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SUMMARY - Transcranial Doppler (TCD) has been in use for over 20 years, mainly as a diagnostic tool
to assess intracranial hemodynamics in basal arteries. Recently, TCD has been used as a combined
diagnostic and therapeutic tool in the assessment of acute stroke. The combination of TCD and extracranial
Doppler may help in the selection of patients that require more aggressive therapeutic approach.
Furthermore, neurovascular ultrasound in combination with other imaging techniques such as magnetic
resonance imaging (MRI) and computed tomography with specially developed imaging possibilities (DWI
and PWI in MRI) may allow for better patient selection for rt-PA treatment, especially in cases where
the time window has passed 3 hours, which is one of the criteria for treatment with rt-PA in acute stroke
according to the worldwide accepted recommendations based on clinical trials so far. This article presents
up-to-date experience with the use of multimodal techniques in acute stroke treatment.
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Brain ischenia — physiopathology

Occlusion of intracranial artery inevitably leads to
destruction of the brain tissue, which is very vulnerable
if deprived of adequate blood supply. Therefore, prompt
reperfusion of ischemic brain tissue is the only effec-
tive therapy in acute stroke, and should be initiated as
carly as possible. Restoration of blood flow in the pe-
numbra region reduces the total infarct size, which is
mostly in correlation with final clinical outcome; there-
fore, it is crucial to quickly identify patients who can
receive and benefit from thrombolytic therapy. Although
spontaneous lysis occurs and leads to recanalization in
stroke patients, this often occurs too late and by the
time the recanalization process is finalized, the brain
tissue has been irreversibly injured. Clinical observa-
tion that spontaneous recanalization occurs relatively
often was documented in a study which showed that
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one week after stroke, the middle cerebral artery (MCA)
occlusion spontaneously disappeared in 44%, whereas
distal MCA occlusions disappeared in 67% of patients'.
Since rt-PA has been introduced in clinical practice and
its use has been first approved by the National Insti-
tutes of Neurological Disorders (NINDS)?, a number
of research and clinical articles have been published
which confirm that early reperfusion is the most effec-
tive therapy in acute stroke®. Until rt-PA has been rec-
ognized as the most efficient therapy in acute stroke,
antiaggregation therapy, mainly aspirin, has been the only
pharmacological agent of proven efficacy in the treat-
ment of ischemic stroke. Anticoagulation therapies in
the acute stroke setting have not shown consistent effi-
cacy in clinical trials and therefore have not been rec-
ommended as standard therapy. Anticoagulant therapy
has a widely accepted place in the secondary preven-
tion of stroke (atrial fibrillation, some other cardiac dis-
eases), and so have other antiaggregation agents such as
clopidogrel and less often ticlopidin (because of adverse
effects).
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TCD in stroke diagnosis

Urgent detection, localization and assessment of the
severity of obstructive arterial lesions by grading sys-
tems help triage patients with acute cerebral ischemia
and select patients for the most appropriate therapy or
invasive angiography. TCD evaluates cerebral blood flow
in real time, enables detection of hypoperfusion, steno-
sis, occlusion and recanalization, may assess the collat-
eral blood flow and vasomotor reactivity, detect emboli
passing the circulation, and serves as an excellent meth-
od for follow-up of stroke patients*’. TCD is conven-
ient for the patient, as it is noninvasive, may be used at
bedside and repeated if necessary in succession. Recent
studies have shown that bedside neurovascular ultra-
sound can play an important role in the diagnostic work-
up of acute stroke patients. T'CD has been found to be
especially suitable for the evaluation of intracranial he-
modynamics in emergency cases such as stroke. In re-
cent TCD studies, a newly developed grading system
of arterial patency has been used to detect the localiza-
tion and extent of vessel occlusion or stenosis; the pre-
viously established TCD patterns of occlusion and re-
canalization have been redefined into the Thromboly-
sis in Brain Ischemia (TIBI) system according to the
dynamic nature of acute occlusion and recanalization
process taking place in acute stroke in patients receiv-
ing re-PA®. The TIBI classification consists of 6 grades,
which are based on the combination of waveform analy-
sis and flow velocity differences (as compared to nor-
mal and flow in the contralateral MCA). Complete MCA
occlusion is defined by absent (TIBI 0) or minimal
('TIBI 1) flow signals detected at one or more localiza-
tions in the range of MCA insonation. The insonation of
the MCA is performed through the transtemporal win-
dow at a depth of 40-65 mm; the MCA may be further
divided into the proximal (M 1) part (46-65 mm depth)
and distal (M 2) part (<45 mm). In cases of TIBI 0 or
TIBI 1, either terminal internal carotid artery (ICA) or
posterior carotid artery (PCA) flow signals must be iden-
tified from the ipsilateral window (to exclude inadequate
US insonation through the bone). Partial MCA occlu-
sion is diagnosed when blunted (TIBI 2) or dampened
('TIBI 3) signals are detected. A blunted flow signal is
characterized by delayed (>0.2 seconds) systolic flow
acceleration with a pulsatility index (PI) <1.2, which
indicates low resistance flow diversion to branching ves-
sels or a residual positive end-diastolic flow at the site
of MCA occlusion. A dampened flow signal is identified
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when normal systolic flow acceleration is present in the
pulsatile MCA waveform with mean flow velocities
<70% of the contralateral MCA and positive end-diasto-
lic flow with variable PI values. Complete recanaliza-
tion is diagnosed if low-resistance stenotic (TIBI 4) or
normal (TIBI 5) signals are detected through the MCA
and with no other signs that would indicate distal per-
sisting occlusion (dampened distal signal or flow diver-
sion).

The TIBI flow grades represent the first systemic
classification of residual flow determined by TCD for
major intracranial vessels and can be used to quantitate
residual flow appearance and assess the vessel patency
and its relation to stroke severity. The TIBI grading sys-
tem has good correlation with angiography, with a sensi-
tivity and specificity of >90% for the MCA territory and
>86% for the vertebrobasilar territory®!.

The TIBI grading system (Fig. 1) is mostly used in
the assessment of MCA occlusion, and proximal and dis-
tal vessel occlusion may be diagnosed according to the
following criteria:

Proximal MCA occlusion is defined as the presence
of minimal flow signal throughout the MCA at an in-
sonation depth from 46 to 65 mm, accompanied by flow
diversion in the ipsilateral anterior cerebral artery and
posterior cerebral artery.

Distal MCA occlusion is defined as blunted or damp-
ened signals (TIBI 2 or 3) in the symptomatic artery
with <30% flow compared with the contralateral MCA
and flow diversion signs in ipsilateral neighboring arter-
ies.

Additional studies are needed to test the TIBI grad-
ing system for vascular territories other than MCA. More-
over, the TIBI grading system has so far been only used
in patients receiving rt-PA and its prognostic value can-
not be applied to patients not receiving thrombolytic
therapy.

Although rt-PA is recognized as the most effective
therapy, only 1%-8.5% of hospitalized stroke patients in
daily practice receive rt-PA because of many exclusion
criteria (the majority of patients arrive to hospital too
late, i.e. not within 3 hours of symptom onset)!'. How-
ever, in patients who do receive rt-PA, less than 50%
recanalize, there is a substantial risk of symptomatic
hemorrhagic transformation (SICH), and reocclusion
occurs in part of the treated patients; these are the ma-
jor issues that have recently been tackled in clinical stud-
ies. During the last few years, mounting evidence from
continuous T'CD-monitoring studies has confirmed ini-
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Fig. 1. TIBI grading system control.

TIBI 0: absent — no detectable flow signal despite varying de-
grees of background noise

TIBI 1: ninimal — systolic spikes of variable velocity and dura-
tion; absent diastolic flow during all cardiac cycles based on vis-
ual interpretation of periods of no flow during end-diastole; in
certain cases reverberating flow may be detected which is a type
of mimimal flow

TIBI 2: blunted — flattened systolic flow accelerations of varia-
ble duration compared to control (other MCA); positive end di-
astolic velocity and pulsatility index <1.2

TIBI 3: dampened — normal systolic flow acceleration; positive
diastolic velocity; decreased mean flow velocities (MFV) by
>30% compared to control

TIBI 4: stenotic — MFV of >80 cm/s AND velocity differences
>30% compared to the control side; or if both affected and com-
parison sides have MFV <80 cms due to low end-diastolic ve-
locities, MFV >30% compared to the control side AND signs of
turbulence

TIBI 5: normal — <30% - <30% mean velocity differences com-
pared to control; similar waveform shapes compared to control
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tial clinical findings in stroke patients. The dynamic
process of thrombus dissolution during thrombolytic
therapy has been accurately delineated by continuous
"TCD monitoring, showing in real time all stages of re-
canalization and characteristic embolic signals indicat-
ing thrombus fragmentation'. The speed of clot lysis
during continuous TCD monitoring has been categorized
into sudden recanalization (abrupt appearance of a nor-
mal or low-resistance signal), stepwise (gradual flow im-
provement over 1-29 minutes) or slow (flow improvement
in >30 minutes). Sudden recanalization indicates rapid
and complete restoration of flow, stepwise and slow reca-
nalizations reflect proximal clot fragmentation, down-
stream embolization and continuation of clot migration
distally. The pattern of sudden clot lysis has been associ-
ated with a higher degree of neurological improvement
and better long-term outcome than stepwise and slow
recanalization, although sudden recanalization has been
observed in only 8%-12% of patients treated with rt-PA'2.

The treatment with rt-PA has been found to be ef-
fective in different stroke subtypes?, however, the re-
sponse to treatment widely varies, most probably de-
pending on the size, composition and source of the
thrombus. Platelet rich, well organized and presumably
old thrombi are found to be more resistant to thrombol-
ysis than fresh, fibrin- or red cell-rich clots formed in
conditions of stasis'*!*. In a recent TCD study of stroke
patients with proximal MCA occlusion who were treat-
ed with rt-PA, early recanalization was shown to be more
frequent, faster and more complete in strokes presuma-
bly to be cardioembolic (CE) in origin as compared with
other stroke subtypes: one-hour recanalization was ob-
served in 59% of CE patients as compared with 8% in
large vessel disease group or 50% in patients with stroke
of undetermined origin'®. The rate of complete recanal-
ization was 50% in CE group as compared with 27% in
other stroke subtypes. Furthermore, sudden clot lysis
during rt-PA administration was identified in 81% of
patients with cardiac sources of emboli.

The in vitro and clinical studies indicate that faster
recanalization occurs in cases of cardioembolic strokes
that are more fibrin-rich red clots. Since the rt-PA has a
high binding affinity for fibrin, rt-PA penetrates and dis-
tributes more homogeneously in fibrin-rich clots, thus
enabling more rapid and complete clot dissolution as
observed by TCD in the pattern of sudden or stepwise
recanalization. Distribution of rt-PA in well organized,
platelet-rich clots is limited, which may only result in
clot shrinking (since the rt-PA acts mostly on clot sur-
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face), movement to more distal parts of the vessel, and
prolonging ischemia. In these cases, the presence of dis-
tal artery occlusion is correspondent with TIBI 3 grad-
ing system (dampened flow signlas, increased resistance
to flow in the distal circulation), indicating slow and in-
complete recanalization, which is associated with worse
long-term outcome®.

The timing of arterial recanalization after rt-PA ther-
apy evaluated by T'CD is in correlation with the observed
clinical recovery from stroke. Furthermore, TCD stud-
ies have shown that the majority of rt-PA induced reca-
nalizations occur during the first hour after treatment:
at 1 hour partial recanalization was observed in 28% and
complete in 17% of patients; at 2 hours partial recanali-
zation was observed in 22% and complete in 31% of pa-
tients, indicating that only 19% of patients presented
with flow improvement at 2 hours'®. Recanalizations
during the following hours occur in a lower percentage,
however, clinical improvement if achieved within 6 hours
from onset does not significantly differ in early versus
late recanalization groups.

Early reocclusion has been recognized as a cause of
clinical worsening and poor outcome in stroke patients
treated with rt-PA, and has been documented on con-
tinuous TCD monitoring in ranges from 12% to 34% of
patients!”!8, Reocclusion was more frequent after par-
tial (60%) than after complete recanalization, and after
stepwise (53%) and slow (40%) as compared with sud-
den recanalization patterns. NIHSS 216 at baseline and
the presence of ipsilateral severe carotid stenosis or oc-
clusion were significantly associated with reocclusion'.

Furthermore, TCD may be an ideal tool to rapidly
identify patients who are targets for additional intra-ar-
terial thrombolytic or mechanical interventions (patients
with TIBI grade 0 and 1). The recanalization rate of
25% to 30% observed with proximal large vessel occlu-
sion may explain the limited effect of systemic throm-
bolysis alone!®!; and intra-arterial thrombolytic thera-
py may result in better recanalization rates. TCD may
serve as a screening tool to predict outcome and identi-
fy a proximal arterial oclussion that requires intra-arte-
rial lysis using the mean flow velocity (MFV) ratio of
the MCA bilaterally (the affected MCA-to-contralater-
al MCA MFV ratio)®. In this study, the ratio <0.6 had a
sensitivity of 94% and specificity of 100%, positive pre-
dictive value of 100% and negative predictive value of
86% for identifying proximal occlusion in the anterior
circulation compared with standard cerebral angiogra-

thZI).
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TCD findings in the setting of acute stroke are used
to predict clinical outcome which has been shown to be
in the correlation with TIBI grading system and NIHSS
score®; the 24-hour NIHSS scores were higher in the
follow-up of patients with TIBI grade 0 or 1; in this
group, 35% of patients improved to grades 4 or 5 in com-
parison with 52% of patients with initial TIBI 2 or 3.

The follow-up of changes in the TIBI flow grading
system enables the physicians to assess the long-term
outcome and to facilitate discharge planning in terms of
discussing early rehabilitation options and everyday life
adjustments for stroke recoveries with family members.
Due to many advantages the TCD offers, this technique
should be incorporated into the standard acute stroke
examination, and serve as a helpful guide for treatment
decisions and follow-up of patients.

TCD and Extracranial Doppler

The combined usage of TCD and extracranial Dop-
pler (duplex) further helps in patient selection for best
treatment option, as recent studies have shown?!. The
presence of proximal ICA occlusion may warrant other
treatment approaches than iv rt-PA since clinical expe-
rience has shown that recanalization of the proximal part
of ICA almost never occurs with this therapy?*#. Carot-
id and vertebral duplex and TCD examination compared
with digital subtraction angiography (DSA) can predict
the presence of vascular lesions with 100% sensitivity
and 100% specificity, although individual accuracy pa-
rameters for T'CD and carotid duplex specific to occlu-
sion location ranged from 75% to 96% because of the
presence of tandem lesions and 10% rate of no temporal
windows?!. Carotid duplex alone in comparison with DSA
has a high sensitivity and specificity if performed in cer-
ebrovascular laboratories with high clinical experience®.
The combination of intra- and extracranial Doppler ex-
amination may point out patients eligible for thrombol-
ysis or exclude patients who would do better with other
therapeutic options, as well as indicate patients with
"TTA who need to be more carefully looked over for stroke
prevention.

The so-called tandem ICA/MCA occlusion (severe
carotid stenosis or occlusion ipsilaterally to MCA occlu-
sion) due to its specific hemodynamic changes that pro-
duces, requires special attention when a stroke patient
with a suspected tandem lesion is assessed. The advan-
tage of TCD is that it can detect residual flow in the
sub-occluded artery while also detecting the major col-
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lateral pathways in the anterior and posterior circula-
tion. Therefore, specific TCD criteria have been estab-
lished which include 3 major and 3 minor criteria; acute
ICA/MCA occlusion is diagnosed if abnormal (or ason-
ic) TIBI waveforms in the MCA are present with one
major or two minor findings*?. In acute stroke patients,
these T'CD criteria have shown sensitivity of 79% and
specificity of 86% in comparison with angiography (the
“gold” standard) to detect severe ICA stenosis or occlu-
sion?.

Major criteria include:

1. Collateral flow signals in the anterior or posterior
communicating artery or ophthalmic arteries

2. Abnormal ICA siphon or terminal ICA signals (TTBI
grading system: absent, minimal, blunted, dampened
or stenotic waveforms)

3. Delayed systolic flow accelerations in the MCA or
terminal ICA (maximum frequencies arrive late in
the systole with normal velocity range)

Minor criteria include:

1. Decreased pulsatility flow index (>0.6 or interhem-
ispheric difference >30%)

2. Flow diversion signs to branching or contralateral
vessels (velocity: PCA > MCA; PCA > ICA and con-
tralateral ACA > MCA)

3. Compensatory velocity increase in branching or con-
tralateral vessels (>20% increase in the contralater-
al hemispheric vessels or vertebrobasilar arteries)

In consecutive ischemic stroke patients, isolated
MCA occlusion may be found in 51% and tandem ICA/
MCA occlusion in another 17% of patients®; in this
study, lower NIHSS scores were detected in both groups
of patients when associated with positive diastolic flow
at the MCA origin assessed with TCD and detectable
22 major collaterals, whereas patients with NIHSS scores
220 had no diastolic flow at the M1 part of the MCA
origin and one or no detectable major collateral indicat-
ing occlusion of perforating arteries and probably great-
er overall thrombus burden?.

CT and MR Imaging

Current recommendations for stroke treatment with
rt-PA allow the administration of thrombolytic therapy
within the first 3 hours of symptom onset, at this time
window rt-PA is most likely to be effective with less
risk for SICH?. A substantial number of patients arrive

335



V. Vukovi¢ ez al.

Neuroimaging techniques — improving diagnostic and therapeutic options in acute stroke

to emergency departments between 3 and 6 hours after
symptom onset, thus late reperfusion therapy might be
beneficial in individulas in whom salvageable tissue still
persists beyond the first 3 hours, since the duration of
ischemic penumbra varies widely among patients. Sev-
eral factors influence the speed of recruitment of
ischemic penumbra into the infarct core, and knowing
in exact moment the perfusion status in the individual
may select patients who can successfully and safely be
treated with rt-PA. No clear benefit of fibrinolytic ther-
apy was demonstrated in patients who were treated be-
tween 3 and 6 hours of symptom onset; despite several
promising reports, criteria for the treatment in this time
period have not yet been established. Up to now, thera-
peutic window has been defined according to CT scan
studies: the disadvantage of C'T is that it gives insuffi-
cient information regarding the qualitative perfusion
changes in the affected cerebral tissue, so penumbra
cannot be delineated with this technique; the advan-
tage of CT is good visualization of the presence of in-
tracranial hemorrhage?.

Multimodal MR and CT imaging protocols are be-
coming more accessible to the treating physicians and
these diagnostic tools (especially MRI) are able to give
reliable qualitative information about the perfusion sta-
tus in the surrounding ischemic region. Multimodal MR
and C'T imaging protocols have a number of advantages
which may help in the selection of patients for reper-
fusion therapies: they can distinguish hemorrhage from
ischemic lesions, delineate infarct core, delineate still
reversible salvageable penumbra regions, and even de-
tect parts of brain tissue with only benign oligemia. MRA
protocols have the capabilities to detect large vessel
stenoses and occlusions; the whole diagnostic process
of these imaging protocols (PWI, DWI and MRA) usu-
ally takes less than 20 minutes for completion®#. In
comparison with CT, DWI is more accurate in identify-
ing acute infarction and more sensitive in the detection
of more than 33% of MCA involvement (sensitivity 57%-
86% for DWI and 14%-43% for C'T), whereas specificity
is excellent for both techniques®. Furthermore, a posi-
tive correlation was found between lesion volume on
acute DWI and final infarct volume, whereas no correla-
tion was found between CT volume and final infarct
volume®. This information is now investigated in order
to gain more data on patients who could be selected to
benefit from rt-PA therapy beyond 3 hours of symptom
onset; the main criterion is the DWI/PWI mismatch. The
DWI/PWI mismatch may be used as a surrogate marker
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of potentially salveagable brain tissue. Using MRI, a
mismatch between a larger perfusion-weighted imag-
ing lesion and smaller diffusion-weighted imaging le-
sion is considered to represent the ischemic penumbra.
Perfusion-weighted imaging provides semiquantitative
cerebral blood flow imaging and diffusion-weighted im-
aging is an index of the largely irreversible ischemic core.
"This definition has been modified with the recognition
that the perfusion-weighted imaging lesion includes
benign oligemia and that a portion of the diffusion-
weighted imaging core is potentially salvageable with
rapid reperfusion. DWI/PWI mismatch does not give
information on the risk of SICH, since the extent and
severity of cerebral ischemia are the major determinants
of SICH in stroke patients treated with rt-PA*!. Studies
have shown that both DWI and PWI MRI lesion vol-
umes are highly correlated with the severity of neuro-
logical deficit by 24-hour NIHSS score®, and that among
patients who have had an acute stroke with  PWI >DWI,
who do not have early clinical improvement, the degree
of expansion of the initial DWI lesion correlates with
the severity of the initial perfusion deficit as measured
by the mean transit time and the cerebral blood vol-
ume*®.

A recent study has shown that the combination of
TCD and MRI (MRI data based on DWI/PWI mis-
match) selection criteria for the treatment of patients
with rt-PA can be safely and effectively extended to the
3- to 6-hour window?*. Patients treated in 3-6 hour time
window (group B) had a recanalization rate of 55.2% at
2 hours as compared with 49.3% of patients treated in 0-
3 hours tome window (group A) (nonsignificant); SICH
was 3.8% in group A and 2.4% in group B (nonsignifi-
cant). The number of patients who benefited from rt-
PA therapy (NIHSS decrease >4 points) was slightly
higher in group B, and the percentage of patients who
worsened in both groups was the same: 11.4% in group
A and 7.1% in group B (nonsignificant). Improvement
at discharge measured by NTHSS score was similar in
both groups and the rate of functional independence was
similar in both groups at 3 months: 42% in group A and
38% in group B. Using the combination of TCD and PWI/
DWI MR, patients who are not likely to benefit from rt-
PA therapy may be selected, and might even improve,
avoiding the potential risk of SICH.

The DWI/PWI mismatch concept to select acute
stroke patients suitable for reperfusion therapies is cur-
rently under investigation with promising results so far.
Ongoing trials will try to identify best suitable algorithms
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to select patients for late reperfusion therapy: the Dif-
fusion-weighted imaging Evaluation For Understanding
Stroke Evolution (DEFUSE) study is investigating
whether specific DWI/PWI profiles predict a favorable
clinical response to iv rt-PA administered 3-6 hours af-
ter stroke onset (NIHSS score >5); Echoplanar Imag-
ing Thrombolysis Evaluation Trial (EPITHET) aims to
determine whether the extent of the ischemic penum-
bra apparent on PWI/DWI MR identifies patients most
likely to benefit from late reperfusion therapy; MR
RESCUE trial will try to determine whether patients
with a substantial ischemic penumbra on DWI/PWI MR
will benefit from Merci Retriever mechanical embolec-
tomy up to 8 hours from symptom onset (Merci Retriever
is a mechanical device that captures the clot and with-
draws it from the vessel with a balloon positioned prox-
imally for emboli protection; preliminary results seem
to be promising)®. The Desmoteplase in Acute Ischem-
ic Stroke Trial (DIAS) and Dose Escalation of
Desmoteplase for Acute Ischemic Stroke (DEDAS) tri-
als are assessing the safety and thrombolytic efficacy of
iv desmoteplase in MRI selected patients with acute
stroke between 3 and 9 hours of stroke onset; the MRI
criteria are the presence of PWI abnormality 22 ¢cm in
diameter in the grey matter and the presence of still
salvageable penumbra (PWI/DWI mismatch >20%); the
reperfusion of the penumbra tissue in DIAS trial seems
to be dose dependent and the percentage of reperfusion
and excellent clinical outcome is significant in treated
patients, while the SICH rate has remained low*. The
ROSIE trial is testing combined reteplase (recombinant
peptide) and abciximab (glycoprotein IIb/IITa antago-
nist) in patients with NIHSS score <16, a perfusion def-
icit and absence of DWI abnormality more than 1/3 of
the MCA territory, results are to be expected. The ad-
vantage of ongoing trials is that the majority use similar
MRI (PWI/DWI) criteria, so results can be compared;
however, some trials (ROSIE) exclude the most severe
strokes from the trial, which may influence interpreta-
tion of the results.

The PWI MR protocols are not accessible in all hos-
pitals, even DWI is not a routine practice in most hospi-
tals. Due to this lack of diagnostic accessibility, new ap-
proaches have been developed that can be used as surro-
gates to identify persisting penumbra. The PWI abnor-
mality correlates in clinical practice with the extent of
ischemic brain tissue that is symptomatic, which is grad-
ed by NIHSS scores, this is the so-called “clinical-DWI
mismatch” (CDM). CDM is defined as an NIHSS score
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>8 and ischemic volume on DWI £25 mL; the cut-off of
>8 on NIHSS has been associated with cortical perfusion
deficits and high rate of neurological deterioration. With-
in 12 hours of ischemic stroke onset, the CDM may be
detected in 52% of patients: with increasing time from
stroke onset the frequency of detectable CDM decreas-
es (74% at 3 hours, 48% at 3-6 hours and 46% at 6-12
hours)?*®. The presence of CDM was associated with a
higher rate of early neurological deterioration, greater DWI
lesion growth at 72 hours, and a larger infarct volume on
T2- weighted MRI images at day 30. Prospective studies
for the validation of the CDM mismatch concept are need-
ed to determine its reliability to identify patients with
potentially salvageable tissue who are candidates for (late)
reperfusion therapies (especially because the NIHSS
score underestimates infarct volume in the right cerebral
hemisphere).

Several CT techniques are now available to image
tissue perfusion, of these particular potential has the
dynamic perfusion CT (PCT) in which images are ac-
quired during the first pass of a standard iodinated con-
trast bolus. PCT distinguishes penumbra from benign
oligemia, it can delineate collapsed cerebral blood vol-
ume (CBV) representing core regions from regions with
reduced cerebral blood flow (CBF) but preserved CBV
(so-called CBF-CBV mismatch) representing penum-
bra®. Penumbral regions identified by C'T" CBF-CBV
mismatch correlate well with penumbral regions iden-
tified by MR DWI-PWI mismatch®. However, compared
with MR, CT has the disadvantage of less coverage of
brain tissue, use of iodinated contrast (a potential risk
of allergic reactions) and poor visualization of infraten-
torial tissues attributable to bone infarct; the advantag-
es are wider hardware availability and more rapid scan
acquisition.

TCD in Stroke Therapy

The results of clinical trials exploring new treatment
modalities have shown to be promising, particularly the
use of continuous TCD monitoring while administering
rt-PA and even more recently, the coadministration of
microbubbles with rt-PA and TCD monitoring.

The Combined Lysis of Thrombus in Brain Ischemia
Using Transcranial Ultrasound and Systemic TPA
(CLOTBUST) trial (phase II) has recently demonstrat-
ed that continuous 2-MHz TCD monitoring of an in-
tracranial artery occlusion enhances systemic thrombol-
ysis in acute stroke patients, may improve outcome and,
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what is most important, this enhanced ultrasound (US)
monitoring seems to be safe®®. US enhanced thrombol-
ysis in previous research studies has shown that US has
the ability to accelerate the transport and penetration
of rt-PA into the clot by creating plasma microstreams
within the fibrin-rich thrombus, thus resulting in faster
and more successful clot disruption®. In the CLOT-
BUST trial, complete recanalization or dramatic clini-
cal recovery at 2 hours after rt-PA administration was
observed in 49% of patients who were continuously
monitored with TCD and in 29% of patients who re-
ceived only rt-PA; moreover, trends toward better clini-
cal outcomes at 24 hours and at long term were also not-
ed in sonothrombolysed patients. SICH occurred in 4.8%
of cases in both treatment groups. Phase II of the CLOT-
BUST trial is ongoing.

However, the use of US in acute stroke patients may
be potentially harmful, as shown by the results of the
Transcranial Low-Frequency Ultrasound Mediated
Thrombolysis in Brain Ischemia trial (TRUMBI)*. In
the TRUMBI trial, low frequency US was used (300
kHz), however, low frequencies may cause mechanical
distortion of human brain microvessels leading to ves-
sel disruption, and this was the probable reason for the
high rate of SICH of 35% in this study. The high SICH
rate (including bleeding in brain areas not affected by
ischemia) and no signal of efficacy on early recanaliza-
tion or clinical outcome at 3 months were the reasons
for premature trial cessation.

The administration of microbubbles (MB) further
accelerates the US-enhanced thrombolysis in acute
stroke, leading to an even more complete recanalization
of the artery, as recent studies have shown**. Micro-
bubbles are small air- or gas-filled microspheres, whose
acoustic impedance largely differs from that of the body
fluids (blood), thus increasing the reflection of ultra-
sound — this is the main acoustic property how micro-
bubbles serve as an US contrast agent. In the setting of
clot disruption, microbubbles act as cavitation nuclei,
and during the application of high-acoustic-pressure US,
microbubbles continuously absorb the energy until they
explode, releasing the absorbed energy; this is a theo-
retical presumption that has shown to be effective in a
recent study in acute stroke patients*. The study com-
bined the standard administration of rt-PA (group rt-PA),
plus 2-hour continuous 2-MHz TCD monitoring of the
occluded artery (group rt-PA/US) plus iv administration
of microbubbles (group rt-PA/US/MB): 3 boluses of 400
mg/dL of the galactose-based microbubbles (Levovist)
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given at 2, 20 and 40 minutes after rt-PA administra-
tion. Two-hour recanalization was seen in 39%, 68% and
71% in the rt-PA, rt-PA/US and rt-PA/US/MB group, re-
spectively. Two-hour complete recanalization rate was
significantly higher in the rt-PA/US/MB group (54.5%)
as compared with the rt-PA/US group (40.8%) and rt-PA
group (23.9%). Symptomatic intracranial hemorrhage was
observed in 5.5%, 2.7%, and 2.6% in the rt-PA, rt-PA/US
and rt-PA/US/MB group, respectively, indicating that
SICH appeared unrelated to US monitoring or micro-
bubble administration, despite the fact that asympto-
matic intracranial hemorrhage (in all cases in deep MCA
territory) was detected on control CT in 16%, 19% and
23% of patients who recieved rt-PA, rt-PA/US and rt-
PA/US/MB, respectively. Moreover, the coadministration
of Levovist (3 boluses) during rt-PA infusion was well
tolerated in all patients without systemic complications.
At 24 hours, 31%, 41% and 55% of rt-PA, rt-PA/US and
rt-PA/US/MB treated patients improved by >4 points
in the NIHSS score (the median score at admission was
18). Although this study was non-randomized, the sam-
ple size was small, and the study was focused on pa-
tients with MCA occlusion, the results of the study are
encouraging for further trials in this direction.

In conclusion, TCD, extracranial Doppler and MRI
(DWI/PWI) can be used in multimodal selection of pa-
tients eligible for thrombolysis, especially the combi-
nation with PWI MRI allows for decisions to treat pa-
tients at an extended time window and to identify pa-
tients who will gain more if treated with additional in-
tra-arterial or mechanical interventions. TCD is a help-
ful tool to detect arterial occlusion and possibly predict
arterial reocclusion. The proven usefulness of TCD and
carotid duplex in urgent treatment of neurovascular dis-
eases has incorporated these techniques into the rec-
ommendations for comprehensive stroke centers®. The
usefulness of PWI/DWI MRI needs to be further stud-
ied before giving recommendations for safe use at an
extended time window; studies are currently under way.
Ultrasonographic and radiological imaging methods and
grading systems combined with clinical presentation
help in the establishment of algorithms needed for more
appropriate and safer treatment decisions in acute stroke
patients as well as in the prediction of short- and long-
term outcome.

References

1. ZANETTE EM, ROBERTI C, MANCINI G, POZZLI C, BRA-
GONI M, TONI D. Spontaneous middle cerebral artery reperfu-

Acta Clin Croat, Vol. 45, No. 4, 2006



V. Vukovi¢ ez al.

Neuroimaging techniques — improving diagnostic and therapeutic options in acute stroke

10.

11

12.

13.

14.

sion in ischemic stroke: a follow-up study with transcranial
Doppler. Stroke 1995;26:430-3.

. The National Institutes of Neurological Disorders, and Stroke rt-

PA Stroke Study Group. Tissue plasminogen activator for acute
ischemic stroke. N Engl J Med 1995;333:1581-7.

. HACKE W, DONNAN G, FIESCHI C, KASTEM, von KUMMER

R, BRODERICK JP, BROTT T, FRANKEL M, GROTTA JC,
HALEY EC J, KWIATKOWSKI T, LEVINE SR, LEWANDOW-
SKI C, LU M, LYDEN P MARLER JR, PATEL S, TILLEY BC,
ALBERS G, BLUHMKI E, WILHELM M, HAMILTON S;
ATLANTIS Trias Investigators; ECASS Trials Investigators;
NINDS rt-PA Study Group Investigators. Association of outcome
with early stroke treatment: pooled analysis of ATLANTIS,
ECASS, and rt-PA stroke trials. Lancet 2004;363:768-74.

. ALEXANDROV AV, DEMARIN D. Insonation techniques and

diagnostic criteria for transcranial Doppler sonography. Acta Clin
Croat 1999;38:97-108.

. Newell DW, Aaslid R, eds. Transcranial Doppler. New York:

Raven Press, 1992.

. VUKOVIC V, LOVRENCIC-HUZJAN A, DEMARIN V.

Microembolus detection by transcranial Doppler sonography —
technical and clinical aspects. Acta Clin Croat 2005;44:33-45.

. ZAVOREO |, DEMARIN V. Breath holding index in the eval uation

of cerebral vasoreactivity. Acta Clin Croat 2004;43:15-9.

. DEMCHUK AM, BURGIN WS, CHRISTOU I, FELBERG RA,

BARBER PA, HILL MD, ALEXANDROV AV. Thrombolysisin
brain ischemia (TIBI) transcranial Doppler flow grades predict
clinical severity, early recovery, and mortdlity in patientstreated with
intravenous tissue plasminogen activator. Stroke 2001;32:89-93.

. BURGIN WS, MALKOFF M, DEMCHUK AM, FELBERG RA,

CHRISTOU I, GROTTA JC, ALEXANDROV AV. Transcrania
Doppler ultrasound criteria for recanalization after thrombolysis
for middle cerebral artery stroke. Stroke 2000;31:1128-32.

DEMCHUK AM, CHRISTOU I, WIEN TH, FELBERG RA,
MALKOFF M, GROTTA JC, ALEXANDROV AV. Specific
transcranial Doppler flow findings related to the presence and site
of arterial occlusion with transcranial Doppler. Stroke
2000;31:140-6.

MILLAN M, DAVALOS A. The need for new therapies for acute
ischaemic stroke. Cerebrovasc Dis 2006;22 (Suppl 1):3-9.

ALEXANDROV AV, BURGIN SW, DEMCHUK AM, EI-
MITWALLI A, GROTTA JC. Speed of intracranial clot lysiswith
intravenous tissue plasminogen activator therapy: sonographic
classification and short-term improvement. Circulation
2001;103:2897-902.

BLINC A, PLANINSIC G, KEBER D, JARH O, LAHAJINAR G,
ZIDANSEK A, DEMSAR F. Dependence of blood clot lysis on the
mode of transport of urokinase into the clot: a magnetic resonance
imaging study in vitro. Thromb Haemost 2001;65:549-52.

BLINC A, KEBER D, LAHANAJINAR GSTEGBAR M, ZIDAN-
SEK A, DEMSAR F. Lysing patterns of retracted blood clots with
diffusion or bulk flow transport of plasma with urokinase into

Acta Clin Croat, Vol. 45, No. 4, 2006

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

clots: a magnetic resonance imaging study in vitro. Thromb
Haemost 1992;68:667-71.

MOLINA CA, MONTANER J, ARENILLAS JF, RIBO M,
RUBIERA M, ALVAREZ-SABIN J. Differential pattern of tissue
plasminogen activator-induced proximal middle cerebral artery
recanalization among stroke subtypes. Stroke 2004;35:486-90.

RIBO M, ALVAREZ-SABIN J, MONTANER J, ROMERO F,
DELGADOP, RUBIERA M, DELGADO-MEDEROSR, MOLINA
CA. Temporal profile of recanalization after intravenous tissue
plasminogen activator. Selecting patients for rescue reperfusion
techniques. Stroke 2006;37:1000-4.

ALEXANDROQOV AV, GROTTA JC. Arterial reocclusion in stroke
patients treated with intravenous tissue plasminogen activator.
Neurology 2002;56:568-70.

RUBIERA M, ALVAREZ-SABIN J, RIBO M, MONTANER J,
SANTAMARINA E, ARENILLAS JF, HUERTASR, DELGADO
P, PURROY F, MOLINA CA. Predictors of early arterial reoc-
clusion after tissue plasminogen activator-induced recanalization
in acute ischemic stroke. Stroke 2005;36:1452-6.

del ZOPPO GJ, POECK K, PESSIN MS, WOLPERT SM,
FURLAN AJ, FERBERT A, ALBERTS MJ, ZIVIN JA, WECH-
SLER L, BUSSE O et al. Recombinant tissue plasminogen
activator in acute thrombotic and embolic stroke. Ann Neurol
1992;32:78-86.

SAQQUR M, SHUAIB A, ALEXANDROV AV, HILL MD,
CALLEJA S, TOMSICK T, BRODERICK J, DEMCHUK A.
Derivation of transcranial Doppler criteriafor rescue intra-arterial
thrombolysis. Stroke 2005;36:865-8.

CHERNYSHEV O, GARAMI Z, CALLEJA S, SONG J, CAMP-
BELL MS, NOSER E, SHALTONI H, CHEN CHI, IGUCHI Y,
GROTTA J, ALEXANDROV AV. Yield and accuracy of urgent
combined carotid/transcranial ulstrasound testing in acute cerebral
ischemia. Stroke 2005;36:32-7.

RUDOLF J, NEVELING M, GROND M, SCHMULLING S,
STENZEL C, HEISS WD. Stroke following internal carotid
occlusion: a contra-indication for intravenous thrombolysis? Eur
JNeurol 1999;6:51-5.

TROUILLASP, NIGHOGHOSSIAN N, DEREX L, ADELEINEP,
HONNORAT J, NEUSCHWANDER P, RICHIE G, GETENET JC,
LI W, FROMENT JC et al. Thrombolysis with intravenous rt-PA
in a series of 100 cases of acute carotid territory stroke: deter-
mination of etiological, topographic, and radiological outcome
factors. Stroke 1998;29:2529-40.

LOVRENCIC-HUZJAN A, BOSNAR-PURETIC M, VUKOVICV,
MALIC M, THALLER N, DEMARIN V. Correlation of carotid
color Doppler and angiographic findings in patients with sym-
ptomatic carotid artery stenosis. Acta Clin Croat 2000;39:215-20.
CHRISTOU I, FELBERG RA, DEMCHUK AM, GROTTA JC,
BURGIN WS, MALKOFF M, ALEXANDROV AV. Accuracy
parameters of a broad diagnostic battery for bedside transcranial
Doppler to detect flow changeswith internal carotid artery stenosis
or occlusion. J Neuroimaging 2001;11:236-42.

EI-MITWALLI A, SAAD M, CHRISTOU |, MALKOFF M,
ALEXANDROQV AV. Clinica and sonographic pattern of tandem

339



V. Vukovi¢ ez al.

Neuroimaging techniques — improving diagnostic and therapeutic options in acute stroke

27.

28.

29.

30.

31.

32.

33.

35.

36.

340

internal carotid artery/middle cerebral artery occlusion in tissue
plasminogen activator-treated patients. Stroke 2002;33:99-102.

FIEBACH JB, SCHELLINGER PD, JANSEN O, MEYER M,
WILDE P, BENDER J, SCHRAMM P, JUTTLER E, OEHLER J,
HARTMANN M, HAHNEL S,KNAUTH M, HACKEW, SARTOR
K. CT and diffusion-weighted MR imaging in randomized order:
diffusion-weighted imaging results in higher accuracy and lower
interrater variablity in the diagnosis of hyperacuteischemic stroke.
Stroke 2003;34:1235-41.

WINTERMARK M, REICHHART M, THIRAN JP, MAEDER P,
CHALARON M, SCHNYDER P, BOGOUSSLAVSKY J MEULLI
R. Prognostic accuracy of cerebral blood flow measurement by
perfusion computed tomography, at the time of emergency room
admission, in acute stroke patients. Ann Neurol 2002;51:417-32.

KIDWELL CS, ALGER JR, SAVER JL. Beyond mismatch:
evolving paradigms in imaging the ischemic penumbra with
multimodal magnetic resonanceimaging. Stroke 2003;34:2729-35.

MAARTEN GL, GREGORY WA, BEAULIEU CA, MARKSMP.
Comparison of diffusion-weighted MRI and CT in acute stroke.
Neurology 2000;54:1557-61.

LARRUEV,vonKUMMERRR, MULLER A, BLUHMKI E. Risk
factors for severe hemorrhagic transformation in ischemic stroke
patients treated with recombinant tissue plasminogen activator: a
secondary analysis of the European-Australasian Acute Stroke
Study (ECASS I1). Stroke 2001;32:438-41.

TONG DC, YENARI MA, ALBERS GW, O'BRIEN M, MARKS
MP, MOSELY ME. Correlation of perfusion- and diffusion-
weighted MRI with NIHSS score in acute (<6.5 hour) ischemic
stroke. Neurology 1998;4:864-70.

THIJS VN, ADAMI A, NEUMANN-HAEFELIN T, MOSELEY
ME, MARKS MP, ALBERS GW. Relationship between severity
of MR perfusion deficit and DWI lesion evolution. Neurology
2001;57:1206-11.

. RIBOM, MOLINA CA, ROVIRA A, QUINTANA M, DELGADO

P MONTANER J, GRIVEE, ARENILLASJF, ALVAREZ-SABIN
J. Safety and efficacy of intravenous tissue plasminogen activator
stroke treatment in the 3- to 6-hour window using multimodal
Doppler/MRI selection protocol. Stroke 2005;36:602-6.

MOLINA CA, SAVER JL. Extending reperfusion therapy for acute
ischemic stroke. Emerging pharmacological, mechanical and
imaging strategies. Stroke 2005;36:2311-20.

DAVALOS A, LEIRA R, PEDRAZA S, CASTELLANOS M,
SILVA Y, MONTSERRAT P et al. The clinical-DWI mismatch: a

new diagnostic clue in the treatment of acute ischemic stroke.
Stroke 2003;34:254A.

37.

38.

39.

41.

42.

45.

SCHRAMM P, SCHELLINGER PD, KLOTZ E, KALLENBERG
K, FIEBACH JB, KULKENS S, HEILAND S, KNAUTH M,
SARTOR K. Comparison of perfusion computed tomography and
computed tomography angiography source images with per-
fusion-weighted imaging and diffusion-weighted imaging in
patients with acute stroke of <6 hour duration. Stroke 2004;
35:1652-8.

ALEXANDROV AV, MOLINA CA, GROTTA JC, GARAMI Z,
FORD SR, ALVAREZ-SABIN J, MONTANER J, SAQQUR M,
DEMCHUK AM, MOYE LA, HILL MD, WOJNER AW, for the
CLOTBUST Investigators. Ultrasound-enhanced thrombolysisfor
acute ischemic stroke. N Engl J Med 2004;351:2170-8.

FRANCISCW, BLINCA, LEESS, COX C. Ultrasound accelerates
transport of recombinant tissue plasminogen activator into clots.
Ultrasound Med Biol 1995;21:419-24.

. DAFFERTSHOFER M, GRASS A, RINGLEB P, SITZER M,

SLIWKA U, ELS T, SEDLACZEK O, KOROSHETZ WJ,
HENNERICI MG. Transcranial low-frequency ultrasound-
mediated thrombolysisin brain: increased risk of hemorrhage with
combined ultrasound and tissue plasminogen activator: results of
aphase Il clinical trial. Stroke 2005;36:1441-6.

MOLINA CA, RIBO M, RUBIERA M, MONTANER J,
SANTAMARINA E, DELGADO-MEDEROSR, ARENILLASJF,
HUERTAS R, PURRQOY F, DELGADO P, ALVAREZ-SABIN J.
Microbubble administration accelerates clot lysis during
continuous 2-MHz ultrasound monitoring in stroke patientstreated
with intravenous tissue plasminogen activator. Stroke 2006;
37:425-9.

CULPWC, PORTER TR, LOWERY J, XIE F, ROBERTSON PK,
MARKY L. Intracranial clot lysis with intravenous microbubbles
and transcranial ultrasound in swine. Stroke 2004;35:2407-11.

. CINTASP, NGUYEN F, BONEU B, LARRUE V. Enhancement of

enzymatic fibrinolysis with 2-MHz ultrasound and microbubbles.
J Thromb Haemost 2004;2:1163-6.

. VIGUIER A, PETIT R, RIGAL M, CINTAS P, LARRUE V.

Continuous monitoring of middle cerebral artery recanalization
with transcranial color-coded sonography and Levovist. J Thromb
Thrombolysis 2005;19:55-9.

ALBERTS MJ, LATCHAW RE, SELMAN WR, SHEPARD T,
HADLEY MN, BRASS LM, KOROSHETZ W, MARLER JR,
BOOSSJ, ZOROWITZ RD, CROFT JB, MAGNISE, MULLIGAN
D, JAGODA A, O'CONNOR R, COWLEY M, CONNORS JJ,
ROSEDE-RENZY JA, EMR M, WARREN MD, WALKER MD,
for the Brain Attack Coalition. Recommendations for com-
prehensive stroke centers: a consensus statement from the Brain
Attack Coalition. Stroke 2005;36:1597-618.

Acta Clin Croat, Vol. 45, No. 4, 2006



V. Vukovié ez al. Neuroimaging techniques — improving diagnostic and therapeutic options in acute stroke

Sazetak

TEHNIKE NEUROSLIKOVNOG PRIKAZIVANJA — PO?OLJéANE DIJAGNOSTICKE I TERAPIJSKE
MOGUCNOSTI KOD MOZDANOG UDARA

V. Vukovic, C.A. Molina, M. Ribo, A. Lovrencic-Huzjan, M. Budisié i V. Demarin

Transkranijski Doppler (TCD) u upotrebi je preko 20 godina, uglavnom kao dijagnosti¢ka metoda za procjenu
hemodinamike u intrakranijskim bazalnim arterijama. Odnedavno se "T'CD rabi kao dijagnosticka i terapijska metoda u akutnom
mozdanom udaru. Kombinacija T'CD i ekstrakranijskog Dopplera moze pomoéi u odabiru bolesnika kojima je potreban terapijski
agresivniji pristup. Nadalje, neurovaskularne ultrazvu¢ne metode u kombinaciji s ostalim tehnikama slikovnog prikaza poput
magnetske rezonance (MR) i kompjutorske tomografije sa specijalno razvijenim moguénostima prikaza (DWI i PWI kod MR)
omogucuju bolji odabir bolesnika za lije¢enje pomocu rt-PA, osobito u slu¢ajevima gdje je vremenski prozor presao 3 sata, $to
je jedan od kriterija za lije¢enje pomocu rt-PA u akutnom mozdanom udaru prema svjetskim preporukama temeljenim na
dosadasnjim klini¢kim istrazivanjima. U ¢lanku se navode najnovije moguénosti i iskustva multimodalnih tehnika koje se
rabe u akutnom mozdanom udaru.

Kljuéne rijeCi: Gerebrovaskularni incident — dijagnostika; Cerebrovaskularni incident — ultrazouk; MoZdana ishemija — dijagnostika;
Mozdana ishemija — fizioparologija
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