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a b s t r a c t
Acute ischemic stroke is a source of long-term disability in the United States, of which a large portion of
cases are a result of large vessel occlusion (LVO). LVO strokes have high rates of morbidity and mortality
due to difficulty of treatments in achieving recanalization. Recently, however, results of randomized clinical trials have shown that treatment options are expanding in both availability and efficacy. As these
methods of intervention become more optimal, so must the preceding methods of assessment.
Transcranial Doppler (TCD) ultrasound is a non-invasive method of evaluating cerebral hemodynamics,
and has a long history in stroke assessment. Despite the importance of information provided by a TCD
exam, its utilization in the acute stroke workflow has remained low because of its dependence on expert
analysis. Here, we review the evolution of morphological analysis of TCD waveforms for the indication,
localization, and monitoring of acute LVO.
Ó 2021 Published by Elsevier Ltd.

1. Introduction
Acute ischemic stroke is the leading cause of long-term disability in the United States, and the fifth leading cause of death [1].
Approximately 60% of stroke deaths occur outside of an acute care
hospital as a result of unavailable or delayed diagnosis and treatment [1]. Acute ischemic strokes often result from a large vessel
occlusion (LVO), or blockage of one of the major arteries that supply blood to the brain. Strokes caused by LVO specifically have a
high morbidity and mortality due to difficulty of treatments in
achieving recanalization [2]. The results of several recent randomized clinical trials have established the efficacy of newly developed
endovascular treatments such as mechanical thrombectomy [3]. As
treatment options further improve and diversify, early detection of
LVO becomes increasingly important to the optimization of triage
and transfer decisions, thus increasing demand for non-invasive
prehospital diagnostics [3,4].
Transcranial Doppler (TCD) ultrasound is a non-invasive tool for
monitoring cerebral hemodynamics which has a long history of use
in stroke assessment and care [5,6]. TCD measures time-dependent
cerebral blood flow velocity (CBFV) waveforms describing flow
throughout the major arteries of the brain; from which occlusion,
stenosis, and other vascular pathologies can be deduced. Features
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extracted from these waveforms, including mean CBFV and waveform Pulsatility Index (PI), have been shown to be influenced by
vessel status [7]. Despite the utility of information provided by
TCD, its diagnostic and prognostic value in stroke assessment
remains limited by stringent training requirements necessary to
reliably obtain these waveforms and meaningfully interpret the
associated morphology. Though the general ‘shape’ of the CBFV
waveform separate from mCBFV and PI values has long been informative for those with extensive TCD experience, a growing body of
work over the past three decades has established several objective
features of TCD waveform morphology as robust measures for
stroke assessment. Here, we review the evolution of morphological
analysis of TCD waveforms for the indication, localization, and
monitoring of acute LVO.
2. TCD Waveforms Provide Diagnostic Information About Acute
Ischemic Stroke
Although TCD had been established for use in the evaluation of
intracranial vessels for stroke assessment since the 1980 s (1982),
it was not until 1995 that TCD studies investigated waveform morphology beyond the standard CBFV (systolic, diastolic, mean velocity) and PI measurements [5,8]. As early as 1995, Alexandrov et al.
observed distinct patterns of blood flow and perfusion related to
pathological vascular conditions present in acute stroke patients
[8]. In a subsequent study of this data, normal, collateral, stenotic,
and occlusive perfusion patterns were stratified based upon a com-
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Demchuk et al. (1999), TCD morphology showed ‘minimal flow’
in the left MCA at admission. After tPA was given, TCD monitoring
showed a return to ‘normal flow’ five minutes prior to the patient’s
clinical improvement as measured by change in National Institutes
of Health Stroke Scale (NIHSS) score [11]. In an assessment of the
value of continuous TCD monitoring in acute stroke patients, vessel
recanalization was graded from TCD exams at the conclusion of tPA
infusion as complete, partial, or none [9,11]. Dramatic clinical
recovery (final NIHSS score < 3) was significantly associated with
TCD morphology indicating complete recanalization [11]. Moreover, admission-TCD morphology can also be used to predict the
course of acute clinical changes. In a 2000 study of acute stroke
patients who showed deterioration following improvement, 62%
of subjects whose admission TCD morphology indicated complete
occlusion had deteriorated at 24 h [12]. When these findings were
considered in addition to the etiology of the LVO, this deterioration
following improvement is strongly associated with TCD indication
of occlusion of atherosclerotic or cardioembolic origin [12]. Such
studies have helped establish TCD waveform morphology as a
robust predictor of changes in clinical status, thus providing physicians with greater insight into the hemodynamic mechanisms
underlying these changes. Furthermore, more recent findings have
suggested that the additional information contributed by TCD
(indication of occluded vessel) result in significant changes in management procedures or therapies [12].

parison of the CBFV across hemispheres, confirmed with cerebral
angiography, and evaluated again in follow-up exams [9]. Patients
with improvements in TCD findings between admission and two
week follow up showed a significantly improved clinical recovery
than those whose TCD findings had not shown improvement [9].
Although these changes in TCD parameters were found to be
related to changes in clinical status, a more descriptive explanation
of these changes was warranted. In a later work, the investigators
examined the diagnostic capability of PI, in addition to mean flow
velocity (FV), for indication of ‘abnormal circulatory conditions’
including LVO (Fig. 1) [6]. The investigators stratified PI parameters
related to normal or abnormal (stenotic or occluded) acute TCD
exams [6]. Using this evaluation of FV and PI parameters, TCD identified abnormal flow in 88% of patients with acute cerebral ischemia (within 6 h of stroke onset) when compared with
angiography [6].
Although early evaluation of TCD waveform morphology sought
to demonstrate presence of occlusion, other investigators sought to
evaluate its ability to describe recanalization status after tPA treatment [10]. Burgin et al., in 2000, assigned categories of TCD interpretation based on subjective assessment of morphology and CBFV
values such that each category of interpretation had an analogous
Thrombolysis in Myocardial Infarction (TIMI) grade evaluated by
cerebral angiogram [10]. After tPA infusion, TCD agreed with TIMI
scores for indication of complete recanalization with 91% sensitivity and 93% specificity [10]. Categorization of the post-tPA TCD
waveforms was significantly correlated with vessel patency determined by angiography [10]. These findings, though subjective,
underlined the value of TCD morphology in indication of recanalization status.
The advantages of TCD include the ability to monitor both continuously and noninvasively, it was often used to obtain the first
evidence that tPA treatment had been successful. For example, in
the case of one patient with acute stroke symptoms presented by

3. Thrombolysis in Brain Ischemia (TIBI) Flow Grades for
Waveform Classification
In an effort to refine and standardize the vascular pathologies
indicated by acute TCD examination, a 2000 study defined a fasttrack exam protocol to differentiate normal, stenotic, or abnormal
TCD waveforms, and validated with cerebral angiography [13].
Abnormal (pathological) signals were classified as dampened,
blunted, minimal, or absent based upon specific features of the
individual waveform; including FV acceleration slope and PI [13].
Of the angiographically-confirmed occlusions, analysis of acute
TCD showed abnormal waveforms present in 94% of proximal
ICA, and 100% of distal ICA and MCA occlusions [13]. This protocol
was useful for physicians to use when ruling LVO in- or out-; however, more information regarding hemodynamic status was needed
to optimize the treatment decision making process. The assessment protocol was formalized by Demchuk et al. in 2001 into the
Thrombolysis in Brain Ischemia (TIBI) grading system for acute
stroke assessment [14]. The scale was defined based upon admission TCD exams collected at a depth of <54 mm, within MCA territory, from patients whose occlusions were previously verified with
cerebral angiography [13,14]. There are six flow grades: absent (0),
minimal (1), blunted (2), dampened (3), stenotic (4), and normal
(5), that are defined based on the subjective appearance of pulsatile flow, and the mean FV and PI values (Fig. 2)[13]. The TIBI
scale thus introduced a categorical diagnostic spectrum along
which stroke-related flow pathology could be graded.
A subsequent study was performed in order to verify the soundness of diagnostic information provided by TIBI. In this validation
of the TIBI grading system, acute stroke patients’ admission and
follow-up TCD exams were assigned individual TIBI grades; each
of these grades were significantly (P < 0.05) associated with the
corresponding NIHSS scores recorded on each occurrence [14].
Additionally, the magnitude of change in TIBI score was associated
with the magnitude of change in NIHSS, indicating that improvement or deterioration in clinical status is a reflection of changes
in vessel flow status [14]. The TIBI grading system has become
the cornerstone of TCD morphological indication of LVO; however,
it too, is reliant upon the expertise of the evaluator.

Fig. 1. Adapted from Alexandrov et al. (1999); descriptions of TCD morphologies as
they relate to vascular pathologies.
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Fig. 2. The Thrombolysis in Brain Ischemia (TIBI) flow grades as described in Demchuk et al. 2001.

and low-resistance (Fig. 3) [15]. All subjects underwent digital subtraction angiographic (DSA) imaging to confirm occlusion location;
consideration of an absent or high-resistance M mode signature
in the
MCA predicted proximal MCA occlusion with 87% accuracy [15].
Although a low-resistance PMD is only indicative of MCA occlusion
37% of the time examining the MCA and PCA velocities together
produced a velocity ratio; a ratio below 0.5 increases the accuracy
to 87% [15]. These results presented an argument for the consideration of PMD-TCD exams in the evaluation and decision of LVO
presence.
The importance of TCD morphology in the localization of occlusion has been reiterated through results of studies demonstrating
how location of occlusion can affect response to treatment [16].

4. Use of TCD Waveform Morphology for Localization of
Occlusion
The success of the TIBI grading scale for indication of vessel
occlusion has given rise to attempts apply the same morphologybased criteria for the localization of occlusion as well. One such
attempt by Saqqur et. al (2006) examined the value added to
TCD-mediated occlusion localization by consideration of the
M mode signatures on power M mode TCD (PMD-TCD) [15].
Consideration of the M Mode signatures allowed for the inclusion
of information regarding signal intensity and direction into a diagnostic protocol. In addition to the previously-assessed TCD features
included in assessment of LVO, the authors also included categorization of the abnormal M mode flow signature into absent, high,

Fig. 3. M-mode flow signatures as described by Saqqur et al. (2006).
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Upon completion of the IA procedure, TCD flow signatures were
assigned TIBI grades and compared with angiographic findings. In
the detection of complete recanalization during IA procedures, TIBI
grading had an accuracy of 89% when compared with DSA [22].

Using the methodology for localization described previously,
recanalization status was monitored using TIBI grading scale and
was found to be related to site of occlusion [15,16]. Location of
occlusion was found to be significantly associated with recanalization within two hours of tPA bolus, as well as both short and longterm outcome [16]. Furthermore, end recanalization status as
defined by TIBI was significantly associated with long-term outcome in poor vs. good outcome groups [16]. Corroborating these
results, a 2007 study by Saqqur et al. used TCD to identify the location of occlusion and predict clinical deterioration within 24 h.
Post-treatment TCD examination morphology was stratified into
persistent occlusion, partial recanalization, complete recanalization, or reocclusion. These TCD flow findings were significantly
related to the occurrence of clinical deterioration [17]. An additional study by Tsivgoulis et al. in 2007 subjectively classified
occlusive TCD waveforms as minimal, blunted, or dampened signals; the depth at which these signals were observed was used
to determine the occluded vessel [18]. Compared with CTA, this
criteria showed an overall accuracy of 89.4% in the localization of
occlusion [18].

6. TCD Waveform Morphology Prior to Treatment is Predictive
of Recovery
Although recanalization status as indicated by TIBI has been
shown to predict patient recovery, related investigations have
shown that pre-treatment TCD morphology can provide similar
predictive information. In a 2003 study of how residual flow at
the occlusion site affects completeness of recanalization after tPA
treatment in acute stroke, Labiche et al. considered TIBI grades
1–3 on admission TCD as indicative of residual flow and compared
these to TIBI grades of post-tPA TCD exams. Complete recanalization occurred in 41% of subjects with residual flow on admission
TCD, versus only 19% in subjects with no residual flow [23]. These
results indicated that initial TCD findings may help predict the success of pharmacological intervention. Subsequent studies have
investigated the relationship between pre-treatment TCD morphology and other aspects of vascular compensation mechanisms.
A 2006 study used TIBI grading to identify presence and location of
occlusion, then examined the TCD features of the vessels ipsilateral
to the occlusion for evidence of flow diversion prior to tPA bolus
[24]. Flow diversion was defined as a pattern of high velocity/low
resistance flow in ipsilateral anterior (ACA) or posterior (PCA) cerebral arteries in patients with acute MCA occlusions [24]. In flow
diversion present and absent groups, vessel recanalization was
confirmed by bedside TCD morphology monitoring. Although there
was not a significant difference in the frequency of recanalization
in the presence of flow diversion, clinical improvement (decrease
in NIHSS) within two hours of tPA bolus was significantly more frequent in the presence of flow diversion [24].
The well-established relationship between rapid treatment and
improved recovery has emphasized a need for diagnostic tools
such as TCD to provide information in a rapid and decisive manner.
In an evaluation of TCD use in acute stroke treatment monitoring,
Saqqur et al. compared the rates and timing of recanalization to
pre-treatment TIBI scores [25]. Subjects underwent TCD exam
and TIBI scoring upon admission and for two hours after initiation
of tPA treatment [25]. Only 17.7% of patients with admission TIBI 0
experienced complete recanalization, compared to 47.7% of TIBI 3
patients. Patients with no flow (TIBI 0) prior to tPA treatment
had significantly decreased likelihood of achieving complete
recanalization; the likelihood of recanalization decreased with
each TIBI flow grade. Based upon these findings, TCD morphology
provides a powerful biomarker to be included in the treatment
decision process.

5. TIBI Grade Changes After Treatment Reflect Changes in
Patient Status
TIBI grading has also been used to examine differences in morphology throughout the time course of treatment. Continuous TCD
monitoring, from admission to conclusion of tPA infusion, was
shown to provide a physiological explanation for the sudden and
dramatic clinical recovery (improvement of NIHSS by >10 points
or decrease to NIHSS <= 3) of some acute stroke patients [19].
Between the dramatic recovery and non-dramatic recovery groups,
the investigators found a significantdifference in TIBI flow grades
after infusion, with 58% of exams indicating complete recanalization in the dramatic recovery group [19].
Additional studies have used TIBI to indicate occlusion and
monitor status after endovascular treatment [20–22]. In their
study of PMD-TCD microembolic signals during various intraarterial (IA) procedures, Rubiera et al (2010) used TIBI scores to
indicate reocclusion during and after endovascular thrombectomy
(EVT), which occurred in 27% of patients [20]. TCD was used to
monitor recanalization status during all IA procedures and helped
guide changes in treatment, indicating a lack of response to IA
therapy in 56% of patients [20]. In a subsequent study (Rubiera
et al. 2011), acute stroke patients were monitored continuously
with TCD during tPA infusion, and those who did not show recanalization according to TIBI scoring of exams were selected to undergo
angiography to confirm occlusion and subsequent IA therapy, at
the end of which TCD was repeated [21]. Each of these subjects
was matched with two historical control subjects whose post-tPA
infusion TCD had also not indicated recanalization [21]. Subjects
who received IA therapy in addition to tPA had significantly more
frequent recanalization indicated on TCD exams at 12 and 24 h
after admission than the control tPA non-responders [21].
Although these findings recognize the importance of bridging IVIA therapy in acute stroke, it also situates TCD morphological analysis as a potential tool in the continuing assessment workflow of
acute stroke [21].
An additional study investigated the use of TIBI to select
patients for intra-arterial (IA) reperfusion procedures, such as
mechanical thrombectomy. TCD monitoring of acute stroke
patients receiving tPA was used to determine status of recanalization, and persisting occlusion described by TIBI grading after tPA
was used to select subjects for IA reperfusion procedures upon confirmation of occlusion by DSA. During the IA procedure, recanalization status was monitored by both TCD and cerebral angiogram.

7. Recent Innovation
Given the established clinical relevance of information provided
by TCD waveform morphology, a growing body of contemporary
work has sought to make the process of extracting this information
more consistent and objective (i.e. user-independent). Recent
developments in the analysis of TCD waveform morphology have
focused on feature-based methods of classification [26–29]. The
works of Schaafsma et al. sought to improve the TCD parameters
used to classify vessel stenosis, utilizing objective morphological
features of the CBFV waveform such as the acceleration of stroke
onset, to more specifically differentiate pathological exams [28].
Velocity Curvature Index (VCI), introduced by Thorpe et al.
(2018), is a morphological feature which quantifies the curvature
of TCD waveforms, and has been shown to be a useful biomarker
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Fig. 4. Example waveforms for each cluster, derived and separated based on analysis of waveform features. Derived from Thorpe et al., 2020.

Table 1
A summary of all literature reviewed and the subject of each paper’s analyses.
Occlusion Localization

Recanalization Status

Alexandrov et al. 1994 [7]
Demchuk et al. 1999 [9]

Outcome Prediction

Occlusion Diagnosis

X

X

X

Alexandrov et al. 1999 [5]

X

Alexandrov et al. 2000 [10]

X

Alexandrov et al, 2000 [11]

X

Burgin et al. 2000 [8]

X

Demchuk et al. 2000 [12]

X

Demchuk et al. 2001 [13]

X

Felberg et al. 2002 [18]

X

Labiche et al. 2003 [22]

X

Yo et al. 2006 [23]

X

X

Saqqur et al. 2006 [14]

X

Saqqur et al. 2007 [15]

X

Tsivgoulis et al. 2007 [17]

X

Saqqur et al. 2009 [24]

X

Rubeira et al. 2010[19]

X

Rubeira et al. 2011 [20]
Schaafsma et al. 2012 [28]
Tsivgoulis et al. 2013 [21]

Treatment Selection

X
X

X
X

Brunser et al. 2016 [12]

X

Thorpe et al. 2018 [25]

X

Thorpe et al. 2018 [26]

X

Thibeault et al. 2019 [27]

X

Thorpe et al. 2020 [28]

X

X

X

a given vessel differ across hemispheres [32]. In an evaluation of
VAI in LVO assessment, this metric performed with 79% accuracy
and 76% sensitivity in its classification of LVO patients [32] For
example, VCI was combined with VAI into a decision tree that performed with 91% accuracy and 94% sensitivity in the assessment of
LVO [32]. When compared to the 79% accuracy and 76% sensitivity
of VAI alone, it is clear that the addition of a metric of TCD morphology provides important clinical information. Additional works
have focused enriching this classification with additional categorical information, utilizing data-driven spectral clustering analysis
techniques to group pathological waveforms into strata that have
TIBI analogs (Fig. 4) [33]. The utilization of machine learning techniques such as this allow for a dramatic reduction in the involve-

for the detection of LVO [30]. This biomarker is derived from the
quantification of curvature in a given TCD waveform such that a
low VCI value is representative of abnormal waveform morphology
[30]. VCI condenses the information captured by TIBI grading into a
single continuous metric [30]. A recent case study of the utility of
TCD in assessment of LVO reported that, after CTA had indicated
occlusion, VCI was the only non-angiographic assessment tool used
that was also indicative of LVO [31]. The ability to quantify the curvature of a TCD waveform may have implications for a wide variety
of hemodynamic pathologies outside of LVO, but additional studies
are needed. Additional features of CBFV assessment have been
shown to have value in LVO assessment, such as velocity asymmetry index (VAI). VAI quantifies the degree to which CBFV values for
350
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ment of human error and subjectivity. The assignment of cluster
labels to each waveform was also based on objectively computed
CBFV waveform features (further described in Thorpe et al., 2020
[33]), thus representing a first step towards fully automated morphological categorization.

[10] Burgin WS, Malkoff M, Felberg RA, Demchuk AM, Christou I, Grotta JC,
Alexandrov AV. Transcranial doppler ultrasound criteria for recanalization
after thrombolysis for middle cerebral artery stroke. Stroke 2000;31
(5):1128–32.
[11] Demchuk AM, Felburg RA, Alexandrov AV. Clinical recovery from acute
ischemic stroke after early reperfusion of the brain with intravenous
thrombolysis. N Engl J Med 1999;340(11):894–5.
[12] Brunser AM, Mansilla E, Hoppe A, Olavarría V, Sujima E, Lavados PM. The Role
of TCD in the evaluation of acute stroke: TCD in acute stroke. J Neuroimaging
2016;26(4):420–5.
[13] Demchuk AM, Christou I, Wein TH, Felberg RA, Malkoff M, Grotta JC,
Alexandrov AV. Specific transcranial doppler flow findings related to the
presence and site of arterial occlusion. Stroke 2000;31(1):140–6.
[14] Demchuk AM, Scott Burgin W, Christou I, Felberg RA, Barber PA, Hill MD,
Alexandrov AV. Thrombolysis in brain ischemia (TIBI) transcranial doppler
flow grades predict clinical severity, early recovery, and mortality in patients
treated with intravenous tissue plasminogen activator. Stroke 2001. http://
ahajournals.org. Accessed September 18, 2018.
[15] Saqqur M, Hill MD, Alexandrov AV, Roy J, Schebel M, Krol A, Garami Z, Shuaib
A, Demchuk AM. Derivation of power M-mode transcranial doppler criteria for
angiographic proven MCA occlusion. J Neuroimaging 2006;16(4):323–8.
https://doi.org/10.1111/j.1552-6569.2006.00055.x.
[16] Saqqur M, Uchino K, Demchuk AM, Molina CA, Garami Z, Calleja S, et al. Site of
arterial occlusion identified by transcranial doppler predicts the response to
intravenous thrombolysis for stroke. Stroke 2007;38(3):948–54.
[17] Saqqur M, Molina CA, Salam A, Siddiqui M, Ribo M, Uchino K, et al. Clinical
deterioration after intravenous recombinant tissue plasminogen activator
treatment: A multicenter transcranial doppler study. Stroke 2007;38
(1):69–74.
[18] Tsivgoulis G, Sharma VK, Lao AY, Malkoff MD, Alexandrov AV. Validation of
transcranial doppler with computed tomography angiography in acute
cerebral ischemia. Stroke 2007;38(4):1245–9.
[19] Felberg RA, Okon NJ, El-Mitwalli A, Burgin WS, Grotta JC, Alexandrov AV. Early
dramatic recovery during intravenous tissue plasminogen activator infusion:
clinical pattern and outcome in acute middle cerebral artery stroke. Stroke
2002;33(5):1301–7.
[20] Rubiera M, Cava L, Tsivgoulis G, Patterson DE, Zhao L, Zhang Yi, et al.
Diagnostic criteria and yield of real-time transcranial doppler monitoring of
intra-arterial reperfusion procedures. Stroke 2010;41(4):695–9.
[21] Rubiera M, Ribo M, Pagola J, Coscojuela P, Rodriguez-Luna D, Maisterra O, et al.
Bridging intravenous–intra-arterial rescue strategy increases recanalization
and the likelihood of a good outcome in nonresponder intravenous tissue
plasminogen activator-treated patients: A case–control study. Stroke 2011;42
(4):993–7.
[22] Tsivgoulis G, Ribo M, Rubiera M, Vasdekis SN, Barlinn K, Athanasiadis D, et al.
Real-time validation of transcranial doppler criteria in assessing recanalization
during intra-arterial procedures for acute ischemic stroke an international,
multicenter study. Stroke 2013;44(2):394–400.
[23] Labiche LA, Malkoff M, Alexandrov AV. Residual flow signals predict complete
recanalization in stroke patients treated with TPA. J Neuroimaging. 2003;13
(1):28–33. https://doi.org/10.1177/1051228402239714.
[24] Yo SK, Meyer JS, Garami Z, Molina CA, Pavlovic AM, Alexandrov AV. Flow
diversion in transcranial Doppler ultrasound is associated with better
improvement in patients with acute middle cerebral artery occlusion.
Cerebrovasc Dis. 2006;21(1–2):74–8. https://doi.org/10.1159/000090006.
[25] Saqqur M, Tsivgoulis G, Molina CA, Demchuk AM, Shuaib A, Alexandrov AV.
Residual flow at the site of intracranial occlusion on transcranial Doppler
predicts response to intravenous thrombolysis: A multi-center study.
Cerebrovasc Dis. 2009;27(1):5–12. https://doi.org/10.1159/000172628.
[26] Aggarwal S, Brooks DM, Kang Y, Linden PK, Patzer II JF. Noninvasive
monitoring of cerebral perfusion pressure in patients with acute liver failure
using transcranial doppler ultrasonography. Liver Transpl 2008;14
(7):1048–57.
[27] Lockhart CJ, Gamble AJ, Derrick R, Hughes S, Canice Mcgivern R, Wolsley C,
et al. Nitric oxide modulation of ophthalmic artery blood flow velocity
waveform morphology in healthy volunteers. Clin Sci. 2006;111:47–52.
https://doi.org/10.1042/CS20050365.
[28] Schaafsma Arjen. Improved parameterization of the transcranial doppler
signal. Ultrasound Med Biol 2012;38(8):1451–9.
[29] Kim S, Hamilton RB, Pineles S, Bergsneider M, Hu X. Noninvasive intracranial
hypertension detection utilizing semisupervised learning. IEEE Trans Biomed
Eng. 2013;60(4):1126–33. https://doi.org/10.1109/TBME.2012.2227477.
[30] Thorpe SG, Thibeault CM, Wilk SJ, O’Brien M, Canac N, Ranjbaran M, et al.
Velocity curvature index: a novel diagnostic biomarker for large vessel
occlusion. Transl. Stroke Res. 2019;10(5):475–84. https://doi.org/10.1007/
s12975-018-0667-2.
[31] Thibeault CM, Dorn AY, Thorpe SG, Canac N, Jalaleddini K, Wilk SJ, Shah R,
Hamilton RB, Devlin TG. A case study on the utility of transcranial doppler
ultrasound in acute stroke evaluation. J Vasc Ultrasound 2020;44(1):25–7.
[32] Thorpe SG, Thibeault CM, Canac N, Wilk SJ, Devlin T, Hamilton RB. Decision
criteria for large vessel occlusion using transcranial doppler waveform
morphology. Front Neurol. 2018. https://doi.org/10.3389/fneur.2018.00847.
[33] Thorpe SG, Thibeault CM, Canac N, Jalaleddini K, Dorn A, Wilk SJ, et al. Toward
automated classification of pathological transcranial Doppler waveform
morphology via spectral clustering. PLoS One 2020;15(2):e0228642. https://
doi.org/10.1371/journal.pone.0228642. Boltze J. ed..

8. Conclusion
Analysis of TCD waveform morphology has been thoroughly
investigated and validated for a wide range of applications in acute
stroke management (Table 1). While these analyses rely primarily
on subjective assessment of the CBFV morphology, efforts to make
this process more systematic have been readily implemented into
stroke assessment protocols [14]. The results of the studies
reviewed involving TIBI grading or other methods clearly show
that this morphological analysis has clinically-relevant applications in stroke triage, management, and recovery prediction. The
TIBI grading scale represents a simple and systematic method of
classification of pathological TCD waveform morphology, and has
several useful applications in these areas. Its simplicity and reliability have allowed it to easily assimilate into the stroke assessment workflow, and it has become a cornerstone of TCD
assessment in stroke. However, even the validity of this system is
reliant upon a user with extensive TCD experience. There remains
a need for TCD waveform analysis that can be employed when no
experts are available; objective quantification of this process has
been an area of recent interest and development [34,35].
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