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Introduction

Since its introduction in 1982, transcranial Dop-
pler (TCD) has become an important tool in the 
diagnostics and monitoring of various vascular dis-

eases. As the only non-invasive neurovisual modal-
ity, it found its place in the assessment of cerebral 
hemodynamics by analyzing blood flow in the basal 
arteries of the brain [1–3].

Summary
Introduction. Transcranial Doppler is the only non-invasive neu-
roimaging modality in the diagnosis and monitoring of various neu-
rovascular diseases. Apart from assessing cerebral hemodynamics 
of blood flow in the basal brain arteries, transcranial Doppler pro-
vides physiological data and anatomical images. Quantification 
analysis of vasomotor reactivity. Various transcranial Doppler 
methods evaluate cerebral vasomotor reactivity, providing important 
information on the properties of arterioles under induced hemody-
namic conditions. Exogenous and endogenous vasoactive stimuli of 
different potency (apnea, acetazolamide, carbon dioxide, L-arginine) 
are most commonly used, making transcranial Doppler a prognostic 
indicator of future ischemic events. This article reviews principles 
of various transcranial Doppler methods in the evaluation of vasomo-
tor reactivity, emphasizing their advantages and disadvantages. 
Transcranial Doppler in the field of reduced vasomotor reactiv-
ity. Evaluation of vasomotor reactivity has a role in the prediction of 
future ischemic events, evaluation of revascularization effect after 
carotid endarterectomy, but also in the increasingly significant choice 
of the right time to perform it. In recent years, transcranial Doppler  
methods have found application in other areas of dysfunctional cer-
ebral hemodynamics: dementia, hypertension, migraines, and sepsis. 
Conclusion. Due to an excellent temporal resolution, non-invasive 
approach, good cost-benefit ratio, bedside monitoring, relative sim-
plicity in terms of interpretation and performance, and portability, 
transcranial Doppler in vasomotor reactivity may be the ideal tool in 
the evaluation of cerebral hemodynamics, arterial perfusion integ-
rity and collateral capacity.
Key words: Ultrasonography, Doppler, Transcranial; Cerebrov-
ascular Circulation; Vasomotor System; Hemodynamics; Progno-
sis; Brain Ischemia

Sažetak
Uvod. Transkranijalni dopler jedini je neinvazivni neuroimidžing 
modalitet u dijagnostici i praćenju različitih neurovaskularnih bole-
sti. Procenjujući cerebralnu hemodinamiku analizom protoka krvi u 
bazalnim arterijama mozga, transkranijalni dopler dodaje fiziološke 
podatke anatomskim slikama. Kvantifikaciono ispitivanje vazomo-
torne reaktivnosti. Pomoću različitih metoda transkranijalnog do-
plera procene cerebralne vazomotorne reaktivnosti, dobijaju se važne 
informacije o sposobnosti arteriola u indukovanim hemodinamičkim 
uslovima. Najčešće se koriste egzogeni i endogeni vazoaktivni stu-
mulusi različite potentnosti (apnea, acetazolamid, ugljen-dioksid, L-
arginin) čime transkranijalni dopler dobija ulogu prognostičkog po-
kazatelja budućih ishemijskih događaja. U članku će biti prikazan 
princip izvođenja različitih metoda transkranijalnog doplera u evalu-
aciji cerebralne vazomotorne reaktivnosti, uz isticanje prednosti i 
nedostataka svake od navedenih. Transkranijalni dopler u oblasti 
redukovane vazomotorne reaktivnosti. Procena cerebralne vazo-
motorne reaktivnosti ima ulogu prognostičkog pokazatelja budućih 
ishemijskih događaja; u proceni revaskularizacionog efekta nakon 
karotidne endarterektomije, ali i sve značajnijeg odabira pravog vre-
mena za njeno izvođenje. Poslednjih godina, metode transkranijalnog 
doplera našle su primenu i u drugim sferama afunkcionalne cerebral-
ne hemodinamike: demencija, hipertenzija, migrena, sepsa. Zaklju-
čak. Sa dobrom vremenskom rezolucijom, neinvazivnim pristupom, 
dobrim odnosom troškova i koristi, transkranijalni dopler u evaluaci-
ji cerebralne vazomotorne reaktivnosti može biti, skoro pa idealno, 
sredstvo za procenu intrakranijalne hemodinamike, integriteta arte-
rijske perfuzije i indeksa kolateralnog kapaciteta.
Ključne reči: transkranijalni dopler ultrazvuk; cerebrovaskularna 
cirkulacija; vazomotorni sistem; hemodinamika; prognoza; 
moždana ishemija
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Cerebral vasomotor reactivity (VMR) describes the 
cerebral autoregulatory mechanism, following changes 
in induced hemodynamic challenges. It belongs to the 
category of chemoregulation and it is an indirect indica-
tor of cerebral autoregulation (Class of Recommenda-
tion - II; Level of Evidence - B). This term has numer-
ous synonyms in the literature, like autoregulatory 
reserve, cerebrovascular reactivity, capacity of cere-
brovascular reserve, carbon dioxide (CO2)-reactivity, 
vasomotor reserve, cerebrovascular resistance [3–5].

As a ratio between the percentage change in blood 
flow and arterial partial pressure of carbon dioxide 
(PaCO2), VMR is defined as the range between maxi-
mal dilation and constriction of arterioles, in response 
of the basal artery to specific vasoactive stimuli [4–9].

Numerous studies have identified hypercapnia as 
a potent vasoactive stimulus for a significant increase 
in cerebral blood flow (CBF). In this sense, elevations 
in CBF with hypercapnia “wash out” of CO2 from 
brain tissue attenuate the rise in central PaCO2. In 
contrast, hypocapnia causes cerebral vasoconstriction, 
which reduces CBF and attenuates the fall of brain 
tissue PaCO2. An emerging concept, therefore, is that 
cerebrovascular reactivity and ventilatory response to 
PaCO2 are tightly linked, so that regulation of CBF 
has an important role in stabilizing breathing during 
fluctuating levels of chemical stimuli [10–12]. 

The multifactorial effects of extracellular pH on 
VMR correlate with CO2 activity, but in the oppo-
site direction [13]. The role of partial pressure of 
oxygen (PaO2) in the day-to-day regulation of CBF 
seems to be minor. However, although hypoxia per 
se is a cerebral vasodilator, reflected in a rise in 
CBF in proportion of the isocapnic hypoxia sever-
ity, under normal conditions hypoxia leads to hy-
perventilation-induced lowering of PaCO2 and sub-
sequent cerebral vasoconstriction. The role of PaO2 
becomes important during hypoxemia associated 
with chronic lung disease [12–15]. 

These vasoactive stimuli affect changes in the 
diameter of the arterioles, while the basal arteries 
change only the blood flow velocity (BFV). This fact 
confirms the resistance of the middle cerebral artery 
(MCA), allowing the TCD-measured BFV in the 

MCA to be used as a valid surrogate in the detection 
of CBF changes [16–19].

Quantification analysis of vasomotor reactivity

In addition to modern, functional technological 
methods for brain visualization, xenon-enhanced com-
puted tomography (Xe/CT),  positron emission tomog-
raphy (PET), single photon emission computed tom-
ography (SPECT), functional magnetic resonance 
imaging (fMRI), the conventional TCD method is of-
ten used in clinical work. The TCD measures BFV 
using it as an index of relative change in blood flow. 
Four TCD tests use selective vasoactive stimuli:

1. Apnea test (breath holding test),
2. CO2 inhalation/Re-inhalation,
3. Acetazolamide (ACZ) test,
4. L-arginine test.

Apnea test (breath holding test)
The apnea test is one of the earliest applied meth-

ods first presented by Ratnatunga and Adiseshiah 
(1990), while the clinical use started in 1992 [20]. The 
apnea test is based on balancing alveolar PaO2 and 
PaCO2 in venous blood. After achieving a balance, 
all changes that occur are aimed at the metabolic 
production of CO2. As a stimulus, apnea reduces the 
elimination rate of CO2 to zero. As a result, CO2 ac-
cumulates in the blood and its fractional concentra-
tion and partial pressure rise [21]. Markus et al. de-
scribed this non-invasive, simple and reproducible 
method for assessing VMR [22].

When conducting a breath holding test, the patient 
should be sitting upright, if possible. A monitoring 
headband is placed around the patient’s head and se-
curely tightened. Bilateral MCAs are insonated using 
the transtemporal approach with 2-MHz ultrasound 
probe, at a depth of 45 or 54 mm and baseline veloc-
ity is recorded. After a normal inhalation, the subject 
should hold his/her breath for 30 seconds. Deep 
breathing is not allowed before apnea begins. When 
the patient starts holding his breath, the neurosonol-
ogist starts recording the flow velocity. Recording is 
stopped as soon as the patient exhales. This proce-
dure is repeated twice and, after that, the average 
breath holding index (BHI) is calculated. If the pa-
tient is not able to achieve the given period of apnea, 
the achieved time apnea is accepted and entered into 
the formula. If the device has no automatic calculator 
for BHI (Figure 1), the following formula is used:

BHI =  BFVmax – BFVet rest  x 100
BFVet rest                   sec.

(BFV max stands for the value at the end of apnea, 
and BFV et rest for the value before apnea) [22–25]. 

The BHI is calculated as the percentage increase 
in BFV that occurs during apnea (in the time 
achieved) or as a percentage deviation of the BFV 
from the zero line divided by the apnea time (30 
seconds). The following criteria can be used to eval-
uate the BHI results: normal VMR ≥ 0.69; impaired 

Abbreviations
TCD – transcranial Doppler
VMR – vasomotor reactivity
CO2 – carbon dioxide
PaCO2 – arterial partial pressure of carbon dioxide
PaO2 – partial pressure of oxygen
CBF – cerebral blood flow
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PET – positron emission tomography
ACZ – acetazolamide
BHI – breath holding index
TIA – transient ischemic attack
L-A – L-arginine
ICA – internal carotid artery
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CEA – carotid endarterectomy
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VMR 0.21–0.69; significantly impaired VMR ≤ 0.20 
[13, 23, 24]. Reduced BHI represents a failure of 
collateral blood flow to maintain adequate cerebral 
perfusion in response to hypercapnia [22–24]. 

Advantages: 
– natural endogenous stimulus, 
– no external gas sources are needed, 
– good tolerance and repeatability, 
– short method implementation, 
– safety, economy, simplicity. 
Disadvantages: 
– Cannot measure end-tidal CO2 (PETCO2) and  

end-tidal oxygen tension (PETO2),
– The rates of change in PaO2 and PaCO2 are rela-

tively slow and vary from subject to subject based on 
the circulation time required for blood to travel from 
the lungs to the tissues and then back to the lungs, 

– The CO2 capacitances of the body are very 
large relative to metabolic changes, resulting in a 
buffering of end tidal partial pressure changes rela-
tive to content changes and thereby limiting the 
change in PaCO2 from those at steady state,

– The PaCO2 and PaO2 change continuously in 
opposite direction,

– The changes in PaCO2 and PO2 are not linear 
therefore very sensitive to time of breath-hold,

– The length of the stimulus is limited by the 
subject’s ability to hold his breath [21].

Some research centers also examine the control 
of the sympathetic nervous system. Following hy-
perventilation to achieve hypocapnia, a decrease in 
flow velocity in the MCA is recorded as a result of 

vasoconstriction. The combination of hypercapnia 
(holding breath) during hypocapnia (hyperventila-
tion) is used to calculate VMR:

VMR = BFV hypercapnia – BFV hypocapnia  x 100 [%].BFV et rest

The value over 65% indicates normal VMR, 
while the value less than 33% reflects an exhausted 
VMR. The VMR between 33% and 65% represents 
borderline impaired autonomic control [25].

Carbon-dyoxide inhalation method 
The CO2 inhalation method is the second most 

commonly used test involving the inhalation of a 
gas mixture (2–5% CO2 and 95–98% O2) via ven-
tilation mask, which is connected to a respiratory 
balloon. The nose is closed for better inhalation. 
The patient’s blood pressure, heart rate as well as 
an PETCO2 are recorded using capnography. Bilat-
eral MCAs are monitored at a depth of 45–54 mm. 
After that, a 2–5 minute period of gas mixture in-
halation begins [26–28]. The capnograph is moni-
tored to ensure that the PETCO2 level increases to 
at least 10 mmHg above baseline value. After 3 
minutes, the gas mixture inhalation is stopped and 
after one minute the patient’s level of PETCO2 is 
near the baseline.

 Next, the patient is required to hyperventilate 
(fast and deep breaths). Monitor the capnograph un-
til PETCO2 level decreases to at least 10 mmHg be-
low the baseline value. After 1 minute, record three 
bilateral MCA velocities, PETCO2 and a blood pres-
sure. The patient is required to breathe normally and 
continue monitoring the MCA velocities and PET-
CO2 until they return to near baseline values.

Calculate average MCA velocities by selecting 10 
cardiac cycles from the TCD trend function. The aver-
age of three velocities of MCA, PETCO2 for baseline, 
hypercapnia (breathing of CO2 mixture), and hypoc-
apnia (hyperventilation) are included in the formula: 

VMR = BFV (hypercapnia)   x 100 – BFV hypocapnia    x 100 [%]. BVF et rest)  BVF et rest

The following criteria are used to evaluate the 
CO2 challenge results: 

1.  Normal VMR: 86% ± 16%, 
2.  Mild to moderately reduced VMR: 69% to 39%, 
3.  Severely reduced VMR: 38% to 16%, 
4.  Exhausted VMR ≤ 15% [22, 27–29]. 
Advantages: 
– The precise concentration of gas mixture is 

known, 
– Inspiring gas of known composition will result 

in a particular PaO2 and PaCO2 based on the meta-
bolic parameters and alveolar ventilation in a given 
subject. The composition of the inhaled mixture can 
be varied to give the required arterial concentrations 
of O2 and CO2, 

– Inspired PO2 (PIO2) and PCO2 (PICO2) can be 
varied independently. 

Figure 1. Apnea test: a) normal findings; b) pathological 
BHI in significant internal carotid artery (ICA) stenosis 
Slika 1. Apnea test: a) uredan nalaz; b) patološki nalaz 
zadržavanja dana kod signifikantne stenoze unutrašnje 
karotidne arterije 

Start/Početak Start/Početak

Stop/Završetak Stop/Završetak

Test Results/Rezultati Test Results/Rezultati
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Disadvantages: 
– PaCO2 and PaO2 are not a direct function of 

the PICO2 and PIO2 (possible variation of PaCO2 
and PaO2 as a consequence of individual variation 
of PICO2 in minute ventilation),

– Changes in arterial gases (low PaO2 and/or 
high PaCO2) stimulate peripheral and central 
chemo-receptors, altering ventilation, 

– Complex calculations are required to measure 
individual resting PETCO2 and PETO2,

– Breath-by-breath variability in tidal volume, 
and hence alveolar ventilation, results in variation 
in PETCO2 and PETO2 [29].

2a. Carbon-dyoxide re-inhalation method
In this method, the subject re-breathes from a 

bag primed with a concentration of CO2 and O2 
forming a semi-closed system, where the PaCO2 
rises progressively as a result of the addition of 
metabolically produced CO2 into the system. The 
PaO2 is kept constant by an infusion of O2 from an 
external source equal to the O2 consumption. 

When a comfortable condition is obtained, the 
time course of blood flow velocity is simultane-
ously recorded from both MCAs by a TCD with 
2-MHz fixed probes. The patient breathes room air 
only, through a ventilation mask connected with a 
sampling line to the capnograph to allow continuous 
recording of the expiratory flow (PETCO2).

Hypocapnia is obtained by asking the patient to 
reach a maximal hyperventilation during 15 seconds. 
The empty 1-liter breathing bag is connected to the 
ventilation mask with a T-shaped tube which is then 
filled with its own exhaled gas mixture. Then, the 
patient is instructed to re-breath the same exhaled air 
from the bag. Re-breathing is continued for 5 min, 
until a stable, high level of PETCO2 concentration is 

recorded for a few seconds, and before returning to 
room air for recovery (4 min) (Figure 2) [30, 31].

Advantages:
– This method allows studies of physiological 

responses to a steadily increasing PaCO2 with si-
multaneous control of PaO2 levels,

– Breath-by-breath changes in tidal volume have 
little effect on the observed PETCO2.

Disadvantages:
 – This method results only in a slow steady increase 

in PETCO2 with or without a steady level of PETO2, 
– Requires custom equipment consisting of 

mixed gases, computer control, gas analyzers (cap-
nograph), along with all precautions in order to use 
this method.

2b. Inspired concentrations of O2 and CO2 – 
modified prospective end tidal targeting 
(MPET) breathing circuit
This novel method of manipulating PaCO2 and 

PaO2 independently and with fine control is the only 
method that correlates PETCO2 values with PaCO2 
[32]. Based on the use of sequential re-breathing cir-
cuits, the exact targeting and control of PaCO2 and 
PaO2 is achieved by delivering a volume of fresh gas 
into alveoli on each breath [33]. The fresh gas is a com-
position of the following three gases 1) 100% Oxygen, 
2) 10% Oxygen, balance Nitrogen (90%) and 3) 10% 
Oxygen, 20% CO2, balance Nitrogen (70%) – the mix-
ture of which is determined by taking into account the 
patient’s metabolic O2 consumption (VO2) and meta-
bolic CO2 production (VCO2) and the target of PaCO2 
and PaO2 that is to be achieved [33]. All this is per-
formed through an automated gas delivery system.

Advantages:
– Only method whereby PETCO2 has been shown 

to be equal to the independent variable, PaCO2,
– Independent control of PETCO2 and PETO2 

and thereby PaCO2 and PaO2,
– Control of PETCO2 and PETO2 is independent 

of patient’s respiratory rate or breathing pattern,
– Delivery of a standardized and repeatable stimulus,
– Requires minimal cooperation.

Disadvantages:
– The use of a face mask which may prohibit use 

in subjects with claustrophobia or a beard,
– Requires sufficient cooperation to provide a 

minimal minute ventilation,
– Requires custom equipment consisting of an au-

tomated gas blender, sources of O2, air and two spe-
cialty mixed gases, computer control, special program 
for blender control and gas analysis, capnograph along 
with all precautions, in order to administer this method.

Acetazolamide method
Acetazolamide (ACZ) or Diamox is a more potent 

cerebral vasodilator than induced hypercapnia and it is 
particularly useful in non-cooperative patients [34]. This 
dilatory effect appears to be mediated by an increase in 
CO2 concentration secondary to an inhibition of eryth-
rocyte carbonic anhydrase [34]. According to its mech-

Lučić Prokin A, et al. Transcranial Doppler and Vasomotor Reactivity

Figure 2. CO2 reactivity test in a healthy subject; Both 
MCAs velocity (cm/sec) (upper trace, superimposed) and 
PETCO2 pressure (mmHg) (lower trace) trends are simulta-
neously displayed. The superimposition of both MCAs veloc-
ity trends (upper trace) prove hemispheric flow symmetry 
Slika 2. Inhalacija ugljen-dioksida kod zdrave osobe; 
Simetrija protoka (cm/sec) u obe srednje moždane arte-
rije (gornja linija) i parcijalni pritisak ugljen-dioksida 
(mmHg) (donja linija). Superpozicija protoka leve i de-
sne srednje moždane arterije u gornjoj liniji dokazuje 
simetriju hemisfernog protoka

Time (s)/Vreme (s)
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anism, ACZ is a competitive inhibitor of carbonic an-
hydrase. Carbonic anhydrase is a zinc-containing en-
zyme that catalyzes the reversible reaction between 
carbon dioxide hydration and bicarbonate dehydration:

CO2 + H2O = H2CO3 = H+ + (HCO-3).

In the presence of ACZ, the carbonic anhydrase 
is inhibited from catalyzing the aforementioned re-
action resulting in an increase in PaCO2 [35, 36].

An intravenously administered dose of 1000 mg 
ACZ results in a significant increase in BFV in the 
insonated MCA, after 2 minutes. The vasodilatory 
effect reaches its maximal level at 10–12 min. after 
injecting the drug. Some investigators observed a 
plateau between 10 and 30 min., while others found 
the maximal increase in BFV at approximately 15 
min., followed by a moderate decrease [37–39]. 

A symmetric increase of BFV by about 30–60% 
is accepted as physiological. The criteria used for 
defining the pathological responses to ACZ include 
< 10% increase in the absolute or absolute change 
in CBF < 10 ml/100 g/min. [36, 37, 39].

VMR = BFV acz – BFV et rest x 100 [%].BFV et rest

Advantages:
– Administration does not alter the systemic 

blood pressure making it a good surrogate for meas-
uring VMR in the presence of hypotension,

– It is safe,
– Independence from the respondents’ cooperation.

Disadvantages:
– Must be injected intravenously rendering its 

use somewhat invasive,
– The time course of response to oral adminis-

tration is highly variable and PaCO2 changes in 
response to changes in ventilation are superimposed 
on those of ACZ,

– The mechanism of effect of ACZ does not al-
low a quantifiable measure of change in CO2, there-
by making each application an independent stimu-
lus that is non standardized [35, 36],

– Hypersensitivity to sulfonamides, electrolyte dis-
turbances, marked kidney and liver disease, adreno-
cortical insufficiency and long-term use in chronic 
noncongestive angle-closure glaucoma [36, 37, 39].

L-arginine method
In the last two decades, the use of L-arginine 

(L-A) in the evaluation of VMRs has become an 
established method for the evaluation of cerebral 
endothelial function. Infusion of L-A, an amino acid 
involved in endogenous nitric acid synthesis, in-
duces transient vasodilation in the microcirculation. 
Nitric oxide (NO) plays a key role in regulation of 
vascular tone [40, 41]. This method is based on a 
non-invasive monitoring of BFV (most commonly 
in MCA) according to the equation:

CBF = vm × cross-sectional area of the blood vessel

In addition to bilateral TCD insonation of the 
MCA, blood pressure and heart rate on the left ra-
dial artery as well as PETCO2 (in exhaled air) are 
monitored simultaneously with a ventilation mask 
connected to the capnograph. Through the pump, a 
30-minute infusion of 100 ml 30% L-A chloride is 
administered intravenously, during which the pa-
tient is instructed to breathe normally. The subjects 
are followed in a 15-min. interval after L-A applica-
tion [40, 41]. All measurements are performed at 3 
continuous times:

1.  at rest (first 15 minutes)
2.  during the 30-minute L-A infusion
3.  after the end of the infusion (15–20 minutes).
The mean arterial velocity (vm) is recorded bilat-

erally in MCAs by the procedure that is described 
earlier. Throughout the procedure, the mean arte-
rial blood pressure and heart rate are measured con-
tinuously using non-invasive plethysmography 
which is connected directly to the TCD. The PET-
CO2 is measured with a capnograph, which is con-
nected to a ventilation mask and to the TCD [40, 41].

The TCD software is used to determine vm dur-
ing the 10-min. rest and during the 10-min. interval 
after L-A infusion. Data are calculated according to 
the formula:

 vm =     ѵdt    
       (t0 - t10)
vm – average blood flow velocity in MCA.

Arterial pressure, heart rate, CO2 and PETCO2 
must be calculated at the same intervals as vm (using 
TCD software), while a paired T-test should be used 
to compare these parameters before and after intra-
venous L-A infusion [41, 42].

The VMR for L-arginine in MCA is calculated 
according to the following formula [41–43]: 

Δv = vm (during L-A infusion) – vm (et rest)
vm (et rest)

The physiological value of VMR with L-A is 
21.3±10.9% or 30–60% increase in BFV is achieved 
in healthy subjects [43]. Criteria that have been used 
to define an abnormal response to ACZ include < 
10% increase in the absolute CBF or an absolute 
change of < 10 mL/100 g/min. [36, 42–45].

Advantages:
– Safe and well tolerated,
– Blood pressure, heart and respiratory rates, 

arterial pH, PaCO2 are unaffected, 
– A gold standard for systemic endothelial func-

tion and intima-media thickness as a marker for 
morphological changes.

Disadvantages: 
– Standardization of the L-A dose is required, 
– Necessary complex equipment and the most 

advanced software. 
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Transcranial Doppler in reduced 
vasomotor reactivity

In measuring VMR, the TCD methods have a wide 
clinical range of applications, especially in steno-occlu-
sive carotid diseases. The VMR is a prognostic indicator 
of future ischemic events [1, 46, 47]. Using the TCD 
method of CO2 inhalation, Blasser et al. have found 
VMR to be an important independent predictor of stroke 
in symptomatic carotid stenosis with a risk of as much 
as 27% monthly, compared with 5.4% in those with 
preserved VMR [48]. Using the TCD apnea test, Silves-
trini et al. defined the annual risk of ipsilateral stroke in 
asymptomatic carotid stenosis (> 70%) - 4.1%, in pa-
tients with physiological VMR, compared to 13.9% in 
those with reduced VMR [24]. Vernieri et al. determined 
that in the severe carotid artery disease, an impaired 
VMR was associated with an increased probability of 
stroke of 32.7%/yr compared to 8%/yr if VMR was 
normal [49]. Similarly, Kleiser et al. measured the VMR 
in 85 patients with ICA occlusions using TCD as an 
indicator of CBF. In follow-up studies over 38 ± 15 
months, they found that in the group with greater VMR, 
none developed a stroke, whereas in the group with di-
minished VMR, 32% suffered ipsilateral events includ-
ing transient ischemic attacks (TIAs) and strokes [50].

Evaluation of VMR before and after carotid endar-
terectomy (CEA) is significant because of the evalua-
tion of the revascularization effect on cerebral hemo-
dynamics, as well as the increasingly important choice 
of the right time to perform it. The CEA contributes to 
the normalization of collateral circulation and restitu-
tion of cerebral hemodynamics in symptomatic [47, 48, 
52–56] and asymptomatic carotid disease [57–61]. Re-
duced VMR may encourage consideration of CEA or 
stenting in asymptomatic carotid disease or extra/in-
tracranial bypass surgery in patients with recurrent 
hemodynamic stroke or TIA [3, 4, 52, 62].

The TCD methods for measuring VMR have also 
found application in other areas of dysfunctional cerebral 
hemodynamics. Studies have shown that microangio-
pathy in vascular and degenerative dementia can lead to 
arteriolosclerotic processes and vasoconstriction, result-
ing in reduced VMR [63, 64]. Reduced VMR has been 
reported in patients with traumatic brain injuries, sleep 
apnea, hypertension, migraines, sepsis, diabetes melli-
tus, systemic lupus erythematosus [65–67]. Due to the 
reported contradictory results, further prospective stud-
ies are needed to delineate their clinical significance. 

In the selection of particular vasoactive stimulus for 
evaluation of VMR, a great variety of defects are noted 

in the mechanism of action and mode of administration. 
It can be concluded that none of them is a standard 
repeatable stimulus that is comparable between indi-
viduals or in the same person over time. However, nu-
merous studies show that CO2 can be considered the 
most appropriate vasoactive stimulus, despite the fact 
that exact mechanism by which CO2 affects vascular 
tone is still not well understood [68]. As the measure-
ment of PaCO2 is invasive, requiring an arterial blood 
sample, PETCO2 is most frequently used as a suitable 
surrogate [69].

The TCD in VMR assessment has several limita-
tions: 

– limited spatial resolution provides one value for 
each hemisphere,

– focal impairments secondary to downstream 
branch vessel pathology may be undetecable,

– highly operator‐dependent method,
– patients must have a “temporal bone window” 

(almost 10% of individuals have absolutely no sonic 
windows),

– velocity changes in basal arteries are surrogates 
of changes in blood flow in the downstream cerebral 
arterioles [1, 3, 4].

In our environment, given the fact that most neurol-
ogy departments have a TCD, the apnea test becomes 
available to any neurologist, especially in situations 
where other, more costly methods may remain unavail-
able. It seems that the TCD apnea test would be useful 
as a first step in the assessment of cerebral VMR.

Conclusion

Recognizing the value of transcranial Doppler 
methods in the evaluation of vasomotor reactivity is 
very important, especially in monitoring intracranial 
hemodynamic consequences of cervical artery steno‐
occlusive lesions. This contributes to the evaluation of 
the mechanism of stroke, planning the therapeutic ap-
proach and prognosis of operated patients. Therefore, 
the vasomotor reactivity tests may play a role in the 
therapeutic decision making for patients with carotid 
disease, where the benefit‐to‐harm ratio for revascu-
larization procedures is seemingly low. However, with 
a good temporal resolution, non-invasive approach, 
good cost-benefit ratio, bedside monitoring, relative 
simplicity in terms of interpretation and performance, 
as well as portability, transcranial Doppler in vasomo-transcranial Doppler in vasomo-ranscranial Doppler in vasomo-
tor reactivity may almost be the ideal tool for evaluat-
ing cerebral hemodynamics, arterial perfusion integ-
rity and collateral capacity. 

Lučić Prokin A, et al. Transcranial Doppler and Vasomotor Reactivity
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