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Chapter 2.1

Non-invasive assessment of cerebral perfusion and 
oxygenation by transcranial Doppler ultrasonography and 
near-infrared spectroscopy

In humans, steady-state values of cerebral perfusion are reported as the clearance of gases 

including N
2
O and 133Xe, of a tracer such as indocyanine green, or as the arterial-jugular 

venous O
2
 difference under conditions of assumed stable rate of brain metabolism (293). A 

disadvantage of these methods is that one cerebral blood fl ow determination takes about 

15 min and that blood samples have to be taken. Transcranial Doppler (TCD) ultrasonography 

determined cerebral blood fl ow velocity of large cerebral arteries has a favourable temporal 

resolution compared with the more traditional techniques for assessing cerebral blood 

fl ow. Changes in cerebral oxygenation can be monitored by dual-wavelength near-infrared 

spectroscopy (NIRS) (245, 293). Both methods have the potential to provide a continuous and 

non-invasive assessment of changes in cerebral blood fl ow (17, 218).

Transcranial Doppler ultrasonography 

The fi rst TCD recordings from the basal cerebral arteries were made in the early 1980’s by 

Aaslid (2). TCD is based on the Doppler principle which describes the relationship between 

the velocity of objects and transmitted or received wave frequencies (181). TCD takes 

advantage of natural foramina or relatively thin areas of the skull through which intracranial 

vessel can be insonated. Basically all large cerebral arteries can be studied whereas in this 

thesis the middle cerebral artery (MCA) is insonated. The MCA is a direct continuation and 

main branch of the internal carotid artery, coursing in a horizontal plane, laterally and slightly 

anteriorely. The MCA is monitored through the temporal window of the skull, superior to the 

zygomatic arch (Figures 1 and 2). 

Ultrasound frequencies of 2 MHz are used, which allow better bone penetration. In Doppler 

ultrasonography the Doppler frequency shift is determined as the difference between the 

transmitted and the refl ected signal. The difference between the emitted and refl ected 

sound (the Doppler shift) corresponds predominantly to moving erythrocytes within the 

sample volume. The velocity of fl owing blood is determined by calculation of the frequency 

shift between the transmitted ultrasound and the refl ected ultrasound. By fast-Fourier-

transformation the Doppler shift is split up in frequencies (expressed in Hz) mainly refl ecting 

the heterogeneous erythrocyte velocities within the sample volume, and their respective
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Figure 1.

Cross-sectional view of the circle of Willis and the insonation pathway for the middle cerebral artery through the temporal window.

amplitude or power (expressed in dB) corresponding to the number of refl ectors moving at 

that frequency. The typical velocity profi le in a small artery like the MCA is parabolic with 

the highest velocity (V
max

) in the centre of the vessel and low, in principle zero, velocity 

close to the vessel wall. This in contrast to a so-called bulk-profi le as, e.g. in the aorta where 

velocities are similar across the vessel (212). The frequency shift is converted to cm.s-1, and 

corresponds to the velocity of the fl owing blood as long as the angle between the ultrasound 

beam and the blood fl ow is 0º. If this angle differs from 0º, the true velocity is related to the 

observed velocity by:

V
real

 = (V
real

·/ cos �)

where � is the angle between the ultrasound beam and the fl ow stream (181). 
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Figure 2.

The middle cerebral artery is insonated through the temporal window of the skull close to the zygomatic arch. 

The mean velocity (V
mean

) refers to the time average of V
max

 and needs to be distinguished 

from the intensity weighted mean velocity (IWV
mean

), i.e. an integration of the amplitudes 

and the frequencies within the sample volume (216, 217). Usually V
mean

 is preferred to the 

IWV
mean

 as it is robust for small changes in the insonation angle or in the position of the 

sample volume due to, e.g. the heart pulse (212). By weighted averaging of each component 

of the Doppler spectrum the mean fl ow velocity is determined (180). However this approach 

is only valid if there is no vessel movement with constant sample volume, a suffi cient signal 

to noise ratio, a straight segment of the artery and no vessel branches in the sample volume. 

These conditions are often violated and therefore the “envelope” or spectral outline velocity is 

chosen as a parameter (180). By defi nition the envelope corresponds to the maximal frequency 

of the Doppler shift and, therefore, to the maximal velocity component of the velocity profi le 

spectral. Thus V
mean

 reports the velocity associated with the maximal frequency of the Doppler 

shift (the envelope) rather than the IWV
mean

 or the total signal power (245). Theoretically the 

major drawback of this approach is occurrence of turbulence in the insonated vessel (129), 

in practice this is minor problem with the laminar fl ow in cerebral arteries (180). Laminar 

linear fl ow maintains a constant velocity profi le and a constant relationship between spectral 

outline velocity and the weighted mean fl ow velocity. Therefore it is common practice to 

derive systolic peak velocity (V
sys

), diastolic velocity (V
dia

) and mean velocity (V
mean

) from the 

spectral outline velocity. The MCA V
mean

 differs with age and gender (180). MCA V
mean

 is low 

shortly after birth but rises rapidly in the fi rst few day of life. Between the age of 3 and 6 years 

the velocity increases by 10 cm.s-1 each year. From 6 to 16 years velocity decreases about 

2 cm.s-1 each year. Thereafter it declines steadily with a slower rate throughout life to 40 cm.s-1 
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for men in their seventies (180). Women have 3-5% higher velocities than men (36, 77, 296).

The V
mean

 refl ects cerebral blood fl ow under the conditions of laminar fl ow, stable viscosity, 

and unchanged vessel diameter. According to Poiseulle’s law, blood fl ow through a vessel 

depends on its radius to fourth power, a relation that emphasises the consequences of even 

small changes in vascular diameter for the interpretation of the velocity signal. The MCA 

is an artery with an approximate diameter of 2-4 mm (175) and constriction by 0.2-0.4 mm 

could elevate V
mean

 more than 20% at unchanged volume fl ow. Therefore changes in fl ow 

are proportional to changes in velocity only with constancy of the insonated cerebral vessel 

diameter. The large cerebral arteries are conductance rather than resistance vessels, and 

changes in arterial blood pressure within the physiological range appear to have negligible 

effects on the diameter of the insonated artery (293). Direct observations during craniotomy 

have confi rmed that the diameter of the large cerebral arteries does not change signifi cantly 

during variations in mean arterial pressure of about 30 mmHg (67). Orthostatic stress, as 

simulated by lower body negative pressure, does not alter the diameter of the MCA as 

assessed with MRI (250) and changes in MCA V
mean

 follow 133Xe determined cerebral blood 

fl ow (17, 45). In summary, with a constant small insonation angle and considering that 

changes in diameter of the insonated vessel are minimal, changes in cerebral blood velocity 

represent changes in cerebral blood fl ow (17).

Near-infrared spectroscopy 

With the large changes in arterial pressure as observed when patients with orthostatic 

hypotension stand up, there may be uncertainty on the constancy of MCA diameter. An 

approach to evaluate whether changes in MCA V
mean

 follow changes in (regional) cerebral 

blood fl ow is to co-register the NIRS determined concentration changes in oxygenated (O
2
Hb) 

and deoxyhemoglobin (HHb) over the cerebral region of interest. We consider that NIRS is 

not only based on a different physical principle, but can also be registered with a comparable 

time-resolution as V
mean

 (212). NIRS is a non-invasive and continuous optical method for 

assessment of tissue oxygenation (47, 160, 195, 218, 305). Starting with the pioneering 

work of Jobsis 30 years ago, NIRS has been used to investigate functional activation of the 

human cerebral cortex (187). The technique is based on two fundamental characteristics: the 

relative transparency of human tissue to light in the near infrared region, and the oxygenation 

dependent absorption changes in tissue caused by chromophores, mainly O
2
Hb and HHb 

(47, 161). With the use of a modifi ed Lambert-Beer law, changes in light absorption at 

different wavelengths are measured, and tissue oxygenation is monitored (52). To estimate 

the concentration changes in O
2
Hb and HHb, a differential pathlength factor of 6.0 is applied 

which accounts for the scattering of light in the tissue (284, 318). This equation is valid for 

a medium with one chromophore. Therefore to monitor absorption changes in tissue caused 

proefschrift helene final.indd   30proefschrift helene final.indd   30 4-3-2008   16:21:574-3-2008   16:21:57



31

by O
2
Hb and HHb, a minimum of two wavelengths is needed (282). The NIRS optodes are 

attached on the right side of the forehead with the receiving optode at least 2 cm from the 

midline. The transmitting optodes are placed 5.5 cm from the receiving optodes, therefore 

limiting the contribution of the extracranial circulation, along the hairline (Figure 3) (47). 

Angulation of the optodes is of relevance with small interoptode distances (283). The depth of 

the measured tissue volume is a function of the interoptode distance (92, 161).

Figure 3.

The NIRS optodes are attached on the right side of the forehead with the receiving optode at least 2 cm from the midline. Placing the transmitting 

optodes 5.5 cm from the receiving optodes limits the contribution of the extracranial circulation. The right middle cerebral artery is simultaneously 

insonated through the temporal window.

Methodological issues with the application of NIRS include insuffi cient light shielding, 

optode displacement, and a sample volume including muscle or the frontal mucous membrane 

(161). Since there is no “gold standard” for cerebral oximetry, calibration is not possible. The 

spectroscopic measurement is regional while the reference measurement are global (170). 

However NIRS determined cerebral cortical oxygenation changes in parallel with cerebral 

blood fl ow as determined by 133Xe clearance (37) and estimated cerebral O
2 
saturation in 
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humans during carotid clamping and declamping compares satisfactory with jugular bulb 

venous O
2 
saturation (316). The O

2
Hb refl ects the cerebral cortex at the measurement site 

only (4). Within the sampled volume, hemoglobin is contained in arterioles, capillaries, 

and venules, but the relative position of pigments determined by NIRS remains unknown. 

From anatomic studies of the brain, the venule to total vessel volume ratio ranges from 2/3 

to 4/5 (13). Because 5% of the blood is within the capillaries and 20% in the arterioles, it 

may be argued that NIRS is dominated by the local venous O
2
 saturation rather than a tissue 

O
2
 content. Yet values of NIRS measured O

2
Hb are higher than internal jugular venous O

2
 

saturation, and NIRS differentiates fainters from nonfainters before the onset of the faint by 

the reduction in O
2
Hb (47, 161). From studies conducted during carotid surgery, the NIRS 

determined cerebral oxygenation refl ects the tissue oxygenation, provided that superfi cial 

tissue oxygenation is eliminated by spatial resolution (4). In humans NIRS is an adequate 

cerebral capillary-oxygenation-level-dependent measure during manipulation of cerebral 

blood fl ow or varying the oxygen fraction of the inspired gas mixture (218).

In this thesis an attempt was made to overcome the uncertainty of the methods by combining 

TCD and NIRS because they are based on different physical principles, assuming that 

concordant changes indicate a change in regional cerebral blood fl ow (4, 162, 214, 287). 

Changes in cerebral blood fl ow evaluated with TCD are tracked, at least quantitatively, by 

O
2
Hb (Figure 4). Thus if the V

mean
 and O

2
Hb change in parallel, it is diffi cult not to accept that 

also cerebral blood fl ow is changed in that direction and this has been confi rmed by clinical 

evaluation (161, 293).

Figure 4.

Parallel changes in MCA V
mean

 and the oxyhemoglobin concentration (cHbO
2
) over the frontal cortex during a Valsalva manoeuvre. Thin line: cHbO

2
., 

Bold line:  � V
mean

. Note the delay of peak changes in cHbO
2
. Reproduced from (214).
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