT; intravenous thrombolysis, NIHSS; National Institute Health Stroke Scale, BA; basilar artery, AIS; 
acute ischemic stroke, SAH; subarachnoid haemorrhage.
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aneurysm with intraluminal thrombus, vasospasm due 
to undiagnosed subarachnoid hemorrhage, and en-
docarditis which may be suspected by the detection of 
a high microembolic signal load.39-42 Fig. 1 presents a 
case with left middle cerebral artery (MCA) stroke due 
to aortic dissection extending into the left common ca-
rotid artery and the left subclavian artery. Rapid ultra-
sound diagnosis of aortic dissection averted treatment 
with IVT. 

The information provided by neurosonology regard-
ing location of LVO may be complimentary to other 
imaging modalities including CTA and MRA. It should 
be noted that specific contraindications exist for the 
other established neuroimaging methods that are 
currently used for assessment of recanalization status 
(eg, pacemakers for MRA, renal insufficiency for CTA). 
Notably, in a study comparing neurosonology with cor-
relative angiography (MRA or CTA) in 58 AIS patients, 
MRI was inconclusive or not possible because of exten-
sive movement artifacts or contraindications in 19% of 
the study patients.43 In additional 14% critically ill pa-
tients, MRI could not be performed because of insuffi-
cient ability to monitor vital parameters in the scanner. 
In contrast, ultrasound examination was possible and 
conclusive in 93% of the studied cases.43

Finally, transcranial ultrasound emerges as a useful 

tool in the prehospital diagnosis of AIS in ambulances 
(mobile stroke units) or helicopters. More specifically, 
there are preliminary studies arguing in favor of the 
feasibility and high diagnostic accuracy of emergency 
transcranial ultrasound assessment combined with 
neurological examinations for major AIS detection.44,45 
In the context of pre-hospital application, TCD option-
ally combined with ultrasound perfusion imaging has 
the potential to identify LVO patients which should be 
transferred directly to an interventional stroke center.46 

TCD/TCCD APPLICATIONS IN MONITORING 
OF RECANALIZATION DURING ACUTE REPER-
FUSION THERAPIES

Emergent TCD/TCCD examination of patients with 
AIS serves for both LVO detection and monitoring of 
recanalization. Use of a bedside, fast track protocol 
with full power, high pulse repetition frequencies (PRF) 
and gate >10 mm is recommended for the detection of 
LVO.47 Residual flow at the site of the occlusion has to 
be identified and quantified by using the thromboly-
sis in brain ischemia (TIBI) grading system (Fig. 2).48 

Thereafter, the transducer can be fixed over the tempo-
ral bone window with a standard head frame (Table 4).49 

FIG. 1. A 53-year-old patient presenting with dysarthria and right arm weakness due to acute ischemic stroke caused by aortic dissection extend-
ing into the left common carotid and subclavian arteries. (A-C) Longitudinal and (D, E) transverse duplex and B-mode images showing double 
lumen and intimal flap in left common carotid artery. (F) Double lumen appearance was also documented in the left subclavian artery. (G) Tran-
scranial color-coded duplex revealing low flow velocities and systolic deceleration in the left middle cerebral artery. 

A
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Most importantly, the investigators of safe implemen-
tation of thrombolysis in Stroke-International Stroke 
Thrombolysis Register registry have documented that 
TCD monitoring of recanalization in AIS patients treat-
ed with IVT is not associated with time delays and also 
may be related to improved clinical outcomes.50

Numerous studies have underscored the importance 
of early recanalization in AIS patients with underlying 
LVO.51-53 Several TCD findings have been proposed as 
predictors of successful recanalization after IVT (Table 5, 
Fig. 3). Residual flow, as expressed with the TIBI grad-
ing system, at the site of the LVO before tPA infusion, 
has been correlated with the likelihood of complete 
recanalization. Indeed, an international multi-center 
study reported a wide range of recanalization rates, 
from 18% in patients with TIBI grade 0 to 48% in those 
with TIBI grade 3. Absence of flow, with TIBI grade 0, 
was associated with low rates of recanalization, but also 
with delayed recanalization and poor outcomes.54 In 
another study, patients with LVO receiving systemic or 

intra-arterial tPA infusion underwent continuous TCD 
monitoring. End diastolic velocity but not peak systolic 
velocity increase correlated with early neurological im-
provement, but also with favourable functional outcome 
at 3 months.55 Moreover, in a small patient series with 
MCA related AIS, microembolic signals (MES) detected 
on TCD distal to the high-grade stenosis or near-occlu-
sion predicted complete, spontaneous or post-throm-

FIG. 2. Thrombolysis in brain ischemia (TIBI) grading for the assessment of the degree of arterial occlusion. TIBI 0: complete absence of residual 
flow, TIBI 1: minimal flow with only systolic spikes, TIBI 2: blunted waveform with flattened systolic upstroke, TIBI 3: dampened flow with de-
creased mean flow velocities by >30% compared to contralateral side, TIBI 4: stenotic waveform with acceleration of mean flow velocities (>80 cm/s,  
or >30% increase compared to contralateral vessel), TIBI 5: normal flow. The upper and lower panels correspond to power M mode and spectral 
display (spectrogram) displays respectively.

Table 4. TCD settings for monitoring of recanalization

Portable TCD and duplex 

Fast track protocol

Use full power

High PRF, gate >10 mm

Occlusion location/worst residual flow: use TIBI grading

Monitoring set

Hand-held monitoring in agitated patients 

TCD; transcranial Doppler, PRF; pulse repetition frequency, TIBI; 
thrombolysis in brain ischemia.
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bolysis, recanalization, indicating that MES may signal 
ongoing clot dissolution (Fig. 4).56 Good collateral sta-

tus, reflected by flow diversion in the anterior cerebral 
artery/posterior cerebral artery and/or retroperfusion 
of the distal MCA via leptomeningeal collaterals, is also 
a positive predictor of recanalization.57 Indeed, in an 
endovascular therapy study, pre-treatment good col-
lateral status was associated with higher recanalization 
rates following intra-arterial thrombolytic therapy or 
MT, with or without preceding IVT.58 Conversely, neg-
ative prognostic factors of tPA-induced recanalization 
include complete absence of residual flow distal to the 
site of occlusion and presence of tandem or terminal 
internal carotid artery occlusion.59 

TCD monitoring may also assess speed of recanaliza-
tion in cases with AIS due to LVO. Interestingly, speed 
of clot lysis is associated with more pronounced early 
clinical improvement. Fast/sudden recanalization leads 
more frequently to complete clot lysis than stepwise or 
slow recanalization. Slow or partial recanalization (TIBI 

Table 5. TCD predictors of recanalization during monitoring 
of IVT for AIS

Residual TIBI grade flow at the site of the LVO

Increase in EDV

Presence of microembolic signals distal to the location of  
occlusion

Presence of flow distal to the location of occlusion

Absence of tandem occlusion

Good collateral status (flow diversion in ACA/PCA, retroperfu-
sion of distal MCA via leptomeningeal collaterals)

TCD; transcranial Doppler, IVT; intravenous thrombolysis, AIS; 
acute ischemic stroke, TIBI; thrombolysis in brain ischemia, 
LVO; large vessel occlusion, EDV; end diastolic velocity, ACA; 
anterior cerebral artery, PCA; posterior cerebral artery, MCA; 
middle cerebral artery.

FIG. 3. A 38-year-old woman presented with acute onset of right homonymous hemianopia. (A) Baseline Transcranial Doppler (TCD) depicted 
occlusion of the P2 segment of the left posterior cerebral artery (PCA), with residual flow thrombolysis in brain ischemia (TIBI) grade II. (B) Two 
hours after tissue plasminogen activator infusion a mild improvement in the waveform of the left PCA (TIBI grade III) was noted, (C) which was 
more evident 24 hours later showing complete recanalization TIBI grade V, with complete resolution of the neurological deficits. (D) Follow up 
brain diffusion weighted magnetic resonance imaging showing a small left occipital acute ischemic lesion. (E) TCD bubble study revealed a high 
grade right-to-left shunt after Valsava maneuver indicative of large functional patent foramen ovale. 

A D

E

B
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3) are negative outcome predictors.47 Apart from speed, 
timing of recanalization is also associated with better 
short-term and long-term outcomes. A recent TCD 
monitoring study showed that every 15-minute delay 
in recanalization reduces odds of favourable functional 
outcome by 16% (95% CI: 3–37%). Accordingly, symp-
tom onset to treatment initiation is linked to successful 
reperfusion, since every 10-minute delay in IVT infu-
sion was associated with delays of 1.3 minutes between 
tPA-bolus and onset of recanalization.36

The validity of TCD for monitoring intra-arterial 
reperfusion therapies has been assessed in an interna-
tional, multicentre study. Consecutive AIS patients with 
LVO underwent intra-arterial reperfusion procedures 
with simultaneous real-time TCD-monitoring. Residu-
al flow signals at the site of angiographically confirmed 
occlusions were monitored at a constant transtem-
poral insonation angle using a standard head-frame. 
Recanalization was assessed simultaneously by digital 
subtraction angiography (DSA) and ultrasound using 

thrombolysis in myocardial infarction (TIMI) and TIBI 
criteria, respectively. Independent readers blinded to 
DSA findings performed validation of TIBI flow grades. 
The interrater reliability for estimating TIBI grades and 
recanalization was satisfactory (Cohen κ: 0.838 and 0.874, 
respectively; p<0.001). The accuracy parameters for de-
tection of complete recanalization (TIBI grades IV or V) 
using TCD were high compared to the gold standard of 
DSA (TIMI grade III); sensitivity: 88% (95% CI: 72–96%), 
specificity: 89% (95% CI: 79–95%), positive predictive 
value: 81% (95% CI: 65–91%), negative predictive value: 
93% (95% CI: 84–98%), and overall accuracy 89% (95% 
CI: 80–94%).60 Similarly, another TCCD study exam-
ining LVO patients receiving IVT who subsequently 
underwent intra-arterial thrombolysis if no recanalized 
was detected during TCD monitoring of tPA infusion, 
showed also high concordance rates between TIBI and 
TIMI scores.61

Continuous TCD or TCCD monitoring during endo-
vascular reperfusion procedures detects different types 

FIG. 4. A 74-year-old woman with acute onset of dysarthria and right arm weakness and NIHSS-score of 10. (A) Initial TCD showed occlusion with 
TIBI grade II of the left middle cerebral artery (MCA) and (B) normal flow spectrum of the right MCA. The patient received tPA 4 hours and 19 
minutes after symptom onset. (C) Twenty-five minutes after bolus injection TCD monitoring depicts microembolic signals within the blunted flow 
spectrum of the left MCA. (D) Two hours later a complete recanalization (TIBI grade V) is observed in the left MCA. The patient shows significant 
clinical improvement with NIHSS-score of 5 at two hours following tPA-bolus. The upper and lower panels correspond to Power M Mode and 
spectral display (spectrogram) displays respectively.

A B C D

Table 6. Clinically relevant TCD-monitoring signatures during intra-arterial procedures

Events Sonographic findings

Recanalization From TIMI 0/I to II: MFV increase by 19±16 cm/s
From TIMI 0/I to III: MFV increase by 65±39 cm/s

Arterial re-occlusion Worsening of TIBI grade on TCD by ≥1

Air embolization Frequent HITS with higher intensity

Artery-to-artery embolization HITS at the end of the intra-arterial procedure

Hyperperfusion MFV increase of ≥1.5 times compared to the contralateral artery

TCD; transcranial Doppler, TIMI; thrombolysis in myocardial infarction, MFV; mean flow velocities, TIBI; thrombolysis in brain isch-
emia; HITS; high intensity transient signals. 
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of flow changes of potential diagnostic value (Table 6). 
Rubiera et al.62 applied continuous TCD monitoring in 
51 AIS patients undergoing intra-arterial reperfusion 
procedures that included intra-arterial thrombolysis, 
mechanical thrombectomy using Merci retriever device 
or Penumbra aspiration system deployment, balloon 
angioplasty, and stenting. During these procedures, 
the following flow findings emerged: contrast injection 
produced high-intensity transient signals (HITS) and 
median artificial mean flow velocities (MFV) increase of 
10.5%; similarly, Merci retriever advancement, throm-
bus engagement, and traction resulted in HITS of alter-
nating direction with transient, artificial median MFV 
decrease of 11.5%; Penumbra passes produced HITS of 
lower intensity than those of Merci system as well as 
greater transient decrease of MVF; intra-arterial throm-
bolysis produced MFV increase of 7.5% and HITS from 
the infusion of saline; catheter deployment and manip-
ulations gave rise to HITS with characteristic harmonic 
“halo-like” bruits within the flow spectra, in both flow 
directions. 

Recanalization produced increases in flow velocities 
as follows: MFV increased by 19±16 cm/s for recanaliza-
tion increasing TIMI63 grades 0 or I to TIMI II, and by 
65±39 cm/s for recanalization increasing TIMI grades 
0 or I to TIMI III. Similarly, end-diastolic velocities 
increased by 14±13 cm/s and 45±21 cm/s, respectively. 
Worsening of TIBI grade on TCD by ≥1 was regarded 
as diagnostic of arterial re-occlusion. Although infre-
quent, air emboli might appear during catheter ma-
nipulations, and in these cases TCD captured frequent 
HITS with higher intensity than those of solid emboli. 
This potentially harmful event prompts reposition-
ing of the sheath connector. Real time artery-to-artery 
embolization was detected as HITS at the end of the 
intra-arterial procedure and was typically accompanied 
by reformation of intraluminal thrombi. Finally, suc-
cessful recanalization might result in cerebral hyper-
perfusion with MFV increase of ≥50% compared to the 
contralateral artery. Such findings may prompt inten-
sive blood pressure reductions.62 

Interestingly, a recent Italian study has reported sim-
ilar findings. Serial TCCD examinations assessed the 
vessel status and cerebral hemodynamics of consecu-
tive patients with acute anterior circulation LVO soon 
after, at 48 hours after, and 1 week after endovascular 

reperfusion procedures. Successful recanalization and 
normal peak systolic velocity (PSV) ratio (PSV of re-
canalized middle cerebral artery/PSV of contralateral 
middle cerebral artery <1.2) at 48 hours and after 1 week 
from endovascular therapies emerged as independent 
predictors of good outcome at 3 months. Patients who 
subsequently developed postinterventional intracranial 
hemorrhage (ICH) showed a higher mean PSV ratio 
(3.5±0.2 vs. 2.4±0.1, p<0.0001) soon after successful reca-
nalization. In multivariate analysis, increasing early PSV 
ratio was independently associated with an eight-fold 
higher odds of post-procedural ICH. The investigators 
concluded that peri- and post-procedural ultrasound 
monitoring of LVO patients might be an effective bed-
side method for assessing treatment efficacy, shedding 
light on outcome variability and identifying patients at 
increased risk of ICH complicating endovascular reper-
fusion procedures.64

Therefore, the implementation of TCD monitoring 
during intra-arterial procedures might provide with 
some clinically relevant information that may modify 
treatment decisions. In the hands of an experienced 
sonographer, the previously descripted sonographic 
signatures can be reliably differentiated into clinically 
irrelevant or important. Moreover, certain potentially 
harmful events, such as air embolization, artery-to-ar-
tery embolization, and hyperperfusion may only be 
captured by serial ultrasound assessments.

TCD/TCCD APPLICATIONS IN DETECTING OF 
CAUSES OF EARLY NEUROLOGICAL DETERIO-
RATION FOLLOWING REPERFUSION THERA-
PIES

Following IVT up to 14% of patients might experience 
early neurological deterioration.64 sICH, malignant 
cerebral edema, persistent occlusion after IVT in AIS 
with underlying LVO, expansion of ischemic infarct, 
arterial re-occlusion, collapse of the collateral flow, clot 
extension, and early recurrent ischemic stroke in previ-
ously unaffected territory are the most common causes 
of early neurological deterioration.65-67 A single center 
study reported rates of early neurological deterioration, 
within 72 hours, of 30%. The mechanisms included 
progression of the ischemic infarct, brain edema and 
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sICH. Expansion of the ischemic infarct was associated 
with large artery atherosclerosis, indicating that failure 
to recanalize or early re-occlusion may represent the 
main causes of infarct progression.68 

TCD monitoring may identify several mechanisms of 
early neurological deterioration after acute reperfusion 
therapies (Table 7). Monitoring of acute ICH growth 
with transcranial duplex sonography has been shown 
to be both feasible and reliable. A TCCD/CT correlation 
study in 34 patients with ICH found excellent results 
regarding the concordance between transcranial sonog-
raphy and CT measurements of hematoma diameters 
in longitudinal, sagittal and coronal planes. Apparent-
ly, TCCD was efficient in detecting early hematoma 

growth. The correlation was also good for estimating 
total hematoma volume. The study included patients 
with both deep or lobar ICH.69 Subsequently, small-
scale studies have shown high sensitivity (≥90%) and 
specificity (≥95%) of TCCD for the depiction of hem-
orrhagic transformation of AIS.70,71 Fig. 5 shows a case 
of sICH complicating IVT for AIS that was diagnosed 
at the beside using TCCD when a 12-point increase in 
NIHSS-score was noted during serial neurological eval-
uations.

Arterial re-occlusion is a common pathophysio-
logical mechanism responsible for early neurological 
worsening after reperfusion therapies for AIS. It oc-
curs in 15–34% of IVT treated patients and it accounts 
for the 2/3 of cases experiencing deterioration after 
initial improvement.72 Stroke severity and large artery 
atherosclerotic stroke have been identified as indepen-
dent predictors of re-occlusion following IVT.73 Early 
re-occlusion after MT might be observed in 2.3–7.2% of 
cases. Age, pre-admission statins, intracranial internal 
carotid artery occlusion, IVT treatment, number of 
passes during MT, atherosclerotic cause of occlusion, 
high numbers of platelets or high levels of D-dimers 
on admission, residual embolic fragments or stenosis 
at the thrombectomy site, and stent implantation are 
factors associated with early re-occlusion.74-76 TCD 
monitoring can reliably detect in real time arterial 

FIG. 5. A 80-year-old man presented with acute onset of expressive aphasia and right hemiparesis (National Institutes of Health Stroke Scale 
[NIHSS]-score of 7). (A) Admission brain computed tomography (CT) disclosed an Alberta Stroke Program Early CT Score of 9/10 with hypodense 
insular ribbon. The patient received tPA at 4 hours following symptom onset, and 4 hours after treatment a clinical deterioration was noticed (NI-
HSS-score 19). (B) Transcranial color-coded duplex (TCCD) sonography depicted a hyperdense mass (arrows) within the left hemisphere (C) that 
corresponded to a large hematoma within the ischemic area, as shown on the follow-up brain CT. TCCD evaluation at the bedside assisted in the 
early recognition of symptomatic intracranial haemorrhage as the underlying cause of early neurological deterioration in this patient.

A B C

Table 7. TCD identification of causes of early neurological 
deterioration in AIS treated with IVT 

sICH

Malignant cerebral edema-increased ICP (MDS)

Failure to recanalize in LVO

Arterial reocclusion

Collateral failure

TCD; transcranial Doppler, AIS; acute ischemic stroke, IVT; intra-
venous thrombolysis, sICH; symptomatic intracranial haemor-
rhage, ICP; intracranial pressure, MDS; midline shift, LVO; large 
vessel occlusion. 
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re-occlusion, and therefore provide explanation for ear-
ly neurological deterioration.73,77

Cerebral blood steal phenomenon has been described 
as a cause of early neurological deterioration in pa-
tients with large vessel occlusions. The phenomenon of 
paradoxical reduction in the perfusion of the affected 
hemisphere under cerebral vasodilatory stimuli due to 
intracranial steal from the non-affected hemisphere is 
called Reverse Robin Hood syndrome.78 It can be easily 
reproduced and recorded with the breath holding test, 
where a decrease in blood flow velocities in the affect-
ed side is detected under hypercapnia. Male gender, 
younger age, persisting arterial occlusions, and exces-
sive sleepiness have been associated with the Reverse 
Robin Hood syndrome.79

TCD/TCCD APPLICATIONS IN THE PROGNOSIS 
OF CLINICAL OUTCOMES OF AIS PATIENTS 
TREATED WITH ACUTE REPERFUSION THERA-
PIES

The introduction of TCD or TCCD monitoring ex-
amination in AIS management provides valuable infor-
mation concerning response to treatment and outcome 
prognosis. Residual flow, as assessed by TIBI grades, 
predicts likelihood of recanalization after IVT but also 
outcomes, in a way that patients showing absence of 
recanalization with TIBI grades 0–2 experience poor 
prognosis in more than 50% of cases. Additional inde-
pendent predictors of poor outcome are levels of ad-
mission systolic blood pressure and glucose, and stroke 
severity.54 Another study reported sensitivity of 57.7% 
and specificity of 87.2% for complete recanalization to 
predict good outcome at 3 months.80 TCD assessment 
of recanalization appears as the strongest predictor of 
favorable functional outcome (mRS-scores of 0–1) at 3 
months.81 Furthermore, a small single center study of 
serial TCD examinations showed that delayed reperfu-
sion (>6 hours) or persisting occlusion after IVT infu-
sion has a higher risk of parenchymal hematoma devel-
opment.82 The results were also replicated by a larger 
multi-center study that found a six-fold increase of the 
risk of sICH after IVT in cases without recanalization.53

Selection of patients with LVO for rescue intra-arte-
rial reperfusion procedures is assisted with TCD exam-

ination and monitoring. An interesting study looked 
for potential sonographic findings that may predict 
inadequate response to IVT, and therefore the need for 
rescue intra-arterial intervention. An affected MCA to 
contralateral MCA mean flow velocity ratio <0.6 had a 
sensitivity of 94% (95% CI: 63–99%), specificity of 100% 
(97.5%; lower CI of 54%), positive predictive value of 
100% (lower CI: 80%); and negative predictive value of 
86% (CI: 42–99%) for identifying LVO in the anterior 
circulation requiring intra-arterial reperfusion proce-
dure. Additionally, none of the patients with complete 
absence of flow in the MCA showed signs of clot lysis 
after IVT.83 Another small scale study showed that reca-
nalization with TIBI grades of 3 to 5 within 30 minutes 
of IVT initiation resulted in favorable outcomes in 59% 
of cases, and thus may serve as a ‘reperfusion mark-
er’ before transfer of the patient to the angio-suite.61 
Therefore, and in accordance with the latest guidelines 
on MT in AIS patients due to LVO that highlight the 
importance of not waiting for the effect of IVT but rath-
er administer alteplase bolus and transfer the patients 
directly to the angiography suite to swiftly initiative 
endovascular procedures, TCD may detect early those 
cases with early tPA-induced recanalization averting 
MT.12

After successful recanalization of LVO, MES detection 
may predict stroke recurrence. Interestingly, a TCD 
study of 111 patients that underwent MT with complete 
recanalization found that MES detection was correlated 
with new embolic events with almost seven-fold in-
creased risk of recurrent stroke.84 Therefore, detection 
of MES early post-reperfusion may prompt the admin-
istration of more potent antithrombotic therapies to 
reduce risk of stroke recurrence.85 

Absence of recanalization after IVT treatment for 
LVO-associated AIS increases risk of not only sICH 
but also of malignant edema development with a sub-
sequent increase of intracranial pressure (ICP). The 
Systemic thrombolysis in patients with acute ischemic 
stroke and Internal Carotid ARtery Occlusion study 
demonstrated that, although IVT increased odds of 
favorable outcome (adjusted odds ratio: 1.80; 95% CI: 
1.03–3.15; p=0.037), it also increased rates of malignant 
edema (8.3% vs. 3.1%).86 Several studies, although using 
different methodological models, have investigated 
the accuracy of non-invasive, TCD-based estimation 
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of ICP levels.87 These methods are based on TCD-de-
rived pulsatility index (PI) values, non-invasive cerebral 
perfusion pressure (CPP) estimations, or mathematical 
models. The last two approaches use mainly measure-
ments of arterial blood pressure and MFV to predict 
CPP and ICP values. The studies report accuracies for 
detection of ICP ≥20 mmHg with an area under the 
curve ranging from 0.62 to 0.92. The TCD-based meth-
ods may estimate ICP values with a range of approxi-
mately ±12 mmHg. However, the most important utility 
of TCD-monitoring is perhaps the tracing of dynamic 
changes of ICP over time.87 The simplest way to indi-
rectly monitor ICP levels is by estimating the PI and 
inspecting the flow spectra waveforms. Increase of ICP 
is accompanied by increase of PI, (provided that other 
factors influencing PI such as blood CO2 levels are rel-
ative stable), decrease in diastolic flow velocities, and 
sometimes even by flow reversal during the diastolic 
phase.49 In addition, TCCD is shown to depict midline 
shift with satisfactory accuracy. Motuel et al.88 estimat-
ed midline shift by measuring the difference between 
the distance from skull to the third ventricle on both 
sides and compared with measurements performed on 
brain CT. The area under the ROC curve for depicting 
midline shift with TCCD was 0.86 (95% CI: 0.74–0.94), 
while by using 0.35cm as a cut-off, the sensitivity, spec-
ificity, and positive likelihood ratio were 84.2%, 84.8% 
and 5.56, respectivelly.

Interestingly, a recent paper showed that after MT, 
TCD-monitoring guided blood pressure and intrac-
ranial pressure control was feasible and reduced early 
neurological deterioration of patients. Indeed, TCD 
identified cases with low flow velocities and intracrani-
al hypertension, and subsequently prompt therapeutic 
interventions that improved outcomes. Early neuro-
logical deterioration and 3-month mortality rates were 
reduced in the group that underwent TCD monitoring 
and had abnormal findings, compared with the control 
group without TCD monitoring (13.8 vs. 37.5%, p=0.036; 
0 vs. 25.0%, p=0.012). In multivariable analysis, TCD 
monitoring independently contributed to a reduced 
likelihood of early neurological deterioration after MT 
(adjusted OR: 0.267, 95% CI: 0.074–0.955; p=0.042).89

CONCLUSIONS

The main advantages of ultrasound in acute stroke 
management derive from its non-invasive nature, the 
repeatability and feasibility to perform at the bedside. 
Among all conventional imaging modalities, only TCD 
may detect solid or air particle real-time embolization, 
as well as diagnose hyperperfusion. Importantly, in 
cases with contraindications to CTA, as in severe renal 
insufficiency, TCD can reliably and rapidly screen for 
the site and degree of a possible LVO. Overall, TCD 
examination may serve as a useful/complementary tool 
for patient selection for IVT, while continuous TCD 
monitoring during tPA infusion or endovascular pro-
cedures can reliably detect recanalization in real-time. 
A possible arterial re-occlusion may also be easily cap-
tured in real time, whereas TCCD may rapidly depict 
sICH or cerebral edema development in cases with 
neurological deterioration. In the era of pre-hospital 
stroke management, TCD assessment within the am-
bulance or the helicopter has been shown to be feasible, 
fast, and with high sensitivity and specificity. Therefore, 
portable TCD examination could potentially assist in 
the rapid triage of stroke patients or serve as an addi-
tional diagnostic tool for future clinical trials involving 
new therapeutic agents.
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