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with large vessel occlusion: a systematic review
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Abstract

Introduction: A number of pre-hospital clinical assessment tools have been developed to triage subjects with acute
stroke due to large vessel occlusion (LVO) to a specialised endovascular centre, but their false negative rates remain
high leading to inappropriate and costly emergency transfers. Transcranial ultrasonography may represent a valuable
pre-hospital tool for selecting patients with LVO who could benefit from rapid transfer to a dedicated centre.

Methods: Diagnostic accuracy of transcranial ultrasonography in acute stroke was subjected to systematic review.
Medline, Embase, PubMed, Scopus, and The Cochrane Library were searched. Published articles reporting diagnostic
accuracy of transcranial ultrasonography in comparison to a reference imaging method were selected. Studies report-
ing estimates of diagnostic accuracy were included in the meta-analysis.

Results: Twenty-seven published articles were selected for the systematic review. Transcranial Doppler findings, such
as absent or diminished blood flow signal in a major cerebral artery and asymmetry index > 21% were shown to be
suggestive of LVO. It demonstrated sensitivity ranging from 68 to 100% and specificity of 78-99% for detecting acute
steno-occlusive lesions. Area under the receiver operating characteristics curve was 0.91. Transcranial ultrasonography
can also detect haemorrhagic foci, however, its application is largely restricted by lesion location.

Conclusions: Transcranial ultrasonography might potentially be used for the selection of subjects with acute LVO, to
help streamline patient care and allow direct transfer to specialised endovascular centres. It can also assist in detect-
ing haemorrhagic lesions in some cases, however, its applicability here is largely restricted. Additional research should
optimize the scanning technique. Further work is required to demonstrate whether this diagnostic approach, pos-
sibly combined with clinical assessment, could be used at the pre-hospital stage to justify direct transfer to a regional
thrombectomy centre in suitable cases.

Keywords: Large vessel occlusion, Stroke, Acute cerebral ischaemia, Intracerebral haemorrhage, Transcranial
ultrasonography, Neuroimaging

Introduction vessel occlusion (LVO) [2]. While thrombolysis is offered

Rationale

Stroke is the second largest cause of death and one of
the most common causes of complex disability in adults
worldwide [1]. Mechanical thrombectomy (MT) pre-
ceded by intravenous thrombolysis provides optimal
care for patients with acute ischaemic stroke due to large
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and indicate if changes were made.

in many general hospitals, MT can only be performed
in specialised endovascular centres with neurointerven-
tional facilities. Earlier initiation of endovascular reper-
fusion is associated with greatly improved outcome [3,
4]. Therefore, patients with suspected LVO could benefit
from direct transfer to a specialised endovascular centre.

A number of clinical assessment tools have been devel-
oped to triage subjects, but their false negative rates
remain high which means that more than 20% of patients
with LVO would be transferred to a centre with no
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dedicated facilities available [5]. Furthermore, false posi-
tive results can lead to unnecessary and costly emergency
transfers. Hence, there is an urgent need to establish a
reliable process to select patients with LVO, particularly
in areas with long transport times.

Portable transcranial ultrasound (see Glossary for
explanations of the different ultrasound types) has
emerged as a potential method for rapidly assessing
intracranial circulation and brain structures in the pre-
hospital and early hospital phase [6]. The evidence base
for the diagnostic accuracy of transcranial ultrasonogra-
phy in acute stroke population appears to be extensive,
with more than 150 publications. Up to date, it has not
been demonstrated whether ultrasonography can be
implemented as part of a triage system for patients with
LVO to streamline care. A systematic analysis of the
existing data in the field was therefore performed.

Objectives
The following questions are addressed in the current
review:

1. What is the diagnostic accuracy of transcranial ultra-
sonography in detecting occlusion and/or stenosis of
cerebral vessels in acute ischaemic stroke population
compared with other available diagnostic techniques?

2. Can transcranial ultrasonography be a useful tool to
exclude intracranial haemorrhage as one of the con-
traindications for endovascular reperfusion com-
pared with other available diagnostic techniques?

3. Can transcranial ultrasonography be a useful tool
to detect midline shift suggestive of space-occupy-
ing stroke compared with other available diagnostic
techniques?

Methods

Protocol and registration

The protocol is registered in PROSPERO, International
prospective register of systematic reviews, and can be
accessed at: https://www.crd.york.ac.uk/prospero/displ
ay_record.php?RecordID=75882.

Eligibility criteria
Inclusion and exclusion criteria are listed in Table 1.

Information sources

A systematic search of the literature was conducted
during May-June 2017, using a database-specific search
strategy for each of the following electronic databases:
PubMed, Medline, Embase, Scopus and The Cochrane
Library.
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Search
The search strategy included a combination of multi-
ple iterations of MeSH and keyword terms relating to
each component of the research question as outlined in
Additional file 1.

The search was restricted to human studies, English
language, and adult participants. There was no restric-
tion for the year of publication.

Study selection
The study selection process is illustrated in Fig. 1.
Eligible papers were tabulated and used in the quali-
tative synthesis. Studies which reported diagnostic
accuracy values such as true positive (TP), false posi-
tive (FP), true negative (TN), false negative (FN), and
sensitivity and specificity values were included in the
quantitative analysis.

Data collection and extraction

A dedicated data extraction form was developed and
used to collect relevant information from the included
studies. The inclusion of information fields in the data
collection form was guided by the review questions.
The following components were assessed:

+ Study setting.

+ Main characteristics of the patient population.

o Number of subjects recruited into the study and
included in the study analysis.

« Ethical approval.

+ Modality of transcranial ultrasonography being
investigated, its technical considerations and quali-
fications of researchers performing transcranial
ultrasound scanning.

+ Reference test and technical considerations.

+ Blindness of investigators performing and/or inter-
preting the tests’ results.

o Time interval from symptom onset to index and
reference tests, time interval between index and
reference tests.

+ Whether results were presented in the form of
diagnostic accuracy (sensitivity, specificity, TP, FP,
TN, FN, predictive values), or a narrative.

Two of this review’s authors completed the data extrac-
tion form for each paper. If authors disagreed, a third
author adjudicated. As our analysis concerned only pub-
lished data, further data from investigators were not
sought.


https://www.crd.york.ac.uk/prospero/display_record.php%3fRecordID%3d75882
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No of records excluded on basis of title
— clearly not about
transcranial ultrasound
in stroke diagnosis (n=2777)

No of records excluded (n=109)

No of full-text articles excluded (n=10)
Non-stroke patients recruited (n=1);
Unknown time interval between index
and reference tests, and/or between
time of symptom onset and imaging
(n=6); Exclusive use of contrast-
enhanced transcranial ultrasonography
(n=3)

Total No of records retrieved
through databases search
.S (n=4041)
®
9
5 No of records after duplicates
2 removed (n=2923)
N
)
o No of records screened on basis
£ of abstract (n=146):
§ - Review paper only
= - Clearly not stroke studies
@ - Clearly without a diagnostic
reference method
)
>
= No of full-text articles assessed
[=) for eligibility (n=37)
w
No of studies included in the
qualitative analysis (n=27)
5 |
‘»
3
o No of studies included
- in the quantitative (meta) analysis
(n=7)
—
Fig. 1 PRISMA flowchart. Outline of the study selection process using inclusion and exclusion criteria

Risk of bias assessment in individual studies

Included studies were assessed qualitatively for concerns
regarding their applicability for each of the four domains:
patient selection, index test, reference standard, and flow
and timing, in accordance with the QUADAS-2 Tool
quality assessment system [7]. The risk of bias and appli-
cability concerns were identified using RevMan 5.3 soft-
ware and presented as a summary table.

Statistical analysis
The statistical analysis was performed in accordance
with the Cochrane guidelines for diagnostic test accuracy

reviews [8]. Two-by-two tables were constructed for
the transcranial ultrasound results of diagnosis of acute
steno-occlusion, intracranial haemorrhage, and detec-
tion of midline shift showing the binary test results
cross-classified with the binary reference standard. The
diagnostic values including the TP, TN, FP, and EN values
were entered into RevMan 5.3. The sensitivity and speci-
ficity, as well as their 95% confidence intervals, were also
calculated in RevMan 5.3. The data from each study were
presented graphically by plotting sensitivities and spe-
cificities on a coupled forest plot and summary receiver
operating characteristics (SROC) plot. Area under the
curve for the SROC plot was calculated as a summary
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value for given sensitivities and specificities using IBM
SPSS Statistics 25 package.

Risk of bias assessment across studies

Provided that the number of studies reporting diagnostic
accuracy values was ten or above, publication bias assess-
ment with a funnel plot to illustrate the possibility of
selective publication of small studies with positive results
would be performed.

Results

Study selection

The results of the study selection process are illustrated
in Fig. 1.

Study characteristics

Included studies

27 studies in which participants were subjected to both
transcranial ultrasonography and gold standard diagnos-
tic imaging for diagnosing acute stroke were eligible for
inclusion in the final analysis. In all studies, transcranial
ultrasound was performed within 72 h of stroke symp-
tom onset. Time interval between the index and refer-
ence tests did not exceed 24 h. Basic characteristics of
included papers are presented in Table 2.

All papers described prospective observational stud-
ies. In total, 1683 participants (patients n= 1566, controls
n=117) were analysed across the 27 study populations.
Individual studies varied considerably in sample size,
from 4 to 213 subjects, and consisted of participants
recruited upon presentation to the hospital or outpatient
departments. There were no pre-hospital studies identi-
fied that would meet the inclusion criteria for the current
systematic review.

The search did not retrieve any eligible studies aimed
to assess accuracy of transcranial ultrasonography for
detecting signs of subarachnoid haemorrhage (SAH).

Seven papers presented study results reporting quanti-
tative values of the diagnostic accuracy of the transcra-
nial ultrasonography (TP, TN, FP, EN, sensitivity, and
specificity), whereas 20 discussed outcomes qualitatively
or did not fully report diagnostic accuracy values.

On the basis of their full-text articles, ten studies
were not included in the final analysis [9-18]. Princi-
pal reasons were unknown or unclear time interval
between symptom onset and reference/index imaging
and/or between reference and index imaging [9, 10,
12, 14-18], the use of contrast-enhanced transcranial
sonography either exclusively or in combination with
non-contrast ultrasound without reporting outcomes
separately for each group [9, 11, 13], or a non-stroke
population [12].
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Risk of bias assessment in individual studies
A summary of bias and applicability concerns is pre-
sented in Table 3.

Case—control methodologies were employed in three
included studies [19-21] in which groups of patients
with and without the target condition were identified
before the index test was performed.

The papers were also evaluated in regard to the sam-
ple size and divided into three groups [22]: low sample
size (< 100 participants), intermediate (100-300 partic-
ipants), and high (>300 participants). Only six studies
had intermediate sample size, whereas in the remaining
21 it was low.

Ethical approval was not reported in 44% (n=12) of
the included papers.

A list of transcranial ultrasonography modalities
used in individual studies as an index test is provided
in Table 2. All included studies were assessed against
the adequate blinding criterion. In 19, the results of
the index test were interpreted without knowledge of
the results of the reference standard [19, 23-40]. Two
studies [41, 42] were lacking blindness, and in 6 papers
it was not explicitly mentioned whether or not the
investigator was blinded to the results of the reference
standard [20, 21, 43-46].

Studies in which transcranial ultrasound scan-
ning and reference standards were performed on the
same patient group and the whole sample should have
received verification of the diagnosis by the reference
standard were included. The control methods are listed
in Table 2.

Although all studies that did not employ a reference
imaging modality were excluded, there was inconsist-
ency in application and interpretation of the various
reference standard tests. Some of the studies used sev-
eral imaging modalities as a reference test, and for most
articles, it was either computed tomography angiogra-
phy (CTA), magnetic resonance angiography (MRA), or
digital subtraction angiography (DSA) [21, 25, 27, 39].
For example, in the paper by Gerriets et al. [27], the
choice of reference test (CTA, MRA, or DSA) was left
up to the treating centre.

Diagnostic accuracy of transcranial ultrasonography

in acute stroke

The diagnostic accuracy of transcranial ultrasonography
in detecting signs of acute steno-occlusive lesions, intrac-
ranial haemorrhage and/or midline shift was a primary
outcome in all studies. All included studies that specified
the type of a probe and frequency of transcranial ultra-
sonography performed scanning with a sector probe at
low frequency (2—-4 MHz) (Table 2). Kenton et al. [29]
used a curved phase array probe for their study, however,
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Table 3 Risk of bias and applicability concerns summary

Risk of bias Applicability concerns

Patient Index test Reference Flow and timing Patient selection Indextest  Reference

selection standard standard
Akopov and Whitman [19] High Low Unclear Low Low Low Low
Bar et al. [23]° Low Low Low High Low Low Low
Boddu et al. [24] Low Low Low Low Low Low Low
Brunser et al. [25]° Low Low Low Unclear Low Low Low
Gerriets et al. [26] Low Low Low Low Low Low Low
Gerriets et al. [27] Low Low Low High Low Low Low
Goertler et al. [41] Unclear High High Unclear High Low Low
Guan et al. [28)° Unclear Low Low Low Unclear Low Low
Kadimi et al. [43] Unclear Unclear Unclear Low Low Low Low
Kenton et al. [29] Unclear Low Low High Low Low Low
Kern et al. [30] Low Low Low Low Low Low Low
Kukulska-Pawluczuk et al. Unclear Unclear Low High Low Low Low

[44]

Leanyvari et al. [45] High Low High Low Low Low High
Matsumoto et al. [31] Low Low Low Unclear Low Low Low
Nasr et al. [32] Low Low Low High Low Low Low
Ovesen et al. [42] Low High Low High Low Low Low
Panerai et al. [20] High High High Low High Low High
Rathakrishnan et al. [33]° High Low Low Unclear Low Low Low
Seidel et al. [34] High Low Unclear Low Low Low Low
Seidel et al. [35] Unclear Low Unclear Low Low Low Low
Stolz et al. [36] Unclear Low Unclear Low Low Low Low
Tang et al. [37] Low Low Unclear High Low Low Low
Tsivgoulis et al. [38]° Low Low Low Low Low Low Low
Tsivgoulis et al. [39]° Unclear Low Low Low Low Low Low
Viola et al. [21] High Unclear High High Low Low High
Wada et al. [40]° Low Low Low Low Low Low Low
Zubkov et al. [46] Unclear High Unclear High Low Unclear Low

Review author’s judgement about each domain for each included study

Studies marked with an “®" were included in the quantitative analysis

this did not seem to provide any additional and/or con-
tradictory information to other reviewed studies.

The majority of included papers (22/27) aimed to eval-
uate diagnostic accuracy of transcranial Doppler sonog-
raphy (TCD) in detecting signs of acute occlusion and/or
stenosis in acute ischaemic stroke population (Table 2).
However, there was marked diversity in diagnostic pro-
tocol and criteria for steno-occlusive lesions (Additional
files 2 and 3).

Seventeen studies assessed diagnostic value of TCD
in identifying occlusion of the cerebral arteries [19, 21,
23, 25, 27-29, 32, 33, 35, 38—41, 43, 45, 46]. Diagnosis of
the middle cerebral artery (MCA) mainstem occlusion
can be considered when the flow was absent or minimal,
blunted, or damped throughout the MCA while the flow
in the distal internal carotid artery, anterior and posterior

cerebral arteries was diverted [23, 27, 35, 38, 40]. Simi-
larly, anterior cerebral artery occlusion and occlusion in
the posterior circulation (vertebral, basilar and posterior
cerebral arteries) were defined as the absence of the flow
or the presence of minimal, blunted, or dampened flow
signals throughout these vessels [38, 39].

The interhemispheric asymmetry index has been used
to describe the difference in the blood flow velocity
between symptomatic and asymptomatic hemispheres
[47]. Asymmetry index>21% was shown to correlate
accurately with clinical presentation and to detect major
branch or multiple branch occlusion [21, 23, 29, 35, 41].
In patients with an asymmetry index of <21%, conven-
tional imaging (CT, MRI) is likely to offer normal appear-
ance or show only very minor changes suggestive of acute
brain ischemia [21, 28, 29]. Kadimi et al. [43] reported a
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Study TP FP FN TN Sensitivity (95% Cl) Specificity (95% Cl) ~ Sensitivity (95% CI)  Specificity (95% Cl)

Bar2010 2 20 7 1.001(0.85, 1.00) 0.78[0.40,0.97) —a —

Brunser 2009 30 4 3 63 0.91(0.76,0.99) 0.94 0.85,0.99) —& i

Guan 2013 3% 1 0 92 1.00(0.90,1.00) 0.99(0.94, 1.00) — 4

Rathakrishnan2008 16 3 5§ 81 0.76(0.53,0.92) 0.96(0.90,0.99) — +

Tsivgoulis 2007 4 5 9 84 0.79(0.64,0.90) 0.94(0.87,0.98) —& -

Tsivgoulis 2008 17 6 8 182 0.68 (0.46, 0.85) 0.97(0.93,0.99) —— .

Wada 2002 3 1 0 86 1.00(0.28, 1.00) 0.99(0.94,1.00) 1 ———t—tf 1'
0020406081 0020406081

Fig. 2 Forest plot. Estimated diagnostic accuracy of transcranial ultrasonography in detecting steno-occlusive lesions in acute stroke population

hyperechoic appearance of MCA with no Doppler sig-
nal or waveform suggestive of a large occlusion, similar
to hyperdense MCA on CT. Occlusion of one or two ter-
minal branches of the MCA presenting as lacunar stroke
has been reported to be “insufficient” to cause changes
detectable with TCD [47].

Diagnostic accuracy values for the detection of cerebral
steno-occlusive lesions in comparison to angiography as
the reference test (CTA [23, 25, 28, 33, 38], CTA/MRA/
DSA [39], DSA [40]) are presented in the forest plot
(Fig. 2) and SROC plot (Fig. 3).

In general, there was a good correlation between TCD
and reference standard findings in the acute ischaemic
stroke population, with the sensitivity ranging from 68
to 100% and the specificity 78—-99%. The area under the
SROC curve was 0.91. However, TCD appeared to be
more sensitive in detecting MCA steno-occlusive lesions
when compared to assessment of the posterior cerebral
circulation but was less specific (Additional file 4) [33,
38],

Transcranial ultrasonography can also provide evi-
dence of intracranial haemorrhage in some cases. Acute
haemorrhagic foci are usually seen on ultrasound images
as homogenous hyperechogenic structures that are well
distinguished from surrounding tissues. Transcranial
ultrasound has been shown to detect 52.9% of haemor-
rhagic foci in deep cerebral structures, such as basal
ganglia, whereas cortico-subcortical lobar lesions were
missed in about 67% of cases, mainly in the temporal and
frontal lobes [30, 34, 44], There was a good correlation
between the volumes of haemorrhagic foci measured by
transcranial ultrasound and CT [31, 42, 44]. It revealed
haemorrhagic foci with volumes as small as 0.47 mm?
and as large as 234 mm?> [44].

Although transcranial ultrasonography has been shown
to identify haemorrhage in supratentorial and infraten-
torial locations, and intraventricular haemorrhages [42],
echogenicity of haemorrhage appears to be similar to that
of the cerebellar tentorium and calcifications within cho-
roid plexuses. Cerebral tumours, vascular malformations

and cerebral microangiopathies may also appear as
hyperechogenic areas mimicking haemorrhagic lesions
(44, 48].

Transcranial ultrasound has been demonstrated to
be a useful diagnostic tool in detecting midline shift
in space-occupying haemorrhagic or ischaemic stroke
lesions [42]. There was a good consistency between the
studies in the technique used to measure midline shift
as a deviation from the presumed midline ipsilaterally
and contralaterally to the focus as a distance between
the source of the ultrasound beam and the centre of the
third ventricle.

There was an excellent correlation between transcra-
nial ultrasonography and CT measurements of the mid-
line shift with a coefficient of about 0.9 [26, 36, 37, 44].
Midline shift has been reported to be the most sensitive
indicator of intracranial haemorrhage with a significant
correlation between haemorrhagic focus volume and
midline shift [37, 44].

Ultrasound window availability

One of the technical limitations of transcranial ultra-
sonography is the inability to visualise brain structures
of interest in patients who have an inadequate temporal
bone acoustic window.

The average incidence of temporal acoustic window
failure in the included studies was 19.7%, which led to
false negative results in a number of cases [27]. Nota-
bly, in the study by Matsumoto et al. [31], the majority
of patients were Asian, and there was a higher reported
rate of temporal window failure of 56.3% of cases
(27/48).

Risk of bias assessment across studies

Since only seven papers presented study results reporting
quantitative values of the diagnostic accuracy of the test,
publication bias assessment illustrating the possibility of
selective publication of small studies with positive results
was not performed.
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Fig. 3 Summary receiver operating characteristic plot. Each circle represents the sensitivity and specificity estimate from one study

Discussion

There is a substantial number of published diagnostic
accuracy evaluations of transcranial ultrasonography
in acute stroke population. 27 English-language studies
that compared ultrasonography with other conventional
imaging tools within 72 h of stroke symptom onset and
with not more than 24 K’ time difference between the
index and reference tests were identified.

Different types of transcranial ultrasonography were
used in the studies selected for the final analysis. TCD
appeared to be the most commonly employed tech-
niques, which could be explained by the fact that more
than 80% of the papers aimed to evaluate cerebral blood
flow and to detect signs of acute occlusion and/or
stenosis.

Seventeen studies included in the current review eval-
uated diagnostic value of TCD in identifying patients

with acute vessel occlusion. Thus, absent or diminished
Doppler signal in the MCA mainstem is suggestive of its
occlusion [38]. Asymmetry index equal or higher than
21% is considered indicative of a large branch or multi-
ple branch occlusion. It is less likely to be of diagnostic
value in lacunar stroke cases as blood flow abnormalities
caused by MCA terminal branch occlusion might not be
detected with TCD [21, 29, 47]. A finding of hyperechoic
MCA signal is comparable to a hyperdense MCA on CT
and suggestive of a large vessel occlusion [43].

The sensitivity and specificity for detecting steno-
occlusive lesions in cerebral arteries were 68—100% and
78-99%, respectively, with the highest specificity for
MCA lesions. These findings could potentially be used
for the selection of subjects with LVO for direct transfer
to an endovascular centre. Its application for detection
of distal MCA stenosis [46] and steno-occlusive lesions
in the posterior cerebral circulation is, however, limited.
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This might be explained by a suboptimal angle of insona-
tion which may lead to ambiguous findings [23, 24, 29,
33, 38]. This limitation can be potentially overcome by
obtaining angle-corrected flow velocities [24].

There was a significant variation in diagnostic criteria
used to detect acute steno-occlusive lesions. The lack of
any approved diagnostic protocol for assessing cerebral
artery occlusion and stenosis represents a big challenge
as the results of studies are not absolutely compatible.
There are a few recognised limitations of TCD, such as
an inability to visualise anatomical landmarks, and as a
consequence, a risk of inaccurate classification of specific
blood vessels. Identification of blood vessels usually pro-
ceeds on the basis of indirect parameters, in particular:
depth of insonation, flow direction and transducer orien-
tation and position.

Differentiation between haemorrhagic and ischemic
stroke is an important step in determining patient path-
ways. Transcranial ultrasonography can be used in some
cases to detect intraparenchymal bleeds located in the
brain structures that can be easily visualised with ultra-
sonographic examination, such as the basal ganglia.
However, imaging of cortical regions, specifically frontal
and parietal lobes, is largely restricted by the low spa-
tial resolution of transcranial ultrasonography in these
areas. It has also been reported that trace amounts of
blood in the ventricular system may be missed, specifi-
cally in the occipital horn of the lateral ventricle [17].
Furthermore, some pathological lesions within the brain
structures, such as calcifications, tumours, and vascular
malformation can mimic the appearance of intracranial
haemorrhage, and therefore may lead to false positive
ultrasonographic findings [44, 48]. Midline shift might
be used as an indirect parameter suggestive of increased
intracranial pressure due to space-occupying stroke
lesion [26, 42].

Our search also did not identify any eligible papers
assessing diagnostic accuracy of transcranial ultrasonog-
raphy in detecting signs of spontaneous SAH that have
been described elsewhere as a hyperechogenic signal
in the basal cisterns [49]. Studies evaluating diagnostic
accuracy of transcranial ultrasonography for the detec-
tion of vasospasm after SAH were excluded from the cur-
rent review.

Transcranial ultrasound is a simple, non-invasive and
affordable diagnostic tool that can be repeated as many
times as required at the patient’s bedside and in space-
restricted environments, such as ambulances [31, 44, 50,
51]. It takes on average 4.3-13.6 min for the complete
examination of cerebral vessels [27, 41]. It can provide
useful information complementary to clinical assess-
ment, serving as a “stethoscope for the brain” [28]. A fast-
track protocol for contrast-enhanced duplex ultrasound
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assessment in the Emergency Department has been sug-
gested by Connolly et al. [52]. They demonstrated that
the mean time to complete the ultrasound examination
reduced on average by 1 min 46 s if performed by more
experienced sonographers. As demonstrated previously
[50, 51, 53], transcranial ultrasound images can be trans-
ferred for expert interpretation from remotely supported
ambulances in remote and rural areas.

There are, however, a few limitations that restrict its
use from being more widespread: namely the operator-
dependent nature of interpretation, and the possibility
of patients having inadequate temporal acoustic win-
dows. Temporal bone acoustic window failure has been
reported in 8—29% of the general population, and is more
commonly seen in women over the age of 50 years and
the Asian population [54, 55]. Contrast-enhanced tran-
scranial ultrasonography may be considered as a possible
solution, since it has been shown to provide a better visu-
alisation compared with non-enhanced examination [41].
Further research is required for technique optimization
of transcranial ultrasonography with the potential appli-
cation of lower frequency, which may provide greater
penetration through the skull into the brain.

Early definitive imaging in patients suspected of having
suffered an acute stroke is desirable. However, rapid per-
formance of a CT or angiography is unrealistic in many
remote regions of the world requiring expensive and
sometimes hazardous transfers to hospital. The gathered
evidence suggests that transcranial ultrasound assess-
ment alone currently does not allow an accurate diag-
nosis particularly in haemorrhagic stroke cases which is
the main requirement for this technique to be used in the
reliable pre-hospital triage process. However, its diagnos-
tic accuracy might be improved by adding clinical assess-
ment [5] to justify transfer to hospital associated with
high costs and risks.

Limitations and bias

Given the highly specific nature of the literature search,
almost all of the relevant literature available is believed to
have been retrieved. However, papers in languages other
than English were not included. Some papers reporting
negative results in their evaluation of diagnostic accuracy
of transcranial ultrasonography in acute stroke were not
included, since they did not meet our inclusion criteria
[18, 56]. Thus, Kamal et al. [18] studied cerebral artery
stenosis in stroke patients from a South Asian popula-
tion, and concluded that TCD has poor sensitivity for
detection of arterial stenosis when compared to MRA.
This study was not included in the qualitative analysis
because of the unclear time interval between stroke onset
and examinations and between index and reference tests.
Suwanwela et al. [56] reported that TCD should not be
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used as a screening tool for identifying stenotic lesions in
MCA territory stroke since a normal TCD examination
does not exclude stenosis of the distal MCA branches.
This paper was excluded from the final analysis as the
time interval between TCD and CTA could exceed 24 h.
However, none of the above studies reported findings
that would contradict the results of the other reviewed
papers.

Three studies that employed case—control method-
ology to compare transcranial ultrasound findings in
patients with acute stroke and a healthy age-matched
population were identified. Case—control studies have
been shown to report two- or threefold higher estimates
of diagnostic accuracy when compared to single series
studies (spectrum bias) [57].

Most of the studies were relatively small, with the num-
ber of recruited patients being less than 100, and all were
conducted in in-hospital settings. This might indicate
potential selection bias. The present systematic review
was not restricted to studies recruiting consecutive par-
ticipants, however, a protocol which allows researchers to
select individuals for inclusion in the study may also have
selection bias.

One source of potential biases in the methodology
relating to the reference test involved lack of blinding
of investigators performing or interpreting results. This
might affect the interpretation of the results potentially
leading to either over- or underestimated performance of
the reference test.

A time interval of not more than 24 h between the
index and reference imaging to ensure minimal discrep-
ancy between studies due to evolution of changes as a
result of hypoxia or thrombus propagation, dissolution,
or reocclusion [28, 38] was one of the inclusion criteria
for the present systematic review. Therefore, this source
of bias was not identified in any of the papers. However,
the timing of the diagnostic tests was often not spe-
cifically reported as within 24 h but, for instance, “on
admission”.

Some potential biases were identified indicated by
inconsistent reporting of important methodological
details, such as level of expertise of the person perform-
ing the investigation with transcranial ultrasonography
and blindness of investigators performing and/or inter-
preting reference and index tests. In the majority of the
studies, ultrasonography investigation was performed
by a specialist, reducing the risk of potential diagnos-
tic bias in these cases. It is important to ensure that
operators performing or interpreting transcranial ultra-
sound scans have specialist knowledge and adequate
experience in the field if their assessment results are to
be used to guide management of acute stroke patients.
Inexperienced transcranial ultrasound users might
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potentially misinterpret findings leading to higher rates
of false results and consequent wrong management
decisions.

It appears that in most studies the index and refer-
ence tests were interpreted independently, without
knowledge of the other’s findings. About 37% (10/27) of
reviewed studies included fewer than 80% of the par-
ticipants in the analysis of outcomes and results which
may introduce bias in the studies if there is some sys-
tematic difference between the excluded participants
and those included in the final analysis.

In some studies, several imaging modalities were used
as reference tests [21, 25, 27, 39]. The choice of imag-
ing modality in acute stroke is guided by different fac-
tors, including suspected type of stroke, the time from
symptom onset, contraindications for specific diagnos-
tic tool, etc. However, such variability across the study
population might lead to misinterpretation of the diag-
nostic accuracy of the index test.

Currently, a sector (cardiac) probe is most commonly
used for the purposes of transcranial ultrasonography,
since it has a small footprint and allows scanning at
low frequency (2—4 MHz). However, it does not allow a
continuous satisfactory visualisation of brain structures
within the acoustic window during the scanning due
to its poor conformity with temporal bone anatomy.
Future work is needed to develop a probe that would be
anatomically suitable specifically for transcranial scan-
ning and allows imaging at angles that would allow bet-
ter coverage of the brain.

Conclusions

This systematic review demonstrates that transcra-
nial ultrasonography might potentially be used for
the selection of subjects with acute LVO, to help
streamline patient care and allow direct transfer to
specialised endovascular centres. It can also assist in
detecting haemorrhagic lesions in some cases, however,
its applicability here is largely restricted. Further work
is needed to establish a formal diagnostic protocol and
criteria for detecting signs of acute stroke, to ensure
consistency in reporting results. Additional research
should optimize the scanning technique at lower fre-
quency with potential for construction of a dedicated
probe that would be compatible with anatomical
shape of the temporal bone windows. Future work is
also required to demonstrate whether this diagnostic
approach, possibly combined with clinical assessment,
could be used at the pre-hospital stage to justify direct
transfer to a regional thrombectomy centre in suitable
cases.
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Glossary

Transcranial bright-
ness mode (b-mode)
sonography

Application of low-frequency ultrasound wave
through a thin skull bone to enable a grey-scale
visualisation of cerebral structures [58].

Transcranial Doppler
sonography (TCD)

A pulsed Doppler system with low transmitter
frequency for recording blood flow velocities from
basal cerebral arteries on the basis of indirect
parameters: the depth of the sample volume, the
position of the transducer, and the flow direction
[59].
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Transcranial
colour-coded duplex
sonography (TCCS)

A method of ultrasonography that enables the
visualisation of the basal cerebral arteries by colour
coding of blood flow velocity; a combination of
b-mode and Doppler ultrasonography [58].
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