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Transcranial Doppler 
and Transcranial Color-Coded 
Duplex Sonography

Chiara Robba and Andrea Rigamonti

24.1	 �Basic Principles 
of Transcranial Doppler

Transcranial Doppler (TCD) ultrasonography 
was first described by Aaslid and collaborators in 
1982 [1]. It is a noninvasive technique able to 
monitor dynamics of cerebral blood flow (CBF) 
and vessel pulsatility in the basal cerebral arter-
ies, such as middle cerebral artery (MCA), ante-
rior cerebral artery (ACA), and posterior cerebral 
artery (PCA) (Fig. 24.1).

TCD technique is based on the phenomenon 
described by the physicist Christian Andreas 
Doppler in the nineteenth century, called 
Doppler Effect. According to this principle, 
when a sound wave with a certain frequency 
strikes a moving object (such as red blood cell 
inside an insonated artery), it is reflected with a 
different frequency, the Doppler shift, 𝑓d, which 
is directly proportional to the velocity of the 

object (V). Echoes received by the ultrasound 
(US) probe are processed to produce a spectral 
waveform with peak systolic velocity and dia-
stolic velocity values (Fig. 24.2).
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(𝑐 is the speed of the incident wave, 𝑓0 is the inci-
dent pulse frequency, and 𝜃 is the angle of the 
reflector relative to the US probe).
The spectral waveform is then processed and 
combined with indices derived from cerebral 
blood flow velocity (FV) (such as Gosling’s and 
spectral pulsatility index) allowing the calcula-
tion of secondary indices (including autoregula-
tion, critical closing pressure (CrCP), noninvasive 
intracranial pressure [ICP]) useful for the analy-
sis of cerebral hemodynamics.

The main obstacle to vessel insonation and 
ultrasound penetration of the skull is the bone. 
Therefore, TCD is performed through acoustic 
windows representing specific points of the skull 
where the bone is thin enough to allow ultrasound 
waves to penetrate.

The equipment used is a duplex US color flow 
mapper. The probe is either a sector or phased 
array cardiac or dedicated probe with a small 
imaging footprint and a Doppler frequency of 1.8 
or 2 MHz.

C. Robba (*) 
Neurocritical Care Unit, Addenbrookes Hospital, 
Cambridge, UK
e-mail: kiarobba@gmail.com 

A. Rigamonti 
Departments of Anaesthesia and Critical Care, St. 
Michael’s Hospital, University of Toronto,  
Toronto, ON, Canada

24

mailto:kiarobba@gmail.com


276

24.2	 �Acoustic Windows

The acoustic windows used to insonate the ves-
sels are transtemporal, suboccipital, trans-
orbital, and retromandibular (Fig.  24.3). The 
temporal window is the most commonly used 
for the insonation of the MCA (responsible for 
the 75% of the brain blood flow and it is the 
vessel of choice for most of the TCD derived 
signals), ACA, and PCA (Fig. 24.4). The pos-
terior circulation, in particular terminal seg-
ments of the vertebral and basilar arteries, can 
be visualized via the suboccipital (transforami-
nal) window. Transorbital examination allows 
the insonation of the ophthalmic arteries and 
carotid siphons, as well as the measurement of 

the optic nerve sheath diameters [2]. In patients 
with subarachnoid hemorrhage (SAH) and sus-
pect of vasospasm, a submandibular approach 
can be used to insonate the extracranial portion 
of the internal carotid artery (ICA) to calculate 
the mean flow velocity ratio between the MCA 
and ICA (Lindegaard index). Finally, in new-
borns, open fontanelles provide a good acous-
tic window to the intracranial circulation; 
internal carotid vessels and the branches of the 
circle of Willis can be insonated through the 
anterior fontanelle in sagittal and coronal 
planes [3].

The identification of each intracranial vessel is 
based on the depth of signal capture, velocity and 
direction of the vessel, possibility of following 
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Fig. 24.1  Typical transcranial color-coded duplex sonography (TCCS) view of the circle of Willis

Fig. 24.2  Spectral waveform highlighting the peak systolic and the diastolic velocity values
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Fig. 24.3  Transtemporal 
and suboccipital (or 
transforaminal) windows 
and vascular cerebral 
anatomy (Courtesy of 
Maria Blouin)

Fig. 24.4  Typical view through the temporal window
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the vessel its whole length and anatomical rela-
tionship with other vessels (Table 24.1).

Transcranial color-duplex sonography (TCCS) 
combines pulsed-wave Doppler with two-
dimensional, real-time B mode imaging. It allows 
the direct visualization of basal cerebral arteries 
anatomy; therefore, it allows precise placement 
of the Doppler sample volume in the vessel. 
Compared to conventional TCD, TCCS is more 
reliable and accurate.

24.3	 �TCD-Derived Signals

The processing of the echoes received by the US 
probe produces a spectral waveform. Systolic 
(FVs), diastolic (FVd), and mean (FVm) flow 

velocities will be then generated by the analysis 
of the waveform (Fig. 24.5).

Pulsatility index (PI) is a TCD-derived 
parameter able to provide information about 
cerebral vascular resistance and changes in the 
morphology of the TCD waveform resulting 
from cerebral perfusion pressure (CPP) changes.

Mathematically, PI is calculated as the rela-
tionship between the difference of FVs and FVd 
divided by mean flow velocity (FVm) [4] 
(Figs. 24.6 and 24.7)
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PI has been widely investigated as noninva-
sive estimator of ICP. Some authors demonstrated 
that ICP and PI are positively correlated during 

Table 24.1  Normal values of flow velocities of the main cerebral vessels detected by transcranial doppler in adults

Acoustic window Mean FV (cm/s) Depth (mm) Direction of flow

MCA Transtemporal 55 ± 12 30–65 Toward
ACA Transtemporal 50 ± 11 60–75 Away
PCA Transtemporal 40 ± 10 60–70 Toward (P1), Away 

(P2)
BA Occipital 41 ± 10 80–120 Away
VA Occipital 38 ± 10 60–75 Away
OA Transorbital 21 ± 5 45–55 Toward
ICA Retromandibular 30 ± 9 45–50 Away

Abbreviations: MCA middle cerebral artery, ACA anterior cerebral artery, PCA posterior cerebral artery, BA basilar 
artery, VA vertebral artery, OA ophthalmic artery, ICA internal carotid artery

Fig. 24.5  Systolic 
(FVs), diastolic (FVd), 
and mean (FVm) flow 
velocities generated by 
spectral analysis
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increases of ICP [5], demonstrating a strong cor-
relation coefficient with invasively measured ICP 
(R = 0.94 p < 0.05) [6]. However, other authors 
found less positive results finding a weak correla-
tion between PI and ICP [6, 7]. However, PI is 
not specific for increase in ICP. When a drop in 
CPP occurs, PI presents an increasing trend, 
which can be related to increases in ICP but also 
to decreases in cerebrovascular resistance (CVR). 
Similarly, during hypocapnia, both CVR and PI 
increase significantly [8]. Many studies have sup-
ported the idea that PI can reflect distal CVR, 
attributing greater PI to higher CVR [9].

However, experimental data showed that 
hypercapnia can cause a decrease in both CVR 
and PI while a reduction in CPP with intact auto-
regulation induces a decrease in CVR but an 

increase in PI [10]; therefore, PI is dependent on 
numerous factors, including ICP, ABP, on CPP 
and vascular tone (consequently CO2).

In summary, changes in PI are correlated to 
changes both in ICP and ABP. Although a few 
manuscripts favor PI as a surrogate ICP, the sen-
sitivity of PI to identify raised ICP is high, but its 
specificity is low.

24.4	 �Cerebral Blood Flow

Under normal conditions, FV is proportional to 
the cerebral blood flow (CBF). Although TCD is 
not appropriate to yield an absolute value of CBF, 
changes over time in FV are related to changes in 
CBF. Therefore, since TCD gives a quantitative 
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Fig. 24.6  Pulsatility 
index (PI) and resistivity 
index (RI)

Pulsatility index

•  PI < 0.5 – Below normal resistance
   May suggest a proximal narrowing / occlusin or an artero-venous
   malformation

•   0.5 < PI < 1.0 – Normal resistance

•   1.1 < PI < 1.5 – Above normal resistance

•   PI >  1.5 – Abnormal resistance
    Pls > 1.1 may be caused by a distal occlusion.When blood flow hits the
    occlusion it causes flow to stop abruptly. The result is a decrease in diastolic
    flow or a reversal of flow in early diastole and little or no flow in late diastole.
    Arterial constriction 9i.e. vasospasm) will also cause PL to elevate

Fig. 24.7  Normal and  
abnormal PI
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measurement of FVs, the measurement of 
changes in FV provides a quantitative measure-
ment of changes in CBF.

TCD-derived cerebral blood FVs are com-
monly measured in clinical and experimental 
environment. The simultaneous monitoring of 
these signals as well as intracranial pressure 
(ICP) and arterial blood pressure (ABP) can give 
valuable information regarding the state of cere-
bral hemodynamics in different intracranial 
pathologies. Through the analysis of TCD wave-
form, many authors attempted to investigate the 
relationship between the cerebral blood flow 
(CBF) and cerebrospinal fluid (CSF) dynamics, 
proposing several mathematical and hydrody-
namic models [12–14].

24.5	 �Anesthetic Agents 
and Intracranial Blood Flow 
Velocity

24.5.1	 �Volatile Agents

Cerebral vasodilatory effects of volatile agents 
have been extensively studied [11]; according to 
most authors, the vasodilatory effect of volatile 
agents on cerebral vessels is dose dependent and 
less evident with sevoflurane when compared with 
other inhalational agents [12]. Conversely, propo-
fol is not associated with a significant modification 
of cerebral hemodynamics and demonstrates 
possible avoidance of the undesirable effects in 
brain-injured patients [13, 14].

During general anesthesia, in patients without 
neurological disease, the cerebrovascular auto-
regulation seems to be maintained between 0.5 
and 1.0 minimum alveolar concentration (MAC) 
of sevoflurane, although the autoregulation is 
slightly impaired with MAC above 1.0. However, 
some authors suggested that cerebral autoregula-
tion is maintained even with higher MAC (1.2 
and 1.5 MAC) [15]. Compared to sevoflurane, 
the use of halothane [16] is associated with lower 
vessel resistance and higher mean flow velocity 
during general anesthesia. The effect of isoflu-
rane on cerebral FVs however is discordant [17, 

18]. Many authors consider the use of isoflurane 
[24] on cerebral hemodynamics as safe; however, 
Nishiyama et al. [25] compared cerebrovascular 
carbon dioxide reactivity assessed through TCD 
during general anesthesia with sevoflurane and 
isoflurane in patients without known cerebral dis-
ease and found that FV was significantly lower in 
the isoflurane group at PCO2 = 20–40  mm Hg 
than in the sevoflurane group. Moreover, they 
found that the rate of change in cerebral blood 
flow caused by variations of CO2 tension was 
greater during the administration of isoflurane 
anesthesia compared with sevoflurane.

Holmström et  al. [19] assessed the dose-
dependent vasodilatory effects at hypocapnia of 
desflurane, sevoflurane, and isoflurane adminis-
tered in a randomized order at 0.5 and 1.0 MAC 
in a pig experimental model. Cerebral and sys-
temic variables were recorded at two different 
levels of CO2 (normocapnia vs. hypocapnia). At 
0.5 MAC, all the agents had similar effects on 
CBF at hypocapnia. However, the authors found 
a more pronounced cerebral vasodilation at hypo-
capnia with higher doses of desflurane than with 
sevoflurane or isoflurane, concluding that desflu-
rane might be less suitable than other agents in 
neurosurgical procedures.

Among volatile agents, sevoflurane seems to 
have the least effect on middle cerebral artery 
blood flow velocities; however, it has shown to 
determinate a reduction in cerebrovascular car-
bon dioxide reactivity at and above CO2 of 45 mm 
Hg at 1.0 and 1.5 MAC, which is even reduced 
with the addition of nitrous oxide [20].

The addition of nitrous oxide can also deter-
minate significant increase in CBF and reduc-
tion in autoregulatory indices and needs to be 
avoided [21].

24.5.2	 �Intravenous Anesthetics

Intravenous anesthesia is considered the tech-
nique of choice for neurosurgical procedures 
since, compared to inhalation technique, is asso-
ciated with less pronounced vasodilating effect 
on cerebral vessels [22].
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However, investigations comparing the cere-
bral hemodynamic effects during inhalation or 
intravenous anesthesia are conflicting.

Recent findings confirm that the use of sevoflu-
rane, compared to propofol sedation, can decrease 
more significantly MAP and CPP in neurocritical 
care population, with consequent ICP increases 
[23]. However, Marval et al. [24] found that esti-
mated CPP (eCPP), calculated using an estab-
lished formula, decreased significantly in the 
propofol group (median, from 58 to 41 mm Hg) 
but not in the sevoflurane group (from 60 to 62 mm 
Hg) in 23 healthy patients undergoing non-neuro-
surgical procedures monitored with TCD.

Finally, some authors demonstrated [25] that, 
in patients undergoing intracranial tumors resec-
tion, cerebral blood flow velocity was not signifi-
cantly different between sevoflurane- and 
propofol-anesthetized patients at the comparable 
depth of anesthesia, suggesting a role of inhala-
tion anesthesia in neurosurgical procedures.

Propofol is the intravenous anesthetic drug of 
choice and it is commonly used as a first-line 
therapy for sedation and control of intracranial 
pressure in head-injured patients. Compared to 
thiopental, the use of propofol during electrocon-
vulsive therapy resulted in minor cerebral blood 
flow velocity changes [26].

Steiner et  al. [27] examined the effect of 
increasing propofol plasmatic concentration on 
pressure autoregulation in head-injured patients. 
They administered norepinephrine to achieve 
CPP of 70 and 85 mm Hg at each different propo-
fol concentration. The authors found that at high 
propofol concentration TCD-derived flow veloci-
ties were significantly lower than at the moderate 
concentration, but that autoregulation was 
impaired. In their study, Steiner et  al. therefore 
demonstrated that the cerebrovascular effects of 
propofol in head-injured patients are different 
from those observed in healthy individuals, and 
large doses of propofol should be used cautiously 
in this group of patients.

Opioids are frequently used in patients with 
cerebral injury despite clinical reports suggest that 
these compounds may increase ICP. Some authors 
suggest that fentanyl and sufentanil can elevate 

ICP [28]. However, increases in ICP along with 
infusion of opioids are generally associated with 
decreases in MAP, and a rise in ICP is related to 
autoregulatory vasodilation and increased cerebral 
blood volume secondary to systemic hypotension.

Indeed, de Nadal et al. demonstrated that mor-
phine and fentanyl transiently increase ICP in 
response to ABP decrease in patients with pre-
served and impaired cerebrovascular autoregula-
tion but induced no significant variations in CBF 
estimated by TCD sonography. [29]

24.6	 �Transcranial Doppler 
Ultrasonography 
in Neurocritical Care 
Monitoring

TCD presents a wide range of clinical application 
in the neurointensive care settings (Table 24.2).

24.6.1	 �Non-invasive ICP and CPP 
Assessment

Monitoring and targeted management of ICP and 
CPP are widely advocated for patients with 
severe head injuries as intracranial hypertension 
is an important cause of morbidity and mortality 
[30]. Therefore, ICP and CPP evaluation is cru-
cial in many neurological diseases such as trau-
matic brain injury (TBI), subarachnoid 
hemorrhage (SAH), and stroke [31].

The gold standard for ICP measurement is 
invasive. However, invasive ICP monitoring is 
associated with a wide range of possible compli-
cations including infection and hemorrhage [32]; 
therefore, a noninvasive measurement of ICP can 
be invaluable in the management of many neu-
rological patients [33]. TCD is one possible tool 
to assess noninvasive ICP (nICP) and CPP, as 
increased ICP produces specific changes in cere-
bral blood FV, with diastolic FV being particu-
larly sensitive [10].

Gosling pulsatility index (gPI) is one of the 
first measures derived from the TCD waveform 
that has been studied to assess ICP (Fig. 24.7), 
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but reports on its usefulness for predicting ICP 
and CPP are discordant [6, 8].

Bellner [6] found a significant correlation (R = 
0.94, p < 0.0001) between ICP and PI but other 
authors found weak correlation between PI and 
ICP [9]. Some other studies proposed methods 
based on the primarily intended calculation of non-
invasive cerebral perfusion pressure (nCPP), and 
secondarily calculating noninvasive ICP based on 
the assumption that nICP = ABP – nCPP [42, 43].

Czosnyka et  al. [34] proposed a similar but 
modified formula for estimation of CPP and 
demonstrated that the correlation between nonin-
vasive CPP (nCPP) and measured CPP was 0.73 
(p < 10−6). The absolute difference between real 
CPP and nCPP was less than 10 mm Hg in 89% 
of measurements and less than 13 mm Hg in 92% 
of measurements.

Recently, Varsos et al. proposed a method to 
estimate CPP based on critical closing pressure 
(CrCP) which represents a threshold of ABP, 
below which the blood pressure in the brain vas-
culature is inadequate to prevent the collapse and 

cessation of blood flow [35]. The authors found a 
good correlation between nCPP and measured 
CPP (R = 0.85, p < 0.001), with a mean (±SD) 
difference of 4.02 ± 6.01 mmHg. In 83.3% of the 
cases, the estimation error was below 10 mmHg.

In summary, there is a considerable variability in 
the results from studies assessing the accuracy of 
TCD in the detection of ICP and CPP.  None of 
these methods seem to be accurate enough to be 
used as a replacement for invasive ICP measure-
ment, but TCD can still be useful in many situa-
tions, including when the patient presents 
contraindication for the insertion or invasive ICP 
monitoring or when the indications for ICP are not 
met (Fig. 24.8).

24.6.2	 �Vasospasm and SAH

Aneurysmal subarachnoid hemorrhage (aSAH) 
occurs with an incidence of 6–10 per 100,000 
cases per years [36] and represents an important 
cause of morbidity and mortality.

Table 24.2  Clinical applications of transcranial Doppler

Traumatic brain injury Noninvasive ICP and CPP estimation
Autoregulation
Compliance and cerebrovascular dynamics

SAH (Aneurysms and 
AVM)

Vasospasm
Autoregulation

Stroke Diagnosis and treatment of ischemic stroke
Hydrocephalus Infusion study and cerebral reserve and compliance

Noninvasive ICP and CPP
Brain death Diagnosis of brain death
Sickle cell disease Risk from a spectrum of brain injuries that include subclinical infarction, acute stroke 

and hemorrhage; screening of children between 2- and 6-years old is recommended on 
a 6–12 monthly basis, involving measurement of the time-averaged mean FV in 
bilateral MCA, bifurcation, distal ICA, ACA, PCA, and BA

Right to left CARDIAC 
shunt

Evaluation of paradoxical embolism through right to left cardiopulmonary shunts (e.g., 
patent foramen ovale)

Central nervous system 
infections

Noninvasive ICP and cerebrovascular dynamic

Peri-procedural/operative Autoregulation
Noninvasive ICP and CPP

Liver failure and Hepatic 
encephalopathy

Noninvasive ICP estimation and prognosis for acute liver failure

Preeclampsia Assessment of autoregulation and FV as prognostic for preeclampsia
Sepsis Assessing cerebral perfusion changes in septic patients as risk of sepsis-associated 

encephalopathy
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Vasospasm after aSAH is another important 
cause of mortality and morbidity. It usually 
occurs 3–14  days following aSAH, and it is 
known to be one of the causes leading to new 
ischemic neurological deficits [37]. Despite angi-
ography still being the gold standard for the 
detection of vasospasm, TCD can be used for the 
assessment and detection of vasospasm after 
aSAH [38] as the constriction of the cerebral ves-
sels leads to an increase of the cerebral blood 
flow velocities.

TCD has a good ability in the prediction of 
vasospasm. In particular, mean flow velocity 
>120 cm/s on the MCA was found to have a spec-
ificity of 72% and sensitivity of 88% for angio-
graphic vasospasm (Table 24.3) [39].

The Lindegaard ratio (LR) is a TCD-derived 
index which is normally used to differentiate 

between the increase in FV related to systemic 
hyperdynamic flow and the increase secondary to 
vasospasm, by comparing intra-extra cranial 
blood flow velocities.

LR is calculated according to the following 
formula:

LR
MCAMFV

ICAMFV
=
extracranial

When increased flow velocity is related to 
hyperemia, it affects both intracranial and extra-
cranial portion of the ICA (LR < 3); when vaso-
spasm is the cause of increased flow velocity, the 
extracranial portion of the ICA is unaffected and 
LR is >3 (Fig. 24.9). In the posterior circulation, 
a modified LI is generally used with a value >2 as 
threshold to indicate vasospasm [40]:

Modified LR = BA (FVm)/VA (FVm).
An approach to the interpretation of the flow 

velocities and the Lindegaard index in the context 
of vasospasm is presented in Fig. 24.10.

24.6.3	 �Autoregulation

Cerebral autoregulation is the intrinsic ability of 
the brain to maintain a stable CBF despite 

Increased ICP

– Reduction in diastolic velocity
– Increase in systolic velocity
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v
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0

As ICP approaches the diastolic
pressure at the level of
microcirculation, the end-diastolic
velocity approaches 0 Reversal of flow in diastole

Fig. 24.8  How increased may affect cerebral blood flow velocities as demonstrated by TCCS

Table 24.3  Grading of vasospasm

Vasospasm of the MCA FVm (cm/s)

Mild (<25% narrowing) <120
Moderate (25–50% narrowing) 120–200
Severe (>50% narrowing) >200

Abbreviations: MCA middle cerebral artery, FVm mean 
flow velocity
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variations in cerebral perfusion pressure between 
certain limits of pressure (50–150 mmHg in nor-
motensive patients) [41]. Impairment of autoreg-
ulation has been demonstrated in many 
neurocritical care conditions, and it is related to 
poor outcome.

Monitoring of cerebral autoregulation has 
been performed for decades under steady-state 
conditions in clinical practice. TCD has been 
applied as a static model to autoregulatory testing 
in patients using the static autoregulatory index 
(sARI) or static rate of regulation (sROR), 

Lindegaard index

LI =
FVMCA 

FVecICA 

•   3.00 ≤ LI ≤ 5.99: mild to moderate

•  The Lindegaard ration helps determine
   whether the increase in MCA velocity is
   due to vasospasm or due to hyper –
   dynamic flow

•  LI ≥ 6.00: severe

Lindegaard index: 8:8
(198.77/22.47)

Fig. 24.9  Lindegaard index (LI) formula and example of severely elevated LI

Vasospasm

Clinical suspicion of DCI/
daily monitoring

TCD

MCA FVm < 120 cm/sec MCA FVm 121-200 cm/sec

Lindegaard index

MCA FVm >200 cm/sec

< 3 3-6 > 6

High probability of spasm

High probability of spasmIntermediate probability
of spasm

Low probability of spasm

Low probability of spasm

Fig. 24.10  Approach to the interpretation of the flow velocities and the Lindegaard index in the context of vasospasm
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defined as the percentage of change in CVR with 
respect to the percentage of change in CPP [42].

However, static assessment of autoregulation 
is often too simplistic as it does not take in 
account a number of factors including the differ-
ent upper and lower limits of autoregulation or 
different slopes of the “autoregulatory zone” 
among different individuals.

A recent approach used TCD for the investiga-
tion of dynamic cerebral autoregulation given its 
high temporal resolution, which allows to meas-
ure the timing of the changes of CBF to the CPP/
(ABP) challenge [43].

TCD can allow the calculation of an index of 
autoregulation called mean flow index (Mx), 
which is calculated as the correlation coeffi-
cient between FVm and CPP; an Mx value of 
zero or negative indicates preserved autoregula-
tion, whereas a positive correlation between 
ABP (or CPP) and CBF indicates impaired 
autoregulation.

The study of autoregulation through TCD has 
been applied in many clinical scenarios.

In patients with stroke, TCD has demonstrated 
to be able to detect an impairment in cerebral 
autoregulation of the pathologic hemisphere and 
showed an association of this impairment with 
poor outcome [44]. Moreover, impaired autoreg-
ulation assessed with Mx index has shown to be 
strongly associated with poor outcome at 
6 months in patients after TBI [45].

Similarly to TBI, impaired cerebral autoregu-
lation seems to play a significant role in the path-
ophysiology of vasospasm and delayed cerebral 
ischemia (DCI) after SAH. Budohoski et al. dem-
onstrated that patients with worse autoregulation 
after SAH are more likely to develop delayed 
cerebral ischemia (DCI) independently to the 
incidence of vasospasm [46] and that impairment 
of autoregulation can be detected before vaso-
spasm occurs.

Finally, in patients with ICA stenosis, impaired 
autoregulation assessed by Mx observed in the 
pathological stenotic or occlusive arteries has 
shown to be correlated with the degree of stenosis 
and is considered as a tool to identify patients at 
risk for need of surgical decompressive craniec-
tomy [47].

24.6.4	 �Brain Death

Brain death is an irreversible cessation of the brain 
and brainstem functions. Its diagnosis implies 
several medical, ethical, and legal implications.

Currently, brain death is diagnosed by clinical 
neurological examination and confirmatory instru-
mental tests in some clinical cases, such as EEG, 
angiography with multi-slice computed tomogra-
phy (CTA), brain scintigraphy or TCD, according to 
the legal requirements in each individual country.

The use of TCD in brain dead has been first 
described in 1974, and it is an alternative confir-
matory test. It is able to demonstrate cerebral cir-
culatory arrest associated to brain death, especially 
when neurological examination is not possible.

The conditions for establishing a diagnosis of 
cerebral circulatory arrest using TCD include the 
knowledge of the cause of coma, and the exclu-
sion of factors that may alter the neurological 
findings, including hypothermia, metabolic alter-
ations, and intoxications. Moreover, during the 
TCD measurements, the patient has to be hemo-
dynamically stable with a blood pressure no lower 
than 90/50 mmHg, and PaCO2 35–45 mmHg.

Published criteria [48] for the diagnosis of cere-
bral circulatory arrest on TCD state that one of the 
following waveforms must be observed in the mid-
dle cerebral artery, basilar artery, and internal carotid 
artery bilaterally by two expert sonographers:

	1.	 An oscillating waveform (equal systolic for-
ward flow and diastolic reversed flow) 
(Fig. 24.11)

	2.	 Small systolic spikes of < 200  ms duration 
and < 50  cm/s PSV with no diastolic flow 
(Fig. 24.12), or

	3.	 Disappearance of intracranial flow

The examinations should be repeated twice at 
least 30 min apart.

Despite the large number of limitations in the 
use of TCD for the diagnosis of brain dead 
(operator-dependent technique, absence of 
acoustic window in 10–20% of patients, 
difficulty exploring posterior circulation in criti-
cally ill patients, false-negative results in patients 
with anoxia or with open skull), a meta-analysis 
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published in 2006 [49] reported a sensitivity of 
95% and a specificity of 99%.

24.7	 �Other Applications

TCD has been used for the diagnosis, prognosis, 
and treatment of ischemic stroke.

It has been demonstrated to be a reliable prog-
nostic indicator in MCA occlusive stroke [50] 
and may also have a role in the prediction of out-

come in these patients, according to the site and 
severity of occlusion observed.

Besides the common previously described appli-
cations in neurointensive care settings, TCD has 
been successfully applied even in the intraoperative 
settings, in order to assess nCPP and nICP in surgi-
cal procedures at risk to increase intracranial hyper-
tension [5] such as laparoscopic procedures with 
pneumoperitoneum and Trendelenburg position, as 
well as for neuromonitoring during cardiac surgery 
or carotid endarterectomy . Finally, growing and 

Fig. 24.11  Example of diastolic flow reversal in the context of malignant intracranial hypertension

Fig. 24.12  Example of absence of diastolic flow in the context of malignant intracranial hypertension
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recent evidences support the use of TCD even in 
metabolic coma (such as during liver transplant or 
hepatic encephalopathy) or in pregnant patients, to 
assess autoregulation and cerebrovascular changes 
as prognostic factor for preeclampsia.

24.7.1	 �Limitations of TCD and TCCS

TCD presents several technical limitations. First, 
the two main assumptions and limitations that gov-
ern the use of TCD as an indirect measure of CBF 
are a constant vessel diameter and an unchanged 
angle of insonation during the measurements 
(despite TCCS allows correction of angle of 
insonation). As demonstrated by Clark et al. [51], 
MCA blood-flow velocity is a useful index of CBF 
response to changes in arterial PCO2 during O2 
breathing at rest. However, FV evaluated by TCD 
is proportional to CBF only when vessel cross-sec-
tional area remains constant. Thus, the results of 
any TCD study of CBF should always be inter-
preted with caution, keeping in mind the possibility 
that cerebral vessel diameter has changed. With 
every ultrasound exam, there is an operator-depen-
dent variability, despite the intra-observer and 
inter-observer variability during TCD examina-
tions has been reported to be good [52].

In a recent study on healthy volunteers and 
patients with aSAH, TCCS measurement variability 
resulted to be wider in patient measurements than in 
healthy volunteers (Bland-Altman limits of agree-
ment 0.62–1.61  in patients and 0.67–1.50  in con-
trols). This discrepancy can be explained by a higher 
degree of error in patients with angiographic vaso-
spasm, where the caliber of the vessels is altered

Another limitation is that up to 20% of patients 
do not have a proper temporal window which 
prevents US transmission [52].

Moreover, since measurements are frequently 
only taken from the MCA, cerebrovascular changes 
in the posterior circulation may not be detected [44].

Finally, there are several anatomical variants 
and the direction and anatomy of the vessels can 
vary up to 52% of patients [53].

�Conclusion

TCD is a noninvasive, safe, accessible tech-
nique for the bedside monitoring of static and 
dynamic cerebral flow and treatment response.

In neurointensive care settings, real-time 
monitoring of TCD-derived indices may pro-
vide important information regarding the onset 
of cerebrovascular alterations and facilitate 
clinical management of cerebral pathologies. 
Despite it presents several limitations, TCD 
remains an important tool for the assessment of 
cerebral hemodynamics in critically ill patients.
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