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Abstract t 
Backgroundd and Purpose 

Transcraniall  color-coded duplex ultrasonography combined with common carotid artery 

(CCA)) compression can be used to assess the collateral function of the circle of Willis. The 

aimm of this study was to assess the unknown fraction of hemodynamic functional anterior 

andd posterior communicating arteries (AcoA and PcoA, respectively) in an atherosclerotic 

populationn with no cerebrovascular symptoms. 

Methods s 

Inn 76 patients with a mean age of 61 (35 to 89) years, the blood flow velocity changes in the 

precommunicatingg parts (Al and PI, respectively) of the anterior and posterior cerebral 

arteriess were measured during CCA compression. The AcoA was defined as functional if 

bloodd flow was reversed in the ipsilateral Al and enhanced in the contralateral Al during 

CCAA compression. The PcoA was defined as functional if the flow velocity in the PI was 

enhancedd >20% during ipsilateral CCA compression. 

Results s 

Itt was possible to assess cross flow through the anterior part of the circle of Willi s in 95% of 

thee subjects. Failure of this collateral pathway was caused by a hypofunctional AcoA in 4% 

andd a hypofunctional Al in 1% of the subjects. Anomalies in the posterior part of the circle 

off  Willi s hampering collateral flow from the basilar to the internal carotid artery were found 

inn 45% of the hemispheres. Thirty-eight percent of PcoAs were hypofunctional, and 7% of 

thee posterior cerebral arteries had a persistent fetal anatomy. 

Conclusions s 

Wee found that in subjects with no cerebrovascular symptoms, the anterior collateral pathway 

off  the circle of Willi s was nearly always functional. In contrast, the posterior collateral 

pathwayy was nonfunctional in almost half of the total number of hemispheres. Comparing 

thesee basic data with data from patients with cerebral ischemic disease might further help to 

elucidatee the importance of the collateral capacity of the circle of Willis. 
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Manyy anatomic14 and radiological"" studies involving the configuration of the circle of 

Willi ss (Figure 1) in subjects with no cerebrovascular disease have been published, with 

speciall  emphasis on the integrity of the collateral vessels. However, assessment of the true 

collaterall  potential of the circle of Willi s requires the use of common carotid artery (CCA) 

compressionn tests to simulate carotid occlusion. With transcranial color-coded duplex 

ultrasonographyy (TCCD), the real-time reaction of the intracranial circulation to the CCA 

compressionn can be examined. Basic knowledge of the hemodynamic integrity of the circle 

Q[Q[ wjjjj c jc important because a correlation between anomalies o! the circle ot Willi s 

(occurringg in 50% to 80% of individuals)148 and stroke risk has been shown.4''14 

Dataa on the hemodynamic potential of the circle of Willi s in subjects without cerebrovascular 

symptomss arc largely lacking. Therefore, the aim of the present study was to establish the 

rangee of collateral variations in the circle of Willi s as determined by TCCD and CCA 

compressionn tests in atherosclerotic subjects without cerebrovascular symptoms. 
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Subjectss and Methods 
Subjects s 
Ninety-ninee atherosclerotic patients (67 men and 32 women) with a mean age of 61 (range 

355 to 89) years who were being evaluated for peripheral vascular disease were recruited 

fromm the vascular surgical outpatient clinic. Patients with cerebrovascular symptoms were 

nott included. The study was approved by the local ethics committee, and written informed 

consentt was obtained from each patient. 

Assessmentt of functional intracranial collaterals 

Forr all ultrasound examinations, a Hewlett Packard Sonos 2000 duplex scanner was used. 

Duplexx scanning of the extracranial arteries supplying the brain (4.5- to 5.5-MHz transducer) 

precededd transcranial investigation. Patients with significant stenoses (peak-systolic velocity 

[PSV]]  >1.25 m/s) or occlusions of the internal carotid artery (ICA) or vertebral arteries 

weree excluded to rule out any possible influence on the enlarging of collateral pathways.1? 

TCCDD was performed by use of a low-frequency (2.0- to 2.5-MHz) transducer. Insonation 

off  the main trunk of the middle cerebral artery and the precommunicating parts (A 1 and P1, 

respectively)) of the anterior and posterior cerebral arteries through the temporal window 

wass performed in the standard manner, the details of which are reported elsewhere.'017 In 

thee case of unilateral window failure, investigation of the Al and PI through the opposite 

temporall  window was attempted. A routine transcranial examination also included insonation 

off  the vertebrobasilar arteries through the foramen magnum, but these data are not considered 

forr further analysis here. 

Forr reliable assessment of the functional patency of the anterior and posterior 

communicatingg artery (AcoA and PcoA, respectively), CCA compression tests are 

required.1* iyy Collateral supply through the AcoA was demonstrated by reversal of blood 

Howw in the Al-segment of the anterior cerebral artery ipsilateral to the compressed CCA, 

combinedd with an enhanced blood flow velocity in the contralateral Al (Figure 2). Both 

A1-segmentss wrere routinely investigated by use of ipsilateral and contralateral CCA 

compression.. Functional patency of the PcoA was defined by a PSV increase of >20% in 

thee P1 -segment of the posterior cerebral artery during ipsilateral CCA compression (Figure 

2),, with this value being twice as much as expected from normal variation and measurement 

error.IU99 The PSV increase was always measured over the highest peaks on the Doppler 

spectrum.. If the PSV increase in the PI was<20%, the PcoA was defined as hypofunctional. 

Inn the case of a fetal posterior cerebral artery, the main stem of the posterior cerebral artery 

arisess from the ICA instead of from the basilar artery. In such cases, the PcoA, which is now 
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AA co.A 

Figuree 2. Schematic drawing of blood 
floww reversal in the left Al and blood 
(loww velocity enhancement in the right 
All  and left PI during compression of 
thee left carotid artery (expressed by 
thee black square), indicating a 
functionall  AcoAand PcoA. VIC A 
indicatess middle cerebral artery; BA, 
basilarr artery; and VA, vertebral artery. 

thee main stem of the posterior eerebral artery, is enlarged and is accompanied by a thin or 

hypoplasticc PI. Such a large PcoA can be detected by TCCD, enabling direct velocity 

measurements.. If ipsilateral CCA compression caused a velocity decrease in the PcoA instead 

off  flow reversal, then the PI was defined as hypofunctional. To avoid artefacts due to 

turbulencee near the origins of the communicating arteries on provoking collateral flow, 

velocityy measurements were taken proximally in the A1 and PI w ith the sample volume set 

ass narrowly as possible. 

Compressionss of the CCA were applied for 3 to 5 cardiac cycles, low in the neck just 

proximall  to the sternal head of the clavicle, to avoid a systemic cardiovascular reaction. To 

minimizee the risk of embolus, compressions were performed only in those patients with no 

atheroscleroticc plaques in the proximal CCA, as judged by the B-mode image of the duplex 

scan.. To ensure the efficacy of the compression, a photoplethysmograph that generated 

pulsee tracings on a separate monitor was attached to the earlobe on the side of the compressed 

artery.. Flattening of this pulse wave indicated cessation of blood flow through the CCA 

and,, thus, an adequate compression. To assess the collateral function of the AcoA and PcoA, 

aa minimum of 3 compressions of both CCAs was needed. 
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Results s 
General l 
Fromm the initial 99 patients, we were finally able to determine the patency of the collateral 

vesselss in 76. The reasons for exclusion are listed in Table 1. No ischemic complications of 

carotidd compression occurred. Adverse reactions were local pain at the site of compression 

andd coughing due to irritation of the trachea during compression. In patients with large 

neckss and deeply located carotid arteries and in patients with very high systolic blood 

pressure,, the CCA had to be firmly compressed to stop blood flow. One patient noted a 

shootingg pain in the ipsilateral shoulder and arm during compression, which was probably 

duee to stimulation of the brachiocervical plexus. In another patient, compression caused a 

short-lastingg bradycardia, probably caused by compression too close to the carotid sinus. In 

99 women and 2 men, we were unable to visualize the intracranial arteries because of unsuitable 

temporall  bone windows, a well-known problem of transcranial ultrasound investigations, 

particularlyy in elderly women.:u"22 

Tablee 1. Excluded Patients. 

No.. of Patients 

99 9 

7 7 
1 1 
2 2 

2 2 
11 1 
76 6 

Collaterall  variations 

Inn Figure 3, the collateral variations of the circle of Willi s with frequency of occurrence are 

shown.. In 22 (29%) of the patients, the AcoA and both PcoAs were functionally patent, 

resultingg in a hemodynamically complete circle of Willis. In none of the patients could the 

AcoAA be visualized in the physiological state, and visualization could not be determined 

duringg CCA compression. Cross-flow through the anterior part of the circle of Willi s during 

CCAA compression was not established for only 4 (5%) of the patients. This was due to the 

absencee of a functional AcoA in 3 patients and a hypo functional A1-segment in 1 patient. 

Althoughh the latter had excellent temporal bone windows and a very well-developed A1 on 

Initiall  patients, N 
Excludedd patients, n 

ICAA stenosis >50% 
ICAA occlusion 
VAA occlusion 
CCAA plaques 

Unsuitablee temporal windows 
Remainingg patients, n 
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nun n 

(22,, 29%) B(15,, 20%) C(13,, 17%) 

:UI I 

D(12,, 16%) 

E(4,, 5%) F(2,, 3%) G(2,, 3%) 11(2,, 3%) 

nun n 

1(2,, 3%) 

nn i M 

JO,, 1%) K(l,, 1%) 

Figuree 3. Schematic drawings of the collateral variations found in the circle of Willi s in the present study. 
Numberss and percentages of patients are shown in parentheses for the following conditions: A, complete 
circle;; B, hypofunctional right PcoA; C, hypofunctional left PcoA; D. bilateral hypofunctional PcoAs; E, 
fetall  right posterior cerebral artery; F, fetal left posterior cerebral artery; G, hypofunctional left PcoA and 
fetall  right posterior cerebral artery; H, hypofunctional right PcoA and fetal left posterior cerebral artery: 
I,, hypofunctional AcoA; J, hypofunctional AcoA and hypofunctional left PcoA; and K, hypoplasia right 
All  and hypofunctional right PcoA. R indicates right; L, left. 
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onee side, we could not visualize the Al on the opposite side, lpsilateral CCA compression 

causedd cessation of blood flow in the visible A1-segment. In the other 3 patients with no 

anteriorr cross-flow, we could clearly visualize and take velocity measurements in both Al -

segments;; therefore, we assumed that a hypofunctional AcoA wTas the reason for the absence 

off  collateral flow. 

Wee were able to visualize 13% of the functional PcoAs. In all of these PcoAs, an antegrade 

flowflow from the 1CA to the posterior cerebral artery was detected, which reversed during 

ipsilaterall  CCA compression. Unilateral hypofunctional PcoAs were found in 34 (22%) of 

thee hemispheres, and bilateral hypofunctional PcoAs were found in 12 (16%) of the patients. 

Inn 10 (7%) of the hemispheres, persistence of the fetal origin of the posterior cerebral artery 

wass found. In Table 2, the precompression and postcompression velocities in the ipsilateral 

andd contralateral Al and ipsilateral PI in cases of functional AcoA and PcoAs are shown. 

Thee median PSV enhancement during CCA compression was significantly higher in the 

A1-segmentss than in the PI-segments (PO.001, Mann-Whitney U test). The 90% central 

rangee of the postcompression velocities is very wide for both A1 and P1 -segments, reflecting 

thee large spread of the collateral capacity. 

Tablee 2. PSV' Changes in the Presence of a Functionally Patent AcoA or PcoA. 

Velocitiess Ipsilateral Al Contralateral A1 Ipsilateral PI 

Precompression,, cm/s 80 (50-127) 84 (54-131) 60 (37-83) 
Postcompression,, cm/s 07(27-200)*  166(96-261) 91 (53-214) 
Increase,, cm/s 86% (38-237)t 47% (23-319)+ 

Velocitiess and velocity increases are given as medians with 5th and 95th percentiles. 
**  Reversed blood flow velocities. tP<0.001 by Wilcoxon signed-rank test. 

Discussion n 
Becausee of the obvious role of the AcoAs and PcoAs in preventing neurological damage 

fromm obstructive cerebrovascular disease,11"14 methods of determining their collateral potential 

aree currently much in discussion.71-721:4 We found a functional AcoA in 95% of an 

atheroscleroticc population w ith no cerebrovascular disease. Anomalies in the posterior part 

off  the circle of Willi s hampering collateral flow from the basilar artery to the ICA were 

foundd in 45% of the hemispheres. Because of the character of the present study, we could 

nott confirm our findings by angiography. Comparative studies between transcranial 

ultrasoundd combined with CCA compressions and angiography in patients with 
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cerebrovascularr disease showed that transcranial ultrasound has a high level of sensitivity 

andd specificity in detecting AcoA and PcoA patency.2V2:' However, it should be noted that 

thesee studies were performed in patients with carotid artery obstructive disease and that 

patientss with insufficient collateral capacity were probably underrepresented because the 

severityy of their stroke precluded inclusion in the study. The AcoA is commonly recognized as 

thee most important collateral pathway in the event of severe ICA stenosis or occlusion.11-2629 

Thee importance of a functional PcoA in ICA obstructive disease is not yet clear, although a 

ICAA occlusion.12 

Inn Table 3, the state of the collateral vessels as found by anatomic, ultrasound, and magnetic 

resonancee (MR) angiography studies is reported. Our findings resemble the results from 

anatomicc studies in normal control subjects, particularly with regard to the patency of the 

anteriorr collateral pathway.XA With respect to the posterior collateral pathway, more variability 

betweenn studies was found. This is most likely caused by the different criteria used in the 

anatomicc studies for the definition of a hypoplastic PcoA. Unfortunately, the patient numbers 

off  the transcranial Doppler studies are too small to make a reliable comparison with our 

data.m i JJ Moreover, TCCD is considered a technique superior to conventional transcranial 

Dopplerr when exact measurements in small arterial segments are required.163132 

Tablee 3. Intracranial Collateral Variations. 

Reference e Brains,, n AcoA PcoA A PI I 

AnatomicAnatomic studies 
Krayenbiihll  and Yasargill 400 
Alpersetaff  350 
Yasargill  et af 200 
Battacharjii  et af 88 

MRMR angiographic studies 
MacchietaPP 100 
Stockk et a\b 62 
Krabbe-Hartkampp et af 100 

TranscranialTranscranial ultrasound studies 
** Bass eta]'" 10 
**  Chaudhuri et al"J 11 
Presentt study 76 

Hypo/aplasiaa Hypo/aplasia Hypo/aplasia Hypo/aplasia 
38%% 14% 

3%% 1% 16% 9% 
3%% 1% 
1%% 1% 30% 9% 

Hypo/aplasiaa Hypo/aplasia Hypo/aplasia Hypo/aplasia 
5%% 3% 27% 12% 

40%% 4% 39% 13% 
22%% 5% 30% 22% 

Hypofunctionall  Hypo functional Hypo functional Hypo functional 
0%% ... ' 30% 

18%% ... 18% 
4%% 1% 38% 7% 

Percentagess are calculated per artery and not per circle of Willis. 
^Studiess performed with conventional transcranial Doppler. 
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Itt is of interest to compare our findings with the results of MR angiography, another new 

noninvasivee technique for establishing the collateral integrity of the circle of Willis.5-7 A striking 

differencee appears in the detection and assessment of AcoA function with the studies of Stock 

ett alf' and Krabbc-Hartkamp et al7 (Table 3). A much higher frequency of AcoA hypoplasia is 

foundd in these studies than in our own duplex study and reported anatomic studies. A possible 

explanationn might be that in the physiological state, the pressure equilibrium in the anterior 

partt of the circle of Willi s results in a negligible cross-flow through the AcoA, which hampers 

itss detection by MR angiography.7 Furthermore, one third of the patients in the study of Stock 

ett al suffered from cerebrovascular steno-occlusive disease, which might have influenced 

collaterall  flow patterns. The MR angiographic results of Macchi et al', who, like Krabbe-

Hartkampp et al7, studied healthy volunteers, are more in agreement with our results, but their 

studyy included younger subjects. There are indications that the collateral function of the circle 

off  Willi s decreases with advancing age. One limitation of MR angiography is that it is a static 

technique.. It can show patency of collateral vessels but does not measure quantitative flow 

throughh them. Volume-flow calculations with dynamic MR inflow tracking is also a promising 

technique.133 Nevertheless, flow measurement in tiny vessels such as the AcoA and PcoA can 

bee very difficult, especially when these vessels have not (yet) been recruited as significant 

collaterals.'44 To date, it is not clear whether MR angiography or TCCD provides the best 

informationn on the collateral potential of the circle of Willis. 

Thee main limitation of the use of TCCD for establishing collateral function is temporal 

windoww failure, which is caused by the decreasing acoustic quality of the temporal bone 

duringg aging, particularly in elderly women.2"'22 Vessel discrimination problems might also 

bee a source of error in testing circle of Willi s collateralization with TCCD. Although the 

AcoAA is loo small to visualize, the indirect assessment of AcoA patency should not present 

thee examiner with too many technical difficulties. However, the investigation of the collateral 

functionn of the PcoA is more susceptible to errors. It requires measurement of blood flow 

velocityy changes in the PI segment, which is only s=8 mm long/5 The first part of the 

postcommunicatingg segment of the posterior cerebral artery, which in our experience does 

nott show a velocity enhancement during ipsilateral CCA compression, can be easily mistaken 

forr the PI segment. This technical difficulty might have caused some overestimation of 

hypofunctioningg PcoAs in the present study. 

Inn summary, we showed that in atherosclerotic subjects with no cerebrovascular symptoms, 

thee anterior collateral pathway of the circle of Willi s is nearly always functional as opposed 

too the posterior collateral pathway, which is nonfunctional in almost half of the hemispheres. 
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TCCDD probably gives a more reliable insight into the collateral ability of the circle of Willi s 

thann does MR angiography or conventional angiography because of the triggering of collateral 

floww with carotid compression tests. Furthermore, it is a relatively inexpensive and simple 

technique,, which makes it an attractive method of studying intracranial hemodynamics. 

Comparingg our basic data with data from patients with cerebral ischemic symptoms might 

furtherr help to elucidate the importance of the collateral capacity of the circle of Willis. 

Acknowledgments s 
Thee authors wish to thank the vascular technologists Johan van Gurp, Henk de Vos and Leo 

Nagell  for their technical advice, theoretical support, and practical assistance. Vascular 

surgeonss Ron Balm and Steven van Sterkenburg are thanked for enlisting additional patients 

too the study. 

References s 
1.. Krayenbühl H, Yasargi! MG. Die vaskularen Erkrankungen im Gebiet derArteria VertebralisundArteriaBasialis. 

Stuttgart,, Germany: Georg Thieme verlag; 1957:46-48. 
2.. Alpers BJ, Bern' RG, Paddison RM. Anatomical studies of the circle of Willi s in normal brain. Arch Neurol 

Psychiatry.. 1959;81:409-418. 
3.. Yasargil MG, ed. Microneurosurgery. Volume I. Stuttgart, Germany: Georg Thieme Verlag; 1984:92-143. 
4.. Battacharji SK, Hutchinson KC, McCali A J. The circle of Willis: The incidence ofdeve-lopmental abnormalities 

inn normal and infarcted brains. Brain 1967;90:747-758. 
5.. Macchi C, Catini C, Federico C, Gulisano M, Pacini P, Cecchi F, Corcos L, Brizzi E. Magnetic resonance 

angiographicc evaluation of circulus arteriosus cerebri (circle of Willis): A morphologic study in 100 human 
healthyy subjects. It J Anat Embryol. 1996;101:115-123. 

6.. Stock KW, Wetzel S. Kirsch E. Bongartz G, Steinbrich W, Radue F.W, Anatomic evaluation of the circle of Willis: 
MRR angiography versus intraarterial digital subtraction angiography. Am J Neuroradiol. 1996;17:1495-1499. 

7.. Krabbe-Hartkamp MJ, van der Grond J, de Leeuw FE, de Groot JC, Algra A, Hillen B. Breteler MMB, Mali 
WPTM.. Circle of Willis: Morphologic variation on three-dimensional time-of-flight MR-angiograms. Radiology 
1998;207:103-111. . 

8.. Riggs HE, Rupp C. Variation in form of circle of Willis: the relation of the variations to collateral circulation: 
Anatomicc analysis. Arch Neurol. 1963;8:8-14. 

9.. Fetterman GH, Moran TJ. Anomalies of the circle of Willi s in relation to cerebral softening. Arch Pathol. 
1941;32:251-257. . 

10.. Alpers BJ, Berry RG Circle of Willi s in cerebral vascular disorders. Arch Neurol. 1963;8:398-402. 
11.. Keunen RWM. Transcranial Doppter Sonography of the Cerebral Circulation in Occlusive Cerebrovascular 

Diseasee [thesis]. Nijmegen, the Netherlands: Benda BV; 1990. 
12.. Schomer DF, Marks MP. Steinberg GK. Johnstone IM, Boothroyd DB, Ross MR, Pelc NJ, En/mann DR. The 

anatomyy of the posterior communicating artery as a risk factor for ischemic cerebral infarction. N Engl J Med. 
1994;330:1565-1570. . 

13.. Ringelstein EB, Weiller C, W'eckesser M. Weckesser S. Cerebral vasomotor reactivity is significantly reduced in 
low-floww as compared to thromboembolic infarctions; The key role of the circle of Willis. J Neurol Sci 
1994;121:103-109. . 

73 3 



ChapterChapter 4 

14.. Hedera P, Bujdakova J, Traubner P. Effect of collateral flow patterns on outcome of carotid occlusion, Eur 

Neurol.. 1995;35:212-216. 

15.. Coyle P. Panzenbeek MJ. Collateral development after carotid artery occlusion in Fischer 344 rats. Stroke 

1990:21:316-321. . 

16.. BogdahnU. Becker G Winkler J, GreinerK. Perez J, Meurers B. Transcranial color-coded real-time sonography 

inn adults. Stroke 1990;21:168»-1688. 

17.. fsuchiya T, Yasaka M. Yamaguchi 1", Kimura K. Omae 1. Imaging of the basal cerebral arteries and measurement 

off blood (low velocity in adults by using transcranial real-time color flow Doppler sonography. Am J Neuroradio!. 

1991;12:497-502. . 

18.. Aaslid R, Markwalder T. Nornes 11. Noninvasive transcranial Doppler ultrasound recording of flow velocity in 

basall cerebral arteries. J Neurosurg. 1982;57:769-774. 

19.. Chaudhuri R. PadayaeheeTS, Lewis RR, Gosling RCi, CoxTCS. Non-invasive assessment of the circle of Willis 

usingg transcranial pulsed Doppler ultrasound with angiographic correlation. Clin Radiol. 1992;46:193-197. 

20.. Grolimund P. Seiler RW. Aaslid R, Huber P, Zurbruegg H. I-valuation of cerebrovascular disease by combined 

extracraniall and transcranial Doppler sonography: Experience in 1039 patients. Stroke 1987;18:1018-1024. 

21.. llalsey JH. Effect of emitted power on waveform intensity in transcranial Doppler. Stroke 1990;21:1573-1578. 

22.. ilokshergen AWJ. Legernatc DA. Ubbink DT, Jacobs MJMM. Success rate of transcranial color-coded duplex 

ultrasonograph;; in visualizing the basal cerebral arteries in vascular patients over 60 years of age. Stroke 

1999:30:1450-1455. . 

23.. Muller M, I lermes M, Brückmann 11, Sehimrigk K. Transcraniall Doppler ultrasound in the evaluation of collateral 

bloodd flow in patients with internal carotid artery occlusion: Correlation with cerebral angiography. Am J 

Neuroradiol.. 1995;16:195-202. 

24.. Baumgartner RW, Baumgartner I, Mattle HP, Schroth G. Transcranial color-coded duplex sonography in the 

evaluationn of collateral flow through the circle of Willis. Am i Neuroradio!. 1997;18:127-133. 

25.. Eindegaard KF, BakkeSJ. Grolimund P, Aaslid R, Huber P, Nornes H. Assessment of intracranial hemodynamics 

inn carotid artery disease by transcranial Doppler ultrasound, J Neurosurg. 1985;63:890-898. 

26.. Kjallman L, Blomstrand C, Holm J, Lundh T. Volkmann R, Patients with low stump pressure and possible 

pressuree fall in the middle cerebral artery during carotid surgery may be identified preoperative^' by transcranial 

Doppler.. Eurneurol. 1995;35:259-263. 

27.. Miralles M, Dolz JL. Cotillas J, Aldoma J, Santiso MA. Giménez A, Capdevila A, Cairols MA. The role of the 

circlee of Willis in carotid occlusion: Assessment with phase contrast MR angiography and transcranial duplex. 

Furr J Endovasc Surg. 1995;10:424-430. 

28.. Cassot F.Vergeur V. Bossuet P, Millen B, Zagzoule M, Marc-Vergnes .IP. Effects of anterior communicating 

arteryy diameter on cerebral hemodynamics in internal carotid artery disease. Circulation 1995; 92:3122-3131. 

29.. lloksbergen AWJ. Eegemate DA. Ubbink. DT. de Vos HJ, Jacobs MJI1M. Influence oflhe collateral function of 

thee circle of Willis on hemispherical perfusion during carotid occlusion as assessed by transcranial colour-coded 

duplexx ultrasonography. Eur J Vase Endovasc Surg. 1999;17:486-492. 

30.. Bass A. Krupski WC, Dilley RB. Bernstein EE. Otis SM. Comparison of transcranial and cervical continuous-

wavee Doppler in the evaluation of intracranial collateral circulation. Stroke 1990;21:1584-1588. 

31.. SchöningM, Buchholz R, Walter J. Comparative study of transcranial color duplex sonography and transcranial 

Dopplerr sonography in adults. J Neurosurg. 1993;78:776-784. 

32.. Martin PJ, Evans DEE Naylor AR. Measurement of blood flow velocity in the basal cerebral circulation: 

Advantagess of transcranial color-coded sonography over conventional transcranial Doppler. J Clin Ultrasound. 

1995;23:21-26. . 

33.. MeairsS, Röther J, NeffW, Hennerici M.New and future developments in cerebrovascular ultrasound, magnetic 

resonancee angiography, and related techniques. J Clin Ultrasound. 1995;23:139-149. 

34.. Blankensteijn JD, van der Grond J. Mali WPTM. Eikelboom BC. Flow volume changes in the major cerebral 

arteriess before and after carotid endarterectomy: An MR-angiography study. Eur J Vase Endovasc Surg. 

1997;14:446-450. . 

35.. Orlandini GE. Ruggiero C. Orlandini SZ, Gulisano M. Blood vessel size of eirculus arteriosus cerebri (circle of 

Willis):: A statistical research on 100 human subjects. Acta Anat. 1985;123:72-76, 

74 4 


