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Abstract

Transcranial Doppler (TCD) ultrasound provides rapid, noninvasive, real-time measures of

cerebrovascular function. TCD can be used to measure flow velocity in the basal arteries of the

brain to assess relative changes in flow, diagnose focal vascular stenosis, or to detect embolic

signals within these arteries. TCD can also be used to assess the physiologic health of a particular

vascular territory by measuring blood flow responses to changes in blood pressure (cerebral

autoregulation), changes in end-tidal CO2 (cerebral vasoreactivity), or cognitive and motor

activation (neurovascular coupling or functional hyperemia). TCD has established utility in the

clinical diagnosis of a number of cerebrovascular disorders such as acute ischemic stroke,

vasospasm, subarachnoid hemorrhage, sickle cell disease, as well as other conditions such as brain

death. Clinical indication and research applications for this mode of imaging continue to expand.

In this review, the authors summarize the basic principles and clinical utility of TCD and provide

an overview of a few TCD research applications.
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Transcranial Doppler (TCD) ultrasonography provides a relatively inexpensive, noninvasive

real-time measurement of blood flow characteristics and cerebrovascular hemodynamics

within the basal arteries of the brain. The physiologic data obtained from these

measurements are complementary to structural data obtained from various modes of

currently available vascular imaging. TCD is the most convenient way to monitor vascular

changes in response to interventions during acute cerebrovascular events at the bedside.

Given the convenience of this tool as a diagnostic modality, its clinical and research

applications will continue to increase in the many disorders of the cerebral vessel.

Basic Principles

TCD ultrasonography is based on the principle of the Doppler effect. According to this

principle, ultrasound waves emitted from the Doppler probe are transmitted through the

skull and reflected by moving red blood cells within the intracerebral vessels. The difference

in the frequency between the emitted and reflected waves, referred to as the “Doppler shift

frequency,” is directly proportional to the speed of the moving red blood cells (blood flow
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velocity). Because blood flow within the vessel is laminar, the Doppler signal obtained

actually represents a mixture of different Doppler frequency shifts forming a spectral display

of the distribution of the velocities of individual red blood cells on the TCD monitor (Fig.

1).1,2 Spectral analysis can then be used to obtain measures of blood flow velocity, as well

as a few other characteristics of flow within the insonated blood vessel. The specific

parameters obtained from this spectral analysis include peak systolic velocity (Vs), end

diastolic velocity (Vd), systolic upstroke or acceleration time, pulsatility index (PI), and

time-averaged mean maximum velocity (Vmean).3 The Vmean is a continuous trace of peak

velocities as a function of time and in most TCD instruments, it is calculated and displayed

automatically.

The formula that describes the relationship between flow velocity (reflector speed) and

Doppler shift frequency is

The propagation speed of a wave is a constant that can be obtained for various mediums

(speed in soft tissue is 1541 m/s). Theta (θ) is the angle of insonation or the angle of the

emitted wave relative to the direction of vessel (blood flow). If the angle is zero, or the

emitted wave is parallel to the direction of flow, the cosine of zero is 1, and we have

achieved the most accurate measure of flow velocity. The larger the angle, the larger is the

cosine of the angle; hence, the greater is the error in our velocity measure. Therefore, it is

important to minimize this angle to less than 30 degrees to keep the error below 15%. In

addition, the velocity of blood flow through a vessel is proportional to the fourth power of

the vessel radius. However, the basic assumption for TCD measurements is that the diameter

of the insonated vessel does not change during the course of a study and it remains constant

in response to various physiologic variables such as blood pressure or changes in sub> has

also been shown/sub>, which may easily occur as a result of treatment.4–6

Physiologic Determinants of Blood Flow Velocity and Indices

A number of physiologic variables can impact blood flow velocity as measured by TCD.

The most robust of these variables are age, gender, hematocrit, viscosity, carbon dioxide,

temperature, blood pressure, and mental or motor activity. Therefore, it is important to

remember that during the course of a TCD study, any measured differences in blood flow

velocity should be interpreted in the context of these variables. All studies should be

conducted with the patients at rest—not speaking or moving their limbs.

Blood flow velocities in the basal arteries of the brain decline an average of 0.3 to 0.5% per

year between 20 to 70 years of age.7–9 Women have been shown to have higher flow

velocities than men between 20 to 60 years of age,7 and this difference may be explained by

the lower hematocrit in premenopausal women.9 The magnitude of gender difference in this

age group is ~10 to 15%.10 However, no detectable difference between the genders is

observed after the age of 70 years.7

Hematocrit and viscosity are inversely related to cerebral blood flow velocity.11–14 This

relationship is best exemplified in children with sickle cell anemia who have a significant

drop in their mean flow velocities after a blood transfusion.15 Blood flow velocities increase

by ~20% with a drop in hematocrit from 40% to 30%.10
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Partial pressure of CO2 has also been shown to have a major influence on cerebral blood

flow velocity10,16 (for a detailed review of this topic, please refer to the section Cerebral

Vasoreactivity). Measured blood flow velocity can also be higher with higher systemic

blood pressures despite an intact autoregulatory system.17 This relationship is particularly

important in patients with subarachnoid hemorrhage (SAH) who are monitored for cerebral

vasospasm as manifested by elevated cerebral blood flow velocity and who may

simultaneously be undergoing induced hypertension to treat vasospasm. The analysis of

velocity measurements are particularly challenging in these patients.

The effect of temperature on cerebral blood flow velocities is not well established. Although

one study showed an inverse relationship between temperature and flow velocities,18 a more

recent study of TCD flow velocities in postcardiac arrest patients treated with hypothermia

does not support a relationship between temperature and flow velocities.19 More studies are

needed to better understand the relationship between blood flow velocity and temperature.

Types of Transcranial Doppler Devices

Two types of TCD equipment are currently available: non-duplex (nonimaging) and duplex

(imaging) devices. In non-duplex devices, the arteries are identified “blindly” based on the

audible Doppler shift and the spectral display. Specific vessel identification is based on

standard criteria, which includes the cranial window used, orientation of the probe, depth of

sample volume, direction of blood flow, relationship to the terminal internal carotid artery,

and response to various maneuvers such as the common carotid artery compression and eye

opening and closing.20

The imaging B-mode transcranial color-coded duplex (TCCD) combines pulsed wave

Doppler ultrasound with a cross-sectional view of the area of insonation, which allows

identification of the arteries in relation to various anatomic locations. The color-coded

Doppler also depicts the direction of the flow in relation to the probe (transducer) while

recording blood flow velocities. In TCD, the angle of insonation is assumed < 30 degrees (as

close to zero as possible) to minimize the Doppler shift measurement error. However, in

TCCD, the angle of insonation can be measured and used to correct the flow velocity

measurement. More recently, a more advanced technology, called the power motion-mode

TCD (PMD/TCD), has also become available that provides multi-gate flow information

simultaneously in the power M-mode display. It uses several overlapping sample volumes to

simultaneously display flow signals. PMD/TCD appears to simplify handling of the TCD by

facilitating the temporal window location and alignment of the incident signal to allow

cerebral blood flow velocity recordings through multiple vessels.

Although these imaging TCD modalities significantly increase the reliability of TCD with

better insonation angle correction,21 the clinical applications of the more recent imaging

modalities are still under development and most of the currently utilized clinical applications

have been best developed using the nonduplex mode of TCD. Therefore, the focus of this

review will be on the examination and clinical applications of the nonduplex TCD. With

time, the duplex TCD modalities will not only expand the clinical utility of TCD, but will

also likely replace the nonduplex TCD in clinical practice.

The Transcranial Doppler Examination

The TCD examination is performed using a 2 MHz frequency ultrasound probe. The higher

frequency probes used in extracranial Doppler studies are not applicable for intracranial

measurements because higher frequency waves are not able to adequately penetrate through

the skull.2,22 In addition to using a lower frequency probe, insonation of the cerebral arteries

is only possible through thinner regions of the skull, termed acoustic windows. Therefore,
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familiarity with the anatomic location of cerebral arteries relative to the acoustic windows

and blood flow velocities for the various arteries is critical for accurate blood flow

measurements through the nonduplex mode.2,23,24

In general, four main acoustic windows have been described: (1) the transtemporal

window,1 (2) the transorbital window,25 (3) the submandibular window, and (4) the

suboccipital window (Fig. 2). Although each window has unique advantages for different

arteries and indications, a complete TCD examination should include measurements from all

four windows and the course of blood flow at various depths within each major branch of

the circle of Willis should be assessed. (See references 10, 26, and 27 for detailed reviews

on examination techniques and basal cerebral artery anatomy). Specific arteries of the circle

of Willis are identified using the following criteria: (1) relative direction of the probe within

a specific acoustic window, (2) direction of blood flow relative to the probe, (3) depth of

insonation, and (4) in difficult cases when it is not possible to differentiate the anterior from

the posterior circulation, the blood flow response to carotid compression or vibration may be

used.

The transtemporal window consists of an anterior, middle, and posterior window. However,

in practice, there is usually only one useful window. Using this window, the intracranial

carotid artery (ICA) bifurcation can be identified at depths of 55 to 65 mm with

simultaneous flow toward and away from the probe as the ICA bifurcation terminates in the

anterior (flow away from the probe) and middle (flow toward the probe) cerebral arteries

(ACA and MCA).

The ICA terminus is a convenient anatomic landmark to locate the vessels of the anterior

circulation. The MCA, viewed at depths of 35 to 55 mm, runs laterally and slightly anterior

after its origin from the ICA. Flow in the MCA should be toward the probe until the MCA

trifurcation where flow becomes bidirectional. The ACA, which can be viewed at depths of

60 to 70 mm, begins coursing medially and then anteriorly after the ICA bifurcation. The

ACA flow should be away from the probe.1,28

The posterior cerebral artery (PCA) can also be insonated through the transtemporal

window. In general, the PCA is found 1 to 2 cm posterior to the ICA bifurcation, but in the

same plane as the circle of Willis. The PCA can be found posterior and deep to the ICA and

MCA, at a depth of ~60 to 70 mm. Flow in the proximal PCA (P1 segment) is toward the

probe and in the distal PCA (P2 segment) away from the probe. The PCA will always

exhibit lower velocities than the MCA. It is important to note that in individuals where the

PCA derives most of its flow from the ICA through a large posterior communicating artery

(Pcom), the so-called fetal PCA configuration, the P1 segment is hypoplastic and may be

very difficult to identify.1

The transorbital window can be used to examine the carotid siphon and the ophthalmic

artery. The probe is placed over the closed eyelid and the beam power is kept under 10% of

maximum power in order to minimize the risk of traumatic subluxation of the crystalline

lens of the eye. In addition to the amount of energy, the total time of insonation also needs to

be considered and kept to a minimum to avoid further soft tissue damage.29 The probe is

directed toward the optic canal at a depth of 55 to 70 mm to insonate the carotid siphon.

Flow direction can be used to identify the different segments of the siphon. In general, flow

is toward the probe in the infraclinoid siphon, flow in the genu is bidirectional, and flow is

away from the probe in the supraclinoid segment of the siphon. The ophthalmic artery can

be found at depths of 40 to 50 mm. Flow in the ophthalmic artery should be toward the

probe.
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The suboccipital window with the neck flexed, can be used to insonate the basilar and

vertebral arteries. The basilar artery is typically found at depths of 60 to 70 mm and can

sometimes be followed to depths up to 100 mm. Although the basilar artery is found with

probe directed medially, vertebral arteries are best insonated with the probe slightly shifted

laterally, at a depth of 80 to 115 mm. Flow at the top of the basilar and in the vertebral

arteries is typically away from the probe.

The submandibular window is at the angle of jaw and can be used to locate the distal ICA in

the neck at a depth of 40 to 60 mm. Flow at this point is usually away from the probe.

Clinical Applications

A detailed review of adult and pediatric TCD applications is beyond the scope of this article;

this review will mostly focus on TCD in adults. For a detailed review of pediatric TCD

applications, please refer to Verlhac.30

Subarachnoid Hemorrhage and Cerebral Vasospasm

Angiographic cerebral vasospasm (VSP) occurs in two-thirds of patients with aneurysmal

SAH with half becoming symptomatic. There is a significant direct correlation between VSP

severity after SAH and flow velocities in most cerebral arteries, although anatomic and

technical factors weaken the association for the ICA and ACA.31 The sensitivity and

specificity of TCD versus cerebral angiography for the detection of VSP after SAH in the

proximal portions of each intracranial artery have been previously reported.32 TCD is much

more sensitive for detecting proximal versus distal VSP. Proximal VSP in any intracranial

artery results in segmental or diffuse elevations of the mean flow velocities without a

parallel flow velocity increase in the feeding extracranial arteries such as the carotid or the

vertebral arteries. The Lindegaard ratio (LR), defined as the ratio between the time mean

average (Vmean) velocity of the MCA to ICA, is the most established of such ratios and

helps differentiate hyperemia from VSP. Hyperemia would result in flow elevations in both

the MCA and ICA and result in an LR < 3, whereas VSP would preferentially elevate the

MCA flow over the ICA with LR > 6. LR between 3 and 6 is a sign of mild VSP and > 6 is

an indication of severe VSP.33 There have been other proposed values for PCA/basilar and

basilar/vertebral and MCA/ACA ratios, but these have not been well validated. Unlike

proximal VSP, distal VSP cannot be insonated. Therefore, increased PI, indicating increased

resistance distal to the site of insonation, is used as a surrogate measure of distal VSP.

In general, TCD flow velocity criteria appear to be most reliable for detecting angiographic

MCA and basilar artery VSP. Some of the findings in MCA VSP include MCA Vmean ≥ 180

cm/s, a sudden rise in MCAVmean by > 65 cm/s or 20% increase within a day during

posthemorrhage days 3 to 7, LR ≥ 6, and abrupt increase in PI > 1.5 in two or more arteries

suggesting increases in ICP and/or VSP.34 TCD is most useful in monitoring the temporal

course of angiographic VSP following SAH to help guide the timing of diagnostic and

therapeutic angiographic interventions. Sporadic measurements, especially if started after

the development of vasospasm, are less useful. In addition, given the impact of physiologic

changes on blood flow velocity, any measured velocity or pulsatility changes should be

interpreted in the context of the patient’s condition and in relation to variables that can

impact flow velocity measurements such as technical issues, vessel anatomy, age, ICP, mean

arterial pressure, hematocrit, arterial CO2 content, collateral flow pattern, and other

therapeutic interventions.31,35

Intracranial Steno-Occlusive Disease

Intracranial atherosclerosis is a significant risk factor for ischemic strokes and transient

ischemic attacks (TIAs), accounting for ~10% of such events.36,37 TCD can be used to
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detect stenosis and occlusion of the carotid siphon, proximal MCA, ACA, PCA, and basilar

as well as intracranial vertebral arteries.31,34,38 Due to the greater tortuosity and anatomic

variability of the vessels in the posterior circulation, the sensitivity, specificity, positive

predictive value, and negative predictive value of TCD is generally higher in the anterior

circulation. Diagnosis of stenosis > 50% using TCD is based on the following criteria: (1)

acceleration of flow velocity through the stenotic segment; (2) decrease in velocity distal to

the stenotic segment (poststenotic dilatation); (3) side-to-side differences in mean flow

velocity, and (4) disturbances in flow (i.e., turbulence and murmurs).39 Diagnosis of an

intracranial occlusion is based on the absence of flow at the normal position and depth for a

specific vessel given that there is an adequate “acoustic window” and other vessels in the

vicinity can be visualized. 40 In addition, one may also find that flow velocities are increased

in other intracranial vessels due to activation of collateral vessels.

Acute Ischemic Stroke

TCD is particularly useful in acute ischemic stroke where repeated TCD studies can be used

to track the course of an arterial occlusion before and after thrombolysis.39 TCD can detect

acute MCA occlusions with high (> 90%) sensitivity, specificity, and positive and negative

predictive values.40–43 TCD can also detect occlusion in the ICA siphon, vertebral, and

basilar arteries with reasonable (70 to 90%) sensitivity and positive predictive value and

excellent specificity and negative predictive value (> 90%).44

Recent studies suggest that ultrasound may also have an independent effect in augmenting

thrombolysis of the occluded vessel in patients presenting with acute thrombosis.45

Continuous TCD recording significantly increased tissue plasminogen activator-induced

arterial recanalization in the Clotbust trial. In this trial, 83% of patients achieved either

partial or complete recanalization with tPA and TCD monitoring compared with 50%

recanalization with tPA treatment alone46 (for detailed review, please see reference47).

In addition, early TCD findings can be very useful for prognosis in patients presenting with

acute ischemic stroke. In these patients, intracranial arterial occlusion detected by TCD is

associated with poor 90-day outcome,48,49 whereas a normal TCD study is predictive of

early recovery.50,51 Delayed (> 6 h) spontaneous recanalization as demonstrated by TCD, is

also independently associated with greater risk of hemorrhagic transformation (odds ratio

[OR]: 8.9, 95% confidence interval [CI]: 2.1–33.3).52 In a more recent study of 489 patients

with recent TIA or minor stroke, mean flow velocity and the ratio of pulsatility to mean flow

velocity were independent risk factors for not only stroke recurrence, but also the occurrence

of other major vascular events (stroke, myocardial infarction, and vascular death).53

Collateral Flow

Knowledge of collateral flow patterns of the basal arteries of the brain has significant

clinical implications in the management of patients with cerebrovascular atherothrombotic

disease. A number of clinical studies have established that the degree of collateral flow is

correlated with infarct volume and clinical outcome in patients with ischemic stroke.54,55

TCD can be used to provide real-time information regarding the direction and the velocity of

blood flow in known intracranial collateral channels, which become active in acute and/or

chronic steno-occlusive cerebrovascular diseases. Flow direction in these vessels will

depend on the direction of collateralization and will identify the donor and recipient arterial

systems.56,57 Some examples of collateral flow patterns include (1) reversal of flow in the

ophthalmic artery, (2) reversal of flow in the ACA or MCA, and (3) presence of prominent

Acom or Pcom flow.
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Sickle Cell Disease

Children with sickle cell disease (SCD) have chronic hemolysis resulting in low hemoglobin

content. Chronic anemia and hypoxia trigger angiogenesis and neovascularization. In

addition, the interaction of the sickled red cells with the endothelium causes inflammation

and intracranial stenosis. The compromised vascular system predisposes these children to

both ischemic and hemorrhagic infarcts.58 An increase Vmean of ≥ 200 cm/s in the ICA or

MCA detected by TCD has been shown to be associated with increased risk of ischemic

stroke in these children.15 In the Stroke Prevention Trial in Sickle Cell Disease (STOP),

children between 2 to 16 years old with no history of stroke and MCA velocity threshold of

200 cm/s were randomly allocated to standard care or to periodic blood transfusion therapy

to lower the hemoglobin S concentration to < 30% of total hemoglobin. Blood transfusion

based on mean flow velocity resulted in 92% stroke risk reduction.15

Following the TCD criteria in the STOP trial, a fivefold decrease in the rate of first stroke

was observed in children with SCD.15 The STOP II trial assessed the safety of discontinuing

long-term blood transfusion in children who had normal MCA flow velocities and who had

received transfusions for 30 months or longer.59 The study was stopped early due to

increased MCA flow velocities and new ischemic strokes in the group that discontinued

transfusion. There were no strokes in the group that continued periodic transfusion. In

another retrospective cohort of 475 children, the incidence of stroke declined 10-fold

following TCD screening and prophylactic blood transfusion over an 8-year period.60

Because early TCD screening coupled with prophylactic transfusion seems to reduce overt

stroke in children with SCD, TCD assessment should now be a routine component of

preventive care for these children. TCD screening should be avoided during acute illnesses

because factors such as hypoxia, fever, hypoglycemia, and worsening anemia may impact

flow velocity measures.58 The impact of TCD based transfusion on subsequent stroke risk

has not been studied in adults with SCD.

Microemboli Detection

TCD is the only medical device that can detect circulating cerebral microemboli, both solid

and gaseous, in real-time. TCD microemboli detection is based on backscatter of the

ultrasound waves from the emboli resulting in high-intensity transient signals (HITS) or

embolic signals in the Doppler spectrum as they travel through the insonated vessel (Fig.

3).61 The backscatter of the ultrasound from gaseous emboli are higher than that of solid

emboli of a similar size, which in turn is higher than the backscatter observed from red

blood cells within normal flow. Embolic signals using TCD ultrasound have been detected

in patients with carotid stenosis, myocardial infarction, atrial fibrillation, and mechanical

cardiac valves.

Ipsilateral MCA TCD recordings for 111 patients with > 60% carotid artery stenosis (69

symptomatic and 42 asymptomatic) were examined for embolic signals and the patients

were followed from their first TCD recording until the occurrence of stroke, ischemic

events, carotid endarterectomy, angioplasty, or completion of the study. Although the

presence of embolic signals was predictive of ischemic events during follow-up in both

symptomatic and asymptomatic patients, for the asymptomatic patients embolic signals

predicted a further ischemic event with an adjusted OR of 8.10 (95% CI: 1.58–41.57; p =

0.01).62 The study was extended to include 200 patients with > 50% ICA stenosis. In this

group, embolic signals in asymptomatic patients predicted short-term ipsilateral stroke and

TIA risk with an OR of 4.67 (95% CI =1.99–11.01; p < 0.0001).63
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The role of TCD in antithrombotic therapy was subsequently investigated in the CARESS

(Clopidogrel and Aspirin for Reduction of Emboli in Symptomatic Carotid Stenosis) trial,

which tested the effect of antithrombotic medications on patients with symptomatic carotid

stenosis ≥ 50%. Patients with embolic signals were randomized to combination

antithrombotic therapy with clopidogrel and aspirin or to aspirin therapy alone. TCD

recording in the ipsilateral MCA on day 7 of the treatment showed that the combination

therapy was more effective than aspirin alone in reducing embolic signals.64

The ACES (Asymptomatic Carotid Emboli Study) trial examined the presence of silent

embolic signals in patients with ≥ 70% asymptomatic carotid artery stenosis and their

relation with subsequent stroke risk. Embolic signals were present in 77 of the 467 patients

screened and the hazard ratio (HR) for the risk of ipsilateral stroke and TIA from baseline to

2 years in patients with embolic signals compared with those without was 2.54 (1.20–5.36; p
= 0.015); the HR for ipsilateral stroke alone was 5.57 (1.61–19.32; p = 0.007).65 Although

carotid endarterectomy is proven to reduce the risk of ipsilateral stroke by 75% in patients

with 50 to 70% symptomatic carotid stenosis,66 the management of patients with

asymptomatic carotid stenosis is not clear. The results of the ACES trial suggest that TCD

microemboli detection may be a useful approach to not only identify patients with

asymptomatic carotid stenosis who are at high risk of stroke and TIA and who may benefit

from endarterectomy, but to also identify those low-risk patients in whom surgical

intervention may not be beneficial.

Cerebral Circulatory Arrest

A decrease in cerebral perfusion pressure associated with increases in ICP and PI result in

compression of the intracranial arteries and cessation of flow to the brain, leading to cerebral

circulatory arrest (CCA).34 The pattern of cerebral blood flow leading to CCA and brain

death can be visualized by TCD and monitored continuously at bedside (Fig. 4). When the

ICP increases to match the diastolic perfusion pressure, diastolic cerebral blood flow

approaches zero. With continued rise in ICP, diastolic blood flow reappears, but it is in the

opposite direction (reversed flow), visualized as retrograde flow in the TCD. Systolic

waveforms also become spiked. The retrograde or oscillatory diastolic flow along with

systolic spikes, result in no net forward cerebral blood flow and are characteristic of CCA.

TCD has very high sensitivity (96.5%) and specificity (100%) in the diagnosis of cerebral

circulatory arrest, but the possibility of temporary arrest should be excluded by having the

systolic blood pressure > 70 mm Hg during the TCD assessment.39

Research Applications and Future Implications

Cerebral Autoregulation

Cerebral autoregulation is the intrinsic property of the blood vessels to maintain cerebral

blood flow relatively constant by rapidly adjusting cerebrovascular resistance and

compensating for fluctuations in cerebral perfusion pressure.67 Changes in cerebrovascular

resistance usually take place at the level of the arterioles, although larger vessels may also

contribute. Cerebral autoregulation maintains cerebral blood flow constant between mean

arterial pressures of 50 to 170 mm Hg. Beyond the autoregulatory range cerebral blood flow

is pressure passive—at low blood pressures the brain is at risk of ischemic injury, whereas at

high blood pressures cerebral edema and breakdown of the blood–brain barrier may occur.

Two types of autoregulation exist; dynamic autoregulation, which responds to immediate

changes (within seconds) and static autoregulation, which responds to long-term(from

minutes to hours) changes in blood pressures. Earlier investigations of cerebral blood flow

regulation relied on steady-state blood pressures for valid measures of cerebral
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autoregulation. This method was time consuming and required invasive procedures such as

the Kety-Schmidt technique using Xenon Xe 133 as a tracer. Moreover, the traditional

steady-state techniques lacked the temporal resolution to identify dynamic vascular changes

that occur within seconds. TCD ultrasound is a powerful noninvasive tool with high

temporal resolution for assessment of dynamic cerebral blood flow responses to various

stimuli including changes in arterial pressure. TCD provides continuous beat-to-beat

measurements of cerebral blood flow velocity in the basal cerebral arteries and has become

the most commonly utilized tool to study cerebral blood flow regulation in humans.

Assessment of dynamic cerebral autoregulation is based on transient changes in cerebral

blood flow in response to sudden changes in arterial pressure. The sudden changes in arterial

pressure can be induced by a variety of techniques such as deflation of bilateral thigh cuffs,

postural alteration, Valsalva maneuver, lower-body negative pressure, isometric hand-grip

exercise, and pharmacologic interventions.68–70 Several analyses using the time and the

frequency domains are utilized to examine dynamic cerebral autoregulation with the

TCD.69,70 Abnormalities in cerebral autoregulation are thought to occur in a number of

clinical disorders such as stroke, subarachnoid hemorrhage, postpartum angiopathy,

eclampsia, syncope, and traumatic brain injury.

Cerebral Vasoreactivity

The cerebrovascular bed is extremely sensitive to changes in arterial PaCO2. Increased CO2

causes arteriolar vasodilatation resulting in increased velocity in the upstream larger cerebral

arteries (insonated vessels). On the other hand, decreased CO2 results in decreased cerebral

blood flow velocity due to arteriolar vasoconstriction. Changes in ventilation (hyper- and

hypoventilation or breathholding) and use of drugs such as acetazolamide can also induce

CO2-mediated changes on cerebral blood flow velocity.71,72

Cerebral vasoreactivity describes the ratio of the percentage changes in cerebral blood flow

velocity to changes in PaCO2. It is important to note that cerebral vasoreactivity, vasomotor

reactivity, or CO2 vasoreactivity are not the same as cerebral autoregulation; therefore, the

terms should not be used interchangeably. In fact, cerebral vasoreactivity and cerebral

autoregulation may be decoupled in many conditions. 73 Diseases such as sleep apnea,

congestive heart failure, carotid artery stenosis, and cerebral ischemia are associated with

impaired vasoreactivity.70

Neurovascular Coupling (Functional Hyperemia)

The relationship between neuronal activation and cerebral blood flow—termed

neurovascular coupling—ensures delivery of adequate oxygen and glucose to the activated

neurons. In other words, an increase in metabolic demand from neuronal activity will lead to

an increase in cerebral blood flow, and this link between regional neuronal activity and

regional cerebral blood flow is referred to as neurovascular coupling or functional

hyperemia. Functional TCD can be used to measure neurovascular coupling by recording

cerebral blood flow velocity during cognitive tasks74 and motor tasks.75 Neurovascular

coupling is disrupted in diseases such as hypertension and ischemic stroke.76

Future Implications

Traumatic Brain Injury—Traumatic brain injury (TBI) is one of the leading causes of

death and disability. Cerebral vascular injury and hemodynamic compromise is a significant

contributor to poor outcome in patients with TBI. Our current understanding of the

mechanisms underlying cerebrovascular damage in TBI is limited. Disturbances in cerebral

hemodynamics with an early phase of cerebral hypoperfusion followed by hyperemia and

secondary elevations in ICP may be one possible mechanism. 77 Chan et al used TCD to

detect hypoperfusion in TBI patients and showed that an initial Vmean of < 28 cm/s was
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associated with 80% likelihood of early death.78 In a prospective study of 36 children with

moderate to severe TBI, diastolic flow velocity < 25 cm/s and PI >1.31 (indicative of high

cerebrovascular resistance) at the time of admission was also associated with poor

prognosis.79

The usefulness of early TCD-directed therapy was examined in a study of adults with severe

TBI.80 TCD measurements were available within 18 ± 11 minutes after admission and were

considered abnormal when two out of three measures were outside the following range:

Vmean < 30 cm/s, Vd < 20 cm/s, PI > 1.4. Patients with abnormal TCD received treatment to

increase cerebral perfusion pressure and/or decrease cerebral edema. Cerebral invasive

monitoring was available at ~4 hours after admission and showed similar cerebral perfusion

pressure and jugular venous oxygen saturation between the two groups despite increased

intracranial pressure in patients with abnormal TCD. These findings show that early TCD

monitoring can help prevent cerebral hypoperfusion, which may help reduce the extent of

secondary ischemic injuries in TBI patients with elevated ICP. TCD measures predictive of

clinical outcome that can be used as therapeutic targets in clinical trials of TBI will have a

significant impact on how we manage TBI in the future.

Intraoperative TCD Monitoring—Monitoring cerebral blood flow velocity

noninvasively during surgery can also provide real-time information about changes in

velocity or occurrence of microemboli, which could be immediately corrected to prevent

intraoperative cerebral ischemic injury. A number of studies have previously investigated

cerebrovascular hemodynamics during coronary artery bypass graft81 and carotid

endarterectomy.82,83 However, more studies are needed to validate these findings and to

show that altering intraoperative care in response to TCD measures has a positive impact on

patient outcomes.

TCD in Dementia—TCD may also have significant utility in dementia research (for a

detailed review of these studies, please see reference84). One of the more recent studies has

shown that patients with Alzheimer’s disease and vascular dementia had lower cerebral

blood flow velocity and higher PI when compared with the healthy age-matched controls,

supporting the association between dementia and hemodynamic disturbances.85 There is

another recent study linking microemboli to accelerated cognitive decline in patients with

dementia.86 The application of TCD to cognitive research is rapidly expanding.

Limitations of the TCD

Two major limitations of TCD impede its more widespread use. It is highly operator

dependent, with the handheld technique requiring detailed three-dimensional knowledge of

cerebrovascular anatomy and its variations. The use of TCD is also hampered by the 10 to

15% rate of inadequate acoustic windows prevalent in Blacks, Asians, and elderly women.

This may be related to thickness and porosity of the bone around the acoustic windows and

attenuation of the ultrasound energy transmission. TCD measurements are also limited to the

large basal arteries and can only provide an index of global rather than local cerebral blood

flow velocity.

Conclusions

TCD is an inexpensive, but essential tool that can be used along with a battery of other tests

in clinical diagnosis of a number of cerebrovascular disorders such as acute ischemic stroke,

vasospasm, traumatic brain injury, and cerebral microembolization. TCD is also useful in

detecting collateral flow and managing cerebrovascular atherosclerotic diseases. Children

with SCD who are at risk of stroke can be screened with TCD and managed with blood
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transfusion. TCD is also useful in confirming brain death. TCD is also extensively used in

research settings to study cerebral autoregulation, vasoreactivity to CO2, and neurovascular

coupling in healthy and diseased population. A better understanding of these physiologic

processes may lead to novel therapeutic targets in acute ischemic stroke, vasospasm, TBI,

and dementia where our clinical interventions are most limited.
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Fig. 1.
An example of spectral Doppler frequency display of the middle cerebral artery.
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Fig. 2.
Four acoustic windows commonly used in transcranial Doppler examination: transtemporal

window (A), submandibular window (B), transorbital window (C), suboccipital window

(D).
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Fig. 3.
Embolic signals on transcranial Doppler recordings of the left middle cerebral artery.

Arrows indicate the high-intensity transient signals (HITS) seen with emboli.
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Fig. 4.
Cerebral circulatory arrest. Progressive changes in the waveform morphology of the middle

cerebral artery. (From Hassler W, Steinmetz H, Pirschel J. Transcranial Doppler study of

intracranial circulatory arrest. J Neurosurg 1989; 71(2):195–201).
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