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Foreword 

This book is written by an author whose knowledge of the 
subject is based on vast surgical experience. 

A reliable assessment of the success or failure of a micro­
vascular anastomosis or an aneurysm operation has until 
now been possible only postoperatively by angiography and 
transcutaneous Doppler sonography. Of particular impor­
tance are the stenoses and occlusions which can occur dur­
ing the operation, but which are frequently not detected un­
til after surgery. This induced the neurosurgeons in Freiburg, 
as well as those in several other hospitals, to carry out a rou­
tine control with postoperative transcutaneous Doppler fol­
lowing extracranial-intracranial bypass operations and an­
giography while still under anesthesia following aneurysm 
operations. The stenoses and occlusions detected were often 
not apparent intraoperatively. The reasons for this are that 
from the outside we see only the surface - and not the lu­
men - of a v~ssel, and that stenoses caused by thrombosis, 
indentation of the vessel wall during anastomosis or by 
plaque on the vessel wall are not externally obvious. Even 
arterial pulsation is no guarantee of patency. 

The necessity to be able to detect stenoses during the op­
eration is obvious. The microvascular Doppler sonography 
adopted by Dr. Gilsbach provides an expedient and safe 
method of recognizing such lumen narrowings. Two impor­
tant innovations, the use of probes of 2 and 3 mm diameter 
(which is small enough to be used deep inside the subarach­
noid space, particularly in the area of the Circle of Willis), 
and a very high frequency, make this technique ideal for 
very small vessels. 

Doppler studies carried out by Nornes and Moritake did 
not meet the required degree of precision, since the size of 
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the probe made it impossible to exclude overlapping mea­
surements of different vessels in deep-seated structures and 
because the resolution of the equipment was not high 
enough for microvessels. Gilsbach's method now enables the 
surgeon to detect stenoses as a matter of routine immediate­
ly after the clipping of an aneurysm and to adjust the clip 
accordingly. The same holds true for bypass operations, in 
which the anastomosis can be corrected immediately in the 
case of a stenosis. 

In more than fifty aneurysm and thirty bypass operations 
performed so far with this new control, stenoses and occlu­
sions were detected and corrected in 10 %. Since the Dopp­
ler method is no less reliable than angiography, and has the 
additional advantage of being applicable immediately after 
aneurysm clipping or anastomosis (thus avoiding the 
time-loss associated with wound closure and transportation 
to the X-ray department for angiography) it is now preferred 
in Freiburg to postoperative angiography. 

The method presented enables the surgeon to make pre­
cise, repeatable, atraumatic and simple measurements of pa­
tency in the relevant vessels during the operation. In this 
way he can control the surgical measures and, if necessary, 
can make immediate corrections. 

Freiburg im Breisgau 
September 1983 

Prof. Wolfgang Seeger 
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Introduction 

Neurovascular surgery is a part of neurosurgery. Essentially 
it comprises the surgical treatment of intracranial aneu­
rysms, the clipping of arteriovenous malformations and fis­
tula, extracranial-intracranial revascularization surgery, and 
the respective animal experiments. 

The goal of surgery on aneurysms and angiomas is usual­
ly to exclude them from circulation while protecting the par­
ent and neighboring normal brain vessels. Revascularization 
measures are aimed at achieving better cerebral circulation 
by anastomozing extracranial vessels with intracranial ves­
sels. Microsurgical skills are trained and new suture tech­
niques are tested on laboratory animals. 

The cerebral operations are performed on vessels that are 
often only I mm in size and on an organ that is extremely 
sensitive to ischemia. It is therefore of utmost importance 
that the surgical manipulation of vessels does not provoke 
any avoidable circulatory disturbances. 

The introduction of microsurgery, through the magnified 
representation and improved instruments alone, has in­
creased the safety and the precision of neurovascular opera­
tions and has considerably improved the results. Neverthe­
less, uncertainties and risks still exist. Under the surgical 
microscope it cannot be unequivocally determined- as to 
whether a vessel was unintentionally stenosed or occluded, 
whether an aneurysm was incompletely clipped, and wheth­
er a micro anastomosis is functioning poorly or well. The rea­
son for these uncertainties is that the outer aspect and the in­
ner lumen diameter do not always coincide. A number of 
examination methods to test intraoperatively the blood flow 
in the manipulated vessels were therefore tried out. How­
ever, neither the indirect methods of measuring blood flow 
with Xenon 34, 55, 56, 105, 106. 120, nor with thermodilution meth-
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ods 32, 33, nor with fluorescein 55, 56, 105, 106, nor direct blood flow 
measurement using electromagnetic flow probes 39,46, 131, 132, 173, 

174, 179, anscultation 57, 58 and angiography 109, 139, 140, 142, 199, have 
been widely adopted for neurovascular surgery. 

Ultrasound-Doppler sonography also was only rarely 
used intraoperatively 65, 77, 80, 124, 125, 134, 135, 136, 137, although the 
method has been widely adopted for transcutaneous vessel 
examination and although the measuring principle and the 
atraumatic, simple, and repeatable application of the meth­
od provides the best conditions for routine use. The reason 
for this was not found in the method itself but in the techni­
cal application, which was not suitable for microvascular op­
erations. 

After Freund's 64 suggestion in 1975 and after studies were 
carried out by Friedrich et al. 65 in 1980, which were restricted 
by technical limitations, the Neurosurgical Clinic of the Uni­
versity of Freiburg purchased a high frequency pulsed 
Doppler velocity meter specially developed for microvascu­
lar surgery 35, 36, 37 in order to perform systematic investiga­
tions during neurovascular operations and animal experi­
ments. 

The purpose of this book is to answer the questions as to 
whether ultrasound Doppler sonography can improve the re­
sults of neurovascular operations and whether this method 
does in fact provide the surgeon with an "intravascular eye" 
- even for microvessels. 

Using a rat model, typical surgical findings such as local 
stenoses and anastomoses are controlled by Doppler sono­
graphy and angiography. Finally, the applicability and the 
value of the method for clinical use is discussed within the 
scope of two typical neurovascular operations: aneurysm 
and bypass surgery. 



Hemodynamic Principles 

The steady flow of liquids in rigid tubes is characterized by 
the Hagen-Poiseuille law: 

i = 11 p . r 4 • n (1 ) 
8'1] .[ 

where i = the volume flow, which is measured in mlls, 
iJ. p = the difference between the pressure at the beginning 
and at the end of the tube, r = the radius, 1] = the viscosity, 
and [= the length. 

Of particular significance is that according to the Hagen 
Poiseuille law, the flow is related to the 4th power of the di­
ameter of the tube, whereas the other factors influence it lin­
early. 

The mean velocity of flow (v), given in cm/ s, is derived 
from the volume flow and the radius of the vessel: 

i 
V=-­

II·r2 
(2) 

According to the law of continuity, the velocity increases 
as the cross-section is reduced, provided the flow volume is 
constant. If in the equation i is replaced with (1) the relation 
for the flow velocity is then: 

iJ. p . r2 
V= 8'1]'[ (3) 

These physical laws are limited in their practical biologi­
cal use, particularly in the area of the brain. They only apply 
for a regular, laminar flow of so-called Newtonian fluids 30 in 
tubes with constant diameters. The arterial system, however, 
is made up of elastic vessels in which there is pulsatile flow 
and frequently changing cross-sections, pressure and resis­
tance. Sometimes also turbulent movement of the fluid oc-
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curs. The peripheral resistance in the brain is adjusted by au­
toregulation in such a way that between the perfusion pres­
sure gradients of 60 and 150 mm Hg there is constant cere­
bral blood flow 100, lOl, 110,203. 

The velocity of the blood flow is dependent on the car­
diac contractions. A flow pulse wave very similar to the pres­
sure pulse wave arises during the cardiac cycle (Fig. J)." In 
contrast to the continually positive arterial pressure, how­
ever, reverse blood flow, i. e. negative flow, can occur. 

ECG 
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Fig. 1. Synopsis of the pressure and flow pulse curves. 1 end diastolic flow 
velocity respectively pressure, 2 systolic peak, 3 valve closure incisure 

The blood flow in the arteries is essentially influenced by 
three basic physical properties: resistance, inertia and com­
pliance 172. Resistance (R) is caused by viscous losses of 
blood in the vessels. It is inversely proportional to the 4th 
power of the radius of the vessel and proportional to its 
length. To overcome this requires more than 90 % of the en­
ergy of the cardiac contractions 19. 

In cerebral circulation, the pressure decreases by approxi­
mately a third as a result of resistance in vessels up to the 
size of the large pial arteries 9, 10, 90, 168, 183, while the remaining 
pressure reduction takes place in the smaller pial arteries 
and at the level of the arterioles. 

Resistance in the cerebral blood flow is low, similar to 
that in the parenchymatous organs and unlike that in the 
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muscles. Accordingly, the blood has a high diastolic flow 
(Figs. 30, 37, and 43). 

Inertia is the impedance property mostly evident in large 
arteries. It represents the fact that there is a delay between 
the point at which the pressure increases and when the flow 
increases, since the mass of the blood first has to be acceler­
ated. This hemodynamic parameter is of little significance 
for cerebral circulation since the arteries are relatively short. 

Compliance characterizes the elasticity of the arterial wall, 
with which energy can be accumulated and discharged again. 
Compliance of the artery is responsible for the fact that pe­
ripheral perfusion takes place in diastole. This property is most 
pronounced in the "windkessel" function of the aorta. 

Physiologically, the flow is usually laminar except in the 
large vessels and at the points where arteries divide. Varied 
flow profiles occur depending on the cross-sectional area of 
the artery: the flow profiles of the large vessels are relatively 
flat, whereas those of the smaller vessels are typically para­
bolic 51. That means that in the smaller vessels, the relative 
number of slowly moving red blood cells increases and thus 
the Doppler spectrum broadens. 

The stability of flow is characterized by the so-called Rey­
nolds number (Re), a dimensionless quantity, which is ap­
proximately 2000 45• 

Re = p,-----. D_· v 
1] 

(4) 

where P = density of the fluid, D = diameter of the vessel, 
v = flow velocity, 1] = absolute viscosity. 

Irregular velocity distribution and pulse waves occur 
when there is increased acceleration or with flow imped­
ance. After a certain velocity has been reached correspond­
ing to a Reynolds number of approximately 2000, the flow 
becomes turbulent, i. e., the distribution of flow velocity be­
comes random. 

Certain factors such as vessel curvature, caliber devia­
tions or damage to the inner wall may cause local turbulence 
to occur before the velocity limit is reached 121, 177, 205. 

Investigations on flow disturbances caused by stenoses 
have determined that there is no substantial decrease in 
blood flow or in poststenotic pressure until the cross-section 
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area reduction reaches more than 80 %, a so-called critical 
stenosis 19, 31, 114, 116, 11 7, 169. Up to this degree of narrowing, com-
pensatory flow acceleration occurs at the site of the stenosis. 
Beyond the critical degree of stenosis the flow decreases at 
this site (Fig. 2). 
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Fig. 2. Relationship between blood velocity and flow in human carotid ar­
tery stenosis, from Spencer and Reid 170 

The stenotic resistance (R) 

R = .11' 
I 

(5) 

where ,1p = pressure difference distal and proximal to the 
stenosis, i = flow is dependent upon the flow, i. e., the effect 
of the stenosis increases as the flow increases. Conversely, a 
stenosis can be overlooked if, because of circulatory factors, 
the flow in the affected artery is unusually slow. In the case 
of a fixed stenosis, the narrowing must be severe before the 
the peripheral resistance and the blood pressure can have an 
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effect on the stenotic resistance 163. The resistance of these 
stenoses increases as the flow and the pressure increase74, 108. 

In contrast, the blood pressure and the peripheral resist­
ance associated with dynamic stenoses are of considerable 
significance. When the blood pressure decreases, the 
cross-sectional area at the site of the stenosis is reduced and 
the stenotic effect is intensified. The effect of the stenosis al­
so increases as the resistance in the periphery decreases be­
cause the velocity of flow increases at the site of the narrow­
ing and the lateral pressure decreases. Conversely, an in­
crease in pressure reduces the stenotic effect 99, 108, 163, 167. 

Investigations into flow and mathematical models have 
shown that at the site of the stenosis the blood flow acceler­
ates while the lateral pressure decreases. Distal to the steno­
sis there is a decrease in velocity, with turbulence and separ­
ation zones with reverse flow occurring 8, 51,93, 200. 

The behavior of flow in the human cerebral vessels, in 
contrast to cervical vessels, has not been thoroughly investi­
gated. Systematic data on blood pressure, flow, and flow ve­
locity are not available. Theoretical models for cerebral he­
modynamics are also lacking 7,68. 



Ultrasound Doppler Sonography 

Historical Background 

The first studies on ultrasound for measurement of flow ve­
locity in blood vessels were published 1954 by Kalmus 88 and 
1957 by Baldes et al. 14. In 1957, Satomura 164 described an ul­
trasound method used to inspect the function of the heart 
and in 1959 and 1960, he reported on its application in 
peripheral arteries 165, 166. Franklin et al. 61 in 1961 published 
their findings of circulatory Doppler studies on animals with 
implanted probes. The first Doppler flowmeters used to 
measure blood flow velocity transcutaneously in humans 
were described by Baker et al. 13 in 1964 and by George et 
al. 70 in 1965. In 1966 Rushmer et al. 161 reported on the appli­
cation of the method for examination of the carotid arteries. 
In the same year, Stegall et al. 176 and Strandness et al. 181 pu­
blished the results of their transcutaneous studies in cases of 
peripheral occlusive disease. 

Ultrasound Doppler sonography has become a standard 
medical procedure for non-invasive transcutaneous exami­
nation of blood vessels, particularly those with stenoses and 
occlusions in the cervical region 26,99,150,172. 

Technical Principle, Application, 
and Significance 

The Doppler effect is a change in the frequency of a sound­
wave when the transmitter, the receiver, or the reflecting ob­
ject move towards or away from each other. The frequency 
change is proportional to the velocity of the movement. 
When the velocity of the blood flow is measured, the ultra-
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sonic waves are emitted from a stationary transmitter, the ul­
trasonic probe, and are backscattered by the red blood cells 
which are in motion. They are received again by the probe. 
The frequency shift (Doppler shift) which the system per­
ceives through the movement of the red blood cells, is ex­
pressed by the following formula: 

F = _2_' _E'l_o_· v_·_c_o_s_a 
c 

(6) 

where F = the Doppler frequency, Fo = the frequency of the 
transmitted ultrasound, v = the blood flow velocity, cos a 
= the angle between the transmitted sound beam and the di­
rection of the blood flow (incident angle) and c = the veloci­
ty of sound in the tissue. 

The Doppler frequency is the difference between the 
transmitted and the received frequency and is proportional 
to the blood flow velocity. It is made up of a spectrum of fre-

mean frequency 
by zero-cross 
counhng 

frequency 
spe( t rum 
by Fourier 
transformation 

HIGH FREOUENCY 
PULSED UL TRA­
SONIC DOPPLER 
VELOCITniETER 

REAL TIME 
SPECTRUM 
ANALYZER 

DATA 
PROCESSING 

Fig. 3. Typical Doppler equipment with frequency spectrum processing 
systems, probe, and basic Doppler unit 
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Fig. 4. Doppler frequency spectrum from a real time audiospectrum ana­
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ferent gray intensity 

quencies (the Doppler spectrum) due to the variations in red 
blood cell velocity in the flowing blood. 

Turbulences, irregularities, velocity changes and flow 
pulse forms can be recognized acoustically with a high de­
gree of reliability from the Doppler freqency spectrum, 
which is within the audible range 148. 

The acoustic phenomenon can also be visualized, and 
thus provide hard-copy documentation by means of the (au­
dio) spectrum analysis 152, which, with the aid of electronic 
circuits, makes it possible to produce a so-called real time 
spectrogram. The frequencies are represented as an instan­
taneous function of time and the amplitude of each individu­
al frequency is represented either in different shades of gray 
or in various colors on a video monitor. Thus the maximum 
frequency, the flow pulse waveform, and the frequency dis­
tribution can be evaluated optically (Figs. 3 and 4). Further 
detailed information can be obtained by mathematical evalu­
ations of the digital data. 

The reduction of the Doppler frequency spectrum to the 
mean frequency by using a zero-crossing procedure has 
proved easier and more economical than spectrum analysis. 
The mean frequency can be registered as an analogue curve 
(Fig. 5). 

There is an inevitable loss of information 73, since neither 
the frequency distribution, the maximum frequency, nor the 
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Fig. 5. Mean Doppler frequency from a zero-crosser with refernce blood 
pressure curves. By increasing the integration time of the analogue signal 

the time averaged mean frequency (temporal mean) is produced 

reverse and turbulent flow can be registered. For physical 
reasons, this principle of measurement can incur an error of 
approximately 20 % in establishing the mean frequency, 
whereas there is only a 5 % error when the frequency change 
is recorded 111. The reasons for this error include: the depen­
dence of the zero-crossing principle on the amplitude and on 
the range of the Doppler frequency spectrum, the change in 
frequency caused by electronic processing, and changes 
caused by background noise 29, Ill, 144, 151. In spite of these limi-
tations, the method has been widely accepted and yields use­
ful, and in particular, qualitative results. 

Until now, commercial Doppler sonography devices for 
medical use have had a transmitted frequency of between 2' 
and 10 MHz, depending on the medical application. . 

The frequency influences the depth of penetration, the 
power of the backscattered sound and the resolution. 
Absorption in the tissue is directly proportional to the fre­
quency 182 and amounts to approx. I decibel damping per cm 
tissue thickness and per MHz transmitted frequency. Thus a 
recording in a depth of 1 cm when the freqency is 5 MHz 
shows a backscattered sound having only 1/32 of the emit-
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ted energy 148. When the freqency is 20 MHz, less than one 
millionth returns to the probe. 

For clinical practice this means that low frequencies are 
preferred for deep examinations, while for surface examina­
tions a higher frequency is more advantageous. The higher 
the frequency the higher the absorption, but at the same time 
the better the reflection 196. When the transmitted frequency 
increases, the reflected power rises, not linear but to the 4th 
power. Thus when the frequency rises from 5 MHz to 
20 MHz, for example, the reflected power increases 256 
times. Consequently, high frequencies have to be chosen for 
small, weakly reflecting vessels. The weak signal emitted by 
small transmitting crystals can also be compensated for by 
an increase in frequency. 

The longitudinal resolution of the sound beam is affected 
by the electronic processing, while the lateral resolution is 
influenced by the frequency and the diameter of the trans­
mitting crystal increasing as the frequency and diameter 
rise 76. Therefore, if a high lateral resolution is required the 
transmitted frequency should be as high as possible and the 
crystal should have a small diameter. 

The angle dependence in vitro and in vivo does not have 
the same influence as might be assumed from the cosinus 
function (Fig. 15). A Doppler effect nevertheless occurs 
when the incident angle is vertical, for example, and there is 
not a maximum effect when the incident angle is orthograde. 
This is due partially to the divergence of the sound of the 
transmitting crystal and partially to the various directions in 
which the red blood cells reflect the sound. Experimental 
studies carried out by Kaneko et al. 89 using a 5 MHz ultra­
sound device show, for example, neither an essential change 
in flow velocity nor an alteration in flow patterns when the 
angle between the sound axis and the flow direction is be­
tween 30 and 70 degrees. 

The velocity of sound in the blood is dependent upon the 
temperature, the amount of protein, and the hematocrit val­
ue. However, whith normal temperatures and a hematocrit 
of 30-50 %, these differences can be ignored, allowing one 
to assume a constant velocity of approximately 1550 mls 22. 

In most Doppler instruments used for routine diagnosis, 
one crystal usually transmits the ultrasonic beam and an­
other continuously receives the backscattered sound. These 
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are called CW (continuous wave) Doppler instruments. Us­
ing this technique, every movement in the area taken in by 
the wide and deep-reaching sound beam is registered. Be­
cause inaccuracies can result from the overlapping of arter­
ies, it is not possible to examine one individual vessel in iso­
lation by fading out the surroundings. All of the different 
velocities occurring in the cross-sectional area of the ex­
amined vessel are registered. 

To solve this problem, a pulsed Doppler system can be 
used, in which the ultrasound is alternately transmitted and 
received, mostly via one single crystal. So-called electronic 
gate systems enable the investigation of a selective sample 
volume, which can be varied in its size as well as in its dis­
tance from the probe II, 12, 144. The sample volumina are usual­
ly club shaped, with the handle of the club pointing towards 
the probe. When the electronic gate is moved through a ves­
sel, flow profiles can be produced (Fig. 6). 
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Fig. 6, Flow profile generated by continuous advancement of an electron­
ic gate through the vessel. If the angle, the site, and the velocity of the gate 

are known, it is possible to estimate the diameter 

Using a multi-gate system, in which simultaneously func­
tioning electronic gates are positioned next to each other, it 
is possible to detect flow profile changes across the vessel di­
ameter during the cardiac cycle 4, 5, 24, 81, 92,113. 

With a single gate having the same diameter as the vessel, 
the average velocity taken from the entire cross-sectional 
area of the vessel can be determined. With smaller gates, on­
ly the average velocity in the sample volume (spatial mean), 
i. e., at one site within the vessel, can be recorded (Fig. 7). 
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umina. This is due to the flat profile of the investigated angioma vessel 
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in the sample volumina i. e. the spatial mean frequencies, are space aver­
aged, whereas mean frequencies in one or more cardiac cycle, i. e. the tem-

poral mean, are time averaged 

When the gates are very small in relation to the vessel, the 
inner diameter of the artery can be determined approximate­
ly by continuous gate shifting, provided the angle is known 75 

(Fig. 6). 
The pulse repetition frequency characterizes the time in­

tervals between the individual sound pulses. It puts a limit 
on the Doppler frequency that can be detected and deter­
mines, along with the sound absorption, how deep the re­
cordings can be made. The higher the repetition frequency, 
the lower the measuring depth and the higher the maximum 
detectable Doppler frequency (at most, half the repetition 
frequency). For example, when the repetition frequency is 
25 kHz, the maximum Doppler frequency that can be ob­
tained without so called "aliasing" is 12.5 kHz 150. 

The direction of the blood can be determined electroni­
cally according to whether the received frequency is higher 
or lower than the emitted frequency 112. 
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An essential component of the probe is the transmitting 
crystal. These crystals are not monocrystals but usually po­
lycrystal ceramics, e. g., lead zirconium titanate 148, 195. The 
sound energy emitted is directly proportional to the surface 
area of the crystal and is proportional to the transmitted fre­
quency to the fourth power. 

The probe is used transcutaneously or is placed intraoper­
atively directly on the vessel at a 40-60 degree angle to the 
direction of flow. This angle effects the optimum intensity 
and frequency of the Doppler signal. In cases of freely dis­
sected vessels, the probe can be secured with cuffs at a de­
fined angle to the flow direction in order to avoid inaccuracy 
due to angle variation 195. However, the advantage of Dopp­
ler sonography, namely the ability to make atraumatic re­
cordings over an entire vessel, is then sacrificed in favor of 
precision of measurement. 

Apart from providing information on the presence and 
the direction of blood flow, the Doppler method also estab­
lishes the velocity of the red blood cells in their spatial and 
temporal distribution. Information can thus be obtained not 
only on the average velocity, but also on the distribution of 
the velocity within the vessel. It is possible to separate the 
laminar flow from an irregular and turbulent flow and thus 
to detect localized or systemic disturbances of the blood 
movement by acceleration or wall irregularities. 

The velocity changes within the cardiac cycle, the 
so-called flow pulse waves, also indicate by their form local 
and systemic changes of resistance. Clinically, the resistance 
index introduced by Pourcelot 147 has proved useful for esti­
mating the peripheral flow resistance; e. g., a relative reduc­
tion of the pulsatile amplitude indicates a decrease in resis­
tance (Figs. 8, 30, 37, 42 and 43). 

Recordings made at various sites with the angle kept as 
constant as possible enable separation of local and systemic 
changes by comparing the flow pulse waves and the Doppler 
spectra. Furthermore, narrowings can be established and 
quantified on the basis of local acceleration. 

The major importance of transcutaneous Doppler sono­
graphy in neurology and neurosurgery is the diagnosis of arte­
rial disease in the area of the cervical vessels 26, 172. The meth­
od can also provide information on intracranial pathological 
changes, e. g. in cases of angiomas 50, 15\ of traumatic intracra-
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Fig, 8, Resistance index as a sign of the relative size of the amplitude of 
the flow pulse curve. Left: typical low resistance in intracerebral circula­

tion, right: high resistance in peripheral circulation 

nial pressure increase 178, of changes in intracranial resistance 
by hypo- or hyperventilation 16, and of intracranial circulato­
ry arrest 27, 59, 104, 133. Occlusion of the sinus cavernous fistula 
with a balloon catheter can also be controlled by Doppler 
sonography28, liS. 

Within the scope of extracranial - intracranial bypass 
surgery, numerous studies have been reported on the aid of 
Doppler sonography in determining the position of the do­
nor artery and in examining the patency and the flow after 
surgery (see chapter on Bypass). 

During neurosurgical procedures in which the patient is 
kept in a sitting position, the precordial ultrasound Doppler 
recording is an indispensible method for the early detection 
of air-embolism 38,72. 

Direct recordings carried out intraoperatively have been 
described for carotid endarterectomies 119, 175, for extracranial 
- intracranial bypass operations (see chapter on Bypass), 
for clipping of aneurysms of the circle of Willis (see chapter 
on Aneurysms), for operations on angiomas80, 136, 137, for pat­
ency testing of the superior longitudinal sinus 2\ and for the 
testing of microvascular experimental anastomoses (see 
chapter on Anastomoses). 



Doppler Device 

Introduction 

The neurosurgical application of the intraoperative Doppler 
examination method requires a Doppler system which can 
record manipulated vessels of less than 1 millimeter in di­
ameter. The system must also enable examinations to be car­
ried out under visual control, with direct contact between the 
probe and the vessel and in the narrow space at the base of 
the brain. It must be able to record discretely vessels which 
are closely adjacent. 

Only a pulsed technique with a high transmitted frequen­
cy meets these requirements. Neither the 4 MHz nor the 
5 MHz CW commercial Doppler instruments used by Braw­
ley 25, Friedrich et al. 65 and Moritake et al. 124 fulfills the con-

Fig. 9. The present appearance of the microvascular Doppler system 
MF 20 (original name of the prototype: Microtlo) 

Eden Medizinische Elektronik GmbH, D-7770 Uberlingen 
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ditions listed above. Nomes et al. 134, 135 used a pulsed Dopp­
ler instrument having a transmitted frequency of 6 and 
10 MHz and relatively small probes. However, since only re­
sults were published of examinations performed on large in­
tracranial arterial main stems and angioma arteries, and 
none on vessels smaller than 1 mm in diameter, this device 
also has its limitations. 

For our studies we selected a prototype of a pulsed 
Doppler ultrasound instrument with a transmission frequen­
cy of 20 MHz developed by Cathignol 35, 36 (Fig. 9). It was 
similar to a system used in the United States for experimen­
tal and clinical studies 20,21,54,62,63,78. 

Technical Data 

pulsed ultrasonic Doppler velocity meter (MF 20) (Figs. 
9 and 10) 
transmitted frequency 20 MHz 
pulse durations of 250, 450, 850, 1500 ns corresponding 
to axial gate width of approximately 0.4, 0.7, 1.3, and 
2.3 mm (axial resolution) 
lateral gate width (lateral resolution): 1.1 mm with the 
3 mm probe 
automatic gate shifting in 0.1 mm steps with a velocity of 
0.25 mmls 
pulse repetiton frequencies of 100, 50 and 25 kHz, corre­
sponding to measuring ranges of 7.5, 15, and 30 mm 
maximum detectable Doppler frequency 12.5 kHz, mini­
mum 0.1 kHz 
mean frequency by built-in zero-crosser, integration time 
0.1-4.0 s 
calibration by a frequency generator with fixed 1 kHz 
Doppler freqency 
direction established by reversal of the mean frequency 
curves 
analog output for registration of the mean frequency, au­
dio output for frequency analysis 
sterilizable miniature probes, 1 cm long, 2 and 3 mm di­
ameter (Fig. 11) 
frequency spectrum analysis in real time with FFT (An­
gioscan) (Fig. 10) 
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Fig. 10. Doppler equipment: high frequency pulsed Doppler velocity me­
ter (Microflo), real time frequency analyzer (Angioscan II), and ink 

recorder (Cardirex 4 T) for mean frequency curve registration 

Fig. 11. Doppler probes: exter­
nal diameter 3 or 2 mm, probe 

length I cm 
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Results 

The instrument is able to record all vessels in the immediate 
vicinity of the probe, from the pial and perforating arteries 
of 0.15 mm in diameter upwards to the cervical carotid ar­
tery with a width of several millimeters (Figs. 12, 13,44). The 
lowest mean frequency registered with the zero-crosser was 
0.2 kHz. In clinical practice the highest mean frequencies re­
gistered were 8 kHz. The maximum detectable frequencies 
in the spectrum seldom exceeded 10kHz. In cases of se­
vere stenoses and av-malformations, the range of mea-

ICA 

( .. ",Hg) 
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50 

0 

MCA \ 

/)~"'O'''"' O, 0 
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1'1'1190n ~ l f,..equ9nCY 
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0: iime averaged mean 
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Spectrum 
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~~ 
1sec 

Fig. 12. Mean frequency curves and spectrograms of a normal intracrani­
al vessel tree. Note the high, unmodulated flow in the operculofrontal 
branch due to hyperemia after discontinuation of retraction of the frontal 

lobe 
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surement was exceeded, which could be recognized from the 
truncated systolic curves. 

The vessels were examined using mainly 0.4 or 0.7 mm 
gates, since these produced the fewest disturbances and pro­
vide the most precise flow patterns. This resulted in the 
Doppler frequencies among the smaller vessels being pro­
portional to the mean velocity in the entire vessel. Vessels of 
approximately 1.5 mm in diameter and larger showed a pref­
erence for higher frequencies in the spectrum, while relative­
ly homogeneous frequencies occured in smaller vessels. 
Accordingly, the flow profiles of the smaller vessels were 
more pointed, whereas those of the larger vessels were flat­
ter. 

Discussion 

Our studies support the findings of Blair et al. 20. 21, Freed et 
al. 62, 63, Greene et al. 75 , and Hartely and Cole 78 , which estab­
lish a transmitted frequency of 20 MHz as prerequisite for 
recording microvessels. The disadvantage of high transmit­
ted frequency, namely, the limited penetration depth, affects 
only transcutaneous examinations and limits the penetration 
depth to approximately 1.5 cm. 

It is difficult to obtain a valid velocity profile using the 
pulsed technique of our system because the gates are rela­
tively large in relation to the cross-sections of the microves-
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sels, which can produce inaccuracies 87. The same applies for 
determining the inner diameter of the vessel from the pro­
files 20,21,54. Angle error is an additional source of inaccuracy. 

These restrictions do not pertain to most clinical ques­
tions regarding the patency, the direction and velocity dis­
tribution or changes of flow. Nevertheless, more accurate 
spectrum analyses are required for future applications, facil­
itating comparative studies, information storage and quanti­
tative assessment. 

Conclusions 

Using the high frequency pulsed Doppler system in the field 
of neurosurgery, vessels ranging in size from the perforating 
arteries up to the common carotid artery can be examined 
intraoperatively. In these vessels the mean Doppler frequen­
cies are usually between 0.2 and 10kHz. Patency, direction 
of flow, laminar and non-laminar flow and alterations in 
flow velocity are detectable from the mean frequency curve 
from the zero-crosser. The profiles and measurements ob­
tained from the cross-section of the vessel are not precise, 
since the measurement ranges are relatively large in relation 
to the vessel. 



Laboratory Animal Model 

Introduction 

There are no extensive reports on the typical intraoperative 
Doppler findings of microvessels in the presence of local or 
systemic hemodynamic changes, caused, for example, by ste­
noses or hyperemia, under standardized conditions. Only 
one report 63 deals with the detection and grading of micro­
vascular stenoses. Nevertheless there is a need to establish 
characteristic microvascular Doppler findings, both in nor­
mal and impaired flow conditions, in order to evaluate the 
quality of microsurgical procedures. The findings in large 
vessels cannot be transferred to small arteries without fur­
ther investigations. 

The carotid artery of the rat serves well as a model for ob­
taining controlled data: it has a diameter of 1 mm, which is 
the size most commonly found in microvascular surgery, its 
flow velocity is comparable to that of brain vessels of the 
same size, and there is adequate information available for 
carrying out dissection and anastomoses. 

In order to familiarize oneself with the methodology, one 
should determine Doppler sonographic normal findings and 
typical changes caused by variations in pressure and resist­
ance in order to be able to distinguish them later from local 
changes brought on surgically. Since in practice stenoses of­
ten cause considerable problems, it is important to know at 
what degree of lumen narrowing the stenosis can be recog­
nized by Doppler sonography and also whether and at what 
stage characteristic pulse waveforms and velocity changes 
appear as the vascular system is impeded. 



24 Laboratory Animal Model 

Material and Method 

The findings are based on recordings made on rats weighing 
250-400 g. The animals, which breathed spontaneously, 
were anesthetized intra peritoneally with pentobarbital sodi­
um (40 mg/kg body weight) or (0.5-1.5 ml) Thalamonal 
and were heparinized. The arterial blood pressure was mea­
sured either via the cannulated external carotid artery, the 
brachial artery or the axillary artery, or via the femoral ar­
tery or abdominal aorta, all of which were also used as an­
giographical approaches. 

Animal Models 

Three models have proved useful and effective for the var­
ious investigations (Fig. 14): 

1. The right common carotid artery for stenoses and 
end-to-end anastomoses. It can be well visualized by retro­
grade angiography via the brachial artery and pressure can 
be measured proximal and distal to the stenosis while the ex­
ternal carotid artery is additionally cannulated. 

ENO-TO-END 
END-I -END 
A AST()10SES 

STENOSIS 

bra(h,al 
angIOgraphy 

TERMINO-LATERAL 
A ASTOMOSES 

Fig. 14_ Microsurgical measures performed on the carotid artery of the 
rat, which are suitable for angiographically controlled Doppler 

sonographic examinations 
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2. The y-shaped connection of the left with the right com­
mon carotid artery for end-to-side anastomosis 158, 159. It too, 
is demonstrated angiographically via the brachial artery. 

3. The h-shaped connection with proximal ligation of the 
brachiocephalic trunk, which is demonstrated via the 
aorta 42, 179. 

Normal Findings 

The flow pulse waveforms in the common carotid artery of 
the rat closely follow the pressure pulse waveforms (Figs. 16 
and 17). The diastolic flow is relatively low, the resistance in­
dex is 0.76-0.95. The time averaged mean Doppler frequen­
cies are between 0.8 to 1.3 kHz when the inner diameters 
(angiographically ascertained) are 0.9 to 1.2 mm and the 
mean arterial blood pressure levels range from 50 to 130 mm 
Hg. The maximum systolic mean Doppler frequency is 
about 2.7 kHz where the minimal mean diastolic frequencies 
are about 0.1 kHz. Mechanical irritations during dissection 
as well as exsiccation cause the mean flow velocity to in­
crease and the pulse amplitude to decrease. 

Angle Dependence 

The angle between the beam of ultrasound and the direction 
of flow of between 40 and 60 degrees (average 50 degrees) 
provides the best recording conditions, yields the highest 
mean frequencies from the zero-crosser and the slightest fre­
quency differences (Fig. 15). 

Resistance Change 

An increase in the peripheral or the cerebral resistance can 
be recognized from a decrease in the diastolic flow velocity 
to approximately 0 and from steep, small-peaked pulse 
waveforms (Fig. 16). When there is a reduction of the periph­
eral resistance after vasodilatation, e. g., with sodium nitro­
prusside, an increase in the amplitude modulation and 
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in the mean flow velocity can occur when a drop in pressure 
takes place. After sodium nitroprusside administration has 
been terminated and there is reactive hypertension and con­
tinued low resistance, the pulse waveforms become irregular 
with a slight amplitude modulation and a high diastolic flow 
(Fig. 17). 

A B P (mmHg ) 

(external 

',.~ carohd a.1 100 
5 0 
0 
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0 
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Fig. 16. Flow pulse waves in the common carotid artery of the rat during 
peripheral (cerebral) resistance increase with a steep systolic peak and 

little diastolic flow 
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Fig. 17. Left: flow patterns in normal pressure and resistance; middle: 
flow patterns in low pressure and low resistance following injection of so­
dium nitroprusside. Right: flow pattern in the phase of hypertensive reac­
tion after discontinuing the drug induced hypotension with persisting low 

resistance and therefore hyperperfusion 
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Stenoses 

Standardized circular stenoses with a lOx 10 thread 
which extend over a short distance allow a comparison to be 
made of the Doppler sonographic degree of steno­
sis = 100 x (1- Doppler frequency proximal to the steno­
sis: Doppler frequency at the stenosis) with the angiograph­
ic degree of the stenosis = 100 x (I-cross sectional area of 
the stenosis: cross sectional area proximal to the stenosis). 
Flow acceleration can be registered by Doppler sonography 
if there is a lumen area reduction of roughly 40 % or more. 
Here a Doppler underestimation of the narrowing has to be 
reckoned with. However, the degree of inaccuracy decreases 
from about 30 % to 15 % as the degree of stenosis increases. 

The results with this type of stenosis have shown that 
when the Doppler grading of a stenosis is less than 30 %, an­
giography registers narrowing of 38-52 %; a 30-60 % lu­
men area reduction estimated by Doppler corresponds to 
49-78 % in angiography, and 60-80 % in Doppler corre­
sponds to 60-90 % in angiography. 

For microvessels, the time averaged mean frequency 
proved to be the most precise and most reliable parameter 
for stenosis grading, followed by the systolic mean frequency. 

Stenoses can also be recognized from typical changes in 
the pulse waveforms. Slight lumen reductions of 30-60 % 
show a rise of the systolic and diastolic level at the site of the 
stenosis while the pulse waves remain undisturbed proximal 
and distal to the stenosis. Narrowings of between 60 and 
80 % show distinctly broadened and raised curves during 
systole or double-peaked pulse waveforms at the site of the 
stenosis. Flow accelerations a few millimeters distal to the 
site of the stenosis can still be observed. Severe stenoses of 
over 80 % show a pulse amplitude which is markedly lower 
proximal to the stenosis - and even more pronounced be­
hind it - in comparison with normal findings. Flow velocity 
on the whole is reduced. At the site of the stenosis itself, 
when the velocity is still high, a round, mostly irregular 
pulse waveform can be recorded. As the narrowing increases 
and the flow decreases, this pulse waveform changes into a 
barely modulated pulse wave with slight acceleration (Figs. 
18 and 19). 
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Figs. 18 and 19. Mean frequency curves and spectra for various degrees 
of short stenoses made with a thread. Top: slight narrowing, less than 
60 % reduction of cross-sectional area; middle: moderate, 60-80 % steno-

sis; bottom: severe stenosis, more than 80 % 
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MINOR STENOSIS 

MODERATE STENOSIS 

SEVERE STENOSIS 

Fig. 19 
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Fig. 20. Doppler spectra for lateral stenosis of the common carotid artery 
of a rat with an aneurysm clip. Findings indicate slight to moderate stenosis 

The example of a marginal narrowing by an aneurysmal 
clip shows that in this surgery-like case the hemodynamic ef­
fect of a stenosis can be detected and quantified (Fig. 20). 
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Discussion 

Resistance and pressure changes in microvessels can be re­
gistered just as in large vessels. The angle dependency of the 
Doppler shift is minimal when the vessels can be seen and 
the probe angle is adjusted under optic and/ or acoustic con­
trol. This has been substantiated by studies carried out by 
Eldridge et al. 54 using a similar device. The conversion of the 
frequency shift into velocities, which is often practiced 20,21,54, 

yields no additional information and is not precise because 
there is no other reliable method for obtaining a practicable 
velocity calibration necessary for quantification in the inves­
tigated vessels. 

It is therefore recommended that comparative studies and 
an evaluation of the pulse waveforms should be carried out, 
in which the error associated with angle variation and the 
lack of precision in measuring the frequencies do not play 
an essential role. 

Thread stenoses are not equivalent to naturally occurring 
stenoses. However, they can be easily controlled on one 
plane by angiography and represent the shortest possible 
narrowing, and thus the most difficult to detect. 

In the area of the stenosis, the axial and lateral extension 
of the measuring range makes Doppler recording of the nar­
rowest point in isolation impossible. Accordingly, overlapp­
ings occur in regions of slower or retrograde flow and result 
in an underestimation of the stenosis. Another possible error 
is a reduction of flow by shock, for instance, which leads to 
accelerations typical for a less severe stenosis. 

Conclusions 

It is possible to carry out Doppler sonographic investiga­
tions on the common carotid artery of the rat, which has a 
diameter of approximately I mm. Hemodynamically effec­
tive alterations in resistance and pressure can be recognized 
from the typical flow pattern changes. Circular stenoses of 
small length can be detected by Doppler sonography from a 
cross-section reduction of about 40 % upward and can be 
graded according to velocity increase and pulse waveform. 



Experimental Microvascular Anastomoses 

Introduction 

Thequality of microvascular anastomoses is usually evaluat­
ed according to the following criteria: patency rate, which is 
more than 90 % 2, 189, morphological examinations 43, 97, blood 
flow measurements 128, and the inspection of the outer aspect 
or mechanical patency tests 1,79. 

Electromagnetic flow measurements are not often report­
ed 15, 179, 194 and angiography is seldom used, either immediate­
ly following the anastomosis or after a period of some days 40, 
42, 157, 189, 190, 198 

Direct Doppler sonographic examinations of microvascu­
lar anastomoses have not been widely used up till now be­
cause of the lack of commercially available equipment suit­
able for use on tiny vessels 17,44. Studies do exist, however, on 
a 20 MHz system with high resolution 78, with which flow in 
microvessels can be recorded without any problem 21, 63. 

With our method it is possible to record not only the pa­
tency and the flow velocity in all the branches, but also the 
local hemodynamics in the area of anastomosis. This enables 
intraoperative evaluation of the quality of an anastomosis 
and the various anastomotic techniques. 

Material and Method 

The findings are based on 15 end-to-end, 15 end-in-end, and 
15 end-to-side anastomoses performed on the carotid artery 
of rats. They were carried out with single knot sutures with­
out the use of fibrin glue. Approximately 20 minutes after 
circulation was re-established, the anastomoses were ex­
amined and controlled angiographically. 
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Examination Procedure 

The following routine examination procedure following mi­
crovascular anastomoses is recommended (Table 1): 

Table I. Routine procedure steps for microvascular experimental 
anastomoses 

vessel section studied 

proximal branch site of clip 

proximal branch 

anastomosis center 

transition region between 
donor and recipient artery 

distal branch near the 
anastomosis 

distal branch (branches) 

distal branch (branches) site 
of clip 

information/reason for study 

local acceleration caused by swelling 
due to temporary clip 

patency, flow direction and flow 
velocity, pulse waveform 

acceleration, irregularities and turbu­
lences due to narrowing and vessel wall 
irregularities 

acceleration, irregularities and turbu­
lences as result of type of anastomosis, 
narrowing, and vessel wall irregularities 

acceleration extending beyond the area 
of the anastomosis 

patency, flow direction, flow velocity, 
pulse waveform, comparison with prox­
imal branch 

local acceleration caused by swelling 
due to temporary clip 

The best recording conditions are archieved with a 
probe-vessel angle of approximately 50 degrees with direct 
probe contact, acoustic coupling by means of a drop of a so­
dium chloride solution or blood, and 0.7 -1.3 mm gate. For 
a rat heart rate of 300 beats per minute, paper velocity 
should be adjusted for analog registration of the mean fre­
quency curves of 10 and 100 mm/s. 

End-to-end Anastomoses 
As a rule, end-to-end anastomoses with approximately 8 su­
tures in a vessel with an inner diameter of 0.9-1.0 mm are 
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Fig. 21. End-to-end anastomosis on the common carotid artery of the rat. 
Doppler sonography shows only slight acceleration at the site of the anas­
tomosis. Normal flow patterns as sign of hemodynamically satisfactory 

anastomosis. (Arrow: region of the anastomosis) 
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Fig. 22. End-in-end anastomosis on the common carotid artery of the rat. 
Doppler sonography shows flow irregularities and marked acceleration as 
a sign of hemodynamically unsatisfactory anastomosis. The flow pattern 
along the bottom of the diagram results from continuous displacement of 
the probe along the longitudinal axis of the vessel. (Arrow: region of the 

anastomosis) 
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open, provided the microvascular surgeon possesses suffi­
cient technical skill. In the area of the anastomosis, however, 
flow acceleration can be established which corresponds to 
an angiographically detectable stenosis. The degree of steno­
sis which is determined from the acceleration is usually be­
tween 20 and 40 % when the anastomosis is properly func­
tioning. Flow pulse curves with systolic and diastolic in­
crease in amplitude modulation are characteristic (Figs. 21 
and 27). 

In the case of severe stenosis, m-shaped curve patterns 
and irregular flow pulse waveforms occur, which can also be 
established a few millimeters distal to the anastomosis (Figs. 
22 and 23). Rapid flow velocity can result from swelling of 
the intimal and medial wall layers at the site of the tempo­
rary clip and is easily mistaken for a good flow, since the cal­
iber of the vessel shows no outward change (Fig. 25). 

End-in-end Anastomoses 

The degree of local stenosis during end-in-end anastomosis 
varies according to the technique used. Anastomotic occlu­
sions and severe stenoses are generally more often associat­
ed with end-in-end anastomoses than with end-to-end anas­
tomoses. The average degree of stenosis of patent anasto­
moses ranges from 20 to 60 % (Figs. 22, 23 and 27). 

End-to-side Anastomoses 

In the model with right sided main stem (Figs. 24 and 25), 
the flow division shows a preference for the left side. 

The anastomoses with an oblique incision of the lateral 
branch and with 8 to 10 knots show marked acceleration in 
the areas proximal or distal to the anastomoses as a result of 
stenoses (Fig. 24). In contrast, the anastomoses carried out 
according to the patch technique inconstantly demonstrate 
acceleration in the acute angle area of the bifurcation (Fig. 
25). 
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Figs. 23. End-in-end anastomoses on the common carotid artery of the 
rat. Doppler sonography shows on the right side an acceleration and 
double peak flow patterns as a sign of a minor to moderate narrowing. On 
the left side the total flow velocity is reduced because of a severe stenosis 
with marked local acceleration and unmodulated flow. (Arrows: region of 

the anastomoses) 
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Fig. 24. Classic end-to-side 
anastomosis with obliquely cut 
side branch between the right 
and the distal left common ca­
rotid artery of the rat. Doppler 
sonography shows accelera­
tion and flow irregularities in 
the distal portion of the anas­
tomosis as a result of narrow­
ing associated with small anas­
tomotic areas. (Arrow: region 
of the anastomosis with nar­
rowing of the side branch) 
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Fig. 25. End-to-side 
anastomoses between 
the right and the distal 
left common carotid ar­
tery of the rat according 
to the patch technique. 
Doppler sonography 
shows "normal" flow 
patterns and frequencies 
in the anastomotic 
branches and in the area 
of the anastomosis itself 
as a sign of a hemody­
namically satisfactory 
anastomosis. Note the 
acceleration at the site 
of the temporary clip as 
a result of vessel wall 
swelling. (Arrow: region 
of the anastomosis) 
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Fig. 26. End-to-side 
anastomosis between 
the right common carot­
id artery and the left 
proximal carotid artery. 
The brachiocephalic 
trunk is clipped to 
achieve a flow division 
in the recipient artery 
similar to extra-intracra­
nial bypass operations. 
High, but regular Dopp­
ler flow pattern in all 
branches of the anas­
tomosis including the 
suture area itself. (Ar­
row: region of the anas-

tomosis) 
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Fig. 28 

Figs. 27 and 28. Spectrograms of well functioning end-in-end and 
end-to-side anastomoses with regular, undisturbed flow and high veloci­

ties without marked local acceleration 
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In the model with left sided main stem and bidirectional 
flow distribution, the flow usually shows a preference for the 
brachiocephalic trunk. The hemodynamics in the anastomot­
ic area are similar to the findings in extra-intracranial bypass 
surgery and are dependent on the suture technique (Fig. 26 
and 28). 

Discussion 

In contrast to the indirect measurement of circulation and 
flow, with the use of microvascular Doppler sonography it is 
possible to carry out detailed and repeatable examination of 
the anastomotic area with special respect to hemodynamic 
disturbances. Recordings taken after circulation has been 
re-established register the phase in which, according to mor­
phological findings, the most narrow conditions prevail 2, 122, 159. 

In terms of simplicity, amount of information and relia­
bility, Doppler sonography is superior to other methods: 

The electromagnetic method of flow measurement reveals 
only an overall flow, registers pathological findings only af­
ter a lumen area reduction of over 80 %, and cannot be used 
to measure the end-to-side anastomosis itself. The 
angiographical method, with its unilateral view, only yields 
valid results if there is a circular stenosis or orthograde im­
aging of the narrowing. 

The stenoses associated with end-to-end anastomoses de­
termined by Doppler sonography confirm the morphological 
and hemodynamic studies which reveal that narrowings are 
common among microanastomoses 21, 122, 138, 159, 198. With regard 
to end-in-end anastomoses, however, there does not seem to 
be the same stenosis rate, at least in early investigations 97, 103, 

but rather a higher stenosis rate as in end-to-end anasto­
moses 197, 198. 

Other than ours, there have been no Doppler sonographic 
studies reported on experimental end-to-side anastomoses. 
Our findings have been confirmed by the morphological re­
sults of Robertson and Robertson 157, which show that the 
quality of the anastomosis depends on the number of knots 
or the surface of the anastomosis. Correspondingly, it can be 
determined that the large-surface anastomosis according to 
the patch technique is superior to the diagonal anastomosis. 
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Conclusions 

Using microvascular Doppler sonography, microvascular ex­
perimental anastomoses can be examined simply and reli­
ably. Not only the patency, the direction of flow, and the ve­
locity of flow can be studied, but also the local hemodynam­
ic changes in the area of the anastomosis. In this way the 
quality of an anastomosis can be determined. Stenoses at the 
site of the anastomosis with corresponding acceleration are 
to be expected with end-to-end and end-in-end anastomoses. 
This also holds true for end-to-side anastomoses with ob­
lique incision of the lateral branch. A nearly normal flow is 
only to be expected with patch anastomoses. 



Extracranial-I ntracranial Bypass 

Introduction 
The transcutaneous pre- and postoperative Doppler sono­
graphic study of cervical vessels 26, 172 and the postoperative 
control of the patency and the flow of the extra-intracranial 
anastomosis 6, 24, 124 are standard examination techniques for 
occlusive diseases. Intraoperatively, the method is used 
trans cutaneously to localize the donor artery 86, 124, 174, 187 and 
also to test the patency and to measure flow 126. 

There is very little reference in the literature to the 
branches of the anastomosis 77, 124, 187, 191. 

This is due to the lack of commercially available equipment 
suitable for use on microvessels. Neither electromagnetic flow 
measurement 39,46,85, 162, 173, 174, 179, cerebral blood flow measure-
ment with Xenon lOS, the thermodilution method 34 nor the fluo­
rescein angiography 105 have become accepted forroutine use. 

Microvascular Doppler sonography permits examination 
of all the essential parts of the extracranial-intracranial anas­
tomoses at the critical point in time - during the operation. 

Cases Studied 
The study is based on detailed Doppler sonographic measure­
ments of30 extracranial-intracranial anastomoses between the 
superficial temporal artery and a branch of the middle cerebral 
artery in cases of occlusions and stenoses of the cervical or cav­
ernous internal carotid artery. The reasons for surgery were 
transitory ischemic attacks, strokes and asymptomatic carotid 
artery occlusions prior to scheduled aorto-coronary bypass 
surgery. 

Methods 
The same anastomotic technique was used in all cases: an in­
frasylvian branch of the middle cerebral artery was sought 
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out under an osteoplastic trepanation approximately 6 cm 
above the auditory canal. This branch was connected mostly 
to the parietal branch of the superficial temporal artery fol­
lowing the patch technique 3, 158. 

For the routine examination the following examination 
procedure has proved to be useful and efficient (Table 2): 

Table 2. Doppler ultrasonic examination procedure during extracranial­
intracranial bypass operation 

vessel studied 

superficial temporal artery 

skin supplying frontal branch, 
dissected 

skin supplying parietal (donor) 
branch, dissected 

donor branch, distal cut 

recipient vessel before 
anastomosis 

distal donor artery after 
anastomosis 

donor artery at site of clips 

distal/proximal recipient 
vessel after anastomosis 

anastomosis area 

donor artery before wound 
closure 

information/reason for study 

course of artery and its branches, parti­
cipation of frontal branch on ophthal­
mic collateral flow 

participation on ophthalmic collateral 
flow 

"normal" and control value 

maximum flow volume and velocity, 
basal value for computing anastomotic 
flow 

flow direction for anastomosis direction 
and identification of Sylvian fissure, 
basal value for anastomotic flow distrib­
ution 

patency, anastomotic flow volume by 
velocity comparison 

stenoses dure to temporary clip 

patency, flow change, flow distribution, 
stenoses by temporary clips 

flow impairment, irregularities 

secondary thrombosis, kinking 

The measurements can be taken with the probe in direct 
contact with the vessels. There is sufficient room to obtain 
the optimum probe angle (approx. 50 degrees) for the Dopp­
ler signal. The entire crossection can be covered with the 0.7 
and the 1.3 mm gate width, so that the Doppler frequency 
corresponds to the mean velocity in the entire vessel. 
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Transcutaneous Intraoperative Measurements 
of the Donor Artery 

The small ultrasonic beam and the high resolution even with 
vessels measured in millimeters, make it possible to plot pre­
cisely the course of the superficial temporal artery with its 
branches. By this mapping, the dissection of the temporal ar­
tery is facilitated and accelerated, particularly if longitudinal 
sections are used (Fig. 29). 

A retrograde flow in the supratrochlear artery and high 
diastolic flow with a low resistance index in the frontal 
branch signifies participation in ophthalmical collateraliza­
tion. Thus the frontal branch can be considered as a donor 
artery only in exceptional cases (Fig. 30). The mean Doppler 
frequencies of the normal temporal artery were 0.2-1.8 kHz 
(average 1 kHz) with a resistance index of 0.8 (0.7-1.0), 
which is typical for the external arterial system (Figs. 30, 42 
and 43). 

Fig. 29. Transcutaneous Doppler mapping of the course of the donor ar­
tery (superficial temporal artery) with its branches (frontal and parietal 

ramus) 
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Fig. 30. Flow pattern of the superficial temporal artery with its branches 
during intraoperative transcutaneous measuring before anastomosis. Note 
the high diastolic flow in the main stem and in the frontal branch which 
signifies participation in ophthalmic collateral flow with retrograde flow 
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Fig. 31. Typical flow pattern during direct measurement of the superficial 
temporal artery before and after being cut and after being connected to 

the cerebral vascular system 
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Direct Measurements of the Donor Artery 
Before Anastomosis 

To determine the approximate flow of the anastomosed 
donor artery by comparing velocities, the Doppler frequency 
in the open temporal artery has to be determined as well as 
the blood volume, which is collected in a pot (Figs. 31 and 
38). 

For the separated temporal artery, volumina of 6-
60 ccm, average 25 ccm, can be expected, depending on 
blood pressure, caliber, and transverse section of the distal 
end. The Doppler frequencies range between 1-4.4 kHz 
(average 3 kHz). 

Measurement of Recipient Artery Before 
Anastomosis 

The Doppler sonographic determination of the direction of 
the recipient vessel can be helpful in identifying the Sylvian 
fissure and in determining the direction of the anastomosis, 
which should be towards the fissure where the greatest re­
quirement is. With a choice of several possible recipient ves­
sels of the same size, the vessel having the slowest flow 
should be selected. 

In the examined cases of cervical occlusion of the carotid 
arteries, the flow in the middle cerebral artery branches was 
orthograde. The mean Doppler frequencies were between 
0.3 and 2.0 kHz (average 0.9 kHz) in vessels with an outer di­
ameter of 0.8-2.0 mm (Figs. 32 and 38). Frequencies over 
0.8 kHz with the same transverse section were found in pa­
tients with healthy vessels who were operated on for other 
reasons. 

Extremely slow velocities resembling venous flow with 
weak pulsations are typical for patients with multiple arteri­
al occlusions (Fig. 32). Normal flow curves and velocities are 
observed only in patients with unilateral carotid occlusion or 
stenosis. 
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Fig. 32. Typical flow pattern of the recipient branch of the middle cere­
bral artery. Note the slightly modulated almost vein-like flow before anas­
tomosis and the high almost turbulent retrograde flow after anastomosis 

Findings Among Normal Anastomoses 

After the anastomosis has been completed and circulation 
re-established, the temporal artery is examined to see wheth­
er the anastomotic flow is functioning and, if so, if flow is in 
the desired direction. If these findings are satisfactory, the 
critical points are checked for irregularities and flow acceler­
ation, i. e., the site of the temporary clip on the donor artery, 
the anastomotic area itself, particularly the 
acute-angled portion and the proximal and distal branches 
of the recipient artery (Figs. 31, 32, 33 and 39). 

The measurements taken on the donor artery of a hemo­
dynamically effective anastomosis show the typical change 
from the so-called external to inernal type, i. e., besides an 
increase in the mean flow velocity, there is above all a rela­
tive increase in the diastolic flow with a corresponding de­
crease in the resistance index (Figs. 31 and 33). The mean 
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Fig. 33. Flow pattern of a well-functioning anastomosis 

Doppler frequencies are 1.5-4.4 kHz (average 2.8 kHz) and 
can be 1-7 times (average 3.4 times) higher than those of 
the skin supplying donor artery. An increase in the velocity 
of the anastomosed donor artery, in comparison to the open 
donor artery, can also occur if no sufficient vessel stump 
paralysis is achieved during the first measurements (in 50 % 
of our cases). 

The flow, which can be calculated approximately accord­
ing to the method of Mueller and Gratzl 116 by comparing the 
flow velocities of the open and of the anastomosed temporal 
arteries, was in our cases between 5 and 55 ccm/min (aver­
age 23.2 ccm/min). 

Almost without exception (29 out of 30 cases) an anas­
tomosis flows bidirectionally: distally in the original direc­
tion and proximally towards the Sylvian fissure where there 
is flow reversal (Figs. 33 and 39) type-T distribution. 

Only exceptionally (lout of 30 cases) the bypass takes 
part solely in the distal flow, type-L distribution (Figs. 34 
and 46). Apart from hemodynamic reasons (see chapter on 
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controlled carotid ligation) a mechanical impediment always 
has to be considered as the cause in these cases. 

In the type-T flow distribution, the flow towards the fis­
sure is predominant. The retrograde flow velocity is on the 
average five time higher ( 1-15 times) than the originally or­
thograde velocity. The flow velocity in the distal branch of 
the anastomosis is also about four times higher (1-1 0 times) 
than before anastomosis. 

The mean Doppler frequencies obtainable from the proxi­
mal portion of the anastomosed middle cerebral artery branch 
range between 0.8 and 4.6 kHz (average 2.5 kHz) and from the 
distal part between 0.8 and 3.2 kHz (average 1.9 kHz). The re­
sistance index in the recipient artery distal to the anastomosis 
has approximately the same value (0.17 -0.79, average 0.49) as 
the recipient vessel before anastomosis (0.27-0.6, average 
0.47). The proximal branch, however, shows a marked reduc­
tion (0.17 -0.67, average 0.39). 

In the 30 anastomoses examined, the last measurement 
taken in the suture area before closing the wound showed a 
laminar flow. Only exceptionally were accelerations ob­
served at the acute-angled part or flow irregularities at the 
obtuse-angled part. 

Pathological Findings in Anastomoses 

In about 10 % (in our material 3 out of 30 cases) occlusions 
can be expected intraoperatively, although this is not appar­
ent from the external appearance of the sutures. The absence 
of the Doppler signal or a "dead end" signal provides unam­
biguous recognition of the occlusion. In our experience 
there is a risk of thrombosis between the site of the tempo­
rary clip on the donor artery and the anastomosis (Figs. 34 
and 40). The recipient artery may, however, remain open in 
this case, but with an orthograde, and in some cases, dimin­
ished, flow in the proximal branch in comparison to before 
anastomosis (Fig. 35). In such cases, one must act immedi­
ately to reopen the anastomosis partially, in order to flush 
out the vessel, so as to ensure the function of the anastomo­
sis. In the three cases treated in this way, the anastomosis re­
mained open (Figs. 36 and 41). 
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Stenoses can occur at the acute-angled portion of the 
anastomosis itself, as shown in two cases (7 %). If hemody­
namically effective, they can be detected through a flow ve­
locity reduction distal to the stenosis; if not, only local accel­
erations or irregularities are present. In the cases of subtotal 
occlusion, milking may be effective, as shown by our cases. 
In the recipient artery itself neither thrombosis nor stenosis 
are observed. 
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Fig. 34. Flow pattern of the donor and proximal recipient a rtery in an un­
satisfactory anastomosis. Note the lack of a clear retrograde flow in the 
proximal middle cerebral artery branch and the slow flow in the temporal 
artery with a marked acceleration in the region of the temporary clip. This 
anastomosis thrombosed intraoperatively (Fig. 35) and had to be re-

opened 

Fig. 35 . Flow pattern of an anastomosis with donor artery occlusion. Note 
the orthograde slow flow in the recipient vessel as before anastomosis 
(Fig. 32) and the absence of retrograde flow in the proximal portion of the 

recipient artery 

Fig. 36. Procedure in a case of donor artery occlusion: partial reopening 
of the suture, milking of the artery in order to remove clots and to restore 
the flow; elevation of the blood pressure and - most effective - irriga-

tion with heparin solution 
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Postoperative Transcutaneous Measurements 

The intraoperative Doppler velocity meter is also useful for 
postoperative patency control. Sure signs of a patent anas­
tomosis include: a Doppler frequency of the donor artery 
that is more than twice that of the opposite side and of the 
measurment taken preoperatively, a reduction in the resist­
ance index from the external to the internal type, a temporal 
artery that can be followed almost to the trepanation, and a 
lasting flow during compression of the non-participating 
branch (Figs. 37 and 43). 
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Fig. 37. Flow pattern of the superficial temporal artery with its branches 
during postoperative transcutaneous control of a functioning anastomosis. 
Note the high diastolic flow (internal type) in the donor artery (parietal 
branch of the STA) with reduced flow in the frontal branch in comparison 

with pre-operative measurements 
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Fig. 38. Basic values of the two bypass parts: maximum flow velocity and 
volume of the donor artery, original orthograde flow in the recipient 

artery 
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Fig. 39. Findings in a well-functioning anastomosis with a high, undis­
turbed flow in all components and only slight irregularities in the anasto­

motic area itself 



58 Extracranial-lntracranial Bypass 

MeA 

DOPPLER 1kHz) 

~,~ ; ~ ~---.:..:~ ....... ..=.-.: 

Fig. 40. Findings in a high grade stenosis of the donor artery with very 
slow flow and weak acceleration in the region of the temporary clip 
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Fig. 41. Treatment of an occlusion of the donor artery with partial re­
opening of the suture, milking and irrigation 
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Figs. 42 and 43. Transcutaneous findings before (42) and after (43) anas­
tomosis. Note the elevation of the entire velocity with a relatively high di­

astolic component in the donor artery 
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Discussion 

There are no definitive conclusions in the literature as to 
when and why anastomotic occlusions occur in up to 10 % of 
cases. However, some findings, including those of Little et 
al. lOS, who detected intraoperative occlusions using fluores­
cein angiography, animal experiments of Rosenbaum and 
Sundt 159, and our own results with 3 out of 30 intraoperative 
anastomotic occlusions, seem to indicate that the decisive 
point in time for the fate of an anastomosis is between the 
removal of the temporary clips and the closure of the inci­
sion. Reliable intraoperative methods to test anastomotic 
patency and to rule out stenoses, which are a potential risk 
of secondary occlusion, are therefore important for the suc­
cess of the operation. Methods such as the simple inspection 
of the anastomosis 1 and the unnecessarily traumatizing me­
chanical patency test 1, 47, 79 can at the most provide informa­
tion that there is a flow, but neither the direction nor the 
strength, and are thus outdated by electronic test methods. 

The electromagnetic technique of flow measurement, 
which due to anatomic factors can be applied only in the 
area of the donor artery, usually provides precise informa­
tion on flow direction and intensity for an exposed area on­
ly. Information on the quality of the anastomosis is unreli­
able since the various pressure conditions in the internal and 
external arterial system make it difficult to estimate what 
flow is normal for amounts varying from 93 -1 0 ccm 85, 173. 

Furthermore, for hemodynamic reasons even a normal flow 
for the individual case does not rule out lumen stenoses of 
up to 80 %19. 

Intraoperative regional measurements of cerebral blood 
flow with the Xenon or the thermodilution methods only 
yield information on the functioning bypass, provided there 
is an increase in the cerebral flow. They provide no informa­
tion, however, on the quality of the anastomosis. The same 
limitations apply to fluorescein angiography, which can re­
veal flow changes in the visible cortical vessels before and 
after bypass. 

The microvascular Doppler technique, in contrast, is an 
atraumatic and repeatable method of examining the anas­
tomosis itself and every point of the three anastomotic 
branches. Flow impairment can be detected from a 
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cross-section area reduction of 40 % upwards, i. e., long be­
fore a hemodynamic effect is detectable. This method thus 
not only helps to determine the patency and the flow direc­
tion, but is also an aid in producing qualitatively well-func­
tioning anastomoses. In cases of occlusion or stenosis, limit­
ed treatment is possible because of the known site of impair­
ment. 

There is little known about the hemodynamics of the cor­
tical middle cerebral arteries as potential recipient vessels. 
Studies using fluorescein angiography have revealed that oc­
clusive disease causes an extension of the cortical transit 
times 105 and blood pressure measurements taken with the 
puncture method 41, 66, 85, 123, 180, 204 have shown that pressure is 
lower among patients with occlusive disease than in patients 
without 10, 202. Flow velocity and flow volume have hardly 
been examined. Doppler examinations of cortical recipient 
arteries in patients with occlusive disease have only been 
carried out by Moritake et al. 124. Among 15 patients, they 
studied 17 cortical recipient vessels and found no flow in 5 
cases, poor orthograde flow in 9 cases, and good orthograde 
flow in 3 cases. The arteries showing no flow were not 
closed, since they served as recipient vessels. The reason for 
the lack of flow detectability can be attributed to the equip­
ment used, which was not suited for small vessels and low 
velocities. 

The reduction of flow volume of the anastomosed tem­
poral artery, in comparison to the open artery, as reported 
by Spetzler and Chater 173 was observed in less than half of 
our patients. The reason for this discrepancy, since the maxi­
mum flow capacity was about the same, could be the lack of 
vessel stump paralysis as well as a different anastomotic 
technique with a higher degree of permeability. 

The anastomosed temporal arteries examined by Doppler 
sonography always had a measurable flow in comparison to 
those measured electromagnetically, provided there was pa­
tency. The fact that Moritake et al. 124 were unable to detect 
flow, even though patency was established by angiography 
after the operation, must be due to the measuring technique 
and not to an occlusion. 

Intraoperative studies on the distribution of the anasto­
motic flow were carried out only by Moritake et al. 124. They 
reported bilateral blood flow in 44 % and a purely peripheral 
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flow in 56 % of their cases. These results are surprising when 
one considers that the cases studied were similar to ours and 
cannot be attributed to the measuring technique. They are al­
so contradicted by the usual findings of postoperative an­
giographical follow-ups, which indicate that bilateral flow 
distribution is evident in more than 90 % of the cases 102, 188. 

All intraoperatively observed thromboses occurred in the 
donor artery between the temporary clip and the anastomo­
sis. In comparison, Little et al. 105 reported one such case 
from among 15 anastomoses. These thromboses demonstrate 
how the relatively strong clips placed proximal to the anas­
tomosis endanger the temporarily cut-off donor artery, 
which is void of blood flow over a considerable length. A pe­
ripherally placed clip with a low pressure gradient thus 
seems more advisable. 

The direct intraoperative Doppler measurements show 
that, as in animal experiments, the patch technique is hemo­
dynamically ideal for bypass operations also in man. 

Conclusions 

Thromboses and stenoses after extracranial-intracranial 
anastomoses mostly occur intraoperatively. They are not vis­
ible externally and must be measured by Doppler sonogra­
phy. Predominantly affected are the donor artery and the 
acute-angled portion of the anastomotic area. An absence of 
flow in the donor artery or the lack of an increase in flow ve­
locity in the recipient artery indicate the need for revision of 
the anastomoses. 

The criteria for a hemodynamically efficient anastomosis 
are: I) Flow velocity of the donor artery must be at least the 
same or higher than that of the skin-supplying artery, with a 
significantly reduced resistance index. 2) No acceleration in 
the area of the temporary clips. 3) Laminar flow at the anas­
tomosis, or at the most, slight irregularities and acceleration 
at the acute angle. 4) Flow distribution towards the fissure as 
well as distal to the anastomosis. 5) In the recipient artery 
distal flow velocity at least the same or higher and proximal 
in the reversed direction with equal or greater velocity. 
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Introduction 

In the treatment of giant aneurysms by carotid ligation and 
simultaneous extracranial-intracranial bypass, there are var­
ious opinions as to when the cervical internal carotid artery 
should be occluded: immediately after the bypass has been 
completed 82, one day later 143, within 1-2 days 69, within 2-3 
days 23, 174, or within 7 -1 0 days 48. What is agreed, however, is 
that a high pressure gradient in the area of the anastomosis 
is desirable, i. e., a reduction of the carotid flow is aimed for 
from the start. 

If the carotid artery is occluded before the bypass has 
adequately functioned, there is a risk of ischemic complica­
tions 23, 69. If the carotid flow is maintained too long, throm­
bus formation from the aneurysm can lead to embolic com­
plications 48, 118. 

The risk of ischemic complications in carotid ligation can 
be lowered by pre- or intraoperative measurement of the 
cerebral blood flow with temporarily occluded carotid ar­
tery 69, 143, by measuring the stump pressure of the cervical in­
ternal carotid artery 23, 174, and by detailed angiographic stud­
ies. However, the risk cannot be ruled out entirely 23, 69. 

Intraoperative Doppler sonography makes it possible to 
carry out controlled carotid narrowing suitable for the anas­
tomosis by taking measurements directly in the area of the 
anastomosis. 

Cases Studied 

The findings presented are based on three patients with 
giant aneurysms in the cavernous part of the carotid artery. 
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They were treated by cervical carotid ligation and simulta­
neous extra-intracranial bypass between the superficial tem­
poral artery and a branch of the middle cerebral artery. 

Cervical Measurements 

The critical number of turns of the Selverstone clamp under 
which reduction of the blood flow in the internal carotid ar­
tery commences is first obtained by taking Doppler measure­
ments distal to the clamp while the artery is progressively oc­
cluded. Experience has confirmed that a reduction of flow 
velocity does not occur until the clamp has been turned 6-7 
times, whereas 8 times will occlude the artery (Fig. 44). 
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Fig. 44. Flow pattern of the cervical internal carotid artery with progres­
sively closed Selverstone clamp. Note that the flow velocity reduction be­
gins only in high grade stenosis and the "dead end" pulse pattern after 

complete occlusion 
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Intracranial Measurements Before Anastomosis 

Change of the blood flow velocity in a not yet dissected 
recipient vessel with simultaneously performed carotid liga­
tion to the point of occlusion gives information on the hemo­
dynamic consequences of carotid ligation without bypass. In 
each of the three cases, a reduction of the mean flow velocity 
and of the amplitude modulation to a minimum of 30 % of 
the original value was observed. In each case the orthograde 
flow direction remained unchanged (Fig. 45). 
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Fig. 45. Flow pattern of the recipient middle cerebral artery branch be­
fore anastomosis with patent and progressively closed cervical internal ca­
rotid artery. Note the good orthograde flow velocity after complete inter-

nal carotid occlusion 

Intracranial Measurements After Anastomosis 

Apart from the routine measurements, special attention is 
paid to the branch proximal to the anastomosis during 
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staged carotid ligation. This is because a retrograde flow 
towards the fissure signifies a well-functioning anastomosis. 

In 2 of the 3 cases, an "alternating flow" could be ob­
served in the branch proximal to the anastomosis, which 
turned to a clearly retrograde flow after the cervical carotid 
artery was subtotally ligated. The third case showed an ex­
tremely slow retrograde filling of the proximal branch, 
which clearly increased as the carotid artery was stenosed 
(Fig. 46). 

A B P 

r o di ol 

CmmHg ) 

o . 15 03 100 

50 
o ----___________ ---------------

DOPPLER ( kHz ) 

lj 2 0 

~ o~~~--------------
,- 6ec 

Fig. 46. Flow pattern in the recipient artery proximal to the anastomosis: 
on the left with carotid artery open, on the right with subtotal carotid liga­
tion. The alternating flow on the left is due to the equal pressure in the ex­
ternal and internal arterial system; the retrograde flow starts after lower­
ing the internal pressure by turning the Selverstone clamp on the internal 

carotid artery 

Postoperative Transcutaneous Measurement 

If the postoperative transcutaneous follow-up reveals a sus­
tained properly functioning anastomotic flow, which in­
creases even more while the carotid artery is temporarily oc­
cluded, the artery can then be occluded permanently. 
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Discussion 

The Doppler ultrasound examination of a cortical middle 
cerebral artery branch during staged ligation of the internal 
carotid artery, which has already been referred to by Mori­
take et al. 124, is of use only at the time of the operation and 
for the orthograde blood flow in the circulation area of the 
vessel under investigation. A reduction of the perfusion of 
the middle cerebral artery is, however, a measure for the 
hemodynamic effect which, in the most unfavourable cases, 
can lead to neurological deficits from the lack of collateral 
compensation. If one assumes that a reduction of the cere­
bral blood flow to one third causes deficiency symptoms 69, 

18\ a decrease in flow velocity beyond that point has to be 
considered dangerous. Correspondingly, no significant isch­
emic complications were expected in our own cases, even 
without bypass. 

Besides judging the risk of ischemic complications, the 
second problem is producing adequate bypass flow. This 
means that there must be a sufficient pressure gradient be­
tween the external and internal circulation. That this is not 
always the case has been proved by 2 of 13 cases reported by 
Spetzler et al. 17\ which had an intracranial-extracranial flow. 
Since the patency of anastomosis depends on a great as pos­
sible flow in all sections, the hemodynamics in the anasto­
motic area have to be the measure for adequate carotid liga­
tion. Ligating the carotid artery by approximately 50 % by 
pressure or flow measurements taken in the cervical area 48, 

17\ which up till now has been the common procedure, is by 
comparison less precise and less specific. 

Conclusions 

Doppler measurements at the site of anastomosis in con­
trolled narrowing of the cervical carotid artery until the on­
set of an adequate flow produce the best prerequisite for a 
well functioning bypass and reduces the risk of ischemia due 
to unnecessarily high grade stenosis. 



Aneurysms 

Introduction 

Despite the favorable conditions of microsurgery, occlusion 
or stenosis of supplying or neighboring vessels which are 
neither intended nor detectable can occur during aneurysm 
clipping 91, 107, 186, 193. Incomplete clipping, which poses the risk 
of postoperative bleeding, is also possible 53, 186. 

Such complications could be immediately corrected if an­
giography were performed intraoperatively 109, 142, 199. How­
ever, for technical reasons, this method has not been adopt­
ed. Instead, angiography is recommended directly after the 
operation 193. 

Electromagnetic flow measuring 131, 132 can only be done on 
individual vessels and is hardly conductive to controlling 
surgical measures. 

Doppler sonography has up to now only been used by 
Nornes et al. 134, 135 to assess the patency of the supplying ves­
sels and to control aneurysm clipping. However, for known 
reasons of equipment limitations, the Doppler method has 
not yet been generally adopted. 

The microvascular Doppler system, because of its small 
probe sizes and measuring range, offers the best prerequisite 
for carrying out useful measurements during aneurysm sur­
gery at the circle of Willis. 

Cases Studied 

The findings are based on examinations of more than 250 in­
dividual vessels in 50 patients with 53 aneurysms. The aneu­
rysms included: I ophthalmic, 7 at the posterior communi­
cating artery, 4 at the bifurcation of the internal carotid 
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artery, 10 at the bifurcation of the middle cerebral artery, 24 
of the anterior communicating artery, 5 of the distal anterior 
cerebral artery, and 2 of the vertebral artery at the origin of 
the PICA. 

Forty-seven aneurysms had hemorrhaged, 6 had been de­
tected for other reasons. In 19 cases, the last subarachnoid 
hemorrhage had occurred less than 72 hours before, in 16 
cases between 4 and 14 days, and in 12 cases more than 14 
days prior to operation. The grade of risk, according to the 
grading scale of Hunt and Hess 83, was between 0 and III. All 
but 2 aneurysms were clipped under neurolept-anesthesia 
and under normotension, normocapnia, and normothermia. 
In 14 patients the blood pressure was temporarily lowered 
with sodium nitroprusside because of dissection complica­
tions or premature rupture. Postoperative angiography was 
carried out in the first 45 patients under the same surgical 
anesthesia. After the reliability of the Doppler sonographic 
examination had been established, angiography was per­
formed only for special indications. 

Examination Procedure 

The following examination procedure has proved to be use­
ful and efficient for standard aneurysm operations and for 
special investigations (Table 3): 

Table 3. Routine measurements during aneurysm surgery (upper half) and 
additional examinations (lower half, see p. 70) 

investigated vessel reason for investigation/information 

parent arteries before clipping initial findings for pulse curve and ve­
locity comparisons after clipping; 
spasms after former SAH and hyper­
emia after recent SAH; spasms caused 
by dissection 

aneurysm after clipping complete clipping; Doppler controlled 
clip positioning 

parent arteries after clipping patency; lumen reduction caused by 
clips, plaques, torison and mechanical 
spasm 
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aneurysm before clipping 

brain vessels 

special reasons for investigation 

distinction of aneurysm from normal 
brain vessels; partial thrombosis; 
plaques 

effect of topical and systematic vasodi­
lators 

If because of cramped conditions the probe cannot be 
brought into direct contact with the vessels, effective exami­
nation can be achieved by filling the cisterns with liquid. In­
vestigations are then possible under visual control through 
the liquid even over a distance of 2-3 mm. However, more 
than 90 % of the vessels can be examined directly, although 
optimal angular adjustment is not always achieved. 

The best recordings are achieved with gates of 0.7 and 
1.3 mm, which approximately take in the cross-sections of 
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Fig. 47. Flow profiles with the automatic gate shift: On the left normal 
flat profile of a great intracranial vessel; in the middle a sharp steep pro­
file with pathological flow pulse curves because of acceleration in a spas­
tic artery; on the right flat profile with regular flow patterns in a giant 

aneurysm 
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the vessels. The Doppler frequency spectrum is then propor­
tional to the mean velocity of the entire vessel cross-section. 
The automatic gate shift of the smallest gate is of use in ob­
taining an impression of the width of the lumen (Fig. 47). 

Normal Flow Pattern 

The flow pulse waveforms in the parent arteries are regular 
after subarachnoid hemorrhages have subsided or in cases of 
aneurysms with no preceding hemorrhaging. They have a 
relatively high diastolic flow, an index of resistance of 
0.2-0.7 (average 0.53), and mean Doppler frequencies be­
tween 0.8 and 6 kHz (Figs. 48 and 49). 

Table 4 shows the mean Doppler frequencies measured in 
those vessels at the base of the brain which are the most fre­
quent sites of aneurysms. They reveal that the flow velocity 
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Fig. 48. Aneurysm of the anterior communicating artery (arrow). "Nor­
mal" flow pulse waves in the aneurysm and in the anterior system several 

weeks after a SAH (to be continued on p. 72) 
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Fig. 48. (continued) 
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Fig. 49. Aneurysm of the posterior communicating artery. "Normal" flow 
pulse waves after clipping. Note the relatively high amplitudes accompa­
nying a low diastolic flow as a sign of the increase in resistance in the case 

of arterial sclerosis 

in the internal carotid artery is about the same as that in the 
main stem of the middle cerebral artery. It is clearly faster in 
both than in the proximal anterior cerebral artery and in the 
distal branches of the middle cerebral artery, which have 
similar velocities. 

Table 4. Mean Doppler frequencies of the most important arteries. I CA: in­
ternal carotid artery, MCA: middle cerebral artery, mca: middle cerebral 
artery branches, ACA: proximal anterior cerebral artery, aca: distal 

artery 

ICA 
normal 
pathol 

anterior cerebral artery; so: standard deviation 

mean frequency (kHz) 
time averaged systolic diastolic 

3.4 
3.6 

6 
5.4 

1.5 
1.5 

so 

1.1 
1.2 
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Table 4 (continued) 

artery 
mean frequency (kHz) 

SO 
time averaged systolic diastolic 

MCA 
normal 3.3 4.6 1.2 1.0 
pathol 4.0 5.4 2.2 1.0 

mea 
normal 2.3 4.2 1.0 1.1 
pathol 2.6 5.4 1.0 1.1 

ACA 
normal 2.8 4.4 0.8 1.1 
pathol 3.7 5.8 1.2 1.0 

aca 
normal 2.8 4.4 1.0 0.9 
pathol 3.5 5.4 1.8 0.9 

Spasm and Hyperemia 

The flow pulse during acceleration as a result of spasm or of 
a peripheral reduction in resistance are principally the same. 
Two waveforms appear regularly: one resembles an up­
side-down pressure pulse curve with the slowest flow during 
systole and the fastest flow in diastole (systolic deceleration) 
(Fig. 50); the other is an irregular waveform with slight am­
plitude modulation which acoustically resembles a hissing 
noise (Figs. 51 and 59). The systolic deceleration seems to 
signal the greater lumen reduction, as is shown by the 
changeover to the irregular wave after the vessel has been 
widened with papaverine (Figs. 50, 51 and 54). 

The outer diameter is often normal during vasospasms af­
ter subarachnoid hemorrhage. One can assess the size of the 
inner lumen in these cases by employing the automatic gate 
shift, if possible in comparison with surrounding vessels 
(Fig. 47). It is easy to distinguish between these cases and 
general acceleration as a result of hyperemia after recent 
subarachnoid hemorrhage because in the former, pathologi­
cal flow pulse waveforms occ*ur everywhere (Figs. 52 and 
53). 



Spasm and Hyperemia 75 

.s~~ww -
A 8 P 

W'\~ ~\ 
<m~;: ) J ) ~ ) 

r ad l o l o . lIil0~~~~~~ 
S0 
o 

DOPPLER 

moon 

f,.. qv I"c y 

T' ~oJJ\tJoN\h' 
2 

I 

o 

I " e 

0: lime averoged mean 

Fig. 50. Aneurysm at the bifurcation of the middle cerebral artery prior to 
clipping. Note that the flow is on the whole slower in the aneurysm with 
greater amplitude modulation in comparison to the other vessels. Also 
note the pathological pulse waveforms with systolic deceleration in the 

area of a spasm at the main stem of the MeA. (Arrow : aneurysm) 
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Fig. 51. Aneurysm at the bifurcation of the middle cerebral artery after 
clipping. Note the changeover of the pulse wave with systolic deceleration 
to an irregular waveform as a possible sign of a vessel widening caused by 

dissection and papaverine. (Arrow: clip) 
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Fig. 52. Aneurysm at the bifurcation of the MeA after clipping. Note the 
high, unmodulated flow in all the sections as a sign of reduction of resist­

ance (hyperemia) following recent subarachnoid hemorrhage 

In accordance with the basic pathomechanism, cross-sec­
tional widening with a deceleration of the flow velocity can 
be effected with topical papaverine or nimodipine only in 
spasms that have been mechanically triggered off and that 
had occurred by bleeding a longer period of time before 
(Fig. 54). No change can be registered for spasms after SAH 
dating back 1-2 weeks with normal external vessel caliber. 

Early Operation 

A high flow with little modulation can be expected in about 
75 % of the patients who are operated on within 72 hours af­
ter a subarachnoid hemorrhage. In the majority of cases 
(71 %), this is a result of a reduction of resistance (Figs. 52 
and 53). Stenosis is the cause only in the few cases when 
other preceding hemorrhages are known. A comparable hy­
peremic reaction can also be achieved with temporary clips 
(Fig. 55). 
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Fig. 53. Anterior communicating artery aneurysm 36 hours after SAH. 
Note the high unmodulated flow patterns as a sign of hyperemia. Left: im­
mediately before operation (Arrow: aneurysm). Right: immediately after 
operation (Arrow: clip). Note the relatively wide vessels without vaso-

spasm 
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Fig. 54. Vasospasm of the A I portion of the anterior cerebral artery with 
a high flow velocity and irregular flow patterns, which change into a still 
accelerated but regular pulse curve after topical application of a vaso-

dilator 

'-".' /2 ~ 
bod l o l o . :::~ 

:0j~~~~ 
DOPPLER (kHz) 

6 

5 

m~on 4 

frequency 3 
2 

1 sec 

0 : li~e ovo~ogQd moon 

Fig. 55. Doppler control after clipping of a carotid bifurcation aneurysm. 
Normal flow patterns in the internal carotid artery and anterior cerebral 
artery; flow acceleration with pathological flow patterns in the middle 

cerebral artery as a sign of hyperemia after temporary clipping 
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Artificial Hypotension 

In effective pressure reduction (mean pressure between 35 
and 60 mm Hg) amplitude modulation is greater at first, the 
diastolic flow is less, and respiratory modulation is more 
pronounced. After pressure reduction has been discontinu­
ed, a high unmodulated flow due to longer lasting resistance 
decrease sets in until normalization takes place minutes later 
(Fig. 56). 
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Fig. 56. Pulse waveform change during and after sodium nitroprusside: 
under vasodilatation and hypotonia flow has a high amplitude with less 
diastolic flow and with respiratory modulation; hyperemia accompanying 
continuing SNP effect and rising blood pressure; normalization of pulse 

and blood pressure as SNP effect ceases 

Aneurysm 

Intra-aneurysmal flow is surprisingly regular and not turbu­
lent (Figs. 47, 48, 50, and 57). The pulse amplitudes as a rule 
are higher and more regular than in the supplying vessel; 
however, the mean Doppler frequencies are lower. Extreme­
ly fast (up to 4.2 kHz) and extremely slow (0.2 kHz) intra-an­
eurysmal Doppler frequencies, which are partly dependent 
on the size of the neck, are possible. 

Studies on 53 cases show that in about 10 %, Doppler 
sonography yields further information above and beyond 
the visual impression: in 4 cases complete clipping could be 
assured despite uncertainties caused by poor visibility of the 
clipping; in one case the aneurysm was still open, despite a 
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Fig. 57. Anterior communicating artery aneurysm. Note the high velocity 
and partially irregular flow patterns in the parent anterior cerebral artery 

and the normal flow pulse curve in the aneurysm 
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Fig. 58. Anterior communicating artery aneurysm. Normal flow patterns 
and frequencies in the parent arteries. Variations of Doppler findings in 
the sections of the anterior system are in the usual range of about I kHz 
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seemingly well-situated clip. In such cases Doppler sonogra­
phy saves having to use test puncturing, which sometimes 
ends with surprises. 

Parent and Neighboring Vessels 

Approximately 90 % of the Doppler sonographic measure­
ments (48 out of 53) correspond to the impression gained un­
der the operation microscope (Figs. 47, 49, 51, 52, 53, and 
58). Exceptions to this are the tunnel clips, where the paten­
cy can only be evaluated by Doppler sonography (Fig. 59). 

In about 10% of the parent and neighboring vessels, there 
can be severe lumen reduction or an occlusion, despite out­
wardly inconspicuous conditions including a well-sitting clip 
and clear pulsations. Large aneurysms with plaques are pre­
destined for this (Fig. 60). 

Anastomoses following aneurysm resections can also be 
occluded, despite seemingly normal anastomotic conditions 
and good pulsations. Once detected by Doppler sonography, 
they can be corrected immediately (Fig. 61). 

The absence of flow is an unmistakable sign of a total oc­
clusion. Severe stenoses are indicated by signs of increase in 
resistance proximal to the clip and slow, low-amplitude flow 
distal to the clip (Fig. 60). A comparison with the measure­
ments taken before clipping and on neighboring vessels can 
confirm the flow reduction findings. Examinations on the 
site of the clip itself for the purpose of finding local acceler­
ation are usually impossible due to the cramped conditions. 

Control Angiography 

The Doppler method is very reliable, as shown by 45 com­
parisons with postoperative angiographies performed imme­
diately after surgery (Figs. 51, 53 and 59). The aneurysm ex­
clusion assumed by Doppler sonography and the patency of 
the vessel correlated in every case. With Doppler sono­
graphy vessels with pronounced angiospasms could al-



Control Angiography 83 

A B P C .... Hg) 

rad i ol o . ISe 

::e3~~~~ 
DOPPLER CkHz:) 

6 
5 

me on 4 
f requency 3 

2 

1 

e 

I sec 

Q: lime averaged mean 

Fig. 59. Anterior communicating artery aneurysm directed dorsally. Ex­
clusion with a tunnel clip. Because of invisible portions the patency of the 
vessel must be proved by Doppler sonography. Note the flow acceleration 
with irregularities in the spastic parts of both A2 segments. (Arrow: tunnel 

clip) 
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Fig. 60. Distal anterior cerebral artery aneurysm with plaques. Note the 
radical reduction in flow velocity after the clip is placed 

ready be detected intraoperatively (Fig. 59). Some of the ves­
sels with marked acceleration in flow had a normal caliber, 
in cases when there had been recent subarachnoid hemor­
rhages or older dissoluble spasms. More moderate spasms 
were sometimes preceded by normal Doppler findings. 
There was no case of normal Doppler findings when the an­
giography established severe spasms. 

Discussion 

In contrast to surface animal-experimental and cortical re­
cordings, in carrying out measurement on the base of the 
brain it is not always possible to achieve an ideal angular ad­
justment between the probe and the vessel. The essential in­
formation is obtained therefore by evaluating the Doppler 
frequencies before and after clipping recorded at the same 
place and, as far as possible, at the same angle, and by inter-
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Fig. 61. Middle cerebral artery aneurysm treated by resection and 
end-to-end suture. Irregularities, acceleration and proximal flow velocity 
reduction as a sign of a patent but hemodynamically imperfect anasto-

mosis 
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preting the pulse waveforms, which are relatively indepen­
dent of the angles. 

Recognizing and judging lumen reduction on the basis of 
local acceleration, as has been described by Nornes et al. 135, 

poses problems. It is often impossible to carry out the neces­
sary comparison measurement proximal and distal to the 
tight clip because the clip interferes with the measurement. 
In cases of spasm, the narrowing is often so extended that 
control measurement for quantification cannot be taken in 
the portion of normal caliber. 

In spite of these restrictions, the Doppler method makes 
it possible to control and, if necessary, correct instantly with 
a high degree of reliability the operative measures in the visi­
ble and manipulatable area. This can be done at the latest 
when these measures become hemodynamically effective, if 
not before. 

Normal Doppler sonographic findings in the circle of 
Willis were not known until now. The pulse waveform corre­
sponds essentially to that of the cervical carotid artery, but 
has a broader spectrum, which is common among smaller 
vessels 51. In spite of very different pressures, caliber, vessel 
condition, and recording conditions, the mean Doppler fre­
quencies in the internal carotid artery, the anterior cerebral 
artery, and the middle cerebral artery remain relatively con­
stant. In clinical practice, to arrive at an approximate value 
in normal pulse waves it has proved workable to take the 
mean Doppler frequency, measured in kHz, as correspond­
ing to the diameter of the vessel in millimeters. This means 
that for typical diameters 201, mean Doppler frequencies with 
the 20 MHz device for the internal carotid artery are usually 
about 3.3 kHz, for the middle cerebral artery about 2.3 kHz, 
and for the anterior cerebral artery around 1.8 kHz. 

Information regarding Doppler findings in spasms has 
only been provided by Nornes et al. 135. However, high veloc­
ities are not found to the extent which Nornes observed. 

The inaccuracies associated with determining the 
cross-section of the vessel with the automatic gate shift and 
those with pre- and postoperative angiography limit the pos­
sibility of determining the degree of spasm: according to 
studies done so far, the pulse waveforms with systolic decel­
eration correspond to lumen reductions of 60-80 %, while 
flow irregularities correspond to lower reductions. There are 
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no examples for lumen area reduction of more than 80 %. A 
quantification using velocity comparisons in front of and be­
hind the stenosis is hardly practicable due to the limited re­
cording conditions (see above). 

The previously unknown high flow velocities with patho­
logical flow pulse waveforms of wide vessels associated with 
a recent subarachnoid hemorrhage can be interpreted as a 
peripheral reduction in resistance (hyperemia). This corre­
lates with the findings of Fox et al. 60 and Weir et al. 192, who 
observed wide and slack vessels in angiograms carried out 
after recent subarachnoid hemorrhages. 

The findings in cases of artificial hypotension with sodi­
um nitroprusside show, apart from the typical waveform 
change after resistance reduction and simultaneously occur­
ring low pressure, the consequences, of sustained vasodila­
tion in cases of normal and also of high blood pressure after 
the vasodilator has been discontinued. Cerebral circulation 
increases, as is known from measurements taken with radio­
isotopes or electroflowmeters 132, 145. 

Since there have been no recordings made while hypoten­
sion i~ being induced, the feasible assessment of the autore­
gulatory lower limit as Nomes et al. 132 established it with 
electromagnetic measurements, is not possible. 

In contrast to common opinion derived up till now from 
angiographic and experimental studies 57, 71, Doppler sono­
graphic examinations show a regular and not a turbulent 
flow. With pulsed high frequency Doppler sonography with 
small gates, tiny partial volumina can be measured in regular 
flow streams. Accordingly, when larger gates are used, regu­
lar flow is found only in a part of the aneurysms 135. 

The higher intra-aneurysmal flow velocities which Nor­
nes et al. 135 described are seldom observed in our patients. 
Although the aneurysm can be distinguished from normal 
cerebral arteries by Doppler sonography, personal experi­
ence demonstrates that it is not necessary to utilize the local­
izing and identifying possibilities of Doppler sonography 
which Nomes et al. 135 have recommended for the operation. 

Eight per cent of the vessels contributing to the aneu­
rysms cannot be recorded with Doppler sonography. The 
reason for this is the size of the probe, which is still some­
what too large. However, it should be possible to reduce the 
size of the probe, as Freed et al. 63 have described. 
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The Doppler sonographic method is so reliable that post­
operative angiography for patency and clipping control is in­
dicated only if the vessels cannot be recorded or if a residual 
aneurysm neck between the clip and the vessel cannot be 
ruled out by visual examination. 

Conclusions 

In over 90 % of the vessels that can be recorded, microvascu­
lar Doppler sonography is an atraumatic and reliable meth­
od of testing the clipping of the aneurysm, the patency of the 
parent artery and of the vessel anastomoses. Hindrances to 
the vascular system are discovered at the latest when they be­
come hemodynamically effective. Postoperative angiography 
for patency and clipping control is only necessary in the ex­
ceptional case. 

Flow acceleration and pathological flow pulse waves can 
be expected in about 75 % of the patients. This is caused by 
spasms, which often cannot be recognized externally, or by 
peripheral resistance reductions following recent subarach­
noid hemorrhage. 
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