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Stellingenn behorende bij het proefschrift 

Transcraniall  color-coded duplex ultrasonography of the circle of Willi s 

1.. Het is moeilijk om vrouwen te doorgronden. Dit geldt niet alleen voor het leven, 
maarr zeker ook voor transcraniële duplex scanning (dit proefschrift) 

2.2. De intracraniéle bloedstroomsnelheid van vrouwen is hoger dan die van mannen 
(dit(dit proefschrift) 

3.. De arteria communicans anterior is de belangrijkste collateraal van de cirkel van 
Willi ss (dit proefschrift) 

4.. Hypoplasie van de collateralen van de cirkel van Willi s zegt niets over hun 
functionaliteitt (dit proefschrift) 

5.. Twee zien meer dan één geldt in ieder geval niet voor MR angiografie van de 
cirkell  van Willi s (dit proefschrift) 

6.. Een niet-functionele arteria communicans anterior bij patiënten met ernstig 
obstructieff  lijden van de arteria carotis interna is een belangrijke risicofactor voor 
hethet krijgen van een herseninfarct (dit proefschrift) 

7.. Opereren is als motorrijden; het verstand zit in de rechterhand 

8.. Alleen wat moeilijk is, is interessant (René Hoksbergen) 

9.. Terwijl we uitstellen haalt het leven ons in (Seneca) 

10.. Blondes have more fun. 

Arjann W.J. Hoksbergen, Amsterdam, 11 maart 2003 
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HistoryHistory of the circle of Willis 

Thee vascular interconnections at the base of the brain are known to every medical student as 

'thee circle of Willis ' (Figure 1). The arterial anastomosis (Figure 2) was named in honor of 

Thomass Willis, despite the fact that it had been both described and illustrated prior to the 

publicationn of his masterpiece: Cerebri Anatome: cui accessit nervorum descriptio el usus 

(thee anatomy of the brain and the description and use of the nerves) in 1664. In this book, 

Willi ss set forth, among other things, a method for the removal and dissection of the brain; a 

neww numbering and grouping according to the function of the cranial nerves; extensive 

descriptionss of the basal nanu'.ia, brain stem, and cerebellum; and detailed schemes oi the 

vagall  and sympathetic nerves supplying the viscera. But of all the observations in Cerebri 

Anatome,, the most significant are those relating to the cerebral circulation. Willi s presented 

inn his Cerebri Anatome the first 

approachh to a functional anatomy of 

thee cerebral circulation. He gave an 

accuratee anatomical description of 

thee arterial circle at the base of the 

brainn and of the arterial vessels 

bringingg blood to the circle and (what 

hass been less well appreciated) he 

alsoo recognized the important 

functionall  significance of this unique 

vascularr anastomosis. Willi s was not 

thee first to refer to the anastomoses 

off  the arterial vessels on the base of 

thee brain, nor did he claim that he 

was.. The discovery of the arterial 

'circle""  at the base of the brain has 

beenn a slow process from approximately 1560 onwards, and was largely due to the combined 

labourss of Gabriele Fallopio, Giulio Casseri, Johann Vesling, Johann Jakob Wepfer and Thomas 

Willis ,, each in turn making important contributions to its elaboration. 

Gabrielee Fallopio (1523-1562) was the first to give a reasonably correct description of the 

arteriall  ramifications at the base of the brain. Fallopio, whose name is connected with the 

Fallopiann tubes leading from uterus to ovaries, was a student of Vesalius (1514-1564), the 

Belgiann anatomist who was the founder of modern anatomy. In 1551 Fallopio was offered 

andd accepted the famous chair of anatomy at the university of Padua in Italy, the center for 

westernn medical instruction in those times. In his Observationes Anatomicae (1561) Fallopio 

ARTERIESS AT THE BASE OF SKULL (ARTERIAL CIRCLE OF WILLIS AND ITS BRANDIES. 
BASILARR ARTERY). INFERIOR (BRAIH)VIEW 

Figuree 1. Location of the circle of Willi s at the base of the brain. 
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Figur ee 2. The circle of Willis . 

describedd in great verbal detail, but 

withoutt an illustrative legend, all 

off  the arteries involved in the 

anastomosiss and their relative 

contribution.. He clearly described 

thee union and later division of the 

vertebrall  arteries, and the union of 

thee inferior rami of the carotid 

arteriess (corresponding to our 

anteriorr cerebral arteries). He also 

describedd about two-thirds of a 

posteriorr communicating artery, 

butt it had only indirect connection 

withh the external branch of the 

carotidd (corresponding to our middle cerebral artery), through a network of small arterioles 

betweenn them. Although Fallopio clearly described the posterior communicating artery, he 

failedd to see its significance in completing a functional vascular loop. Fallopio's description 

muchh resembles that in the explanatory legend of Giulio Casserrs (c. 1552-1616) illustration 

almostt seventy years later. Casseri was professor of anatomy and surgery at the university 

off  Padua from 1604. His elegant copperplate engravings Tabulae Anatomicae were 

incorporatedd after his death in De humani corporis fabrica libri  decern of Adrianus Spigelius 

(1567-1625),, which publication was effected in 1627. 

AA more satisfactory but still inaccurate illustration of the circle of Willi s was published 

withinn Johann Vesling's (1595-1649) second edition of Syntagma Anatomicum in 1647. 

Johannn Vesling first worked in Minden in Germany and later became professor of anatomy 

inn Padua. His engraving portrays a fairly obvious, almost schematic, arterial circle, but 

communicationn between the anterior cerebral arteries is questionable and no mention of a 

unionn between these arteries was included in the text. Another weakness of the illustration 

iss that it shows one vessel extending from the basilar artery to the internal carotid on either 

side.. Vesling had either shown the posterior cerebral and posterior communicating arteries 

ass being of uniform diameter or had omitted the posterior cerebral arteries altogether, neither 

off  which conveys the 'normal*  configuration of the circle. 

Inn 1658, six years before the publication of Willis*  Cerebri Anatome, Johann Jakob Wepfer 

(1620-1695)) of Schaffhausen in Switzerland, described in complete and accurate verbal 
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tt lision o) tin ei rek ol Willis 

detaill  the anastomoses that make up the circle in his book Observationes anatomicae ex 

cadaveribuscadaveribus eorum, quos sust 11/it apoplexia cum exercitatione de ejus loco affecto. Wepfer 

studiedd medicine at the university of Padua and was the first to identify postmortem signs of 

bleedingg in the brains of patients who died of apoplexy. In ancient times stroke was called 

apoplexy,, a general term that physicians applied to anyone suddenly struck down with 

paralysis.. From autopsy studies Wepfer gained know ledge of the carotid and vertebral arteries 

thatt supply the brain with blood. He also was the first person to suggest that apoplexy, in 

additionn to beins caused bv bleedimi m the bram could be caused bv a blockaize o! one o! 

thee main arteries supplying blood to the brain. Although quoted by some as the true discoverer 

off  the circle before Willis, Wepfer did not make mention of the functional importance of the 

structuree nor did he provide an illustration of his own, referring instead to that of Vesling 

withh relevant corrections. 

Thomass Willi s had as pupils men who went on to briljant careers. They included Richard 

Lowerr (1631-1691), who performed the first blood transfusion and explained the structure 

andd action of the heart and became the most celebrated physician in London for a while, and 

Christopherr Wren (1632-1723), who became professor of Astronomy and England's most 

distinguishedd and prolific architect 

whenn his plans were accepted for the 

reconstructionn of the world's largest 

cathedral,, St. Paul's, after the 'great 

fire'' of London of 1666. Lower 

cooperatedd with Willi s in his researches 

onn the brain, performing most of the 

dissectionss and vivisections. In the 

prefacee of Cerebri Anatome, Willi s 

callss Lower a "highly skilful 

Anatomist.Anatomist..... the edge of whose Knife 

andand Wit I willingly acknowledge to 

havehave heen an help to me for the better 

searchingsearching out both the frame and 

OfficesOffices of before hidden Bodies". 

Theyy dissected and vivisected "whole 

Hetacombs**  almost of all animals, in F igu re 3- 'Shews the Basis of an humane Brain taken out of 
thee Skull, with the Roots of the Vessels cut off". 

thee Anatomical court', including F mm w m i s, Cerehrj Anatome. cui accessil nervorum 

horses,, sheep, calves, goats, pigs, descriptio et usus, 1664. 
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ffistoryffistory of the circle of Willis 

dogs,, cats, foxes, hares, geese, turkeys, fish and a monkey. They also dissected humans. On 

Wren,, who made the drawings for Cerebri Anatome, Willi s said: 'Dr. Wren was pleased out 

ofof his singular humanity, wherewith he abounds, to delineate with his own most skilful 

handshands many Figures of the Brain and Skull, whereby the work might be more exact". 

Thomass Willi s added littl e that was new to Wepfer's description, but he gave the first 

indisputablyy complete illustration of the circle (Figure 3). Wren clearly shows the arterial 

circlee and cranial nerves in the context of a well-proportioned brain. All elements of a complete 

circularcircular configuration are shown. All of the component vessels of the circle have been illustrated 

ass sharing a similar diameter which, especially in the case of the normally fine posterior 

communicatingg arteries, would present a rare finding. Wren did not include in his drawing 

otherr vessels that normally lie in the proximity to the circle such as the superior cerebellar 

arteriess and the posterior inferior cerebellar arteries, and he shows the posterior cerebral arteries 

ass dwindling upon leaving the circle. In spite of these inaccuracies, the total pictorial presentation 

off  the brain and, in particular, of the relationship between blood vessels and cranial nerves, is 

superiorr to those of his predecessors. It is possible that some of the oversimplifications and 

omissionss were employed by Wren as a means to create a more stylized view intended to 

emphasizee the important circular configuration, known by Willi s to be of functional significance. 

Willis '' description of the arterial anastomosis is in part as follows: "The Vessels of the Brain 

moremore aptly represent, and are themselves seen better and more distinctly, if you first squirt into 

thethe Carotidick Artery some black liquor. The Vessels interwoven within the thin Menix or Pia 

MaterMater are Arteries and Veins. The Arteries are four, viz., two Carotides and two Verfebrals. 

OutOut of either side of the Tunnel, the ends of the cut Carotidick Arteries shew themselves, the 

trunkstrunks of which ascending upwards, are presently diffused from either side into the anterior 

andand posterior, or fore and hinder branch. Either pair of these inclining one towards the other, 

areare mutually conjoyned: moreover, the posterior branches so joyned, are united with the 

VertebralVertebral branches (growing together first into one trunk) ". 

Whilee it is clear that the pre-Willisian anatomists recognized a circle, or produced near-

misses,, it is doubtful whether they saw the point of this unique vascular arrangement. There 

iss no question, on the other hand, that Willis, in addition to giving a clear description of the 

circlee and of the 'fourfold Chariot' of arterial vessels bringing blood to the circle, clearly 

recognizedd its important functional significance. He saw these four large arteries and their 

'mutuall  conjoynings*  on the base of the brain as the basis for insuring adequate irrigation of 

thee brain under various physiological and especially pathological conditions. He supported 

hiss surprisingly modern insight into the principle of collateral circulation to the brain by 

intravascularr injection of coloured dyes and by ligation in animals of blood vessels supplying 
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HistoryHistory of'the circle of Willis 

thee brain. When he "squirted oftentimes into either artery of the carotids, a liquor dyed with 

ink",ink", he found on examination that all parts of the brain and cerebellum were "imbued with 

thethe same colour". After a similar injection, as noted by Lower, they observed that the india 

inkk came back down the opposite carotid, clearly by way of the circular anastomoses, before 

comingg out the jugular veins. In discussing this Willi s first suggests that the function of the 

circlee is to mix the blood before its distribution to the brain, but on a later page in his 

Cerebrii  Anatome adds: "But there is another reason far greater than this (i.e. mixing the 

h/nnrf\h/nnrf\ r\f rM/?c/? m/TMj7n//T I'M rrvrtffin trv nitlm l/&vy&fe tsi ~\\*it  f font tn&t*&  /??£71' /?£? CI fyidfll *Qlii  WC!^} 

andand that more certain, for the blood about to go into divers Regions of the Brain, laid open 

forfor each; so that if by chance one or two should be stopt, there might easily be found another 

passsagepasssage instead of them: as for example, if the Carotid of one side should be obstructed, 

thenthen the Vessels of the other side might provide for either Province....Further, if both the 

CarotidsCarotids should he stopt, the offices of each might be supplied through the Vertebrals ". 

AA case report published in Cerebri Anatome on a man who died of a mesenteric tumour, 

whoo in life had no neurological symptoms shows that Willi s was fully aware of both the 

anatomyy and the physiological importance of the circle: " . .. When his skull was opened we 

notednoted amongst the usual intracranial findings, the right carotid artery in its intracranial 

part,part, bony or even hard, its lumen being almost totally occluded: so that the influx of the 

bloodblood being denied by this route, it seemed remarkable that this person had not died previously 

ofof an apoplexy: which indeed he was so far from, that he enjoyed to the last moments of his 

life,life, the free exercise of his mental and bodily functions. For indeed, nature had provided a 

sufficientsufficient remedy against the risk of apoplexy in the vertebral artery of the same side in 

whichwhich the carotid was wanting, since the size of this vessel was enlarged, becoming thrice 

thatthat of the contralateral vessel. . .". Finally, Willi s correctly interpreted that patients who 

hadd suffered only slight evidence of neurological deficit during life, despite closure of even 

twoo of the four main arteries, as disclosed at autopsy, were able to do so by reason of the 

collaterall  arterial channels, so that the remaining vessels were able to "supply or fill the 

channelschannels and passages of all the rest". 

Thomass Willi s never claimed to be the first to discover or describe the arterial circle at the 

basee of the brain, nor was he deemed as such by his contemporaries or immediate successors. 

Hiss name was not used in association with the anastomosis until the late eighteenth century 

whenn Albrecht von Haller (1708-1777), who had studied medicine at the university of Leiden 

underr Boerhaave and who became professor of anatomy, surgery and botany at the university 

off  Göttingen Germany, in his book Bibliotheca Anatomica (l 774), speaks of the 'circulum 

quii  dicitur WilHssii'. 
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HistoryHistory of the circle of Willis 

Whilee the term 'circle' implies the functional role of this arterial anastomosis, it is of 

coursee quite inaccurate anatomically. Strictly speaking, it is a nine-sided structure (not seven-

sided,, as sometimes noted), and the importance of the anomalies which can occur at the site 

off  any of those nine segments makes it convenient to refer to the structure as a nonagon, or 

perhapss more simply, 'polygon', a term used commonly in the French anatomical and 

neurologicall  literature. Since Willi s in any case did not himself introduce the term 'circle' it 

wouldd seem appropriate to refer to the structure to which he assigned physiological and 

pathologicall  significance, as 'the polygon of Willis' . 

Althoughh others had described and illustrated this particular anastomosis before him, Willi s 

broughtt a new understanding to the subject and demonstrated his wealth of knowledge 

withinn the pages of Cerebri Anatome, justifying the connection eventually made between 

hiss name and the circle. How far Willi s had come in clarifying the anatomy and physiology 

off  the cerebral circulation as compared to previous authors can perhaps be most clearly 

demonstratedd by going back to the scheme of the cerebral circulation depicted by Vesalius 

inn 1543. The dural sinuses and the cerebral veins are well shown but the carotid artery and 

jugularr vein join the transverse sinus, an anatomical error which could lead only to a 

physiologicall  calamity. Clearly Vessalius had not grasped any true idea of the cerebral 

circulationn which was later put forward so well by Willis. Understandably then, Cerebri 

Anatomee provides a landmark in thee history of neurology, setting off the transition between 

medievall  and modern notions of brain function. Thomas Willi s practically refounded the 

anatomyy and physiology of the brain and nerves. He collated bedside observation with 

anatomicall  fact. Willi s put the brain and the nervous system on their modern footing so far 

ass that could be then done. 

Thomass Willis , his lif e and work 
Lif e e 
Thomass Willi s (Figure 4) was born on January 27, 1621, in Great Bedwyn, a large villagein 

Wiltshire,, about seventy miles west from London. At an early age he moved with his family 

too North Hinksey, across the Thames two miles from Oxford, where his father settled on an 

estatee left by a famous namesake, Dr. Francis Willis, onetime president of St. John's College 

inn Oxford, Shortly after moving there, when Willi s was ten years of age, his mother died. In 

16366 Thomas Willi s began his studies at Christ Church, one of the colleges of the University 

off  Oxford, and in 1639 he took the degree of Bachelor of Arts. After three more years of 

lecturess and disputations, Willi s proceeded, on 18 June 1642, to the degree of Master of 
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HistoryHistory of the circle of Willis 

Arts.. In his years at Christ Church college, Willi s 

wass thoroughly instructed in grammar, rhetoric, 

logic,, politics, economics, and ethics. Greek and 

Latinn were obviously the basis of all the instruction. 

Hiss subsequent career might have been in the church, 

Willi ss probably intended to be ordained as an 

Anglicann clergyman, but history intervened. In the 

summerr of 1642 the English civil war between Kin° 

Charless I and the Parliamentarians of Oliver 

Cromwelll  broke out. After a brief period of 

occupationn by Parliamentary forces, when as an 

ardentt Royalist Willi s wisely left the city to avoid 

conscription,, Charles I and his troops entered Oxford, 

whichh became the King's capital throughout the war. 

Thee leisurely tempo of academic lif e was now 

shatteredd by the stir and bustle of an armed camp. In 1643 the overcrowded city and 

neighbouringg villages were ravaged by "camp fever'. Willi s studied and described this 

epidemic,, with such care, that it forms an early statement of an epidemic of fever. His 

descriptionn clearly implicates typhus, arising from the epidemics in the troops of both sides 

off  the contlict. Among the victims was Thomas Willis ' father who lost his life in June 1643, 

followed,, ten days later, by Willis ' stepmother. Thomas was thus left at the age of twenty-

onee to maintain, as eldest son, his brothers and sisters. Willis, now the head of two families, 

movedd back to his home at North Hinksey to manage the farms and to take care of the 

educationn of his younger siblings. However, Willis, always a staunch Royalist, returned in 

16444 to Oxford to enlist in the King's forces as 'a Souldier in the University Legion', an 

auxiliaryy regiment defending the King there during the siege of Oxford. Willis ' two years of 

militaryy service probably involved short phases of intense activity, interspersed with prolonged 

periodss of monotonous guard duties while living in grossly overcrowded conditions. When 

Oxfordd surrendered to the Parliamentarian forces in June 1646, all the Royalist soldiers were 

orderedd to leave the city, and Willi s probably returned to North Hinksey. 

Willis '' attendance to his medical studies was quite exceptional for its brevity. He began his 

medicall  studies after he qualified Master of Aits in June 1642. However, during the years of 

thee civil war in Oxford, all university instruction, including that of medicine was constantly 

disturbed.. Willi s formal medical training may have been as short as six months, and 

Figur ee 4. Thomas Willis . 
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HistoryHistory of the circle of Willis 

undoubtedlyy it was more of a literary study of medicine than a practical one. During his 

medicall  course he was probably influenced by William Harvey, who was then at Oxford as 

thee King's physician. William Harvey (1578-1657) studied medicine at the university of 

Padua.. Harvey's great contribution to medicine appeared in 1628 when his book Exercitatio 

anatomicaanatomica de motu cordis el sanguinis in animalibus was published. In this landmark in the 

historyy of science, Harvey demonstrated the circulation of blood in animals, for good breaking 

withh the old Galenic believe that the blood ebbed and flowed like a tide through the whole 

body.. Six months after the war ended, Willi s returned to Oxford, graduated Bachelor of 

Medicinee and was licensed to practice on the 8th of December 1646 at the age of 25. Usually 

thiss degree would require three years of residential study after graduating Master of Arts, 

butt during the civil war university regulations were not enforced, and the award of the 

degree,, to a great extent, depended on the recommendation of Dr. Thomas Clayton, the 

Regiuss Professor of Medicine in Oxford. Clayton was a staunch Royalist and therefore he 

rewardedd Willi s for his loyal army service to the King. 

Willi ss began his medical practice, as a qualified, albeit untrained, doctor in Oxford in 

1647.. He proceeded to establish a medical practice from his rooms in Christ Church, as 

wouldd be possible for a doctor in Oxford with a medical degree, and a former student of the 

College.. His patients at first would not be drawn from Oxford, as these would be cared for 

byy established doctors in Oxford. What Willi s did was customary for a novice medical 

practitioner.. He visited the markets in thee small towns around Oxford and stood there offering 

hiss services to the general public. The common practice among young struggling doctors 

wass to prescribe treatment on the basis of examining the patients' urine (the so-called piss 

prophets)) and taking a history from the relatives. The convenience of this was that the urine 

specimenn could be brought to the market by a relative or friend by whom the prescription or 

medicamentt could be sent back to the patient. Today this type of medical practice seems 

absurd.. Urinanalysis was, however, the only form of clinical investigation in general use 

andd was the precursor of today's extensive clinical tests. Later Willi s was to discover the 

differencee between the polyuria of diabetes mellitus and that of chronic kidney disease. The 

sweetnesss of the urine in diabetics, enabling the doctor to distinguish this particular disease, 

fromm other causes of polyuria, was of fundamental importance, and this discovery had its 

foundationss in Willis ' early experience at the markets. Qualified doctors such as Willi s were 

competingg with many practitioners, who had no recognised qualifications. These quacks 

prescribedd not only medicines but charms and other magical procedures to cure ailments. 

Willi ss complained that a third of his patients had previously received treatment from these 
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HistoryHistory of'the circle of Willis 

unlicensedd practitioners whose remedies he described as 'a sword in a blind man's hand'. 

Theirr remedies were indeed bizarre but so also were those of Willis.The difference was that 

Willi ss and his medical contemporaries were dedicated to a search for remedies with a rational 

basiss and therein lay the seeds of the modern scientific study and treatment of disease. 

Willi ss was fortunate in having the gifted William Petty (1623-1687) as his teacher in 

medicinee and anatomy, for a few years after the Civil War. During the Civil War, William 

Pettyy studied medical subjects at Amsterdam and Utrecht, and in 1644 he graduated in 

medicinee at Leiden where the course was more practical and better regulated than at Oxford. 

Pettyy had dissected for himself rather than watch others doing so; he had assisted at necropsies; 

hee had prepared medicines; undertaken chemical experiments, and even examined patients 

att the bedside as well as reading about their illnesses. At Leiden there was also a tradition of 

privatee tuition and research. Anatomical dissections, chemical and physiological experiments 

weree carried out in private houses, barns or the galleries in the botanic gardens. Willi s and 

Pettyy were of the same age, became good friends, and spent much time together. On 14 

Decemberr 1650, Willi s and Petty became famous for a strange incident of resuscitation. 

Thee subject of their intervention was Anne Green, a 22-year old servant girl, who was 

seducedd by her master's grandson, became pregnant and gave birth to a child, probably 

stillborn,, which she concealed. Her crime discovered, she appeared before the magistrate, 

wass found guilty of murder, sentenced to death, and duly hanged on the gallows in Oxford. 

Shee hung for a half hour during which time her relatives swoing on her legs and she was 

struckk several violent blows in the stomach to speedily end her sufferings. Fearing the rope 

wouldd break, the under-sheriff ordered the body to be cut down, placed in a coffin and 

removedd to Petty's lodgings for anatomical dissection. Petty arrived with Willi s to carry out 

thee dissection. The coffin had been opened and an onlooker, hearing the corpse breath, was 

trying,, by stamping on her chest, to end her life. But when Petty and Willi s arrived they 'fell 

presentlyy to act in order to her recovery'.They caused her to be held up in the coffin and 

thenn by wrenching open her teeth they poured in her mouth some hot cordial which caused 

herr more coughing. They then rubbed and chafed her fingers, hands, arms, and feet, and, 

afterr a quarter of an hour of this with more cordial into her mouth and the tickling of her 

throatt with a feather, she opened her eyes momentarily. At this stage the doctors opened a 

veinn and bled her of five ounces of blood. They then continued administering the cordial 

andd rubbing her arms and legs. Ligatures, presumably compressing bandages, were applied 

too her arms and legs. Heating plasters were put to her chest and another apparently inserted 

ass an enema, 'ordered an heating odoriferous Clyster to be cast up in her body, to give heat 
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andd warmth to her bowels'. They then placed her in a warm bed with another woman to lie 

withh her and keep her warm. Next day she was talking rationally, and after her full recovery 

Pettyy and Willi s submitted on her behalf, a petition for mercy on the grounds that although 

herr pregnancy had been the consequence of the 'foule and feereful sin of fornication', the 

foetuss 'was not only abortive or stillborne, but also so imperfect, that it is impossible it 

shouldd have been otherwise'. After her pardon, Anne Green was exhibited in her coffin in 

orderr to provide for her future, in thee room where she was to have been dissected. But when 

'multitudess flooded daily to see her', the doctors arranged for 'guards to control the crowd1 

andd they brought her father to collect the entrance fees. She eventually returned home with 

'thee coffin wherein she lay, as a Trophey of her wonderful preservation'. She subsequently 

married,, bore three children and enjoyed an unblemished reputation until her death in 1659. 

Thiss unusual patient brought fame to Petty and Willis, which when Petty moved from Oxford 

andd left medicine, devolved entirely on Willis, and materially helped his medical reputation. 

Willi ss also succeeded the gifted Petty as the leading medical scientist in Oxford. 

Byy 1657 Willis ' medical practice and financial resources allowed him to marry Mary Fell, 

sisterr of Dr. John Fell, Dean of Christ Church, Vice-Chancellor, and promoter of the Oxford 

Press,, who was a close friend of Willis. At the restoration of King Charles II in 1660, while 

Willi ss was still at Oxford, he was rewarded for his loyalty to the monarch by being appointed 

Sedleiann Professor of Natural Philosophy. In the same year he was granted the degree of 

Doctorr of Medicine. The importance of the Sedleian chair to the career of Willi s was 

significant.. This chair, established belatedly from provision in the will of Sir William Sedley 

inn 1618, was intended to promote the study of Aristotle. The responsibilities of the chair 

includedd that the professor must read in full term, on Wednesdays and Saturdays at 8 am, 

fromm the books of Aristotle. The audience was composed of the bachelors of arts, who were 

finedd 4 pence for non-attendance. Willi s would have been fined 10 shillings if a lecture was 

nott given. However, Willi s soon started to incorporate his own theories and original data 

fromm his research into the lectures. Consequently his lectures were up to date and popular, 

attractingg a far wider audience than the readings from Aristotle. Without the Sedleian chair, 

Willi ss would have been a successful physician, making discoveries in medicine and science, 

butt possibly not sharing his findings and theories by publication. The diligent Willi s 

constructedd a series of lectures, which brought to his attention the imperfections of knowledge 

off  his subjects. He then set about performing experiments and dissections to improve his 

knowledge,, which he then incorporated into his lectures, and later published. In the same 

periodd he launched on the project which led to his book Cerebri Anatome; cui accessit 
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Figuree 5. Title page of Cerebri Anatome. 

nervorumnervorum descriptio et usus, which was published in 1664 (Figure 5). Willi s had some 

briljantt pupils or assistants, men who went on to successful careers. They included Robert 

Hooke,, the great inventive physicist and microscopist; John Locke, the physician-philosopher 

whoo took lectures from Willis ; Edmund King who, with Richard Lower, performed the first 

bloodd transfusion; and finally Thomas Millington and Christopher Wren, who were both 

directlyy concerned in the work of Cerebri Anatome. This intellectual set were some of the 

coree of extraordinarily versatile scientists who eventually went on from Oxford to found 

thee Royal Society in London. It is clear, particularly from Richard Lower's letters that 

Willi ss exerted a considerable influence as a teacher on these keen young men. Willis ' position 

mayy be taken as that of a senior member of what we would call today a medical research 

team.. Willi s was one of the original fellows of the Royal Society of London for the Promotion 

off  Natural Knowledge, being elected in November 1663. In 1664 he was made an honorary 

felloww of the Royal College of Physicians. The medical practice of Willi s grew prodigiously 

andd his income was now the highest of any person residing in Oxford. 

Willi ss soon reached a plateau of work in the small city of Oxford. London, the capital, 

withh the Royal College of Physicians, and the Royal Society, now had many excellent doctors 

andd scientists, several from his own circle in Oxford and some of his own students. His 

movee to London in 1667, precipitated by the invitation of his close friend Gilbert Sheldon, 
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Archbishopp of Canterbury, was a natural extension of his career. He established his residence 

att St. Martin's Lane. His practice in London soon became large and lucrative, and he continued 

too be an active and generous supporter of the established church. Both of his relatives who 

havee written biographically of Willi s emphasize that he also gave widely to charity. He 

becamee a celebrated physician in London and was indirectly involved in the care of Queen 

Catherine,, who miscarried and was unable to bear children thereafter. However, Willi s was 

alsoo noted for his direct speaking, irrespective of the station of his patient. One hostile 

contemporaryy account puts it more directly, describing him as a 'plain man, a man of no 

carriage,, littl e discourse, complaisance or society'. When King Charles II, a noted procreator, 

consultedd Willi s regarding his wife's infertility, he was not consulted again. In spite of 

beingg a Royal appointee, Willis ' bedside manner did not meet with Royal approval. 

Successs in his profession, however, was marred by domestic sorrows. Willi s had four 

daughterss and four sons, and all but the eldest son predeceased him. Willis ' wife died of 

tuberculosiss in 1670. In 1672 Willi s remarried Elizabeth Nicholas, daughter of the dean of 

St.. Paul's Cathedral. In his lifetime and posthumously, Willis ' reputation has been subjected 

too unsubstantiated attacks regarding his integrity. His contemporary attacks might well have 

drivenn by envy (he was the wealthiest doctor in Oxford). After a busy life devoted to the 

practicee and teaching of medicine in Oxford, and later in London, he died of pneumonia on 

Novemberr 11,1675,attheageoffifty-four. He was buried in the north transept of Westminster 

Abbeyy in London. 

Work k 

Willis '' chief contributions were derived from his skill as an anatomist. He believed in first-

handd observation and was quick to disregard the doctrine of others: ". . . / determined with 

myselfmyself seriously to enter presently upon a new cours, and to rely on one thing, not to pin my 

faithfaith on the received Opinions of others, nor on the suspicions and guesses of my own mind, 

huthut for the future to believe Nature and ocular demonstrations . . . ". Willi s wrote on a 

formidablee range of topics, including fermentation, fevers, urine, accension of the blood, 

muscularr motion, convulsive disease, scurvy, and the comparative anatomy of some dozen 

speciess ranging from the earthworm and lobster to sheep and man. He published numerous 

clinicall  and autopsy reports, particularly on neurological problems. Finally, in his last writings 

onn rational therapeutics, he presented a vast and sometimes horrific pharmacopoeia in w hich, 

however,, are buried useful descriptions of the anatomy of the blood vessels, the muscular 

layerss of the stomach, and the detailed structure of the lungs. 

Hiss name has been associated with the syndrome of paracusis, the spinal accessory nerve, 
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thee first division of the fifth nerve, the connective tissue septae in the dural sinuses, and, of 

course,, the arterial circle at the base of the brain. The clinical observations of Willi s include 

aa description of the sweetness of diabetic urine and a lengthy discussion of various types of 

diabetes,, known to his seventeenth-century patients by the quaint name of 'chamber pot 

dropsy'' and 'pissing evil'. He recorded epidemic typhoid fever among the troops in the civil 

war,, described and named puerperal fever, gave useful descriptions of whooping cough and 

asthma,, and pointed out that the intermittent pulse was not invariably associated with a bad 

p ii  ( J t l l U J U . 1 L\*  t U H LI  l U U L ^ U l l l U L H V U ^ ^ J l l i p t l l U l I v v. u » l U l V m j . A \J L ^ S V U J , M.M.%, ^ v*  i^  i  u  i * , « w  w 

firstt detailed anatomical description of the edible oyster. Willi s was also credited as the first 

too present the notion of a circulating hormone from the pituitary and from the gonads. 

Hiss extensive neurological writings still remain to be adequately appraised. His classification 

off  the cranial nerves was in use for several centuries. He was probably the first to describe 

temporall  lobe epilepsy and to report the effects of myasthenia gravis in a woman who 

temporarilyy lost her power of speech and became mute as a fish. He wrote on headache, 

epilepsy,, apoplexy, paralysis of the insane, narcolepsy, and mental retardation. He explained 

hysteriaa not as a disorder of the uterus but as a nervous affection. The value of his observations 

onn psychiatric disturbances has recently been emphasized. 

Thomass Willi s established the scientific foundations of the neurosciences, and in 1664, it 

wass he in his book Cerebri Anatome, who coined the word 'neurology' to designate this 

bodyy of knowledge. In his own words: ". . . in the mean time, our Method demands of us, 

that.that. . . by the cense or numbering of the Nerves, . . . we should deliver an exact Neurology 

oror Doctrine of the Nerves . , . although we know it is difficult to proceed with full Sail, we 

havehave resolved to undertake the task of the Doctrine of the Nerves; . . . because without the 

perfectperfect knowledge of the Nerves the Doctrine of the Brain and its Appendix would be left 

whollywholly lame and imperfect:. . . without those things before known can the Pathology of the 

BrainBrain and nervous stock be rightly instituted". Cerebri Anatome is a unique document that 

usheredd in the era of modern neuroanatomy and laid the groundwork for future functional 

neuroanatomicc and neurophysiological investigations. 

**  Hetacomb refers to the habit of offering 100 animals on the big altar of Zeus on the fourth 

dayy of the ancient Olympic games in Greece. 
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ChapterChapter I 

Introduction n 
Thee circle of Willi s has the ability to function as an anastomosis between the left and right 

carotidd territories via the anterior communicating artery (AcoA) and between the basilar 

andd carotid circulation via the posterior communicating artery (PcoA). Thomas Willi s was 

thee first to understand the functional importance of this arterial anastomosis at the base of 

thee brain, named after him. His ideas about collateral How through the circle to ensure 

adequatee irrigation of both cerebral hemispheres in case of occluded carotid arteries, and in 

thiss way to protect patients from brain infarction, were shrewed.1 Willi s theories were 

endorsedd by autopsy studies performed 3ÜÜ years later4 which showed that circles of Willi s 

inn infarcted brains had a higher number of hypoplastic vessel segments (Figure 1) than 

brainss without such infarctions. 

Figuree 1. Autopsy specimen of the circle of 
Willi ss of a patient who died from an ischemic 
stroke,, showing 'threadlike' hypoplastic 
posteriorr communicating arteries (PcoA), 
hamperingg collateral flow from the basilar 
arteryy to the carotid arteries. AcoA. anterior 
communicatingg artery; ACA, anterior cerebral 
artery;; IC'A. internal carotid artery; MCA, 
middlee cerebral artery: PCA, posterior cerebral 
artery;; BA, basilar artery; VA. vertebral artery. 
Dissectionn performed by A.W.J. Hoksbergen 
andd B. Fiilesdi at the department of pathologv of 
thee Debrecen University Medical School in 
Hungary. . 

Forr many years brain infarction was attributed to reduced blood How to the brain caused by 

obstructionn of extracranial and intracranial large and small arteries. This belief in hypoperfusion 

andd hemodynamic-related causes of cerebral ischemia promoted therapies aimed at augmenting 

brainn blood How especially to underperfused ischemic brain regions. Examples of such therapies 

aree endarterectomy of stenosed carotid arteries5'' and extracranial-intracranial bypass surgery 

forr occluded carotid arteries." 1 lowever, during the past two decades the emphasis on ischemic 

strokee pathogenesis has largely switched from hemodynamic-related explanations to 

thromboembolismm as the predominant mechanism.*"" Nevertheless, the close relation betw een 
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severityy of extracranial arterial stenosis and brain infarction12, the correlation between impaired 

functionall  blood flow reserve and subsequent brain infarction1314, and the correlation of reduced 

collaterall  blood flow with a poor prognosis'5"18 indicates that ischemic stroke pathogenesis is 

aa multifactorial process. This has led to a reappraisal of hemodynamic factors in stroke 

pathogenesis.19-200 Impaired clearance or washout of emboli, has been proposed as an important 

linkk between hypoperfusion, embolism and ischemic stroke.21 This indicates that in patients 

withh severe carotid artery occlusive disease an effective collateral function of the circle of 
nn r : n : _ . . . : i . . . . -1 L . ^ J . . I : . .»- . . : i- : - 4 i :».: 1 J  — : . , i i 
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perfusionn pressure1415-22, but also from the harmful effects of thromboembolism.21-

Inn the era ofThomas Willis, hypotheses on the role of the circulation in stroke pathogenesis 

couldd only be formulated by postmortem examination of patients. Today, as a result of the 

explosivee increase in technical knowledge, it has become possible to visualize the blood 

circulationn in vivo. This has opened the way to further study the role of pathological flow 

conditionss in patients with cerebrovascular disease. The traditional way of visualizing the 

circulationn is by intra-arterial angiography. However, in a continuous effort to develop 

noninvasivee diagnostic tools, more recent techniques like ultrasound (Figure 2), computed 

tomographyy and magnetic resonance (MR) imaging have evolved. 

Figuree 2. Ultrasound system. 
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Althoughh the skull represents a tough barrier for ultrasound waves, it has become possible 

too examine the blood flow in the major cerebral arteries of the circle of Willi s with special 

low-frequencyy transducers, initially with 'blind' Doppler investigation.24 Transcranial color-

codedd duplex ultrasonography (TCCD) is a recently developed technique, enabling 

visualizationn and simultaneous measurement of the blood How velocity and direction in the 

majorr cerebral arteries of the circle of Willis.- With TCCD the actual presence or absence 

off  collateral flow in the circle of Willi s can be determined. Furthermore, with the help of 

carotidd artery compression tests, the collateral ability of the circle of Willi s can be assessed.2f'-27 

Whenn compared with conventional angiography, TCCD has shown a sensitivity and specificity 

forr the identification of collateral flow via the AcoA of 98% and 100%, and for the PcoA of 

84%% and 94%, respectively.26 Although many anatomic2"4-28"™ and radiological'5'7-''"14 studies 

involvingg the configuration of the circle of Willis, with special emphasis on the integrity of the 

collaterall  vessels, have been published, data on the hemodynamic potential of the circle of 

Willi ss are largely lacking. 

Outlin ee of the Thesis 
Thee main objectives of this thesis are: 

II  To determine the possibilities of TCCD to examine the hemodynamics in the circle of 

Willi ss in a target group of atherosclerotic patients and to provide reference data of the 

cerebrall  circulation 

III  To investigate the collateral function of the circle of Willi s in atherosclerotic patients 

withh TCCD, in order to determine: 

 the range of functional collateral variations in the circle of Willi s 

 the influence o f non functional collaterals on hemispherical perfusion during carotid 

occlusion n 

 the arterial threshold diameter allowing for cross-flow through the collaterals of 

thee circle of Willi s 

II II  To determine if MR angiography is able to identify functional collaterals in the circle 

off  Willi s 

IVV To determine if nonfunctional anterior and posterior collateral pathways in the circle 

off  Willi s are a risk factor for ischemic stroke. 
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Thesee objectives were achieved by studying three cohorts of subjects: 

1.. Patients with peripheral arterial occlusive disease who did not have symptoms of 

cerebrovascularr disease. These patients were recruited from the vascular surgical w ard 

orr the vascular outpatient clinic of the Academic Medical Center in Amsterdam 

2.. Patients with clinical signs of ischemic stroke admitted to the Stroke Unit of the 

Departmentt of Neurology of the Debrecen University Medical School in Hungary 

3.. Healthy persons, recruited via a local Dutch newspaper. 

ChapterChapter 2 

Inn this chapter a short overview is presented of the potential role of transcranial ultrasound in 

patientss with carotid artery disease. The TCCD technique of scanning the circle of Willi s and 

thee assessment of its collateral function with carotid compression tests is thoroughly discussed. 

ChapterChapter 3 

Ass clinically important cerebrovascular disease is mainly found in elderly atherosclerotic 

patients,, TCCD may well have the highest potential diagnostic benefits in such patients. An 

importantt limitation of transcranial ultrasonography is its heavy dependence on the acoustic 

propertyy of the temporal bone, which worsens with ageing, notably in women.35"40 In this 

chapter,, the success rate of TCCD regarding visualization of the basal cerebral arteries of 

thee circle of Willi s in atherosclerotic vascular patients older than 60 years without symptoms 

off  cerebrovascular disease is described. Additionally, reference data are provided, and any 

possiblee male/female differences are compared. 

ChapterChapter 4 

Inn the literature, data on the collateral configuration of the circle of Willi s in subjects without 

cerebrovascularr disease has been gathered by means of postmortem examinations428"30 or, 

moree recently, by MR angiography studies.3'"33 However, assessment of the true collateral 

potentiall  of the circle of Willi s requires the use of carotid artery compression tests to simulate 

carotidd occlusion. In this chapter, the range of collateral variations in the circle of Willi s as 

determinedd by TCCD and carotid compression tests in atherosclerotic subjects without 

cerebrovascularr symptoms is reported. 

ChapterChapter 5 

Deviationss of the 'normal' Willisian polygon, interfering with adequate collateral function, 

aree frequently found. Various authors have shown through anatomical studies of normal 
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brainss that a typical polygon configuration occurs in only 20% to 50% of individuals.4"941 

Inn this chapter, the influence of a functionally incomplete circle of Willi s on hemispherical 

perfusionn during carotid occlusion is described. The study population consisted of 

atheroscleroticc vascular patients without hemodynamically significant extracranial arterial 

occlusivee disease. Carotid occlusion is simulated by means of carotid artery compression. 

Simultaneouss with carotid compression the flow velocity change in the middle cerebral 

arteryy is recorded. To assess the influence of nonfunctional anterior and/or posterior collateral 

pathwayss on hemispherical perfusion during carotid occlusion, the velocity decrease in the 

middlee cerebral artery resulting from carotid compression is compared between functionally 

completee and incomplete circles of Willi s in a group of atherosclerotic vascular patients 

withoutt symptoms of cerebrovascular disease. 

ChapterChapter 6 

UpUp to now, a threshold of 1.0 mm to detlne hypoplasia or inadequacy of intracranial collateral 

vesselss has been widely used in anatomic studies.4-2yJ"-4:~46 In a minority of studies was a 

thresholdd of 0.5 mm used to define hypoplasia of collateral arteries.2 47 However, the arbitrary 

diameterss of 0.5 or 1.0 mm have never been discussed in terms of functional significance. In 

thiss chapter the results of a study are described, which was performed to assess the collateral 

arteryy threshold diameter for supplying collateral flow through the circle of Willis. This 

studyy is part of a larger study performed to assess the collateral function of the circle of 

Willi ss in acute stroke patients. Patients in this larger study who died, were dissected. The 

diameterss of the arteries making up the circle of Willi s were measured and this data was 

comparedd with the premortem TCCD data. 

ChapterChapter 7 

MRR angiography is an attractive, noninvasive technique to assess the anatomy of the circle of 

Willis.-""  However, it is not clear whether opacification of intracranial collaterals on conventional 

angiogramss or MR angiograms proves that they can act as functional collaterals when carotid 

arteriess become stenotic or occluded. The aim of the study described in this chapter is to assess 

whetherr MR angiography is able to identify functional intracranial collaterals. MR angiography 

off  the circle of Willi s in healthy subjects is performed and the results are compared with 

TCCDD combined with carotid compression tests, which is considered the standard of reference 

forr the assessment of the collateral function of the circle of Willis. 
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ChapterChapter 8 

Dataa on the actual collateral function of the circle of Willi s in ischemic stroke patients are 

largelyy lacking. The distribution of functionally complete and incomplete circles of Willi s in a 

populationn of patients with ischemic stroke is unknown. In this chapter, the collateral function 

off  the circle of Willi s in patients with an acute ischemic stroke, with and without severe 

occlusivee disease of the internal carotid arteries, is described. The relation between deficient 

collaterall  flow via the circle of Willi s and ischemic stroke in case of severe carotid artery 

occlusivee disease, defined as >70% stenosis or occlusion, is investigated. This is achieved by 

performingg a case-control study, in which the collateral function of the circle of Willi s in 

patientss with acute ischemic stroke (the Debrecen cohort) is compared with the collateral 

functionn of the circle of Willi s in atherosclerotic vascular patients without ischemic stroke 

(thee Amsterdam cohort). 
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Introductio n n 
Overr the past decades much attention has been paid to the intrinsic characteristics of carotid 

lesionss which contribute to the risk of cerebral ischemia and consequent neurological deficits. 

Plaquee morphology and luminal diameter reduction as risk factors for thromboembolic and 

hemodynamicc causes of cerebral ischemia have been thoroughly investigated. Although it 

hass become clear that in patients with symptomatic high-grade carotid artery stenoses carotid 

endarterectomyy (CEA) is superior to medical therapy':, there is still much debate whether 

symptomaticc patients with a lesser degree of stenosis or asymptomatic patients with high-

gradee stenoses might also profit from CEA. In the ongoing search for optimal treatment of 

carotidd artery occlusive disease it is recognized that aside from the severity of the carotid 

lesionn other factors, such as the cerebral hemodynamic state, may have a significant influence 

onn clinical outcome as well. Increasing evidence has been generated on the important role 

off  collateral blood flow and cerebrovascular reserve capacity in protecting the endangered 

hemispheree against ischemia. 

Nowadays,, duplex scanning of diseased vessels is common practice in vascular laboratories 

alll  over the world. For a long time, however, the intact skull remained a severe obstacle to 

measuringg blood flow velocities in the basal cerebral arteries. Conventional Doppler 

instrumentss operating in the range from 5- to 10-MHz are unable to penetrate the skull, 

becausee the ultrasound wave is strongly attenuated by bone. It was not until 1982 when 

Aaslidd et al for the first time succeeded in obtaining backscattered Doppler signals from the 

basall  cerebral arteries.3 This result was achieved using a Doppler instrument emitting a 

frequencyy wave of 2-MHz. Operating at this frequency, attenuation of the ultrasound wave 

inn bone and soft tissue is considerably reduced. The thin temporal bone appeared to be a 

satisfactoryy 'acoustic window' for the identification of the anterior, middle and posterior 

cerebrall  arteries according to depth, direction and velocity of the Doppler signal recorded. 

Inn 1990, Bogdahn et al first reported on real-time transcranial color-coded duplex 

ultrasonography.44 Color-coding of the Doppler signal permits visualization of blood flow7 

andd direction and allows direct identification of the basal cerebral arteries within the black-

and-whitee B-mode image of the brain parenchyma. 

Cerebrall  hemodynamics and stroke risk assessment 
Afterr the publications of studies on the benefits of CEA for symptomatic high-grade carotid 

arteryy stenosis as opposed to medical treatment only, the longing for a well-designed treatment 

algorithmm of asymptomatic carotid artery disease has become even more intense. Over the 
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yearss several randomized clinical trials on CEA for asymptomatic carotid artery stenosis 

havee been performed.5"7 In the Asymptomatic Carotid Atherosclerosis Study (ACAS) the 

five-yearfive-year cumulative stroke risk in patients randomized to surgery was 5.1% {including 

perioperativee stroke and death) compared with 11% in the medical group. If all patients 

whoo underwent surgery had received arteriography as part of the surgical treatment, the 

absolutee risk reduction would have been from 11% to 5.6%.7 Thus, to prevent one stroke 

overr 5 years about 16-19 CEAs have to be performed. By identifying patient subsets at 

higherr risk of stroke this ratio wil l decrease and cost effectiveness of CEA can be imnroved. 

Nott only the severity of a carotid artery stenosis is a risk factor for developing neurological 

deficits.. There is considerable evidence that intracerebral hemodynamics play an important 

rolee as well. Although the predominant mechanism of stroke is considered to be of 

thromboembolicc origin, a subset of patients with severe extracranial occlusive disease exists 

whoo suffer from strokes due to the inability of their cerebral hemodynamic system to 

counteractt reduced cerebral blood flow. There are indications that patients with progressive 

carotidd artery disease and an incomplete circle of Willi s and/or an exhausted cerebral 

autoregulation,, have an increased risk of stroke.8 Deviations of the 'normal' Willisian polygon 

aree not rare. Anatomical studies of normal brains have revealed that a typical polygon 

configurationn is present in only 20-50% of the population (Figure 1). The anomalies most 

frequentlyy found were hypoplasia of one or more of the component vessels and persistence 

off  the embryonic origin of the posterior cerebral artery from the internal carotid artery.*5 The 

associationn of Willisian polygon anomalies with cerebral infarcts has already been assumed 

severall  decades ago, when it was demonstrated that deviations in the circle of Willi s were 

presentt more frequently in infarcted brains than in normal brains."1 More recently it was 

shownn that hypoplastic or absent ipsilateral posterior communicating arteries are a risk 

factorr for ischemic cerebral infarction in patients with internal carotid artery occlusion." In 

anotherr study patients with uni and bilateral internal carotid artery occlusions were 

investigatedd with conventional transcranial Doppler ultrasonography and CO, reactivity 

measurements.. Cerebral vasomotor reactivity was lowest and low-flow infarctions were 

mostt frequent in those patients whose collateral hemispheric blood supply was from the 

ophthalmicc artery alone as opposed to patients with a complete or nearly complete circle of 

Willis 1-.. From the foregoing studies it became clear that there is a strong pathophysiological 

relationn between the severity of internal carotid artery stenosis, the integrity of the circle of 

Willis ,, the cerebral vasomotor reactivity and the neurological status of the patient. 
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Thee potential role of transcranial ultrasound techniques 
Duringg the last fifteen years transcranial examination with ultrasound has become a useful 

tooll  in clinical and experimental settings, due to its effectiveness in assessing cerebral blood 

Howw and cerebral hemodynamics. Especially in the field of carotid artery disease and carotid 

surgeryy a variety of clinical applications has been found. In patients with hemodynamically 

significantt carotid artery stenosis it can provide information about additional factors on 

clinicall  outcome, such as the functional integrity of the circle of Willis, the cerebral reserve 

capacityy or the presence of intracranial arterial stenosis. 

Anteriorr communicating artery 

Anteriorr cerebral artery 

Ophthalmicc artery 

Internall carotid artery 

Middlee cerebral artery 

Posteriorr communicating artery 

Posteriorr cerebral artery 

Superiorr cerebellar artery 

Basilarr artery 

Figuree 1. Typical normal polygon configuration of the circle of Willis. AI, precommunicating part of the 
anteriorr cerebral artery; PI and P2, pre and postcommunicattng parts of the posterior cerebral artery. 

Continuouss monitoring of the cerebral circulation during CEA is another important clinical 

application,, which will possibly lead to a better understanding of the relation between cerebral 

bloodd flow changes and brain function. The addition of transcranial ultrasound techniques 

iss expected to produce further information on the clinical relevance of microemboli and to 

helpp developing better criteria for the use of a shunt. It is anticipated that transcranial 

ultrasoundd techniques can help neurologists and vascular surgeons in distinguishing which 
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patientss with carotid artery lesions are really stroke-prone, so that in the future surgical 

therapy,, especially when performed for prophylactic reasons, will be offered only to those 

patientss who will maximally benefit from it. 

Thee development of transcranial color-coded duplex scanning is a further move in the 

rightt direction to improve accurate assessment of cerebral blood flow as conventional 

transcraniall  Doppler techniques lack the possibility of direct imaging of the blood vessels. 

Advantagess of transcranial color-coded duplex scanning over 
conventionall  transcranial Doppler  ultrasonography 
Visualizationn of arteries 

Thee use of a transcranial color-coded duplex scanner is not yet applied worldwide. Therefore, 

aa considerable amount of clinical and experimental neurovascular imaging is still performed 

withh conventional Doppler techniques. Broad application of transcranial color-coded duplex 

scanning,, however, wil l just be a matter of time when its advantages become better known. 

Conventionall  transcranial Doppler, for the identi fication of the basal cerebral arteries solely 

reliess on the spatial relations between and the flow direction within them. Because transcranial 

color-codedd duplex scanning directly visualizes the cerebral arteries as opposed to the 'blind' 

identificationidentification of conventional Doppler, it enables correct vessel identification, especially 

whenn interpretation is difficult. This is the case if there are anatomical anomalies in the 

circlee of Willis, for example a tortuous course of the basal cerebral arteries, or if collateral 

floww is present. Furthermore, one can imagine that spatial relations between vessels change 

whenn intracranial pathology is present and that blind identification can become rather 

unreliablee in such cases. With transcranial color-coded duplex scanning exact localization 

off  the sample volume within the course of a basal cerebral artery is possible. In this manner, 

directt information concerning flow disturbances due to for example intracranial stenosis or 

vasospasmm (a complication seen with subarachnoid hemorrhage) can be obtained. 

Anglee correction 

Inn studying cerebral hemodynamics, which often implies comparison of data between 

individuals,, blood flow velocities must be determined as precisely as possible. In 1982 

Aaslidd et al already identified the problem that the angle between the intracranial arteries 

andd the ultrasound beam is unknown/1 They assumed that the angle between the ultrasound 

beamm and the direction of the blood flow in the intracranial arteries was sharp, so that 

accuratee determination of blood flow velocities was possible. The maximum error of the 
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velocityy measurement is less than 15% if the angle of insonation ranges between 0° and 30Q, 

ass its cosine will vary between 1 and 0.86. However, recent data of blood flow velocity 

measurementss with transcranial color-coded duplex scanning showed that the angle of 

insonationn is much greater and more variable than has currently been assumed. The 

measurementt of angle-corrected blood flow velocities is an important additional feature of 

transcraniall  color-coded duplex scanning and enables estimation of blood flow velocities 

thatt are closer to the 'true1 values than those obtained with conventional Doppler. Depending 

onn the magnitude of the mean angle of insonation, the difference in velocities between 

conventionall  transcranial Doppler and transcranial color-coded duplex scanning can be as 

greatt as 30% in favor of the latter.1' 

Examinationn technique 
Generall  considerations 

Bloodd flow velocities in the basal cerebral arteries are directly influenced by the partial 

carbonn dioxide pressure (pCO,). Carbon dioxide (CO )̂ is a potent vasodilator of the cerebral 

precapillariess and hypercapnia results in a marked increase of cerebral blood flow. In order 

too avoid major fluctuations in pCO,, patients are examined in a supine and comfortable 

position.. Before transcranial investigation is started, complete routine duplex examination 

off  the extracranial carotid and vertebral arteries is performed to detect and grade stenoses of 

thee cerebropetal vessels. With this knowledge, asymmetry in flow velocities can be explained 

andd the presence of functional collaterals can be anticipated. 

Acousticc windows 

Transcraniall  investigation is performed with low-frequency (2.0-MHz to 2.5-MHz) 

transducers,, which emit high output energies to achieve the tissue penetration that is needed 

too insonate the deep-set basal cerebral arteries. The technique makes use of relatively thin 

areass of the skull or natural foramina, which can be penetrated with ultrasound. These are 

thee so-called acoustic windows. Usually three acoustic windows are recognized: the 

transtemporall  window, the suboccipital window and the transorbital window. The 

tramtemporaltramtemporal window (Figures 2 and 3) is situated above the zygomatic arch immediately 

anteriorr and slightly superior to the tragus of the ear conch. This window is used to insonate 

thee middle cerebral artery, the anterior cerebral artery and sometimes the distal-most segment 

off  the internal carotid artery. When the probe is placed slightly dorsal the posterior cerebral 

arteryy can be insonated. Placing the probe between the squama ossis occipitalis and the 
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Figuree 2. Insonation through the right 
temporall  bone window. 
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Figuree 3. Intracranial B-mode image 
fromm the right temporal bone window 
withh color-coding of the basal cerebral 
arteries,, showing the anterior and 
posteriorr part of the circle of Willis . 
Redd indicates flow towards the probe 
andd blue indicates flow away from the 
probe.. The typical butterfly 
configurationn of the mesencephalic 
brainn stem is encircled. AC A, anterior 
cerebrall  artery; MCA, middle cerebral 
artery;; PC A. posterior cerebral artery; 
PI,, precommunicating part of posterior 
cerebrall  artery; P2, postcommunicating 
partt of posterior cerebral artery. 

Figuree 4. Insonation through the 
suboccipitall  window. 
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Figuree 5. Intracranial B-mode image 
fromm the suboccipital window with 
color-codingg of the intracranial 
vertebrobasilarr arteries. VA, vertebral 
arterj:: BA; basilar artery. 

spinouss process of the first cervical vertebra approaches the suboccipital window (Figures 

44 and 5), so that the ultrasound beam can be directed through the foramen magnum. In this 

way,, the intracranial parts of both vertebral arteries and the basilar artery can be insonated. 

Placingg the probe over the eyeball and directing the signal through the supra or infraorbital 

fissuree or the optic canal uses the transorbital window. This route is used mostly for the 

studyy of flow in the ophthalmic artery, but the carotid siphon and the precommunicating 

partt of the contralateral anterior cerebral artery can be insonated as well. 

Examinationn of the basal cerebral arteries is considered adequate if the vessel of interest 

cann be visualized with color-flow and a representative Doppler signal can be obtained for 

thee calculation of peak-systolic, mean and end-diastolic velocities and the pulsatility index 

(figuree 6). 

Figuree 6. Transtemporal insonation of 
thee right middle cerebral artery and 
Dopplerr spectrum showing the peak-
systolicc velocity (S), end-diastolic 
velocityy (D), mean velocity (MN) and 
thee pulsatility index I PI i. 
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Limitation ss of transcranial examination with ultrasound 
Onee of the main shortcomings of examining cerebral arteries with ultrasound is the increased 

energyy loss in the skull and consequent reduced acoustic quality of the temporal bone in 

blackk people and older people, especially older women. This results in the absence of suitable 

acousticc windows in a considerable number of patients. Martin et al reported absence of 

suitablee temporal windows in normal volunteers in 1% of 47 subjects aged 20-39 years, in 

19%% of 36 subjects aged 40-59 years and in 14% of 32 subjects aged 60 years and older.'4 

Thee use of intravenously administered ultrasound contrast agents might nvermme the problem 

off  unsuitable windows and wil l possibly enable visualization of more distal arterial segments, 

althoughh this has still been studied insufficiently. 

Likee conventional transcranial Doppler examination, transcranial color-coded duplex 

scanningg is not an 'easy to learn' ultrasonographic technique. It makes a strong appeal to the 

knowledge,, skill, and experience of the vascular technologist. Furthermore, if visualization 

iss difficult due to suboptimal acoustic windows or anatomical variations, complete 

examinationn of the circle of Willi s is time consuming, which puts the vascular technologist's 

patiencee and stamina to the test. After an intensive learning period, however, most vascular 

technologistss should be able to master the technique. 

Applications s 
Assessmentt of collateral function 

Ass has been previously outlined, there seems to be a strong relation between the severity of 

extracraniall  stenosis, the presence of an incomplete circle of Willis, an exhausted cerebral 

reservee capacity and the neurological status of patients. Furthermore, collateral cerebral 

bloodd flow plays a major role during CEA, as it protects the endangered hemisphere from 

ischemiaa during cross-clamping. Although cerebral angiography is still considered the 'gold-

standard'' for the assessment of collateral cerebral blood flow, it is acknowledged that selective 

cerebrall  angiography can only demonstrate the patency of potential collateral channels and 

doess not measure quantitative flow through them. 

Functionall  patency of the Willisian collaterals, the anterior and posterior communicating 

arteriess (Figure 1), can be assessed accurately with transcranial ultrasound techniques, when 

comparedd with angiography (Table 1). Although in rare cases transcranial color-coded duplex 

scanningg can actually visualize the anterior and posterior communicating arteries, for reliable 

assessmentt of true collateral flow common carotid artery compression must be applied for 

severall  seconds. To avoid a systemic cardiovascular reaction during this manoeuvre, gentle 
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Tablee I. Accuracy of TCDand TCCD in Assessing the Collaterals of the Circle of Willi s in Patients with 
Carotidd Arterv Occlusive Disease. 

Author r Population n 

Lindegaardd et al' 

Mullerr et al16 

Baumgartnerr et al1 

499 patients* 

400 patientsi 

177 patientŝ 

Method d 

TCDD + 
compressionn tests 

TCD^ ^ 
compressionn tests 

TCCDD + 
compressionn tests 

Sensitivityy (%) 

AcoAA 93 
PcoAA 86 

AcoAA 95 
PcoAA 87 

AcoAA 98 
PcoAA 84 

Specificityy (%) 

AcoAA 100 
PcoAA 92 

AcoAA 100 
PcoAA 95 

AcoA100 0 
PcoAA 94 

TCD,, transcranial Doppler ultrasonography; TCCD, transcranial color-coded duplex ultrasonography; 
AcoA,, anterior communicating artery; PcoA, posterior communicating artery, *25 patients with <90% 
ICAA stenosis, 11 patients with 90-99% ICA stenosis, 13 patients with 1CA occlusion, §40 patients with 
ICAA occlusion, J11 7 patients with 70-99% ICA stenosis and occlusions. 

compressionn is applied low in the neck, away from the carotid sinus and only in patients 

withoutt serious common carotid artery pathology as assessed by prior duplex scanning. 

Afterr all, it is not inconceivable that this manoeuvre could lead to iatrogenic embolization, 

whenn serious plaque formation at the site of compression is present. A photoplethysmograph 

mustt be attached to the earlobe on the side of the compressed artery to check the adequacy 

off  compression. 

Collaterall  supply (Table 2) through the anterior communicating artery (AcoA) is indicated 

Tablee 2, Detection of Functionallv Patent Willisian Collaterals. 

AcoA A PcoA A 

NoNo carotid lesion 
Floww reversal in Al during ilec Direct visualization 

Velocityy increase in Al during clcc Velocity increase in PI during ilec 

High-gradeHigh-grade stenosis or carotid occlusion 

Reversedd flow in ipsiiateral Al Direct visualization 
Velocityy decrease in ipsilatera! MCA during clcc Velocity in PI > mean PI velocity +2 SD of age 

andd sex-matched normals 

AcoA,, anterior communicating artery; PcoA, posterior communicating artery; At, precommunicating 
partt of the anterior cerebral artery" PI, precommunicating part of the posterior cerebral artery; MCA, 
middlee cerebral arterv; ilec, ipsiiateral carotid compression; clcc, contralateral carotid compression; SD, 
standardd deviation. 
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Figur ee 7a and b. Schematic drawings of blood flow reversal and How enhancement in the left A1 during 
compressionn of the ipsilateral and contralateral common carotid alter) (expressed by the black square in 
thee drawing) indicating a functionally patent anterior communicating artery. 

firstfirst by reversed blood flow in the precommunicating part of the anterior cerebral artery 

(AA 1) ipsilateral to the compressed common carotid artery, and second by an enhanced blood 

floww velocity in the ipsilateral precommunicating part of the anterior cerebral artery during 

contralaterall  common carotid artery compression (Figures 7-9). If a high-grade stenosis or 

occlusionn of the internal carotid artery is present, collateral supply through the AcoA is 

indicatedd by a reversed high blood flow velocity in the A1 -segment ipsilateral to the stenosed 

internall  carotid artery. This may also become manifest by a prompt reduction of the blood 

Figuree 8. Transcranial color-coded ultrasonogram of the anterior part of the circle of Willi s before (left 
handd picture) and during (right hand picture) ipsilateral carotid compression. Reversal of flow (right 
handd picture) in the ipsilateral Al is demonstrated by the change of color from blue to red. Note the 
aliasingg effect in the contralateral AI and Ml indicating strong!) enhanced blood flow velocities. 
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Figuree 9a. Doppler spectrum showing reversal of How in the ipsilateral Al during carotid compression. 

Figuree 9b. Doppler spectrum showing velocity enhancement in the contralateral Al during carotid 
compression. . 

floww velocity in the middle cerebral artery ipsilateral to the stenosed internal carotid artery 

duringg compression of the contralateral common carotid artery. When none of these 

characteristicc findings are demonstrable, a patent AcoA is excluded. 

Presencee of collateral flow through the posterior communicating artery (PcoA) is 

demonstratedd if the vessel can actually be visualized with color flow. In most cases, however, 

thee PcoA cannot be detected directly and collateral flow through the PcoA is ascertained if 

bloodd flow velocity in the precommunicating part of the posterior cerebral artery (PI) is 

significantlyy enhanced during ipsilateral common carotid artery compression. This velocity 

enhancementt is a result of the pressure gradient between the anterior and posterior circulation 

causedd by the compression manoeuvre (Figures 10-12). 

Figuree 10. Schematic drawing of blood flow 
velocityy enhancement in the precommunicating 
partt (PI) of the right posterior cerebral artery 
duringg ipsilateral common carotid artery 
compression,, indicating a functionally patent 
rightt posterior communicating artery. 
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Figuree 11. Transcranial color-coded ultrasonogram of the posterior part of the circle of Willi s before (left 
handd picture) and during (right hand picture) ipsilateral carotid compression. Reversal of flow (right 
handd picture) in the ipsilateral PcoA is demonstrated by the change of color from blue to red. Note the 
aliasingg effect in the ipsilateral PI indicating a strongly enhanced blood flow velocity. 
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Figuree 12. Doppler spectrum showing 
velocityy enhancement in the PI during 
ipsilaterall  carotid compression. 

AA significant flow increase in the PI-segment during compression is defined as an increase o\' 

moree than 20% from precompression levels, this value being twice as much as expected from 

normall  variation and measurement error. In case of severe obstructive internal carotid artery 

diseasee a functional PcoA is indicated by a peak-systolic velocity in thee ipsilateral PI higher 

thann the mean PI velocity -2 SI) of age- and sex-matched normals.'T Another way to assess 

thee functional patency of the PcoA is to perform compression tests of the vertebral arteries at 

thee mastoidal slope high in the neck. Due to its technical difficulty and unreliability, however, 

wee do not recommend this technique. Moreover this manoeuvre causes discomfort to the 

patient.. Persistence of the embryonic origin of the posterior cerebral artery from the internal 
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carotidd artery can be revealed when blood flow velocity in the posterior cerebral artery strongly 

decreasess during ipsilateral common carotid artery compression. 

Assessmentt of cerebrovascular reserve capacity 

Anotherr parameter for the identification of patients who are at risk for hemodynamic strokes 

iss the detection of a depleted cerebrovascular reserve capacity (C VR). CVR can be defined 

ass the brain's potential ability to compensate for a drop in perfusion pressure due, for example, 

too progressive carotid artery stenosis. The main defense mechanism of the brain in 

counteractingg low-flow states is vasodilatation of the cerebral precapillary arteries. The 

capabilityy of the precapillary vessels to dilate in response to a decrease of cerebral blood 

floww is defined as the cerebral vasomotor reactivity (VMR). The VMR of the precapillary 

arteriess can be measured by assessing the peak-systolic velocity in the middle cerebral 

arteryy with transcranial ultrasound techniques before and after provocation tests with 

acetazolamidee (Diamox) or carbogen gas {a mixture of 95% O, and 5% CO,). The intravenous 

administrationn of acetazolamide or the inhalation of carbogen through an anesthesiologie 

maskk causes dilatation of precapillary arteries and produces a blood flow velocity increase 

inn the middle cerebral artery. In case of maximal dilatation of the precapillary vessels to 

compensatee for a critically reduced cerebral perfusion pressure, the administration of 

vasodilatingg stimuli wil l have no additional effect and no velocity enhancement in the middle 

cerebrall  artery wil l be registered. This reflects an exhausted cerebral reserve capacity and a 

considerablee risk of stroke. Measurement of VMR, which reflects cerebrovascular reserve 

capacity,, helps to identify patients with reduced cerebral perfusion pressure and quantifies 

thee hemodynamic impact of extracranial occlusive lesions of the brain-supplying arteries. It 

hass been reported that low-flow infarctions are significantly associated with a reduced VMR 

inpatientss with high-grade stenosis or occlusion of the internal carotid artery. Patients with 

suchh lesions have a higher rate of future ipsilateral stroke compared to patients with normal 

orr only slightly disturbed vascular reserve.18 Furthermore, the VMR was found to be 

dramaticallyy reduced in patients with symptomatic uni or bilateral internal carotid artery 

occlusionss and incomplete circles of Willis.*- 12 

Detectionn of intracranial stenoses 

Intra-arteriall  angiography still is the gold-standard for detection of intracranial stenoses. 

However,, clinicians are hesitant to apply a potentially dangerous technique for screening 

purposess especially if the incidence of the disease is low. A reliable noninvasive method 

wil ll  therefore be of great help in optimal treatment of patients at risk for developing disabling 
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neurologicall  deficits due to intracranial stenosis. Noninvasive assessment of the intracranial 

arteriess seems particularly clinically relevant if CEA without any preceding angiographic 

evaluationn is performed. This is, because additional neurological events after successful CEA 

mayy be associated with the presence and degree of intracranial stenotic lesions. 

AA lot of research on transcranial color-coded duplex scanning must still be conducted to 

establishh its value in diagnosing intracranial arterial stenosis. It can provide important 

informationn in that respect, as the technique enables visualization and velocity measurements 

off  nlaces where such stenoses are most likelv to occur: the carotid sinhon and the main stem 

off  the middle cerebral artery. However, before ultrasonographic grading of intracranial 

stenosess can be routinely applied, hemodynamic criteria are needed which can be obtained 

fromm comparative studies with cerebral angiography. Nevertheless, false -posit ivity and false-

negativityy are major problems when rigid velocity criteria are used for the diagnosis of 

intracraniall  arterial occlusive disease, as velocities vary with age, sex, cerebral vascular 

resistance,, degree of extracranial occlusive disease, etc. Several factors can lead to an incorrect 

diagnosis.. For example, the erroneous diagnosis of vasospasm as stenosis or the wrong 

interpretationn of high blood flow velocities for stenosis in arteries supplying Willisian 

collateralss or leptomeningeal anastomoses. Because of these typical pitfalls, one must be 

cautiouss with the use of pure velocity data or flow characteristics for the assessment of 

intracraniall  stenoses and occlusions. Conclusive data regarding the detection of intracranial 

occlusivee disease with transcranial color-coded duplex scanning is lacking and therefore 

thee true value of this new technique in this particular diagnostic field remains to be elucidated. 

Conclusion n 
Transcraniall  color-coded duplex scanning is a completely noninvasive technique for accurately 

determiningg cerebral hemodynamics. In contrast with the classic radiological technique of 

intra-arteriall  digital contrast angiography or modem techniques like magnetic resonance 

angiographyy or computed tomographic angiography, transcranial duplex scanning is the only 

techniquee that allows real-time assessment of cerebral hemodynamics. Influences of intra or 

extracraniall  vascular obstructions and influences of exogenous stimuli on cerebral blood flow 

cann be immediately assessed. This cerebral vasculature imaging technique offers considerable 

possibilitiess for clinical and experimental use. In the broad field of carotid surgery, it will 

contributee to a better understanding of pre and postoperative hemodynamic phenomena and it 

iss anticipated that in the future transcranial color-coded duplex scanning may have additional 

valuee in determining which patients will benefit most from carotid endarterectomy. Nevertheless, 
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ass with other new diagnostic tools, to acquire widespread acceptance, transcranial color-coded 

duplexx scanning will have to demonstrate its usefulness in daily clinical practice. To establish 

itss true value, a lot of research still has to be done. 
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Abstract t 
Backgroundd and Purpose 

Clinicallyy important atherosclerotic cerebrovascular disease is mainly found in patients aged 

>600 years. Transcranial color-coded duplex ultrasonography (TCCD) is a relatively new 

techniquee for investigating the basal cerebral arteries; however, it is often hampered by 

impenetrablee ultrasound windows. The aim of this study was to ascertain the as yet unknown 

successs rate of TCCD regarding visualization of the basal cerebral arteries in patients >60 

years,, to provide reference data, and to compare any possible male/female differences. 

Methods s 

Inn 112 atherosclerotic white patients >60 years of age, the anterior, middle, and posterior 

cerebrall  arteries and the vertebral and basilar arteries were insonated. 

Results s 

Inn men, 99% of the temporal and 94% of the suboccipital windows could be penetrated by 

ultrasoundd compared with 77% and 95%, respectively, in women. The male versus female 

vessell  detection rates were 91% versus 58% for the anterior cerebral artery, 97% versus 

73%% for the middle cerebral artery, 97% versus 68% for the posterior cerebral artery, 94% 

versuss 93% for the vertebral artery, and 91% versus 79% for the basilar artery. In 77% of 

menn but only 33% of women could all vascular segments be investigated. All intracranial 

arteriess were insonated at a deeper level in men. The women showed significantly higher 

bloodd flow velocities than the men. 

Conclusions s 

Inn elderly white men the vessel detection rate is >90%. In women there is a much lower 

detectionn rate, due to impenetrable temporal windows. Visualization of all major intracranial 

arteriess is possible in only one third of female patients >60 years of age. 

52 2 



TCCDTCCD in older patients 

Transcraniall  color-coded duplex ultrasonography (TCCD) permits visualization of 

intracraniall  blood vessels and direction of blood flow, which can be used to detect intracranial 

vascularr pathology'4 and to evaluate intracranial collateral flow.5-6 An important limitation 

off  transcranial ultrasonography is its heavy dependence on the acoustic property of the 

temporall  bone, which worsens with ageing, notably in women.712 

Ass clinically important cerebrovascular disease is found mainly in elderly atherosclerotic 

patients,, TCCD may well have the highest potential diagnostic benefits in these patients. 
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off  the basal cerebral arteries of the circle of Willi s (Figure 1) in these patients is largely 

unknown.. Our goal was to assess the success rate of TCCD in the examination of the basal 

cerebrall  arteries in atherosclerotic vascular patients >60 years of age. A set of reference data 

off  blood flow velocities for this particular patient group is provided, and differences between 

menn and women are analyzed with respect to the success rate of visualization, insonation 

depths,, and blood flow velocities. 

Anterior r 
cerebral l 

artery y 

Middle e 
cerebral l 

artery y 

Superior r 
cerebellar r 

artery y 

Vertebral l 
artery y 

"Ant.. communicating artery 
'Ophthalmicc artery 

Figur ee 1. Typical normal polygon 

configurationn of the circle of Willis . 
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Subjectss and Methods 
Subjects s 
TCCDD was introduced to our vascular laboratory in 1995. To become familiar with this 

technique,, a vascular technologist with wide experience in duplex scanning of peripheral 

vascularr arteries who was also skilled in conventional transcranial Doppler investigation 

techniquess first examined the basal cerebral circulation in 25 volunteers. After this period 

off  learning, the study proper began. Patients aged >60 years, all suffering from atherosclerotic 

vascularr disease, were recruited from the vascular surgical wards or the vascular outpatient 

clinic.. All subjects included were of Caucasian descent. Patients with a history of transient 

ischemicc attacks or stroke were not included, because this could have influenced local 

functionall  anatomy and blood flow velocities in the basal cerebral arteries. All patients 

underwentt routine duplex examination of the extracranial brain-supplying arteries before 

transcraniall  investigation. 

Technique e 

TCCDD was performed with a 2.0- to 2.5-MHz phased-array probe (Hewlett-Packard Sonos 

2000).. Examinations of the main trunk of the middle cerebral artery (M1), the precommunicating 

partt of the anterior cerebral artery (Al) , the precommunicating part of the posterior cerebral 

arteryy (PI), and the postcommunicating part of the posterior cerebral artery (P2) through the 

temporall  window (Figure 2) and of the vertebral arteries (VAs) and basilar artery (B A) through 

thee suboccipital window (Figure 3) were performed in a standard manner, details of which are 

reportedd elsewhere.m5 Although in case of unilateral temporal window failure it is sometimes 

possiblee to insonate the M1, A1 and PI through the contralateral temporal window, this was 

nott attempted. Common carotid artery compression tests to assess the physiological presence 

off  the anterior and posterior communicating arteries were not performed. 

Bloodd flow velocity measurements were taken with the sample volume set as narrowly as 

possiblee and with the vector of the cursor positioned in the center of the bloodstream, parallel 

too the vessel axis. The angle of insonation was always <60°. An examination was considered 

adequatee if the designated vessel could be visualized by color flow and a representative 

Dopplerr signal could be obtained on spectral analysis for the calculation of the peak-systolic 

velocityy (PSV), mean velocity (MV), end-diastolic velocity (EDV), and the pulsatility index 

(PI).. The mean blood flow velocity is defined as the time-averaged maximum velocity 

duringg the cardiac cycle computed from the envelope of the Doppler spectrum. The PI is 

definedd as (PSV-EDV)/MV. To avoid the influence of stenosis of the extracranial brain-

supplyingg arteries on intracranial blood flow velocities, velocity data of patients with stenoses 
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off  >50% or occlusions of the internal carotid and/or vertebral arteries were not included in 

thee analysis. The origins of the extracranial VAs were not routinely examined. 

Figur ee 2. Transcranial color-coded 
ultrasonogramm of the circle of Willis . 
Leftt temporal window, axial scanning 
planee at the level of the 
mesencephalon.. Ipsilateral Ml and PI 
(red)) and A i (blue) are shown. The 
contralaterall  Ml and PI (blue) and A1 
(red)) are also shown. 

Figur ee 3. Transcranial color-coded 
ultrasonogramm of the vertebrobasilar 
arteriess using the suboccipital 
window.. Typical Y sign, with both 
VAss in the upper part and the basilar 
arteryy in the lower part. The foramen 
magnumm is circled. Vert indicates 
vertebrall  artery; Bas, basilar artery. 

Statisticall  analysis 

StatisticalStatistical Package for the Social Sciences (SPSS 8.0; SPSS Inc) for Windows was used to 

analyzee the results of the study. Comparison of the differing rates of arterial segment detection 

betweenn the male and female groups was carried out using the#2 test. Blood flow velocity 

inn the cerebral arteries was found to be normally distributed and is therefore expressed as 

meann . Mean insonation depths and their ranges were also calculated. Comparison of 

velocityy data and insonation depth was performed using nonpaired / tests. Significance was 

assumedd at the 5% level. 
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Results s 
TCCDD was performed on 112 patients, 70 men and 42 women. The mean age of the male 

patientss was 70 years (range, 61 to 89 years) and of the female patients 71 years (range, 61 

too 93 years). A striking difference was found in temporal window failure between male and 

femalee patients (Table 1). In the female patient group, 23% of the temporal windows were 

impenetrablee (no signal from any of the intracranial arteries could be picked up), whereas 

onlyy 1 % of the temporal windows in men could not be penetrated by ultrasound. Suboccipital 

windoww failure was more equally distributed among men and women (6% versus 5%, 

respectively).. Only 40% of female subjects as opposed to 83% of male subjects had adequate 

bilaterall  temporal windows through which both the anterior (A 1 and M1) and the posterior 

circulationn (PI and P2) could be entirely visualized. 

Tablee 1. Window lnsonation. 

Temporall  windows 
Adequate e 
Bilaterall  adequate 
Impenetrable e 

Suboccipitall  windows 
Adequate e 
Impenetrable e 
Al l l 

Malee Patients 
(n=70) ) 

90% % 
83% % 

1% % 

91% % 
6% % 

77% % 

Femalee Patients 
(n=42) ) 

51% % 
40% % 
23%. . 

79% % 
5% 5% 
33% % 

P P 

<0.001 1 
<0.001 1 
<0.001 1 

NS S 
NS S 

<0.001 1 

"Adequate""  indicates successful insonation of all arterial segments; 'impenetrable" indicates complete 
absencee of arterial Doppler signals. "All " indicates the total of II intracranial vascular segments that 
couldd be insonated in each patient. 

Inn addition, even in the female subjects with echolucent temporal windows, vessel detection 

wass sometimes difficult and Doppler signals were often weak. When individual patients are 

considered,, successful insonation of all major intracranial vascular segments was possible 

inn 77% of men but in only 33% of women. In women, the ability to penetrate the temporal 

windoww worsened with increasing age. Window failure in the 60- to 75-year age group was 

13%,, whereas window failure in the >75-year age group was 46% (P=0.001). Examination 

off  the A1 and P2 was notably unsuccessful in the female group (Table 2). Examination of 

thee VA was equally successful in both men and women. Insonation of the BA, however, was 

lesss successful in women, although the difference was not statistically significant (F=0.053). 

Al ll  intracranial arteries were insonated at a deeper level in the cranium in men than in 
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womenn (Table 2). The vertebrobasilar arteries in particular were insonated at a deeper level 

inn men, which is presumably a reflection of the larger size of the male neck. As a consequence 

off  impenetrable bone windows and because of the exclusion of patients with significant 

carotidd and/or vertebrobasilar stenosis, the velocity data of 72 patients (46 men and 26 

women)) remained to be analyzed. Overall arterial blood flow velocity was not found to be 

significantlyy higher in either the left or the right cerebral hemisphere. Therefore, to investigate 

labiee 2. insonation Depths, Velocity Data and Success of insonation oi the Basal Cerebral Arteries 
Accordingg to Gender. 

Insonationn Depth, cm Velocity, cm/s 
[Successs of Insonation, %] 

Menn Women Arteryy Men 

All  6.6(4.6-8.0) 

[91%] ] 

Mll  5.2(4.2-6.5) 

[97%] ] 

PII  6.6(5.7-7.5) 

[97%] ] 

P22 6.1 (5.3-7.3) 

[96%] ] 

VAA 6.3 (4.5-9.2) 

[94%] ] 

Women n 

6.44 (4.7-7.5) 

[58%] ] 

5.0(4.1-5.8) ) 

[73%] ] 

6.33 (5.3-7.3) 

[68%] ] 

5.77 (4.2-6.6) 

[63%] ] 

5.88 (4.4-7.2) 

[93%] ] 

P P 

0.02 2 

0.001 1 

<0.001 1 

<0.001 1 

<0.001 1 

PSV V 
EDV V 
MV V 
PI I 

PSV V 
EDV V 
MV V 
PI I 

PSV V 
EDV V 
MV V 
PI I 

PSV V 
EDV V 
MV V 
PI I 

PSV V 
EDV V 
MV V 
PI I 

82(29-135)) 98(49-146) 0.006 
311 (14-49) 36(20-53) 0.007 
49(22-77)) 60(32-87) 0.001 

1.011 (0.56-1.47) 1.03 (0.65-1.40) NS 

95(46-144)) 108(67-149) 0.01 
35(16-54)) 39(20-58) 0.03 
577 (29-84) 63 (39-88) 0.02 

1.06(0.61-1.51)) 1.09(0.63-1.55) NS 

62(20-103)) 76(27-126) 0.002 
23(8-39)) 28(15-42) 0.001 
37(14-60)) 46(21-71) 0.001 

1.03(0.55-1.52)) 1.02(0.64-1.40) NS 

65(26-105)) 68(29-107) NS 
24(10-39)) 25(12-38) NS 
39(17-62)) 41 (19-62) NS 

1.055 (0.62-1.47) 1.04 (0.59-1.49) NS 

52(13-91)) 59(18-99) 0.05 
19(4-33)) 22(5-39) 0.02 
311 (8-54) 37(11-63) 0.008 

1.08(0.65-1.50)) 1.04(0.54-1.54) NS 

BAA 8.3(6.9-10.0) 7.8(6.6-10.0) 0.003 PSV 56(16-96) 67(28-106) 0.04 
EDVV 20(4-36) 25(10-40) 0.03 

[91%]] [79%] MV 34(10-57) 42(18-65) 0.01 
PII  1.07 (0.64-1.49) 1.03 (0.56-1.51) NS 

Depthss are given as mean values with ranges; velocities and Pis are shown as mean . 
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thee influence of gender on blood flow velocity in the basal cerebral arteries, the results from 

thee left- and right-side studies were combined and averaged. Blood flow velocity was higher 

inn the anterior (A1, M1) than in the posterior (VA, BA, P1, P2) cerebral circulation, and the 

velocityy in women was significantly higher than that in men, with the exception of the P2. 

Thee Pis did not significantly differ between men and women (Table 2). 

Tablee 3. Identified Intracranial Arteries in Current and Previous Studies. 

Study y 

Martinn et al17 

Baumgartnerr et al l!f 

Currentt study 

Gender r 

M,, F 
M M 
F F 
M M 
F F 

n n 

32 2 
16 6 
17 7 
70 0 
42 2 

A l l 

66 6 
60 0 
58 8 
91 1 
58 8 

Arteries,, % 

M l l 

83 3 
67 7 
66 6 
97 7 
73 3 

PI PI 

84 4 

— — 
— — 
97 7 
68 8 

P2 2 

55 5 
83 3 
68 8 
96 6 
63 3 

VA A 

98 8 
100 0 
100 0 
94 4 
93 3 

BA A 

94 4 
89 9 
95 5 
91 1 
79 9 

Discussion n 
Thiss study shows TCCD to be very successful in identifying the basal cerebral arteries in 

elderlyy men. In contrast, examinations in elderly women are considerably hindered by 

unsuitablee temporal windows. In a survey reviewing conventional transcranial Doppler results 

fromm 60 laboratories in the United States, percentages for failure to access the temporal 

windoww ranged between 0% and 65% (mean 16%).,() Limited data on vessel detection in 

elderlyy subjects using the more advanced TCCD device have been published. Only 2 other 

TCCDD studies report on window failure in patients older than 60 years. Martin et al17 found 

99 inadequate temporal windows (14%) in 32 healthy volunteers, but no details were given 

aboutt the number of arterial segments imaged in each sex. Identification rates ranged from 

55%% for the P2 to 98% for the intracranial VAs. Baumgartner et all s showed that the detection 

ratee of cerebral arteries decreased in old age, but they did not find a large difference between 

menn and women, probably because of small patient numbers (Table 3). 

Becausee patients with transient ischemic attack or stroke were not included in this study, 

wee do not think that insonation failure was caused by occlusion of intracranial vessels. The 

mostt probable explanation for temporal window failure is hyperostosis of the temporal 

bone,, which is influenced by age, gender, and race.7 9iy A likely explanation for not obtaining 

signalss despite a penetrable acoustic w indow is severe hypoplasia or aplasia of basal cerebral 

arteries,, which is not uncommon?1'- Aplasia of the Ml or BA is extremely rare, but aplasia 
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orr hypoplasia of the Al or VA, for example, is found in 1% to 4% and 5% of subjects, 

respectively.. 2'-:4 In the male patients we studied, this might explain the slightly worse 

detectionn rate of the A1 compared with the M1, PI, or P2. 

Thee suboccipital window- was found to be unsuitable in 6% of men and 5% of women in 

thiss study. Marinoni et alt : used conventional transcranial Doppler on 624 patients and 

foundd an 11.2% and 5.7% absence of suboccipital windows in men and women, respectively. 

Theyy attributed this difference to the increased attenuation of the ultrasound beam caused 

^^  j « ' *  ***»^w i « n u n i i w i v w * t v i i w u i u I^J . j.AAt+ Jivj + A H U H J j t i + v i j f , u v i v v n u i i VJJ L I I V TV u ï ï U J v u u u n y 

successful,, but the identification rate of the basilar artery was lower in women than in men. 

Wee assume that this difference is caused by short, stiff, arthrotic necks in elderly women, 

preventingg adequate flexion of the head needed to insonate the deep-set basilar artery. Another 

reasonn could be the smaller cross-sectional area of the foramen magnum in females.25 

Littl ee has been published about cerebral blood flow velocities in elderly atherosclerotic 

subjectss with no neurological deficits. On comparison with TCCD1718 and conventional 

transcraniall  Doppler studies2*'29 in healthy volunteers of the same age, we found blood flow 

velocitiess to be 10 to 20% higher. Owing to the precise positioning of the sample volume 

andd assessment of the angle of insonation, TCCD provides velocity values that are closer to 

thee true values than those derived with conventional transcranial Doppler/0 ^ Vascular 

narrowingg of the cerebral arteries due to general atherosclerosis in our patients might also 

explainn why we found higher velocities than those in the comparable studies of Martin et al'7 

andd Baumgartner et al.1B Another reason might be compensatory vasodilatation of the brain 

tissuee as a pathophysiological mechanism in atherosclerotic patients. Finally, technical 

differencess between the ultrasound devices and their instrumentation should also be mentioned 

ass a possible factor. The large SDs in thee mean intracranial blood flow velocities found in this 

studyy and by other researchers17 ls-26-:9 show that a broad range of velocities can still be 

consideredd normal (Table 2). This is important for all investigators of cerebral hemodynamics 

andd especially for those who use velocity criteria for the definition of intracranial arterial 

stenosess or detection of collateral flow. Interindividually different diameters of the basal cerebral 

arteries-44 are probably the most important cause of the broad range of velocities, because flow 

velocityy is inversely related to vessel diameter. Another cause is the inverse association between 

velocityy and both hematocrit and fibrinogen concentrations, which explains 29% of the variance 

inn mean velocity.21*  Most transcranial ultrasound studies in healthy volunteers report higher 

velocitiess in women than in men.17-18-28--15"" However, Martin et al17 and Vriens et al2*  reported 

thatt this difference disappeared in elderly subjects. 
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Inn summary, our data show that in white men >60 years of age, TCCD is very successful, 

withh vessel identification rates exceeding 90%. In white women of the same age there is a 

muchh higher failure rate, due to impenetrable temporal windows. Visualization of all major 

intracraniall  vascular segments is possible in only one third of women >60 years. Investigators 

off  cerebral hemodynamics have to take into account that in subjects without cerebrovascular 

diseasee a broad range of intracranial blood How velocities exists and that intracranial blood 

floww velocities are higher in women than in men. One answer to the problem of impenetrable 

temporall  windows might be provided by ultrasound contrast-enhancing agents.u'4i) The use 

off  these relatively expensive agents, however, is of limited value in elderly men, because 

thee vessel detection success rate in this group is already >90%. 
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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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cerebra a 
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Figuree 1. Typical normal polygon 

configurationn o f the circle o f Wil l is. M l 
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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. 
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Abstract t 
Objectives s 
Too investigate the collateral potential of the circle of Willi s with transcranial colour-coded 

duplexx ultrasonography and common carotid artery (CCA) compression. 

Materialss and methods 

Inn 46 atherosclerotic patients without cerebrovascular disease, the functional patency of the 

collateralss of the circle of Willis, the anterior and posterior communicating arteries, was 

assessed.. The Peak-Systolic Velocity (PSV) decrease in the middle cerebral artery (MCA) 

duringg CCA compression between complete and incomplete circles was compared. 

Results s 

Inn 10 (22%) patients a complete and in 36 (78%) patients an incomplete circle of Willi s was 

found,, mainly due to nonfunctioning posterior communicating arteries. In hemispheres with 

collaterall  supply through both the anterior and the posterior communicating artery, the median 

PSVV decrease in thee MCA during CCA compression was 43%. When the posterior, anterior 

orr both communicating arteries (1 hemisphere) were missing the PSV decrease was 58% 

(P=0.003),, 70% (P=0.001) and 75%, respectively. 

Conclusions s 

Collaterall  flow from the basilar to the carotid territory is often hampered by nonfunctioning 

posteriorr communicating arteries. A nonfunctioning anterior communicating artery is rare. 

AA complete collateral circulation provides better perfusion of the MCA during carotid 

occlusionn as compared with collateral supply through only the anterior or the posterior 

communicatingg artery in the case of an incomplete circle of Willis. 
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Introductio n n 
Collaterall  pathways can protect brain perfusion in thee event of severe carotid artery disease. 

Inn patients with carotid artery disease, an important route of collateral circulation is provided 

byy the circle of Willi s at the base of the brain. The circle of Willi s has the ability to function 

ass an anastomosis between the left and right carotid territories via the anterior communicating 

arteryy and between the basilar and carotid circulation via the posterior communicating artery. 

Theree is evidence that patients with progressive carotid artery disease and an incomplete 

circlee of Willi' ; have an increased stroke risk.14 Deviations o f the "norma!" WiHisian rvoh/tTon, 

interferingg with adequate collateral function, are frequently found. Various authors have 

shownn through anatomical studies of normal brains that a typical polygon configuration 

(Figuree 1) occurs in only about 20% to 50% of individuals.5"7 

Transcraniall  colour-coded duplex ultrasonography (TCCD) is a relatively new, brain-

imagingg technique which allows noninvasive assessment of cerebral haemodynamics.81(' 

Thee aim of this study was to establish the influence of collateral deficiency on middle 

cerebrall  artery (MCA) blood flow during carotid occlusion. To answer this question, we 

usedused TCCD to measure the decrease of MCA blood flow velocity during manual compression 

off  the ipsilateral common carotid artery (CCA), simulating carotid artery occlusion. The 

velocityy decrease in the MCA was compared between complete and incomplete circles of 

Willi ss in a group of atherosclerotic vascular patients without extracranial cerebrovascular 

disease. . 

Patientss and Methods 
Patients s 

Thee patients included in the study, 44 males and 17 females with a mean age of ólyears 

(range:: 35-89), were randomly chosen from the surgical ward or outpatient clinic. All subjects 

sufferredd from peripheral arterial disease, but had specifically denied a history of 

cerebrovascularr disease. Informed consent was obtained from each patient in accordance 

withh the requirements of the local ethics committee. Routine extracranial duplex scanning 

precededd transcranial investigations to exclude patients with significant stenosis of the 

extracraniall  carotid and/or vertebral arteries. This was done to rule out the influence of 

extracraniall  stenoses on intracranial velocities and development of collateral pathways. The 

remainingg patients underwent TCCD in combination with CCA compression tests. 

Compressionn of the common carotid artery to simulate carotid occlusion was performed for 

twoo reasons: first to detect and quantify the collateral ability of the anterior and posterior 
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communicatingg arteries and, second, to measure the decrease in peak-systolic velocity (PSV) 

inn the MCA, which is the efferent vessel for both collaterals in the presence of carotid artery 

occlusion. . 

Anterior r 
cerebral l 

artery y 

Internal l 
carotid d 

Middle e 
cerebral l 

artery y 

Post, , 
cerebrall

arteryy /JÊ 

Superior r 
cerebellar r 

artery y 

arte e 

%commi i 
•11 arter 

— ^ ^ 

Basilar r 
artery y 

A, , 

Vertebral l 
artery y 

*Ant.. communicating artery 
•Ophthalmicc artery 

M„ „ 

Figuree 1. Typical normal polygon configuration 
off  the circle of Willis. Ml, main trunk of the 
middlee cerebral artery; Al, precommunicating 
segmentt of the anterior cerebral artery; A2, 
postcommunicatingg segment of the anterior 
cerebrall  artery; PI. precommunicating segment 
off  the posterior cerebral artery; P2, 
postcommunicatingg segment of the posterior 
cerebrall  artery. 

Technique e 

Transcraniall  investigation was performed with a low-frequency (2.0 MHz-2.5 MHz) probe 

(Hewlettt Packard Sonos 2000) which emits high-output energies to achieve the tissue 

penetrationn that is needed to insonate the deep-set basal cerebral arteries. TCCD makes use 

off  relatively thin areas of the skull or natural foramina, which can be penetrated with 

ultrasound,, the so-called acoustic windows. For this study only the temporal windows were 

used.. The temporal window is situated above the zygomatic arch immediately anterior and 

slightlyy superior to the tragus of each ear conch. This window was used to insonate the 

middlee cerebral artery, the anterior cerebral artery and the posterior cerebral artery." A 

routinee transcranial examination included insonation of the vertebrobasilar arteries as well, 

butt these data were not considered for further analysis in this study. 
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Duee to their minimal si/e, low-flow state and unfavourable position with respect to the 

ultrasoundd beam, the anterior and posterior communicating arteries usually cannot be 

visualised.. For reliable assessment of their functional patency. CCA compression tests are 

needed.. Compressions of the CCA were applied for 3-5 cardiac cycles, low in the neck, i.e. 

awayy from the carotid sinus. To minimise the risk of embolisation, compressions were 

performedd only in patients without atherosclerotic plaques in the proximal CCA. To ensure 

thee efficacy of carotid compression, a photoplethysmograph, which generated pulse tracings 

onn a. senaratp monitor was attached to the earlobc on the side of the compressed arterv_. 

Flatteningg of this pulse wave indicated cessation of blood flow through the CCA and, thus, 

ann adequate compression. Each carotid artery was compressed at least four times, to assess 

thee collateral function of the anterior and posterior communicating arteries and to determine 

thee PSV decrease in the MCA in both hemispheres. 

Collaterall  supply through the anterior communicating artery is indicated by the reversal of 

bloodd flow in the precommunicating part (Al ) of the anterior cerebral artery ipsilateral to 

thee compressed CCA, in combination with an enhanced blood flow velocity in the 

contralaterall  Al (Figure 2a). Functional presence of the posterior communicating artery 

cann be demonstrated if the blood flow velocity in the precommunicating part (PI) of the 

posteriorr cerebral artery is significantly enhanced during ipsilateral CCA compression (Figure 

2b).. This velocity enhancement is the result of the pressure gradient between the carotid 

andd vertebrobasilar circulations caused by the compression manoeuvre. A significant velocity 

increasee in thee precommunicating parts of the anterior and posterior cerebral arteries during 

compressionn was defined as an increase of more than 20% from precompression lev els, this 

valuee being twice as much as expected from normal variation and measurement error. 

Persistencee of the fetal origin of the posterior cerebral artery from the internal carotid artery 

Figuree 2a. Schematic drawing o f blood f low reversal in 

thee precommunicating segment (A I) o f the left anterior 

cerebrall artery and blood How velocity enhancement in 

thee right A l dur ing ipsilateral common carotid artery 

compressionn (indicated by the black square in the 

drawing),, indicating a functional!} patent anterior 

communicat ingg artery. AcoA , anterior communicat ing 

artery:: A l , precommunicating segment o f the anterior 

cerebrall artery; M C A , middle cerebral artery; ICA. 

internall carotid artery; PcoA. posterior communicating 

artery;; P I , precommunicating segment o f the posterior 

cerebrall artery; BA, basilar artery; V'A. vertebral artery. 
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Figuree 2b. Schematic drawing of blood flow velocity 
enhancementt in the precommunicating segment (PI) of 
thee right posterior cerebral artery during ipsilateral 
commonn carotid artery compression, indicating a 
functionallyy patent right posterior communicating artery. 

(10-32%% of circles of Willis12) was revealed when the blood How velocity in the posterior 

cerebrall  artery decreased more than 50% during ipsilateral CCA compression. 

Afterr determination of the physiological presence of both collateral vessels the proportional 

decreasee in PSV in the main trunk of the MCA during ipsilateral CCA compression was 

calculated.. Subsequently, arterial circles were classified according to the presence or absence 

off  the anterior and posterior communicating arteries. In each patient, both hemispheres 

weree considered as separate units and a subdivision was made regarding the presence of 

bothh the anterior and posterior communicating artery or absence of one or both collateral 

vessels.. This subdivision produces four types of Willi s circulation (Figure 3). As a fetal 

posteriorr cerebral artery will also hamper adequate collateral flow from the basilar to the 

carotidd territory, hemispheres with this variation were classified as having an absent posterior 

communicatingg artery. The PSV decrease in the MCA during CCA compression between 

hemispheress with complete (type I), partially complete (type II and III ) and incomplete 

(typee IV) collateral pathways was compared. 

Statistics s 

Forr analysing study results, the Statistical Package for the Social Sciences (SPSS) for 

Windowss was used. Blood flow velocities (cm/s) are given as medians with their 5% to 

95%% ranges. The PSV decrease in the MCA during CCA compression was defined as 

PSVV -PSV 
precompressionn posic 

// PSV . x 100%. The PSV decrease betw een complete 
npressionn precompression 

andd incomplete circles wass compared using the two-tailed Mann-Whitney U test. Statistical 

significancee was assumed at the 5% level. 
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Typee I 
completee circle 

Typee II 
partiallyy complete: 
anteriorr type 

Typee III 
partiallyy complete: 
posteriorr type 

Typee IV 

incompletee circle 

Figuree 3. Variations in the circle of Willi s regarding collateral potential. Type I: complete circle of Willis , 
anteriorr and posterior communicating artery both functional; Type II : anterior type, anterior communicating 
arteryy functional, posterior communicating artery nonfunctional; Type 111: posterior type, anterior 
communicatingg artery nonfunctional, posterior communicating artery functional; Type IV: incomplete 
circle,, anterior and posterior communicating artery both nonfunctional. 

Results s 
Off  the 61 patients who participated five were excluded because of severe carotid artery 

stenosis,, which was revealed during routine extracranial duplex scanning. Of the remaining 

566 patients, seven were excluded because of inadequate temporal windows and three were 

excludedd because of atherosclerotic plaques at the site of compression. As a consequence, 

inn 46 patients the collateral integrity of the circle of Willi s could be adequately determined 

(Tablee 1). No neurological or cardiovascular complications occurrred during CCA 

compression.. In 43 patients cross-flow through the anterior communicating artery was provoked 

duringg CCA compression. In the other three patients the blood How velocity in both left and 

Tablee 1. Variations in the Circle of Willi s as Found by TCCD and Common Carotid Artery Compression 
Testss in 46 Patients without Cerebrovascular Disease. 

Circles s Patients s 

Complete e 
Partiallyy complete 

Incomplete e 

Typee I 
Typee II 
Typee III 
Typee IV 

100 (22%) 
333 (72%) 
22 (4%) 
11 (2%) 

Typee I: anterior and posterior communicating artery functional; Type II : anterior communicating artery 
functional,, posterior communicating artery nonfunctional; Type III : anterior communicating artery 
nonfunctional,, posterior communicating artery functional; Type IV: anterior communicating artery and 
posteriorr communicating artery both nonfunctional. 

81 1 



ChapterChapter 5 

rightt anterior cerebral arteries fell to zero upon ipsilateral CCA compression. Although ipsilateral 

anteriorr cerebral blood flow in these patients disappeared during this manoeuvre, the PSV in 

thee contralateral anterior cerebral artery increased on the average with 30%. 

Inn contrast with the high number of patent anterior communicating arteries, adequate 

collaterall  flow through the posterior communicating artery, which was defined as an increase 

inn PSV of more than 20% in the ipsilateral Pl-segment during CCA compression, could 

onlyy be demonstrated in 48 out of the 92 examined hemispheres. In eight hemispheres in 

eightt patients the PSV in the Pl-segment markedly decreased (median 70%) during CCA 

compression,, which proved that in these patients blood flow in the posterior cerebral artery 

wass mainly depending on internal carotid artery blood supply (fetal origin). In nine 

hemispheress a slight (<20%) increase in PSV in the Pl-segment during CCA compression 

wass found. These circles were classified as type II, i.e. absence of a functional posterior 

communicatingg artery. In 27 hemispheres no velocity change in the Pl-segment could be 

observedd during ipsilateral CCA compression. In Table 2 the pre and postcompression 

velocitiess in the ipsilateral and contralateral A1 and P1 -segment in the presence of functioning 

collateralss are shown. 

Tablee 2. Peak-Systolic Velocity Changes in the Presence of a Functionally Patent Anterior or Posterior 
Communicatingg Artery. 

Velocitiess (cm/s) Ipsilateral A1 Contralateral A1 Ipsilateral PI 

Pre-compressionn 80(49-126) 82(51-126) 57(36-77) 
Post-compressionn 96 (22-197)+ 169 (75-292) 85 (49-173) 
Increasee 96% (38-239)*  44% (22-176)* 

A1,, precommunicating segment of the anterior cerebral artery; P1, precommunicating segment of the posterior 
cerebrall  artery. Velocities (cm/s) and velocity increases are given as medians with 5% to 95% ranges. 
^Indicatess reversed blood flow velocities, *p<0.001 (Wilcoxon signed-rank test). 

Thee PSV decrease in the MCA during CCA compression is shown in Table 3. A significant 

differencee was found between complete and incomplete circles. Incomplete circles showed 

aa greater decrease in MCA blood flow velocity as compared with complete circles during 

CCAA compression (Figure 4). In three hemispheres in three patients a unilateral velocity 

increasee in the MCA upon CCA compression was found. Each of these three hemispheres 

receivedd collateral blood supply through both a functional anterior and posterior 

communicatingg artery. The velocity enhancements during CCA compression in the 

contralaterall  A1-segment and ipsilateral Pl-segment in these hemispheres were among the 
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Tablee 3. Circle Type and Influence on Peak-Systolic Velocity in the Middle Cerebral Artery During 
Commonn Carotid Artery Compression. 

Circlee type Hemispheres (n=92) PSV-decrease p* 

Typee I 43 43% (25-67) 
Typee II 43 58% (27-88) 
Typee III 5 70% (60-76) 
Typee IV 1 75% 

PSV,, peak-systolic velocity; PSV-decreases as medians with 5% to 95% ranges. 
**  As compared with type I circles. 

largestt of the total patient group. In one patient with a type II circle of Willi s the MCA peak-

systolicc velocity fell to zero during CCA compression, in spite of cross-flow through the 

anteriorr communicating artery. A possible explanation for this phenomenon is that we might 

havee mistaken the distal internal carotid artery (in which the blood flow ceases during CCA 

compression)) for the MCA trunk in this particular patient. 

Discussion n 
Usingg the criteria as described above, most circles of Willi s in the patients included in this 

studyy are functionally incomplete, which is comparable with earlier anatomical studies/ 7 

Thee most frequently found deviation was a physiologically absent posterior communicating 

artery.. Truly morphological absence of posterior communicating arteries cannot be assessed 

withh TCCD. Anatomical studies have shown that, although posterior communicating arteries 

mightt be hypoplastic or string-like, most of them contain a very small lumen when examined 

inn cross-section.5 The question is whether these tiny channels might develop into vessels 

providingg adequate collateral flow in the presence of severe carotid disease. It is not 

unthinkablee that the collateral "performance'' of the posterior communicating artery (and 

perhapss also the anterior communicating artery) increases during the slow progression of a 

carotidd artery stenosis. A study performed in rats supports this hypothesis.1' 

Thee anterior communicating artery, which provides cross-flow between the cerebral 

hemispheres,, was found to be present in nearly all subjects in this study. This finding feeds 

thee assumption of many authors that the anterior communicating artery is the most important 

collaterall  vessel in the presence of a carotid occlusion.-'U4",<i Our study supports this theory, 

sincee the largest decrease in MCA peak-systolic velocity was found in hemispheres without 

collaterall  flow through this vessel, illustrating that residual MCA blood flow velocity was 

0.003 3 
0.001 1 
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Figur ee 4. Peak-systolic velocity decrease 
(inn %) in the middle cerebral artery during 
commonn carotid artery compression. Box 
indicatess interquartile range; line across 
boxx indicates the median; whiskers 
indicatee the 5% to 95% range. Type I: 
completee circle; Type II : anterior type; 
Typee III : posterior type; Type IV: 
incompletee circle. Numbers between 
bracketss indicate number of hemispheres in 
eachh group. 

1(43)) 11(43) 111(5) IV (1) 

Circlee type 

mainlyy dependent upon a well-functioning anterior communicating artery. Nevertheless, 

somee additional remarks have to be made. When an acute occlusion of the carotid artery 

wass simulated by CCA compression, the posterior communicating artery had a significant 

influencee on MCA velocity as well. This was shown in type I circles (anterior and posterior 

communicatingg artery both present), in which the PSV decrease was significantly less as 

comparedd with type II circles with an anterior collateral pathway only (Table 3, Figure 4). 

So,, if the posterior communicating artery was functionally present, it significantly contributed 

too the maintenance of MCA velocity during sudden occlusion of the CCA. Although 

speculative,, this might just hold the difference between adequate brain perfusion and cerebral 

ischemiaa in some patients with severe carotid artery stenosis or occlusion. This hypothesis 

iss supported by a recent study in which the importance of a well-functioning posterior 

collaterall  pathway was illustrated by the finding that hypoplastic or absent ipsilateral posterior 

communicatingg arteries represent a risk factor for ischaemic cerebral infarction in patients 

withh internal carotid artery occlusion.2 It was already known that in patients with severe 

carotidd disease the cerebral vasomotor reactivity, which reflects the capacity of the cerebral 

precapillaryy vessels to dilate upon a reduced perfusion pressure, is significantly lower in 

incompletee circles as compared with complete circles.1 -3 

Thee TCCD criteria, used for assessment of collateral flow, may be debatable. No one will 

arguee that reversed flow in the ipsilateral anterior cerebral artery during carotid compression 

iss not a reliable indicator for a patent anterior communicating artery.1017IS How should we 

interpretee the velocity enhancement of 30% in the contralateral anterior cerebral artery 

uponn CCA compression in the absence of an anterior communicating artery, which was 

shownn in three patients in this study? Chaudhuri et al showed a rather similar case, with 
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absentt unilateral reversal of blood flow in the A1-segment during CCA compression but 

truee velocity enhancement in the same vessel upon contralateral CCA compression.19 They 

attributedd this to a hypoplastic A1-segment, which was actually shown on angiography. In 

ourr three cases, however, the phenomenon was bilateral and TCCD clearly showed both 

Al-segments,, making the assumption of bilateral hypoplastic Al-segments very unlikely. 

Probably,, a contralateral velocity enhancement in thee A1 -segment during CCA compression 

iss not as reliable an indicator of cross-flow through the anterior communicating artery as 

reversedd flow in the msilatera! A!-segment. 

Inn the current literature no clear criteria are described for the detection of adequate posterior 

communicatingg artery flow using transcranial ultrasound and CCA compression tests. 

Keunen'' and Chaudhuri et al19 used a velocity increase of more than 20% in the P1 -segment 

andd Bass et aP used a 30% increase as threshold for functional collateral flow through the 

posteriorr communicating artery. Other authors do not specify the increased velocities in the 

Pl-segmentt during CCA compression.321 - Whether a small increase in PI velocity during 

CCAA compression is caused by measurement error, physiological fluctuation, cardiac output 

variationn or a hypoplastic but patent posterior communicating artery is not clear. Theoretically, 

secondaryy collateral vessels such as the leptomeningeal vessels, which can also provide 

collaterall  flow from the posterior to the anterior circulation, could also cause a slight velocity 

enhancementt in the posterior cerebral artery during CCA compression. It seems unlikely, 

however,, that in patients without extracranial cerebrovascular disease these vessels develop 

too significant collateral pathways. 

Finally,, there is no adequate gold standard for the quantification of blood flow in the 

collaterall  vessels of the circle of Willis. It is acknowledged that selective cerebral angiography 

cann only demonstrate the patency of collateral channels, but does not measure flow through 

them.233 To date, transcranial ultrasound is the only modality which offers real-time 

measurementt of collateral flow. Nevertheless, measuring velocity changes in the basal 

cerebrall  arteries is an indirect way of estimating changes in volumetric flow. Quantification 

off  volumetric blood flow with TCCD is not possible, as this requires determination of vessel 

diameters,, which cannot be done by means of TCCD. Extrapolation of velocity recordings 

too volumetric blood flow is still a matter of controversy, fueled by a considerable number of 

reports.24277 Under the assumption that the arterial lumen area of the MCA and its perfusion 

territoryy remain constant during compression (which is probable when no leptomeningeal 

collateralss have developed), it is very likely that both parameters are related, but it is unknown 

whetherr this relationship is linear.2* 

Itt should be realised that TCCD is a new advanced technique to study intracerebral 
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haemodynamics.. It is noninvasive and can be performed as an outpatient procedure. The 

integrationn ol'TCCD in future research might open new horizons in thee care for patients with 

cerebrovascularr disease. One of the areas of interest is the ongoing problem of optimal treatment 

off  asymptomatic carotid artery stenosis. In our opinion it would be interesting to study in a 

prospectivee way the relation between the functional integrity of the circle of Willi s and the 

developmentt of cerebral ischemia in patients with asymptomatic carotid artery stenosis. If it 

cann be proven that a true relation exists between collateral deficieny of the circle of Willi s and 

thee risk of stroke, which is suggested by many authors1'4, then TCCD can be used to select 

stroke-pronee asymptomatic patients who will profit most from a surgical intervention. 

Inn conclusion, collateral flow from the basilar to the carotid territory is often hampered by 

non-functioningg posterior communicating arteries. A non-functioning anterior communicating 

arteryy is rare. A complete collateral circulation provides better perfusion of the MCA during 

carotidd occlusion as compared with collateral supply through only the anterior or the posterior 

communicatingg artery in the case of an incomplete circle of Willis. 
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Abstract t 
Backgroundd and Purpose 
Thee anterior communicating artery (AcoA) and posterior communicating arteries (PcoA) of 

thee circle of Willi s provide the main route for collateral blood flow in cases of carotid artery 

obstruction.. Transcranial color-coded duplex ultrasonography (TCCD) allows real-time 

measurementt of the collateral function of the AcoA and PcoA. The primary objective of this 

studyy was to determine the collateral artery threshold diameters for supplying collateral 

flow; ; 

Methods s 

Inn 12 acute stroke patients with a median age of 75 years (51 to 91 years), the collateral 

integrityy of the circle of Willi s as assessed by TCCD and carotid compression tests was 

comparedd to their postmortem anatomy. The lengths and diameters of the collateral arteries 

weree measured. 

Results s 

TCCDD demonstrated absent anterior collateral flow in 3 patients. In 1 of these patients 

absencee of anterior cross-flow was due to an occluded anterior cerebral artery, which was 

revealedd at autopsy. Absent posterior collateral flow was found in 14 hemispheres. In 2 of 

thesee hemispheres, autopsy revealed a fetal configuration of the posterior cerebral artery 

hamperingg posterior collateral flow. The median (range) diameters as found at autopsy of 

thee functional (n=19) and nonfunctional (n=16) collateral arteries of the circle of Willi s 

weree 1.1 (0.4 to 2.0) and 0.5 (0.3 to 0.7) mm, respectively (P=0.003). PcoA diameters were 

foundd to correlate negatively (p=-0.50, P=0.0\) to the diameters of their accessory Pl-

segments. . 

Conclusions s 

Thee threshold diameter allowing for cross-flow through the primary collateral arteries of 

thee circle of Willi s is between 0.4 and 0.6 mm. 
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TCCDTCCD vs postmortem anatomy of circle of Willis 

Thee anterior communicating artery (AcoA) and posterior communicating arteries (PcoA) of 

thee circle of Willi s provide the main route for collateral blood flow in cases of severe internal 

carotidd artery (1CA) stenosis or occlusion.1 Absence of collateral function due to hypoplasia 

(Figuree 1) or atherostenosis of collateral arteries may lead to a higher risk of stroke in 

patientss with severe ICA occlusive disease.24 For this reason, insight into the collateral 

functionn of the circle of Willi s is of clinical importance. Transcranial color-coded duplex 

ultrasonographyy (TCCD) combined with common carotid artery (CCA) compression tests 

studiess between transcranial ultrasound techniques and angiography have demonstrated that 

transcraniall  ultrasound has a high level of sensitivity and specificity in the assessment of 

thee patency of the AcoA and PcoA."'8 This is the first study comparing hemodynamic data 

onn the collateral function of the circle of Willi s with anatomic findings obtained at autopsy. 

Onee goal was to investigate whether the commonly used ultrasound criteria for the definition 

off  AcoA and PcoA collateral patency67''10 reflect true differences in arterial size, but our 

mainn goal was to determine the collateral artery threshold diameters for supplying collateral 

floww through the circle of Willis. 

Subjectss and Methods 
Patients s 
Thee study was performed at the Stroke Unit of the Department of Neurology and at the 

Departmentt of Pathology of the Debrecen University Medical School in Hungary after 

beingg approved by the local ethics committee. This study was part of a larger study performed 

too assess the collateral function of the circle of Willi s in acute stroke patients by means of 

TCCDD and CCA compression tests. Because of the severity of stroke, a number of patients 

includedd in this larger study died. The circle of Willi s of these patients was removed at 

autopsy,, and the size of the collateral arteries was measured. 

TCCDD Examination 

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

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

precededd transcranial investigation. TCCD was performed with a 2.0- to 2.5-MHz phased-

arrayy probe. Examination of the main trunk of the middle cerebral artery (Ml) , the 

precommunicatingg part of the anterior cerebral artery (Al) , and the precommunicating part 

off  the posterior cerebral artery (PI) through the temporal bone window was performed in a 
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Hypoplasiaa Hypoplasia precommunicating part 
anteriorr communicating artery (1 -37%) anterior cerebral artery (1-13%) 

Hypoplasiaa Hypoplasia precommunicating part 
posteriorr communicating artery (16-64%) posterior cerebral artery (9-15%) 

Figuree 1. Examples and prevalence of circle of Willi s anomalies that hamper collateral function. Prevalence 
iss derived from studies using an external diameter of 1 mm as threshold for hypoplasia of collateral 
arteries.. BA indicates basilar artery; VA, vertebral artery. 
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standardd manner, details of which are reported elsewhere." In cases of unilateral window 

failure,, examination of the Al and PI through the opposite temporal bone window was 

attempted. . 

Forr reliable assessment of AcoA and PcoA functional patency in patients with no ICA 

occlusivee disease, CCA compressions are needed.7 Collateral supply through the AcoA to 

thee Ml was demonstrated by reversal of blood flow in the Al ipsilateral to the compressed 

CCA,, combined with an enhanced blood flow velocity in the contralateral Al . Both Al -

j t ^ i i i v i i uu " v u . luuLiiix^ij r  i i i n , j n g H n , u n mi i p j n u ^ i u i u uu ^uni iu iaLLia i \^.^.r\.  LUi i i | j i t33iUi i . 

Functionall  patency of the PcoA was defined by a peak-systolic velocity (PSV) increase of 

>20%% in the P1 ipsilateral to the compressed CCA, this value being twice as much as expected 

fromm normal variation and measurement error.79 The PSV increase was always measured 

overr the highest peaks on the Doppler spectrum. If the PSV increase in the PI was <20%, 

thee PcoA was defined as hypofunctional. Velocity measurements were taken proximally in 

thee Al and PI with the sample volume set as narrow as possible. Measurements in the PI 

weree taken as close as possible to the top of the basilar artery. 

Carotidd Occlusion 

Inn patients with unilateral ICA occlusion, AcoA function was proven if the A1 ipsilateral to 

thee occluded ICA demonstrated spontaneous reversed flow. PcoA function on the side of 

thee ICA occlusion was demonstrated if the mean blood flow velocity in the ipsilateral PI 

wass more than the mean blood flow velocity +2SD"1 from an age- and sex-matched group 

off  atherosclerotic patients with no ICA occlusive disease or cerebral symptoms.12 PcoA 

functionn contralateral to the occluded ICA was tested by compression of the nonoccluded 

CCA.. The presence of leptomeningeal collaterals could not be assessed by TCCD. 

Compressionn Tests 

Too avoidd a systemic cardiovascular reaction, compressions of the CCA were applied low in 

thee neck just proximal to the sternal head of the clavicle for a maximum of 4 cardiac cycles. 

Too minimize the risk of embolus, compressions were performed only in those patients with 

noo atherosclerotic plaques in the proximal CCA as judged by the B-mode image of the 

duplexx scan. To ensure the efficacy of the compression, a pulse oximeter (Eagle 3000, 

Marquette),, which generated pulse tracings on a separate monitor, was attached to the earlobe 

onn the same side as the compressed artery. Flattening of this pulse wave indicated cessation 

off  blood flow through the CCA and thus an adequate compression. 
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Autopsy y 

Thee circle of Willi s was dissected out after removal of the brain from the cranial cavity. All 

minutee branches arising from the main vessels were carefully cut away. Pathology of the 

cerebrall  vessels was judged by a neuropathologist familiar with the medical history of the 

patient.. A rough drawing of the anatomy was made to prevent mixing up the right and left 

sidess of the circle of Willi s during further procedures. Blood was carefully washed out from 

thee circle of Willi s with isotonic saline. Photographs were taken before and after dissection 

fromm the brain and after the blood was washed out. 

Measurements s 

Too measure the lengths and diameters of the arteries, the circle of Willi s was put on a glass 

plate.. After the arteries had been straightened out, the lengths of the PcoAs and A1 -segments 

weree measured with a ruler with a millimeter scale. These measurements were rounded off 

too whole millimeters. For the measurement of the length of the AcoA and Pl-segments, a 

transparentt 1 Ox 10-cm sheet with a millimeter scale was placed on top of the circle. Under a 

microscopee with a xlO magnification, AcoA and PI lengths were measured with an 

approximationn of 0.1 mm. For the measurement of the arterial diameters, a second glass 

platee was clamped on top of the first, with the circle of Willi s and the transparent sheet in 

between.. Sufficient force was applied to induce complete obliteration of the vessel lumina 

butt not to flatten the arterial walls.1-u If atherostenosis was found to be present in the 

middlee cerebral artery or the basilar artery, this was cut away first. This was done to allow 

applicationn of equal pressure on all 4 corners of the glass plates for obliteration of the vessel 

lumina.. The set of glass plates was put under the microscope again, and in this way, readings 

representingg half of the arterial circumference were obtained. Measurements were taken at 

proximal,, middle, and distal sites of the AcoA, Al , PcoA, and PI and approximated to the 

nearestt 0.1 mm. The narrowest part of each artery was used for further analysis, because we 

consideredd that the width at this part determined the collateral ability. Assuming the arteries 

too be circular, their external diameter could be calculated by the formula diameter̂ 

circumference/;:.. All data in this study are reported as medians with ranges. Nonparametnc 

testss were used to analyze the data. Significance was assumed at the 5% level. 

Results s 
Thee study comprises TCCD and autopsy data from 12 patients, 8 men and 4 women, with a 

mediann age of 75 years (51 to 91 years). The median time between TCCD and death was 53 
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Tablee 1. Patient Characteristics. 

tient t 

1 1 
2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Age e 

69 9 

88 8 

58 8 

72 2 

80 0 

66 6 

73 3 

91 1 

76 6 

51 1 

77 7 

76 6 

Sex x 

M M 

M M 

F F 

M M 

F F 

F F 

M M 

M M 

M M 

M M 

M M 

F F 

Extracraniall ICA 

Bothh normal 
LL occlusion, R normal 
LL occlusion, R normal 
LL occlusion, R normal 
RR occlusion, L normal 
RR >50% st, L normal 

Bothh normal 
Bothh normal 
Bothh normal 

LL occlusion, R normal 
RR occlusion, L normal 

Bothh normal 

Strokee Type 

LL MCA territorial 
LL ACA/MCA territorial 

LL MCA territorial 
RR MCA territorial 

LL hemorrhagic 
LL MCA territorial 
RR MCA territorial 
RR MCA territorial 
LL MCA territorial 
LL MCA territorial 

RR hemorrhagic 

Causee of Death 

Pulmonaryy embolism 
Myocardiall infarction 

Brainn herniation 
PulmonarvPulmonarv embolism 
PulmonarvPulmonarv embolism 

Brainn herniation 
PulmonarvPulmonarv embolism 

Heartt failure 
Heartt failure 

Brainn herniation 
PulmonarvPulmonarv embolism 
Myocardiall infarction 

RR indicates right; L, left; normal, no significant stenosis; st, stenosis; MCA, middle cerebral artery; and 
ACA,, anterior cerebral artery. 

hourss (4 hours to 36 days), and the median time between death and autopsy was 22 hours (5 

hourss to 3.5 days). Six patients had a unilateral ICA occlusion without significant contralateral 

ICAA stenosis (Table 1). In Table 2, the TCCD results are listed together with the arterial 

sizess obtained at autopsy. With the exception of patient 3 (thrombus in the left anterior 

cerebrall  artery), no patients were found to have severely stenosed or occluded collateral 

arteries.. Patient 10 showed a large thrombus occluding the left middle cerebral artery. 

Anteriorr Part of Circle of Willi s 

Inn 2 patients (patients 2 and 3) with ICA occlusion, spontaneous collateral flow through the 

anteriorr part of the circle of Willi s towards the Ml was absent. In patient 3, the ipsilateral 

All  could not be visualized by TCCD, and the velocity in the contralateral Al was not 

enhanced.. In patient 12, who had no significant ICA stenosis, cross-flow through the AcoA 

couldd not be provoked by CCA compressions. At autopsy, a single AcoA was found in all 

cases;; no duplications or triplications1415 were found. Three AcoAs had a typical hourglass 

form,, with a smaller diameter in the midsection of the artery than at the site of junction with 

thee A1-segments. In 1 case, a third anterior cerebral artery originated from the AcoA. All 

Al-segmentss had a diameter of >1.0 mm (Table 2). Patients 2 and 12 showed very small 

AcoAA diameters, 0.3 and 0.5 mm, respectively, which had impeded interhemispheric cross-

flow.. In patient 3, a large thrombus in the left anterior cerebral artery was found that blocked 

outfloŵ ^ from the AcoA, explaining the absence of anterior cross-flow on TCCD. The median 

AcoAA diameter in patients with a nonfunctional anterior collateral pathway (n=2, patient 3 
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Tablee 2. Functional and Metric Values of Circle of Willi s Collaterals for Individual 

Patientt  AcoA Al 

TCCDD Autopsy Autopsy 

functionall  diameter length diameter length 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 

functional l 

ves s 
no o 
no o 
yes s 
yes s 
yes s 
yes s 
yes s 
ves s 
yes s 
yes s 
no o 

yes s 
no o 

0.5 5 
0.3 3 
0.8 8 
0.4 4 
1.2 2 
0.8 8 
1.3 3 
2.0 0 
0.4 4 
1.9 9 
1.6 6 
0.5 5 

1.1 1 
0.4 4 

R R 
1.77 1 
2.33 1 
2.11 1 
4.00 1 
1.88 1 
1.22 1 
1.00 1 
2.55 1 
2.00 1 
1.88 2 
1.55 1 
5.55 1 

1.8 8 
3.9 9 

8 8 
6 6 
3 3 
7 7 
9 9 
8 8 
8 8 
4 4 
6 6 
1 1 
3 3 
5 5 

1.8 8 
1.6 6 

L L 
2.0 0 
1.5 5 
1.4 4 
2.2 2 
2.4 4 
1.8 8 
1.7 7 
2.2 2 
1.6 6 
1.0 0 
1.9 9 
1.9 9 

R R 
14.0 0 
14.0 0 
14.0 0 
18.0 0 
13.0 0 
13.0 0 
13.0 0 
17.0 0 
15.0 0 
14.0 0 
12.0 0 
14.0 0 

[3.0 0 
4.0 0 

L L 
13.0 0 
15.0 0 
13.0 0 
13.0 0 
12.0 0 
13.0 0 
15.0 0 
17.0 0 
12.0 0 
13.0 0 
11.0 0 
12.0 0 

RR indicates right; L, left. Diameter and length are in mm. 

excluded)) was 0.4 mm, and the median AcoA diameter of patients with a functional anterior 

collaterall  pathway (n=9) was 1.1 mm (Table 2). 

Posteriorr Part of Circle of Willi s 

Inn 14 hemispheres, spontaneous collateral flowr through the posterior part of the circle of 

Willi ss either was absent or could not be provoked by CCA compressions. In 2 hemispheres 

(rightt hemispheres of patients 6 and 8), we were able to measure the blood flow velocity in the 

PcoAA directly. Instead of reversal of flow, ipsilateral CCA compression caused a PSV decrease 

off  89% and 61%, respectively. Autopsy revealed a fetal configuration of the posterior cerebral 

arteryy (Figure 2), consisting of a wide PcoA (diameter of 2.1 mm in both) combined with a 

narroww ipsilateral PI (0.5 and 0.6 mm, respectively; Table 2). PcoAs classified as functional 

byy TCCD had significantly larger diameters than nonfunctional PcoAs, 0.9 versus 0.6 mm 

(P=0.008).. PcoA diameters were found to correlate negatively (p—0.50, /M).01, Spearman's 

rank-orderr correlation) to the diameters of their ipsilateral PI-segments (Figure 3). 
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Patientss and for Groups Based on Functional and Nonfunctional AcoA and PcoA. 

PcoAA PI 

TCCDD Autopsy Autopsy 

functionall  diameter length diameter length 

R R 
yes s 
no o 
yes s 
no o 
no o 
no o 
no o 
no o 
no o 
yes s 
no o 
ves s 

L L 
ves s 
no o 
no o 
no o 
no o 
ves s 
no o 
ves s 
ves s 
ves s 
no o 
ves s 

R R 
1.3 3 
0.4 4 
0.5 5 
0.5 5 
0.7 7 
2.1 1 
0.6 6 
2.1 1 
0.6 6 
0.6 6 

0.6 6 
1.3 3 

L L 
1.1 1 
0.6 6 

0.5 5 
0.5 5 
0.6 6 

0.7 7 
0.5 5 

1.3 3 
0.6 6 
1.4 4 
0.6 6 

0.6 6 

R R 
21.0 0 
12.0 0 
17.0 0 
20.0 0 
13.0 0 
15.0 0 
13.0 0 
19.0 0 
15.0 0 
19.0 0 
15.0 0 
9.0 0 

L L 
16.0 0 
10.0 0 
17.0 0 
20.0 0 
10.0 0 
9.0 0 
15.0 0 
8.0 0 
12.0 0 
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Figuree 2. Circle of Willi s showing a fetal 
configurationn of the right posterior cerebral artery. 
RR indicates right; L, left. The main stem of the right 
posteriorr cerebral artery arises from the ICA instead of 
fromm the basilar artery. Note the thin right PI-segment. 
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Figur ee 3. Negative 
correlationn (p=-0.50, /->=().() I) 
betweenn the diameter of the 
posteriorr communicating 
arteriess and their accessory 
PII  -segments. 

0,00 0.5 1.0 1,5 2,0 2.5 

PII  diameter (mm) 

Thee diameters of all functional collateral arteries of the circle of Willi s were significantly 

largerr than the diameters of all nonfunctional collateral arteries (including the diameters of the 

P11 -segments of the 2 fetal posterior cerebral arteries), 1.1 versus 0.5 mm {P=0.003, Figure 4). 

Discussion n 
Despitee the limited number of patients and the relatively simple method of measuring the 

externall  arterial diameters, we believe our results to be unique, because this is the first time 

thiss type of information has been obtained from a study population as opposed to a model. The 

TCCDD criteria for determining the collateral function of the circle of Willi s used in the 

literature6-7-9100 truly correspond with significant differences in arterial diameter, despite the 

slightt overlap in diameters of functional and nonfunctional collateral arteries (Figure 4). Overall, 

thee arteriall  diameters found in this study are very similar to the diameters reported by Baplista14 

andd by Murray"' but slightly smaller than the diameters reported by other authors.I>l ?~19 Studies 

shouldd be compared only with caution because of the difference in study populations and 

methodss of measurement. How far postmortem arterial diameters are equal to in vivo diameters 

iss unknown. The absence of perfusion pressure and possible shrinking of the arterial wall due 

too muscle cell decay might result in the measurement of smaller diameters. Whether this process 

hadd a significant influence on our results remains speculative. Because of the nature of our 

studyy population, we assume that we found smaller diameters than some other authors.1517"19 It 

hass been shown that stroke patients have less well-developed circles of Willi s because of a 

higherr prevalence of thread-like vessels.2""22 Another reason is that we used the narrowest 

1,55

II  1-0 J 

JJ 0.5 • 
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Figur ee 4. Diameters of functional and 
nonfunctionall  collateral arteries of the 
circlee of Willis . Each box shows the 
median,, quartiles, and extreme values 
withinn a category. 

II  P=0.003 

0,5-- ^ ^ ^ ^ 

functionall  collaterals nonfunctional collaterals 
0,00 — 

N == 19 16 

partss of the arteries in thee analysis, because these parts probably determine collateral ability. 

Thee AcoA in particular can have a widely differing diameter along its course because of an 

hourglasss (3 cases in this study) or triangular shape.15-23 The reported negative correlation 

betweenn PcoA and PI diameters (Figure 3) refutes the findings of Puchades-Orts el al24 and 

Orlandinii  et al25; however, Kamathlx found the same negative correlation, and in thee detailed 

analysiss by Hillen,13 comparable correlation coefficients were found. 

Ann important finding in this study is that AcoAs and PcoAs with a diameter considerably 

lesss than 1 mm can still supply collateral How, which can be detected by TCCD. Our results 

indicatee that the threshold diameter for collateral function lies between 0.4 and 0.6 mm (Table 

2,, Figure 4). Because of its greater length, it seems valid that the PcoA threshold diameter for 

collaterall  function is slightly higher than the AcoA threshold diameter, because the resistance 

too blood tlow is higher in longer vessels as result of the larger area of endoluminal vessel wall. 

Ourr data (Table 2) endorse this hypothesis, but numbers are too small to draw a definite 

conclusion.. A threshold diameter for supplying collateral tlow of between 0.4 and 0.6 mm is 

probablyy also applicable to the P1. In the hemispheres with a fetal posterior cerebral artery, the 

ipsilaterall  P1 diameters w ere 0.5 and 0.6 mm, respectively. CCA compression could not provoke 

aa How reversal in their wide accessory PcoAs (diameter of 2.1 mm in both). 

UpUp to now, a threshold of I mm to define hypoplasia or inadequacy of collateral vessels 

hass been widely used in anatomic studies.17 |l'222''"3" In clinical studies, an increased risk of 

ischemicc cerebral infarction following ICA occlusion2 and an increased risk of brain stem 

ischemiaa follow ing basilar artery occlusion51 have been associated with PcoA diameters <1 

mm.. Only in a minority of studies was a threshold of 0.5 mm used to define hypoplasia of 

Diameterr (mm) 
2,55 -

2,00 • 

1.55 • 
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collaterall  arteries.1820 The varying definitions of hypoplasia of circle of Willi s collaterals 

andd the different populations studied have resulted in a large variability of anomalous or 

"incomplete""  circles of Willi s throughout the literature.14-1*-20-2"6-2"2 The prevalence of the 

"normal1'' textbook polygon ranges from 21 % to 76%. However, the arbitrary diameters of 

0.55 or 1 mm have never been discussed in terms of functional significance. Fluid-dynamic 

mathematicall  models have been developed to study the effect of collateral artery diameter 

onn cerebral blood flow following ICA stenosis or occlusion/"5 Cassot et al- and Dickey et 

al344 independently showed that the smallest luminal diameter allow ing for cross-flow through 

thee AcoA was 0.4 mm. Moreover, Dickey et al found that in patients with ICA occlusion 

andd a well-functioning AcoA, the collateral supply from the PcoA to the deprived hemisphere 

felll  to zero when its diameter was set at levels <0.5 to 0.6 mm.-4 The results of our study 

confirmm those of Cassot et al and Dickey et al. Therefore, we suggest that the term hypoplasia 

bee reserved for those vessels that cannot supply collateral flow. Our results indicate that in 

practice,, communicating arteries with a diameter <0,5 mm should be labelled hypoplastic. 

Thiss may result in greater uniformity in radiological studies on the collateral integrity of the 

circlee of Willis. This is important, because there is increasing evidence that a well-functioning, 

completee circle of Willi s plays a protective role against cerebral ischemia in patients with 

carotidd artery occlusive disease.2"49 Furthermore, it is quite possible that in the future, 

particularlyy in patients with an asymptomatic severe carotid stenosis, the decision whether 

too operate or not will be influenced in part by the collateral ability of the circle of Willis.3f' 

Therefore,, uniformity in the definition of a complete circle of Willi s is a first requirement. 

Althoughh TCCD can be used to assess the presence of cross-flow through the AcoA and 

PcoA,, it should be kept in mind that volumetric blood flow cannot be measured by this 

technique.. A TCCD diagnosis that collateral flow to a deprived hemisphere is present or can 

bee provoked does not guarantee that this is sufficient to protect the hemisphere against 

ischemia.. Moreover, the presence of leptomeningeal collaterals, which might be vital for 

hemisphericall  perfusion in some cases, cannot be assessed by TCCD. One method of assessing 

thee amount of collateral tlow via the AcoA and/or PcoA to a deprived hemisphere is 

measurementt of the proportional velocity decrease in the middle cerebral artery following 

carotidd compression6 or carotid cross-clamping during carotid endarterectomy.37 *  The degree 

off  velocity decrease is correlated with the frequency of electroencephalographic changes 

andd the development of cerebral ischemia during carotid clamping.37'" 

Inn summary, the ultrasound criteria used in the literature to discern functional from non-

functionall  collateral arteries reflect significant differences in arterial size. The arterial 
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thresholdd diameter allowing for collateral flow through the circle of Willi s lies between 0.4 

andd 0.6 mm. This threshold diameter might be used in prospective studies evaluating the 

influencee of the collateral ability of the circle of Willi s on the development of ischemic 

strokess in patients with carotid artery occlusive disease. 
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Abstract t 
Backgroundd and Purpose 

Identificationn of the intracranial collaterals assists in identifying patients with severe occlusive 

diseasee of the internal carotid arteries who are at lower risk of transient ischemic attacks 

(TIAs)) and stroke. We investigated the usefulness of MR angiography in identifying 

functionall  collaterals of the circle of Willis. 

Methods s 

MRR angiography of the circle of Willi s was performed in 50 healthy volunteers. Visibilit y 

wass used as the criterion to define the intracranial collaterals as being functional. Two 

observerss independently assessed the MR angiograms. Results were compared with those 

off  transcranial color duplex sonography (TCCD), and results of carotid compression tests 

weree the standard of reference for the identification of functional intracranial collaterals. 

Results s 

Withh MR angiograms, reviewer 1 achieved a sensitivity of 85%, a specificity of 81%, a 

positivee predictive value of 95%, and a negative predictive value of 55%. Reviewer 2 achieved 

aa sensitivity of 87%, a specificity of 67%, a positive predictive value of 92%, and a negative 

predictivee value of 53%. Interobserver agreement on MR angiograms was moderate (K= 

0.57,, 95% confidence interval: 0.42, 0.72). 

Conclusion n 

Visiblee collaterals of the circle of Willi s on MR angiograms are able to supply collateral 

flowflow in the presence of carotid artery obstruction. However, the low: negative predictive 

valuee of MR angiography indicates that, if collaterals are not visible, supplementary TCCD 

investigationn is required. 
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Thee circle of Willis, located at the base of the brain, provides the main route for collateral 

bloodd flow in severe occlusive disease of the internal carotid artery (ICA). Patients with an 

anteriorr communicating artery (AcoA) and a posterior communicating artery (PcoA) that 

supplyy the hemisphere distal to a severe ICA stenosis have a risk of transient ischemic 

attackk (TIA) and stroke that is lower than that of patients without such collaterals.1 

Furthermore,, patients undergoing carotid endarterectomy who have collaterals supplying 

thee operative side are less likely to have a perioperative stroke.' Unfortunately, hypoplasia 

n ff V P ^ S P I «patnpnfc fiv»mi*»ntlv Viamnprc thf» r-^l l^tprci l fïini-"t-in-n r\f tUa oiVr-la ™f W i l l i r / r i m i f a 
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1).. Identification of intracranial collaterals assists in identifying patients with severe ICA 

occlusivee disease at lower risk of TIA and stroke.1 The prognostic value of functioning 

intracraniall  collaterals in patients with occlusive disease of the carotid artery is the subject 

off  ongoing studies.2 Knowledge of the collateral ability of the circle of Willi s is important 

forr neurosurgeons, vascular surgeons and interventional radiologists when a procedure in 

thee intracranial or extracranial cerebral arteries is to be attempted. 

MRR angiography is an attractive, noninvasive technique for assessing the anatomy of the 

circlee of Willis.3 MR angiography, when compared with conventional angiography (Table 

1),, has had a moderate to high level of sensitivity and specificity in the identification of 

intracraniall  collaterals.45 However, it is not clear whether opacification of intracranial 

collateralss on conventional angiograms or MR angiograms proves that they can act as 

functionall  collaterals when carotid arteries become stenotic or occluded. Furthermore, the 

resultss of these studies45 were obtained from a heterogeneous group of patients with 

intracraniall  aneurysms, arteriovenous malformations, tumors, subarachnoid or intracerebral 

hemorrhages,, steno-occlusive disease, or strokes; this variety impedes unambiguous 

conclusions. . 

Thee aim of our study was to assess whether MR angiography is useful in identifying 

functionall  intracranial collaterals. We performed MR angiography of the circle of Willi s in 

Tablee 1. MR Angiography Compared with Conventional Angiography for the Detection of Intracranial 
Collaterals. . 

AcoAA PcoA 

No.. of Sensitivity Specificity Sensitivity Specificity 
Author**  Subjects % % % % 

Patruxx et al4 54 89 100 81 100 
Stockk et af 62 67 73 75 93 

^Numberss in parentheses are reference citations. 
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Hypoplasticc anterior Hypoplastic precommunicating pan 
communicatingg artery (I -37%) anterior cerebral artery (1-13%) 

Hypoplasticc posterior Hypoplastic precommunicating part 
communicatingg artery (16-64%) posterior cerebral artery (9-15%) 

Figuree 1. Examples and prevalence of circle of Willi s anomalies that hamper collateral function. 
Prevalencee is derived from studies by using an external diameter of 1 mm as a threshold for hypoplasia of 
collaterall  arteries. A1 indicates the precommunicating part of the anterior cerebral artery; M1, main trunk 
off  the middle cerebral artery; PI, precommunicating part of the posterior cerebral artery; BA, basilar 
artery;; and VA. vertebral artery. 

106 6 



TCCDTCCD r.v MR angiography 

healthyy subjects, and the results were compared with those of transcranial color duplex 

sonographyy (TCCD). This was combined with carotid compression tests, the results of which 

weree considered the standard of reference for the assessment of the collateral function of 

thee circle of Willis. f,s In this study, collateral vessels were defined as functional when they 

showedd the potential to act as collaterals. This definition did not imply that these vascular 

pathwayss would or would not serve as adequate collaterals to maintain normal tissue perfusion 

inn cases of obstruction of the carotid arteries. 

Methods s 
Subjects s 
Afterr the study was approved by the local ethics committee, subjects were recruited through 

ann advertisement in a regional newspaper. Fifty-six healthy volunteers, 28 men and 28 women 

withh no known history of cerebrovascular disease were included in the study. Written 

informedd consent was obtained from each volunteer in accordance with the requirements of 

thee local ethics committee. 

TCCDD Examination 

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

Sonoss 2000; Hewlett Packard, Andover, USA) preceded transcranial investigation to exclude 

thosee subjects with possible extracranial arterial occlusive disease or carotid plaques 

preventingg carotid compression. TCCD was performed with a low-frequency (2.0-2.5-MHz) 

transducer.. Insonation of the main trunk of the middle cerebral artery, the precommunicating 

partss (Al ) of both anterior cerebral arteries, and the precommunicating parts (PI) of both 

posteriorr cerebral arteries was performed in the standard manner via the temporal window 

(Figuree 2). The details are reported elsewhere.9-10 

Inn each patient, the collateral function of the three primary collateral pathways-the AcoA 

andd the right and left PcoAs-was determined. Because of its minimal size and low-flow 

state,, the AcoA usually cannot be visualized by means of TCCD. In most cases, direct 

insonationn of the PcoA is impeded by its low-flow state, the high frequency of hypoplasia", 

andd its unfavorable position in relation to the sonography beam. For reliable assessment of 

thee functionall  patency of both collaterals, carotid compression tests are required.12 -15 Collateral 

functionn of the AcoA was proved when blood flow in the Al reversed during ipsilateral 

commonn carotid artery compression (Figure 3a). If blood flow reversal in the Al could not 

bee provoked with compression of the carotid artery, the anterior collateral pathway was 
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Figuree 2. TCCD sonogram of the 
circlee of Willi s in the left temporal 
windoww and axial scanning plane at 
thee level of the mesencephalon. The 
ipsilaterall  (left) Ml . PI (red), and Al 
{blue){blue) are shown. The contralateral 
(right)(right)  Ml and PI  (blue) and AI  (red) 
aree also shown. 

definedd as nonfunctional. Both AI-segments were routinely investigated by using carotid 

compressionn tests. Functional patency of the PcoA was defined by a peak-systolic velocity 

(PSV)) increase of more than 20% in the PI -segment of the posterior cerebral artery during 

ipsilaterall  carotid compression (Figure 3b), with this value being twice that expected from 

normall  variation and measurement error.13 If the PSV increase in PI was less than 20%, the 

posteriorr collateral pathway was defined as nonfunctional. In the case of a fetal-type posterior 

cerebrall  artery, a common anatomic variation in the circle of Willis , the PcoA is enlarged 

andd accompanied by a thin or hypoplastic PI (Figure 1). Such a large PcoA can be detected 

byy using TCCD, enabling direct velocity measurements. In this type of posterior circle 

configuration,, the How direction in the PcoA is directed from the ICA to the posterior cerebral 

artery.. If ipsilateral carotid compression caused a How decrease instead of flow reversal in 

thee PcoA, the posterior collateral pathway was defined as nonfunctional. To avoid artefacts 

duee to turbulence near the origins of the communicating arteries when provoking collateral 

flow,flow, velocity measurements were taken proximally in the Al and PI, with the sample 

volumee set as narrow ly as possible. 

Compressionss of the common carotid artery were applied for three to five cardiac cycles, 

loww in the neck just proximal to the sternal head of the clavicle, to avoid a systemic 

cardiovascularr reaction. To ensure the effectiveness of the compression, a photoplethysmograph 

thatt generated pulse tracings on a separate monitor was attached to the earlobe on the side of 

thee compressed artery. Flattening of this pulse wave indicated cessation of blood How through 

thee common carotid artery and. thus, adequate compression. 
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Figuree 3. Doppler spectra. 
a,a, Spectrum shows blood flow reversal 
inn the Al during ipsilateral carotid 
compressionn indicating functional 
patencyy of the AcoA. 

b.b. Spectrum shows blood flow velocity 
increasee of more than 20% in the PI 
duringg ipsilateral carotid compression 
indicatingg functional patenc\ of the 
PcoA. . 

MRR Angiography 

Three-dimensionall  (3D) time-of-flight (TOF) MR angiography of the circle of Willi s was 

performedd by using a 1.5-T MR system (Magnetom Vision; Siemens, Erlangen, Germany) 

withinn approximately 30 minutes of the TCCD examination. MR angiography was performed 

onlyy in those subjects in whom TCCD examination could be performed successfully. The 

followingg imaging parameters were used: 39/6.5 (TRT'H), 20° flip angle. 200 x 150-mm 

fieldd of \ iew, 225 x 512 matrix, 40 sections with an 0.8-mm effective thickness that resulted 

inn the coverage of a volume of 32 mm in the craniocaudal direction, and 0.67 x 0.39-mm 

pixelpixel resolution (0.26-mm2 pixel area). Maximum intensity projection (VHP) images were 

producedd at 12 equally spaced intervals perpendicular to the left-right axis that covered a 
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Figuree 4. 3D TOF MR angiograms. 
a,a, Angiogram of the circle of Willi s with the complete anterior configuration shows the AcoA (arrow). 
b.b. Angiogram of the circle of Willi s with the complete posterior configuration shows the right and left 
PcoAss (arrows). 

totall  of 180° of rotation (15° per interval). The 3D TOF stack was positioned by using a 

three-plane,, two-dimensional phase-contrast survey image. The total imaging time, including 

acquisitionn of the survey image and positioning, was approximately 10 minutes. 

Interpretationn was based on examination of the MR images, the single partitions of the 

volumee of MR angiographic sequences, and the targeted MlPs of the vasculature. Two 

neuroradiologistss (CBLM and F-JHII) independently reviewed the images from the individual 

examinationss in a blinded fashion. The seven arteries evaluated included the AcoA, the A1 -

segments,, the PI-segments, and the left and right PcoAs. A forced-choice method (visible 

orr invisible) was used in the decision analysis. The signal intensity and caliber of the patent 

collaterall  arteries were variable, and identifying their whole length to ensure that their lumen 

wass patent was not necessary. Special care was taken to differentiate the PcoAs from the 

anteriorr choroidal arteries by scrolling through the sections and sequentially determining 

thee course of the arteries. The communication of the PcoA with the posterior cerebral artery 

hadd to be visualized to define the PcoA. 

Wee hypothesized that visible collateral arteries on MR angiograms were patent and 

potentiallyy capable of supplying collateral flow. Arteries that could not be visualized were 

definedd as hypoplastic. Collateral How through the anterior collateral pathway of the circle 

off  Willi s was deemed possible if both A1-segments connected by an AcoA were visible 

no o 
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(Figuree 4a). In cases of fusion of the anterior cerebral arteries, the anterior collateral pathway 

wass also defined as functional. The posterior collateral pathway was defined as functional if 

thee Pl-segment and its accompanying PcoA were visible (Figure 4b). A vessel stem from 

thee ICA that showed a diameter larger than the diameter of the ipsilateral P1 and that continued 

distallyy as the posterior cerebral artery was classified as fetal-type posterior cerebral artery 

(Figuree 1). Vessel stems from the ICA that showed diameters equal to or smaller than the 

diameterr of the ipsilateral PI were classified as PcoA. Length and diameter measurements 
„f*u~„f*u~  , ^ n ~ * ~ . - „ i „_*-„_:„,- „+• +„i 
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Dataa Analysis 

TwoTwo neuroradiologists (CBLM and F-JHH) who were unaware of the TCCD findings 

independentlyy judged the visibility of the vessels forming the anterior and two posterior 

collaterall  pathways. MR results were then compared with the findings of TCCD examinations. 

Wee determined the sensitivity, specificity, positive and negative predictive values, and the 

interobserverr agreement for the identification of functional intracranial collateral pathways 

withh MR angiography. Agreement was considered poor if K was 0.40 or lower, moderate if 

KK was between 0.41 and 0.60, and good if K was 0.61 or higher. At the end of the study, the 

reasonss for disagreement were analyzed by re-reviewing the data in a consensus meeting. 

Results s 
Subjects s 

Onee of the 56 volunteers was excluded because of >50% stenosis of both ICAs. In four 

subjectss TCCD examination could not be performed because of bilateral impenetrable 

temporall  windows. In one case, the MR examination had to be stopped because the volunteer 

hadd claustrophobia. In a total of 50 subjects, 25 men and 25 women with a mean age of 51 

yearss (range, 28-74 years), both MR angiography and TCCD was successfully performed. 

TCCDD Examinations 

Inn three (6%) subjects, carotid compression did not result in cross-flow through the anterior 

collaterall  pathway. Two subjects had a nonfunctional AcoA and one subject had a 

nonfunctionall  right A1-segment. In 24 (24%) posterior collateral pathways, collateral flow 

couldd not be provoked by carotid compression. This was due to a nonfunctional PcoA in 17 

i l l l 
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(17%)) cases and a nonfunctional PI -segment in seven (7%) cases. Twenty-five (25%) PcoAs 

couldd be visualized with TCCD, enabling direct velocity measurements. In 24 of these PcoAs, 

thee blood flow direction in the resting state was toward the basilar artery. Blood flow in 17 

visualizedd PcoAs reversed on ipsilateral carotid compression; this observation indicated a 

functionall  posterior collateral pathway. In the other seven PcoAs that could be visualized, 

blood-Howw velocity decreased on ipsilateral carotid compression; this indicated a 

nonfunctionall  posterior collateral pathway. In one PcoA that showed a blood-flow direction 

towardd the ICA, carotid compression caused a marked velocity enhancement; this indicated 

aa functional posterior collateral pathway. 

MRR Angiography 

CircleCircle Anomalies 

Inn all subjects, scrolling through the axial source images was required to correctly identify 

vessell  segments and to determine the course and communication of the collateral arteries. 

Inn two subjects, a fusion of the anterior cerebral arteries over a short distance was found, 

andd in one subject, the anterior cerebral arteries formed a common trunk and split distally 

intoo two A2 (postcommunicating) segments. One subject had a double AcoA, and in another, 

aa third anterior cerebral artery arising from the AcoA was found. One subject had a duplication 

off  the left A1-segment, and in another subject, the right A1-segment was missing. In 17 

(17%)) cases, a fetal posterior cerebral artery was found, showing a PcoA with a caliber 

largerr than that of the ipsilateral PI. In one case, calibers of the PcoA and PI were 

approximatelyy similar. In the remaining 82 (82%) cases, the PI had a diameter greater than 

thatt of the ipsilateral PcoA. In two subjects, a duplication of the left superior cerebellar 

arteryy was found. 

CollateralCollateral Pathways 

Thee anterior collateral pathway wras judged nonfunctional in nine (18%) subjects by reviewer 

11 and in six (12%) subjects by reviewer 2. The posterior collateral pathway was judged 

nonfunctionall  in 31 (31%) cases by reviewer 1 and in 28 (28%) cases by reviewer 2. The 

sensitivity,, specificity, and positive and negative predictive values of MR angiography for 

thee identification of functional collateral pathways are shown in Table 2. There were no 

significantt differences between the two observers. Table 3 shows the interobserver agreement. 

Afterr consensus review of the data, the anterior and posterior collateral pathway were judged 

nonfunctionall  in six (12%) and 29 (29%) cases, respectively. 
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Tablee 2. Detection of Collateral Pathways (n=150) in 50 Healthy Subjects. 

A::  Number  of findings 

Detectionn with MR 
Angiography* * 

Observerr 1 
Yes s 
No o 

Total l 
Observerr 2 

Yes s 
No o 

Total l 

B::  Diagnostic discrimination 

Measure e 

Sensitivity,, % 
Specificity,, % 
Positivee predictive value, 
Negativee predictive value 

% % 
,% % 

Detection n 

Yes s 

105 5 
18 8 

123 3 

107 7 
16 6 

123 3 

withh TCCD* 

No o 

5 5 
22 2 
27 7 

9 9 
18 8 
27 7 

Observerr If 

855 (79, 92) 
811 (62,94) 
955 (90, 99) 
55(39,71) ) 

Total l 

110 0 
40 0 

150 0 

116 6 
34 4 

150 0 

Observerr 2f 

87(81,93) ) 
677 (46, 84) 
922 (86, 96) 
533 (35, 70) 

**  Yes indicates functional. No indicates nonfunctional. 
tt Numbers in parentheses are the 95% confidence intervals. 

Tablee 3. Interobserver Agreement with MR Angiography for the Detection of Collateral Pathways (n= 150)*. 

Findings,, Observer 2t 

Findings,, Observer II 

Yes s 
No o 
Total l 

Yes s No o Total l 

101 1 
15 5 

116 6 

9 9 
25 5 
34 4 

110 0 
40 0 

150 0 

**  K = 0.57 (95% confidence interval: 0.42, 0.72). 
tt Yes indicates functional, No indicates nonfunctional. 
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Discussion n 
Thee results of this study show that, despite the fact that MR angiography lacks the potential 

off  carotid compression tests, its sensitivity in identifying nonrecruited but potentially 

functionall  intracranial collaterals is relatively high (Table 2). However, the technique failed 

inn identifying potential functional collaterals in a relatively high number of cases, resulting 

inn a low negative predictive value. The interobserver agreement (Table 3) was moderate. 

Disagreementt between the observers was mainly caused by the often small collaterals. In 

casess in which the observers were uncertain about the visibility of collaterals, the strictly 

appliedd forced-choice method often resulted in disagreement. However, after consensus 

revieww of the MR angiograms, some pitfalls also arose. The anterior choroidal artery (an 

intracraniall  branch of the ICA) runs very close, and in several sections of the MR angiographic 

sourcee images parallel, to the PcoA. In some sections, the anterior choroidal artery can run 

soo close to the posterior cerebral artery that it appears to be connected to it. When the PcoA 

iss hypoplastic or aplastic, such anterior choroidal arteries can easily be misinterpreted as 

thee PcoA. In two subjects who had a duplication of the superior cerebellar artery and a 

hypoplasticc ipsilateral P1, one of the reviewers wrongly identified the most superiorly located 

branchh of the duplicated superior cerebellar artery as PI. 

Ann important advantage of MR angiography compared with TCCD is that the collateral 

anatomyy of the circle of Willi s can be assessed in most subjects. In this series, the failure 

ratee was only 2% because of claustrophobia of one volunteer. In contrast, the success of 

TCCDD depends on the quality of the temporal window, which is determined by the patient's 

age,, sex, and race. The failure rate of TCCD in identifying the individual intracranial arteries 

inn white men older than 60 years is less than 10%; however in elderly while women, the 

failuree rate might be as high as 30-40%.14 In this series, the failure rate of TCCD was 7%. 

Thee main limitation of MR angiography is its limited resolution, which hampers the detection 

off  small but potentially functional collaterals. The identification of arteries with a diameter 

lesss than 0.8 mm is difficult, because their diameter is smaller than the currently used pixel 

sizee of 0.79 x 0.79 mm. However, approximately 40% of the PcoAs have a diameter less 

thann 0.8 mm1-, and the threshold diameter for supplying collateral flow is even smaller, 

namelyy between 0.4 and 0.6 mm.16"1*  This implies that a number of functional collaterals 

withh a diameter less than 0.8 mm might not be detected by using MR angiography. It could 

alsoo explain the relatively high number of false-negative functional collaterals in our study 

(Tablee 2). On the other hand, the low number of false-positive functional collaterals (Table 2) 

indicatess that communicating arteries that can be visualized, even those that are barely visible, 
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aree capable of supplying collateral How. With the continuous improvement of MR techniques, 

difficultiess in the identification of very small intracranial vessels may soon diminish. 

Detectionn of the AcoA and PcoA with MR angiography may be hindered for a number of 

reasonss other than limited resolution. The AcoA has a mean length of 2.6 mm, but it can be 

ass short as 0.3 mm.19 In such cases, the proximal parts of the anterior cerebral arteries are 

closee to each other. Furthermore, blood flow in the anterior cerebral arteries is higher than 

inn the AcoA, resulting in a higher signal intensity. This combines to make detection of the 

ii  t^VJJ V 1J M J J t Jj J i L / l V , V /11V I 11VUJV /U I I  IIA L  l l i l ^ l l l l l l l p l UT V U ^ l ^ V U U l l KJ \ L l l ^ i \.^\J i V I J l U U p p i J W 

saturationn band across the contralateral cavernous carotid artery. This might improve 

visualizationn of the AcoA, and it may also provide information regarding the contribution 

off  flow from the ipsilateral carotid artery to the anterior cerebral arteries. The PcoA has a 

meann outer diameter (1.3 mm) smaller than that of the AcoA (1.5 mm); however, it is on 

averagee five times longer than the AcoA, ie, 12.6 versus 2.6 mm." w Furthermore, the PcoA 

doess not have vessels w ith a higher signal intensity running alongside it; this situation makes 

itss identification less difficult. 

TCCDD might also fail to reveal a functional PcoA. The proximal part of the posteom-

municatingg segment (P2) of the posterior cerebral artery has the same color and flow direction 

ass PI and can easily be mistaken for it. Exact positioning of the TCCD sample volume in 

thee PI is difficult, particularly if it is relatively short (mean length, 7.0 mm; range, 3.0-20.0 

mm11).. Erroneous positioning of the TCCD sample volume in P2 leads to an incorrect 

diagnosiss of nonfunctionality of the PcoA because PSV in P2 usually does not increase 

duringg carotid compression. In one subject, who had a nonfunctional PcoA during TCCD 

examination,, MR angiography showed a visible PcoA and an ipsilateral, visible PI with a 

lengthh of only 3-4 mm. 

Itt can be argued that, in patients with steno-occlusive disease of the carotid arteries the 

identificationn of intracranial collaterals with MR angiography is less difficult because of 

thee potentially enhanced flow through them. However, the AcoA and PcoAs are not recruited 

untill  stenosis in the ICA has reduced the lumen by 80% or more.1 lh:o In cases of lesser 

stenosis,, intracranial col lateralization is absent, and flow through the communicating arteries 

iss low or negligible.21 -: 

Severall  studies of MR angiography for the evaluation of the collateral anatomy of the 

circlee of Willi s in healthy volunteers1 and in patients with cerebrovascular disease4 5 : u4 

havee been published (Table 4). The higher number of hypoplastic communicating arteries 

foundd in cerebrovascular patients corresponds with the results of autopsy studies performed 

115 5 



ChapterChapter 7 

inn the 1960s.2S26 The reports of these morphologic studies were among the first to point out 

thee possible relationship between ischemic brain infarction and hypoplasia of collaterals of 

thee circle of Willis. The contrasting results of Hartkamp et aP (Table 4) are probably due to 

thee fact that they studied a subgroup of survivors of ICA occlusion with only minor disabling 

neurologicc deficits; this approach resulted in a relatively more favorable outcome. More 

recently,, the presence of functional intracranial collaterals in patients with severe ICA 

occlusivee disease was shown to be negatively correlated with the severity of symptoms.27-:8 

Furthermore,, the risk of TIA and hemispheric stroke in patients with symptomatic ICA 

stenosiss is reduced when functional collaterals are present.1 In patients with severe ICA 

occlusivee disease, an effective collateral function of the circle of Willi s might protect the 

brainn not only from ischemia due to a critical reduction in cerebral perfusion pressure2'5"31 

butt also from the harmful effects of thromboembolism.28 32 3- The AcoA is generally considered 

thee most important route for collateral flow in cases of severe ICA occlusive disease17 :i,34--18
? 

butt collateral flow via the PcoA has also been shown to be of clinical importance.'" -™ 

Directionn of blood flow can be assessed with phase-contrast MR angiography. Previous 

studiess have indicated that phase-contrast MR angiography is a reliable method for assessing 

thee direction of flow in the circle of Willis.1640 With this technique, the presence of retrograde 

ftowrr in the A1-segments (which indicates collateral flow via the AcoA), the presence of 

posteroanteriorr flow in the PcoAs, and reversed flow in the ophthalmic arteries can be 

assessed.. Potentially more important, phase-contrast techniques can be used to quantify 

velocitiess within a vessel. If the cross-sectional area is measured, flow can be calculated. 

Tablee 4. Percentage of Nonvisualized Collaterals in 3D Time-of-Flight MR Angiography Studies. 

Study* * 

HealthvHealthv volunteers 
Krabbe-Hartkampp et aP 
Currentt studyt 

CerebrovascularCerebrovascular patients 
Patruxx et al4 

Stockk et aP 
Hartkampp et al23 

Brunereauu et af4 

No.. of 
Subjects s 

150 0 
50 0 

54 4 
62 2 
75 5 
109 9 

Age, , 
y y 

55 5 
51 1 

44 4 
52 2 
62 2 

21-82 2 

AcoA, , 
% % 

19 9 
10 0 

54 4 
40 0 
7 7 

45 5 

Al , , 
% % 

3 3 
1 1 

5 5 
4 4 
3 3 
2 2 

PcoA, , 
% % 

28 8 
22 2 

56 6 
39 9 
21 1 
44 4 

PI I 
% % 

2 2 
7 7 

8 8 
4 4 
2 2 
12 2 

**  Numbers in parentheses are reference citations, 
tt Data were derived from the consensus review. 
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Thiss technique enables volume-flow measurements in the extracranial vessels41 and also in 

thee major intracranial arteries.42 Nevertheless, for the AcoA and PcoAs, the diameter is too 

smalll  to permit reliable quantitative measurements of flow. The development of perfusion 

MRR imaging has made the rapid assessment of cerebral hemodynamics possible.This 

techniquee produces hemodynamic information such as the relative regional cerebral blood 

volumee and relative regional cerebral blood flow. In patients with symptomatic carotid 

occlusivee disease, it is a promising technique for investigating the cerebral hemodynamics.4144 
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whichh reflects the primary underlying pathophysiology of acute ischemia. In patients with 

cerebrovascularr disease, coupling of the previously mentioned MR techniques can be used 

too investigate the distribution or redistribution of blood flow through various cerebral arteries, 

providingg a comprehensive evaluation of flow condition. 

Conclusion n 
3DD TOF MR angiography can provide valuable information regarding the collateral anatomy 

andd function of the circle of Willis. Using visibility as sole criterion, its sensitivity in the 

identificationn of functional collateral pathways is relatively high. If the vessel segments that 

formm the anterior and posterior collateral pathway of the circle of Willi s can be visualized 

byy using MR angiography, it can be assumed with a high level of confidence that collateral 

floww is possible. However, the high false-negative rate indicates that if MR angiography 

failss to depict intracranial collaterals, supplementary TCCD examination is required. The 

moderatee interobserver agreement is most probably a reflection of the difficulty in identifying 

veryy small communicating arteries with MR angiography. 
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Abstract t 
Background d 

Autopsyy studies show a higher prevalence of circle of Willi s anomalies in brains with signs 

off  ischemic infarction. Our goal was to examine the collateral function of the circle of 

Willi ss in ischemic stroke patients and to assess in a case-control study if a collateral deficient 

circlee of Willi s is a risk factor for ischemic stroke in patients with severe internal carotid 

arteryy (ICA) occlusive disease. 

Methods s 

Ourr case-control study included 109 patients with an acute ischemic stroke in the anterior 

circulationn and 113 patients with peripheral arterial disease and no known history of cerebral 

ischemia.. The collateral function of the anterior and posterior communicating arteries of the 

circlee of Willi s was assessed by means of transcranial color-coded duplex ultrasonography 

(TCCD)) and carotid compression tests. 

Results s 

TCCDD was successfully performed in 75 case patients (mean age 64 years, range 41 -91 years) 

andd in 100 control patients (mean age 61 years, range 35-89 years). In 26 cases and 19controls 

aa >70% stenosis or occlusion of the ICA was found. A nonfunctional anterior collateral pathway 

inn the circle of Willi s was found in 33% of the cases, and in 6% of the controls (p<0.001). The 

posteriorr collateral pathway was nonfunctional in 57% of the cases and in 43% of the controls 

(p=0.02).. In patients with severe ICA occlusive disease, the odds ratios of a nonfunctional 

anteriorr and a nonfunctional posterior collateral pathway were 7.33 (95% confidence interval, 

CI,, = 1.19-76.52) and 3.00 (95% CI = 0.77-12.04), respectively. 

Conclusions s 

Patientss who suffer ischemic stroke in the anterior circulation have a higher incidence of 

collaterall  deficient circles of Willi s than those with atherosclerotic vascular disease without 

ischemicc cerebrovascular disease. The presence of a nonfunctional anterior collateral pathway 

inn the circle of Willi s in patients with severe ICA occlusive disease is strongly associated 

withh ischemic stroke. 
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Introductio n n 
Inn patients with severe carotid artery stenosis or occlusion the main determinant of intracranial 

perfusionn conditions is the collateral function of the circle of Willis. In autopsy studies 

performedd in thee 1960s1:, it was found that circles of Willi s in infarcted brains had a higher 

numberr of hypoplastic vessel segments (Figure 1) than brains without such infarctions. 

Recentt studies have indicated that in patients with severe internal carotid artery (ICA) 

occlusivee disease a well-functioning circle of Willi s can protect the brain against ischemia.3' 
77 However, during the Dast two decades, the emnhasis on ischemic stroke nathnaenpsis has 

largelyy switched from hypoperfusion and hemodynamic-related explanations to 

thromboembolismm as the predominant mechanism.8 Nevertheless, the close relationship 

betweenn severity of extracranial arterial stenosis and brain infarction'', the correlation between 

impairedd functional blood How reserve and subsequent brain infarction3-10, and the correlation 

off  reduced collateral blood flow with a poor prognosis4"7 indicate that ischemic stroke 

pathogenesiss is a multifactorial process. This has led to a reappraisal of hemodynamic factors 

inn stroke pathogenesis." 1: Impaired clearance or washout of emboli has been proposed as 

ann important link between hypoperfusion, embolism and ischemic stroke.13 This indicates 

thatt in patients with severe ICA occlusive disease an effective collateral function of the 

circlee of Willi s might not only protect the brain from ischemia caused by a critical reduction 

inn cerebral perfusion pressure34 u, but also from the harmful effects of thromboembolism.13'" 

Ourr goal was to investigate the collateral function of the circle of Willi s in patients with an 

ischemicc stroke in the anterior (carotid) circulation using transcranial color-coded duplex 

ultrasonographyy (TCCD)16, combined with carotid compression tests. This is a highly sensitive 

andd specific method to test the collateral potential of the anterior (AcoA) and posterior 

(PcoA)) communicating arteries: 98 and 100% for the AcoA and 84 and 94% forthePcoA, 

respectively.17199 Furthermore, we investigated by means of a case-control study, whether 

nonfunctioningg collateral pathways in the circle of Willi s are a risk factor for ischemic stroke. 

Materia ll  and Methods 
Strokee Patients 

Patientss with clinical signs of brain infarction in the anterior circulation admitted to the 

Strokee Unit of the Department of Neurology of the Debrecen University Medical School in 

Hungaryy were included in thee study. Only Caucasian patients were included. Brain infarction 

wass defined as rapidly developing clinical signs of focal disturbance, or sometimes 

generalizedd loss of cerebral function, lasting longer than 24 h or leading to death, with no 
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Figuree 1. Examples and prevalence of circle of Willi s anomalies that hamper collateral function. Prevalence 
iss derived from autopsy studies that excluded brains exhibiting evidence of neurologic disease and used an 
externall  diameter of 1 mm as threshold for hypoplasia of collateral arteries. A. Hypoplastic anterior 
communicatingg artery (I -37%). AcoA = Anterior communicating artery; AI = precommunicating part of the 
anteriorr cerebral artery; ICA = internal carotid artery; Ml  main trunk of the middle cerebral artery; PcoA 
== posterior communicating artery; PI = precommunicating part of the posterior cerebral artery; BA = basilar 
artery;; VA = vertebral artery. B. Hypoplastic precommunicating part of the anterior cerebral artery (1-13%). 
C.. Hypoplastic posterior communicating artery (16-64%). D. Hypoplastic precommunicating part of the 
posteriorr cerebral artery (9-15%). 

124 4 



CircleCircle of Willis function and stroke risk 

apparentt cause other than that of vascular origin. The modified Rankin scale2" was used for 

assessmentt of stroke severity on admission. The patients underwent complete neurologic 

evaluation,, including history taking to identify risk factors, lipid and coagulation profiles, 

andd imaging studies [duplex scanning of the extracranial carotid and vertebral arteries, 

echocardiographyy in selected cases and computed tomographic (CT) scanning of the brain]. 

CTT scanning always preceded TCCD. Patients with an acute neurologic deficit attributable 

too other causes were excluded. The study was approved by the local ethics committee, and 
n n t i a t i * ! -- r^r  +1*^1*.  ^I^^^^t  ~„}„*1*  .... .« : „  i"  1 

p u n n i u ,, u i Li iv j J ^ivjj^a t i L iauv i . , g a ve Ul lUl l l l t U LUIISCIIL . 

Controll  Group 

Atheroscleroticc vascular disease patients with no clinical symptoms or history of cerebral 

ischemiaa served as control patients. Only Caucasian patients were included. They were 

recruitedd from the vascular surgical outpatient clinic of the Academic Medical Center in 

Amsterdam,, the Netherlands.21 They attended for evaluation of peripheral arterial disease. 

Controll  patients did not have CT or MRI investigation of the brain. Approval was obtained 

fromm the local ethics committee, and informed consent was obtained from each patient. 

Assessmentt of Collateral Function 

Beforee transcranial investigation, all patients underwent duplex scanning of the extracranial 

brain-supplyingg arteries. A Hewlett-Packard Sonos 2000 duplex scanner was used for all 

ultrasoundd examinations. All patients were examined by the same investigator (A.W.J.H.). 

Stenosiss of the carotid arteries was graded according to previously defined criteria.22 TCCD 

wass performed with a 2.0- to 2.5-MHz phased-array probe. The cerebral arteries forming 

thee circle of Willi s were insonated through the temporal bone in the standard manner, the 

detailss of which are reported elsewhere.16-23-24 Patients with partially suitable temporal 

windows,, through which only the anterior or only the posterior part of the circle of Willi s 

couldd be visualized, were also included in the study. 

Inn subjects with no ICA occlusion, assessment of the collateral function of the circle of 

Willi ss requires carotid compression.212526 Collateral cross-flow through the AcoA towards 

thee middle cerebral artery was proven by reversal of blood flow in the precommunicating 

partt of the ipsilateral anterior cerebral artery (Al ) during carotid compression. Collateral 

floww from the basilar artery to the ICA territory through the PcoA was proven by a velocity 

enhancementt in the precommunicating part of the ipsilateral posterior cerebral artery (PI) 

duringg carotid compression. A minimum PI peak-systolic velocity enhancement of 20% 

wass used to define the PcoA as functional, this value being twice as much as can be expected 
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fromm normal variation and measurement error.2":/1 in hypoplasia of the PI, the main stem of 

thee posterior cerebral artery arises from the ICA (Figure Id). This is a common anomaly of 

thee circle of Willi s and may hamper posterior collateral flow. In this so-called fetal posterior 

configurationn of the circle of Willis, the PcoA can be visualized because of its large size. 

Thiss enables direct velocity measurements in the PcoA. If carotid compression caused a 

velocityy decrease in the PcoA instead of flow reversal, then the posterior collateral pathway 

wass defined as nonfunctional. 

Carotidd Compression 

Compressionss of the common carotid artery were applied for a maximum of 4 cardiac cycles, 

loww in the neck just proximal of the sternal head of the clavicle. To minimize the risk of 

embolism,, compressions were performed only in patients with no atherosclerotic plaques in 

thee proximal common carotid artery, as judged by the B-mode image of the duplex scan. To 

ensuree the efficacy of the compression, a pulse oximeter (Eagle 3000, Marquette) that 

generatedd pulse tracings on a separate monitor was attached to the earlobe on the same side 

ass the compressed artery. Flattening of this pulse wave indicated cessation of blood flow 

throughh the common carotid artery and, thus, adequate compression. 

Carotidd Occlusion 

Inn patients with unilateral ICA occlusion, collateral supply from the contralateral hemisphere 

throughh the AcoA was proven if the A1 ipsilateral to the occluded ICA demonstrated reversed 

flow.. In subjects with bilateral ICA occlusions, the function of the anterior collateral pathway 

couldd not be assessed. Collateral flow from the basilar artery to the ICA through the PcoA 

onn the side of an occluded ICA was demonstrated if the mean blood flow velocity in the 

ipsilaterall  PI was more than the mean blood flow velocity +2 standard deviations27 from an 

age-- and sex-matched group of atherosclerotic disease patients with no ICA occlusive disease 

orr cerebral symptoms.28 

Secondaryy Collateral Pathways 

Inn patients with ICA occlusion and insufficient collateral blood flow via the circle of Willis, 

secondaryy collateral blood flow via the ophthalmic artery and the leptomeningeal vessels 

mightt be present.29 In cases and controls with ICA occlusion, we assessed this type of 

collaterall  flow by means of a 7.5-MHz probe which was placed over the orbit using coupling 

gel,, with the eyelid closed.30 To prevent damage to the retina, the Doppler power was always 

reducedd to 10% of that required to penetrate the temporal bone. Retrograde flow in the 

126 6 



CircleCircle uj Willis function mul stroke risk 

ophthalmicc artery indicated a functional ophthalmic collateral pathway. Collateral supply 

fromm leptomeningeal arteries over the surface of the brain could not be assessed by TCCD. 

Analysis s 

Inn both cases and controls, the number of nonfunctional anterior and nonfunctional posterior 

collaterall  pathways was determined. Subjects were stratified according to the presence of 

severee (>70% stenosis or occlusion) ICA occlusive disease. All calculations were based on 

thee total number of successfully insonated collateral pathways in each group and not on the 

totall  number of patients. Odds ratios (OR) including 95% confidence intervals (CI) of 

nonfunctionall  anterior and nonfunctional posterior collateral pathways were calculated. To 

calculatee the OR of a nonfunctional posterior collateral pathway, the symptomatic hemisphere 

off  the case patients was considered the index hemisphere, yj tests with Yates' correction or 

Fisher'ss exact tests were used to compare proportions of categorical variables. Significance 

wass assumed at the 5% level. 

Results s 
Cases s 

Wee performed TCCD in a total of 109 patients with an acute ischemic stroke in the anterior 

circulation.. There were 78 men and 31 women with a mean age of 66 years (range 38-91 

years).. Of the 109 stroke patients, TCCD examination was conclusive in 75 patients, 60 

menn and 15 women with a mean age of 64 years (range 41 -91 years). Reasons for failure of 

TCCDD and baseline characteristics of the remaining subjects are listed in Table 1. The median 

timee between the onset of neurologic symptoms and TCCD was 5 days (range 1-85 days). 

Twenty-sixx case patients had severe ICA occlusive disease. In 2 of the 21 cases with ICA 

occlusionn it was present bilaterally. In 5 of the 26 patients with severe ICA occlusive disease, 

thee symptoms were related to the hemisphere contralateral to the obstructed ICA. Bilateral 

vertebrall  artery occlusions impeding posterior collateral flow were not found. 

Itt was possible to assess the function of the anterior collateral pathway in 69 of the 75 

casess (Table 2). In 4 patients the arteries forming the anterior part of the circle of Willi s 

couldd not be adequately insonated and in 2 patients interhemispheric cross-flow through the 

anteriorr collateral pathway could not be assessed due to bilateral ICA occlusion. In 8 of the 

1500 hemispheres of the 75 cases, the posterior collateral pathway could not be assessed due 

too suboptimal insonation conditions. 

Controls s 
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Tablee 1. Baseline Characteristics of Cases and Controls 

IncludedIncluded Patients 
Reasonss for failure 
Proximall  CCA plaques 
Unsuitablee windows 
Poorr cooperation 

RemainingRemaining Patients 

Characteristic Characteristic 
Gender r 

Males s 
Females s 

Age,, years 
Mean n 
Range e 

Extracraniall  ICA 
>70%% stenosis 
Occlusion n 

History,, % 
Priorr TIA or stroke 
Diabetess mellitus 
Cigarettee smoking 
Hypertension n 
Hyperlipidemia a 
Priorr AP or MI 

Strokee severity, % 
Rankinn scale <4 
Rankinn scale >4 

Typee of infarcts on CT, % 
Territorial l 
Lacunar r 
Watershed d 
Combination n 
Noo visible lesion 

Cases s 

109 9 

2 2 
29 9 
3 3 

75 5 

60 0 
15 5 
64 4 

41-91 1 

55 (7%) 
211 (28%) 

32 2 
16 6 
36 6 
76 6 
70 0 
30 0 

35 5 
65 5 

56 6 
20 0 

3 3 
5 5 

16 6 

Controls s 

113 3 

4 4 
9 9 
0 0 

100 0 

75 5 
25 5 
61 1 

35-89 9 

111 (11%) 
88 (8%) 

— — 
11 1 
63 3 
35 5 
35 5 
23 3 

— — 
__ _ 

— — 
— — 
— — 
— — 
— — 

CCAA = Common carotid artery; ICA; ICA = internal carotid artery; TIA = transient ischemic attack; 
APP = angina pectoris; Ml = myocardial infarction. 

Thee control group consisted of 113 atherosclerotic vascular disease patients, 79 men and 34 

womenn with a mean age of 62 years (range 35-89 years). The difference in mean age between 

thee cases and controls was statistically significant (p=0.008). Of the 113 control patients, 

TCCDD examination was conclusive in 100 patients, 75 men and 25 women with a mean age of 

611 years (range 35-89 years). Nineteen control patients had severe ICA occlusive disease 
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(Tablee 1). Two patients had bilateral >70% ICA stenosis, and 8 showed a unilateral ICA occlusion 

off  which 2 had a contralateral >70% ICA stenosis as well. Bilateral vertebral artery occlusions 

impedingg posterior collateral How were not found. The function of the anterior collateral pathway 

couldd be adequately assessed in 99 control patients. It was possible to assess the function of the 

posteriorr collateral pathway in 193 of the 200 hemispheres (Table 2). 

Collaterall  Function 

AA nonfunctional anterior collateral pathway in the circle of Willi s was found in 33% of the 

casess andd in 6% of the controls (pO.001). The posterior collateral pathway was nonfunctional 

inn 57% of the cases and in 43% of the controls (p= 0.02 ). Figure 2 shows a stratification of 

casess and controls according to the presence of severe ICA occlusive disease. In cases and 

controlss with severe ICA occlusive disease, the anterior collateral pathway was nonfunctional 

Tablee 2. Absent Collateral tlovv. Overall Numbers. 

Successfull  insonation of anterior circle 
Nonfunctionall  anterior collateral pathway 

Successfull  insonation of posterior circle 
Nonfunctionall  posterior collateral pathway 

Numberr of ICA occlusions 
Nonfunctionall  ophthalmic collateral pathway 

Cases s 
(n=75) ) 

69 9 
233 (33%) 

142 2 
811 (57%) 

23 3 
88 (35%) 

Controls s 
(n=100) ) 

99 9 
66 (6%) 

193 3 
833 (43%) 

8 8 
00 (0%) 

% % 

100 0 

s s 

60 0 

40 0 

20 0 

0 0 
Control l 

lotal l 
(n= = 

grot. . 

"oo o 

11 Nonfunctional anterior collateral pathways 

DD Nonfunctional posterior collateral pathway 

J J 1 1 
Casess Controls Cases 

pp total ,roi i 
75 5 

pp <70% 
<n= = 

ten n 
XI) ) 

>siss <70% 
(n= = 

ten n 
49) ) 

Figuree 2. Percentages of 
nonfunctionall  anterior and 
posteriorr collateral pathways 
inn the circle of Willis. In 

J J 
l l 1 1 

controlss with >70% ICA 
stenosiss or occlusion, the 
percentagee of nonfunctional 
posteriorr collateral pathways 
ipsii  lateral to the obstructed 
ICAA is shown. In cases, the 
percentagee of nonfunctional 
posteriorr collateral pathways 

controlss Cases ipsi lateral to the symptomatic 
MISS >70% 

(n= = 
ten n 
19) ) 

jsiss >70% sten 
(n=26) ) 

'slss hemisphere is shown. 
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Tablee 3. Prevalence of Nonfunctional Anterior and Posterior Collateral Pathways in the Circle of Willi s 
off  Patients with >70% ICA Stenosis or Occlusion. 

Variablee Cases Controls 

(N=26)) (N=19) 

Nonfunctionall  anterior collateral pathway, no. 11/23 2/18 

OR== 7.33(1.19*76.52) 

Nonfunctionall  posterior collateral pathway, no. 15/25*  7/21 

ORR = 3.00 (0.77-12.04) 
ORR are forthe odds ofthe variable in the cases as compared with the controls. In 3 cases and 1 control, the 
functionn ofthe anterior collateral pathway could not be assessed. In 1 case and 2 control hemispheres, the 
functionn ofthe posterior collateral pathway could not be assessed. *lpsilateral to symptomatic hemisphere. 

inn 48 and 11%, respectively (p=0.03). The ipsilaterai posterior collateral pathway was 

nonfunctionall  in 60 and 33%(p=0.13). In cases and controls without severe ICA occlusive 

disease,, the anterior collateral pathway was nonfunctional in 26 and 5%, respectively 

(p=0.002).. The posterior collateral pathway was nonfunctional in 58 and 45% (p=0.19). A 

higherr number of nonfunctional anterior collateral pathways was found in stroke patients 

withh severe ICA occlusive disease than in stroke patients without severe ICA occlusive 

disease,, 48 versus 26%o, respectively; how ever, the difference was not statistically significant 

(p=0.12).. The differences in the number of nonfunctional anterior and posterior collateral 

pathwayss between control patients with and without severe ICA occlusive disease were not 

significantt either. Neither adjustment for time between stroke onset and TCCD nor adjustment 

forr age and sex significantly influenced the frequency of nonfunctional collaterals. In Table 

3,, the prevalence and OR of nonfunctional anterior and nonfunctional posterior collateral 

pathwayss in patients with severe ICA occlusive disease are shown. In this group a strong 

associationn between a nonfunctional anterior collateral pathway and ischemic stroke was 

foundd (OR = 7.33,95% CI = 1.19-76.52). The association between a nonfunctional posterior 

collaterall  pathway and ischemic stroke was less strong (OR = 3.00 95% CI = 0.77-12.04). 

Strokee characteristics 

Ofthee 26 stroke patients with severe ICA occlusive disease, only 2 showed a watershed 

infarctt on CT. In 17 patients a territorial infarct was found, and in 5 patients 1 or more 

lacunarr infarcts were found. In 2 of these patients the lacunar infarcts were classified as old 
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lesions.. In 2 patients no lesion was found. Of the 49 stroke patients with no severe ICA 

occlusivee disease, 25 showed a territorial infarct, 4 showed a combination of territorial and 

lacunarr infarcts and 10 showed lacunar infarcts. In 3 of these patients the lacunar infarcts 

weree classified as old lesions. In 10 patients no lesion was found. In the 15 patients with 

lacunarr infarcts on CT, the anterior and posterior collateral pathways were nonfunctional in 

277 and 61%, respectively, compared with 35 and 56% in the 60 patients with nonlaeunar 

infarcts.. These differences were not statistically significant. When patients w ith severe carotid 

" , i v l ;; u , J v u j v M " « " " " * -«-«" t " . . . i^ iwi.^ - . * , . * , ^v , . . .^  ̂ r ~ ~ ^ ~ ~ ~ 

arteryy disease and lacunar infarcts the anterior and posterior collateral pathways were 

nonfunctionall  in 50 and 55%, and 25 and 44%, respectively, which was again not significant, 

probablyy due to small numbers. 

Off  the 75 cases, 56 underwent echocardiography. Of these 56 cases, 19 had severe ICA 

occlusivee disease and 37 had no severe ICA occlusive disease. A potential cardiac source of 

embolii  was found in 9 (47%) and 18 (49%) patients, respectively. In 75% of the patients 

withh severe ICA occlusive disease but no cardiac source of emboli, the anterior collateral 

pathwayy was found to be nonfunctional as compared with 22% in those with severe ICA 

occlusivee disease and with a cardiac source of emboli (p=0.04), and 18% in those without 

ICAA occlusive disease but with a cardiac source of emboli (p=0.004). For the posterior 

collaterall  pathway no significant differences were found between groups with or without 

cardiacc emboli (Table 4). 

Tablee 4. Identified Potential Source of Stroke in 56 Cases Undergoing Fxhocardiography. 

Groupp 1 Group 2 Group 3 Group 4 

Potentiall  source of stroke Carotid Cardiac Both Neither 
arteryy embolism 

numberr of patients 10 18 9 19 
Nonfunctionall  anterior collateral pathway, % 75* 18 22 35 
Nonfunctionall  posterior collateral pathway, % 44** 56 67 56 

*p=0.004,, p=0.04 and p=0.08 compared with groups 2, 3 and 4, respectively. **p=0.44, p=0.32 , and p= 
0.455 compared with groups 2, 3 and 4, respectively. 
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Discussion n 
Inn this study we observed a significantly higher overall proportion of failing anterior and 

posteriorr collateral pathways in the circle of Willi s of patients with ischemic stroke in the 

anteriorr circulation compared with atherosclerotic vascular disease patients with no symptoms 

off  cerebral ischemia (Table 2, Figure 2). In patients with severe ICA occlusive disease we 

foundd a strong association (OR = 7.33, 95% CI = 1.19-76.52) between a nonfunctional 

anteriorr collateral pathway and ischemic stroke (Table 3). The association between a 

nonfunctionall  posterior collateral pathway and ischemic stroke was less strong (OR = 3.00, 

95%% CI = 0.77-12.04). In 75% of the patients with severe ICA occlusive disease and no 

evidencee of a cardiac source of emboli, the anterior collateral pathway was nonfunctional 

ass compared with 22% of those writh a potential cardiac source of emboli (p=0.04). This 

findingg underlines the vital importance of adequate collateralization in patients with severe 

carotidd artery disease as predominant risk factor for stroke. Furthermore, these results support 

thee hypothesis of Caplan and Hennerici13 that poor collateralization and marginal blood 

flowflow diminish the ability of the circulation to clear thromboemboli that are generated as 

welll  as limit available blood flow to regions rendered ischemic by embolization. 

Althoughh the watershed infarct is considered the typical low-flow infarct caused by 

hemodynamicc insufficiency3-14, this type of infarct was found in 2 patients only. Both patients 

lackedd collateral flowr via the anterior as w ell as the posterior collateral pathway. The majority 

off  stroke patients with severe ICA occlusive disease and insufficient collateral flow showed 

territorialss infarcts on the CT scan, which are considered to be caused by cardiac embolism 

orr large-vessel atherothrombosis. We did not try to distinguish embolic from hemodynamic 

disorders,, since we know from the study of Hennerici et aF' that stroke mechanisms cannot 

adequatelyy be inferred from interpretation of stroke patterns on brain scans. Surprisingly, 

wee did not find any statistical differences between patients with lacunar infarcts (in such 

patientss there is no reasonable relation between collateral function and stroke) and patients 

withh nonlacunar infarcts. However, small numbers in both groups hamper solid conclusions. 

Thee number of nonfunctional anterior collateral pathways was also much higher in the case 

group,, when cases and controls without severe ICA occlusive disease were compared (Figure 

2),, 26 versus 5%(p=0.002). One explanation might be that the higher rate of nonfunctional 

collateralss in stroke patients without hemodynamically significant ICA stenosis is not only 

thee result of congenital anomalies12, but also an expression of the severity of the general 

atheroscleroticc damage to the vasculature of the brain. Another explanation might be that 

thee prevalence of hypertension, which is associated with poor collateral development632, 

wass significantly higher in the case group (p<0.001). 
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Thee association of circle of Willi s dysfunction with the risk of ischemic stroke originates 

fromm autopsy studies performed in the 1960s. Alpers and Berry1, who compared the 

configurationn of the circle of Willi s of 350 normal brains with that of 194 brains with signs 

off  infarction, were among the first to report that infarcted brains showed a higher proportion 

off  hypoplastic circle of Willi s collaterals. Later, in a similar study, Battacharjietal2 reported 

thatt a significant association between cerebral infarction and hypoplastic collaterals was 

demonstratedd only in a group with stenosis of the carotid and/or vertebral arteries. More 

recently.. Hedera et al12 found that symptomatic patients with >75% TCA stenosis or occlusion 

hadd fewer functional collaterals than comparable asymptomatic patients. Furthermore, 

Silvestrinii  et al15 demonstrated a negative correlation between stroke severity and the number 

off  functional collaterals in patients with [CA occlusion. Very recently, the investigators of the 

NASCETT group have shown that the presence of functional circle of Willi s collaterals in 

patientss with >70% ICA stenosis is associated with a lower risk of hemispheric stroke and 

transientt ischemic attack, both in the long term and perioperative I y.6 None of these studies 

havee analyzed the individual contributions to the results made by the anterior and posterior 

collaterall  pathways. However, our results indicate that failure of the anterior collateral pathway 

inn particular is associated with ischemic stroke (Table 3). This finding strongly supports the 

hypothesiss that the AcoA is the most important collateral artery of the circle of Willis."" 7 

Thee striking difference in successful insonation of the temporal windows between the 

casess and controls was probably caused by the age difference between the two groups, 66 

versuss 62 years (p=0.008). It is known that the ability to penetrate the temporal window 

worsenss with increasing age, especially in elderly women.:K The number of subjects >75 

yearss of age was significantly higher in the case group as compared with the controls (p=0.02), 

andd the mean age of the females in the case group was also significantly higher than in the 

controll  group, 69 versus 63 years <p=0.001). Furthermore, TCCD examination was 

particularlyy difficult in severely diseased, often noncooperative stroke patients, which 

sometimess seriously hampered the detection of the small intracranial arteries. Application 

off  echo contrast-enhancing agents can significantly improve the detection of intracranial 

collateralss in patients with poor temporal windows.™"4" 

Inn summary, we found that patients suffering from an acute ischemic stroke in the anterior 

circulationn have significantly fewer functional intracranial collaterals as compared with 

atheroscleroticc controls with no cerebrovascular symptoms. In patients with severe ICA 

occlusivee disease a nonfunctional anterior collateral pathway is strongly associated with 

ischemicc stroke. A longitudinal study of cohorts at risk might finally elucidate the relationship 
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betweenn carotid artery occlusive disease, the anatomical configuration of the circle of Willis, 

thee quality of intracranial collateral flow and the risk of ischemic stroke. In ongoingg or future 

studiess investigating the prognosis of carotid artery occlusive disease, the collateral ability of 

thee circle of Willi s should be assessed, as it is an important determinant of patient outcome. 
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Summcin'Summcin' and Discussion 

Thee circle of Willis, located at the base of the brain, provides the main route for collateral 

bloodd flow in patients with severe carotid artery occlusive disease. Several studies indicated 

thatt in such patients a well-functioning circle of Willi s might protect the brain against 

ischemia.. Transcranial color-coded duplex ultrasonography is a recently evolved technique 

whichh enables visualization of blood flow in the major cerebral arteries and the simultaneous 

determinationn of blood flow direction and measurement of its velocity. With carotid artery 

compressionn tests, occlusion can be simulated, and the resulting changes in intracranial 

floww dynamics can be assessed with TCCD. In this way, it is possible to determine the 

potentiall  collateral ability of the circle of Willis. 

Inn this thesis several aspects of TCCD examination of the circle of Willi s are described. The 

resultss of the reported studies were achieved by examination of three different cohorts of 

subjects: : 

1.. Patients with peripheral arterial occlusive disease who did not have symptoms of 

cerebrovascularr disease. These patients were recruited from the vascular surgical ward 

orr the vascular outpatient clinic of the Academic Medical Center in Amsterdam 

2.. Patients with clinical signs of ischemic stroke admitted to the Stroke Unit of the 

Departmentt of Neurology of the Debrecen University Medical School in Hungary 

3.. Healthy persons, recruited via a local Dutch newspaper. 

Afterr a short note on the history of the 'circle of Willis' , the following issues are described 

inn the separate chapters of the thesis: 

 the technical aspects of TCCD examination of the circle of Willi s and its collateral function 

 the success rate of TCCD in visualizing the major cerebral arteries of the circle of Willi s 

 reference values of intracranial hemodynamics 

 the range of collateral variations in the circle of Willi s 

 the influence of the individual collateral pathways on hemispherical perfusion during 

carotidd occlusion 

 the arterial threshold diameter for supplying collateral flow through the circle of Willi s 

 the use of magnetic resonance angiography as a competitive noninvasive technique to 

assesss the collateral integrity of the circle of Willi s 

 absent collateral flow in the circle of Willi s as risk factor for ischemic stroke. 
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ChapterChapter 2 

Inn this chapter, an outline is presented of the possibilities and the clinical and experimental 

valuee of TCCD in the assessment of intracranial hemodynamics. The history of the development 

off  TCCD and its advantages compared with conventional transcranial Doppler sonography 

aree discussed. The TCCD examination technique and especially the examination of the collateral 

functionn of the circle of Willi s are described in a detailed way and limitations are discussed. 

ChapterChapter 3 

Inn this chapter, the results of a study are shown which was conducted to ascertain the as yet 

unknownn success rate of TCCD in visualizing the basal cerebral arteries in atherosclerotic 

patientss older than 60 years. In 112 patients, 70 men (mean age 70 years) and 42 women 

(meann age 71 years), who attended the vascular laboratory because of peripheral arterial 

occlusivee disease but who did not have symptoms of cerebrovascular disease, TCCD was 

performed.. All subjects were of Caucasian descent. The anterior, middle, and posterior 

cerebrall  arteries were insonated through the temporal window; and the vertebral and basilar 

arteriess through the suboccipital window. In the female patient group, 23% of the temporal 

windowss was impenetrable (no signal from any of the intracranial arteries could be picked 

up),, whereas only 1 % of the temporal w indow s in men could not be penetrated by ultrasound 

(p<0.001).. Suboccipital window failure was more equally distributed among men and women 

(6%% versus 5%, respectively). In women, the ability to penetrate the temporal window 

worsenedd with increasing age. Window failure in the 60- to 75-year age group was 13%, 

whereass window failure in the >75-year age group was 46% (p=0.001). All intracranial 

arteriess were insonated at a deeper level in men. In both men and women a very broad range 

off  blood flow velocities was found in all arteries and intracranial blood flow velocities were 

higherr in women than in men. 

Fromm these results it can be concluded that in atherosclerotic Caucasian men older than 60 

yearss of age, TCCD is a very successful technique to examine intracranial blood flow; with 

vessell  identification rates exceeding 90%. In women of the same age there is a much higher 

failuree rate due to impenetrable temporal windows. Investigators of cerebral hemodynamics 

havee to take into account that in subjects without cerebrovascular disease a broad range of 

intracraniall  blood flow velocities exists and that intracranial blood flow velocities are higher 

inn women than in men. 

139 9 



SummarySummary and Discussion 

ChapterChapter 4 

Dataa on the collateral ability of the circle of Willi s in atherosclerotic subjects without 

symptomss of cerebrovascular disease is largely lacking. Therefore, the aim of the study 

reportedd in this chapter was to establish the range of collateral variations in the circle of 

Willi ss as determined by TCCD and carotid compression tests. Criteria to define a functional 

anteriorr collateral pathway were flow reversal in the ipsilateral precommunicating part of 

thee anterior cerebral artery (Al ) during carotid compression, combined with a velocity 

increasee in the contralateral Al-segment. The posterior collateral pathway was defined 

functionall  if the peak-systolic velocity in the ipsilateral precommunicating part of the 

posteriorr cerebral artery (PI) increased more than 20% during carotid compression. In this 

studyy 76 patients with a mean age of 61 years were examined. No neurological or 

cardiovascularr complications occurrred during carotid compression. The anterior collateral 

pathwayy was nonfunctional in 4 out of 76 (5%) subjects. This was due to the absence of a 

functionall  AcoA in 3 patients and a hypofunctional A1-segment in 1 patient. The posterior 

collaterall  pathway was nonfunctional in 68 of the 152 (45%) hemispheres. Unilateral 

hypofunctionall  PcoAs were found in 34 (22%) hemispheres, and bilateral hypofunctional 

PcoAss were found in 12 (16%) patients. In 10 (7%) hemispheres, persistence of the fetal 

originn of the posterior cerebral artery with a hypofunctional PI-segment was found. These 

resultss show that in atherosclerotic subjects without cerebrovascular symptoms the anterior 

collaterall  pathway of the circle of Willi s is nearly always functional, as opposed to the 

posteriorr collateral pathway which is nonfunctional in almost half of the hemispheres. 

ChapterChapter 5 

Inn this chapter, the influence of a functionally incomplete circle of Willi s on middle cerebral 

arteryy blood flow during carotid occlusion was described. The velocity decrease in the 

middlee cerebral artery, caused by manual compression of the common carotid artery as 

simulationn of carotid occlusion, was compared between functionally complete and incomplete 

circless of Willi s in 46 atherosclerotic vascular patients without hemodynamic significant 

extracraniall  arterial stenosis and without symptoms of cerebrovascular disease. In 

hemispheress w îth collateral supply through both the AcoA and the PcoA, the median peak-

systolicc velocity decrease in the middle cerebral artery during carotid compression was 

43%.. When the PcoA, the AcoA or both communicating arteries (1 hemisphere only) were 

missing,, the peak-systolic velocity decrease was 58% (pO.003), 70% (p=0.001) and 75%, 

respectively.. From this study we can conclude that a complete collateral circulation consisting 

off  a functional AcoA and PcoA, provides better perfusion of the middle cerebral artery 
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duringg carotid occlusion than collateral supply through only the AcoA or the PcoA in the 

casee of an incomplete circle of Willis. This data also indicates that the AcoA is a more 

importantt collateral than the PcoA. 

ChapterChapter 6 

Thee varying definitions of hypoplasia of circle of Willi s collaterals, some authors use 0.5 

otherss 1.0 mm as threshold diameter, and the different populations studied, have resulted in 
aa lar t rp var ts ih i l i tw r>f  a n n i r n l n nc r\r  ' i n r iMmnl f l tu ' />;^^Iiii - nf WfiW'.  ̂ +U~,̂  ,~U ,....*  +U,̂  1:. J. 
—— o -  —  J — - « . . "  > . " » ^ " L J t . . i m - u i i i ^ ! ^ ! . ^ H H . 1 1 .J U I I I U 1 1 J L l i l U U £ , l l U U L L l l l . l l l O l Ü L U 1 C . 

Thee prevalence of the 'normal' textbook polygon ranges from 21 % to 76%. However, these 

arbitraryy diameters have never been discussed in terms of functional significance. It is 

unknownn whether collateral How through the Willisian collaterals is still possible at an 

arteriall  diameter of 0.5 or 1.0 mm. In the study described in this chapter, the collateral artery 

thresholdd diameter for supplyingg collateral (low through the circle of Willi s was determined. 

Thiss study was part of a larger study performed to determine the collateral function of the 

circlee of Willi s in acute stroke patients (chapter 8). Because of the severity of stroke, a 

numberr of patients included in this larger study died. The circle of Willi s of these patients 

wass removed at autopsy, and the size of the collateral arteries was measured. These data 

weree compared with the premortem TCCD data. In total 12 acute stroke patients could be 

includedd in this study. The median diameter of the functional (n=19) and nonfunctional 

(n== 16) collateral arteries of the circle of Willi s was 1.1 (range, 0.4-2.0) and 0.5 (range, 0.3-

0.7)) mm, respectively (p=0.003). This proves that the ultrasound criteria used to discern 

functionall  from nonfunctional collateral arteries reflect significant differences in arterial 

size.. An important finding in this study was that AcoAs and PcoAs with a diameter 

considerablyy less than 1.0 mm are still able to supply collateral flow, w hich can be detected 

byy TCCD. The arterial threshold diameter allowing for collateral flow through the circle of 

Willi ss lies between 0.4 and 0.6 mm. These results confirm those from fluid-dynamic 

mathematicall  models of the circle of Willi s which showed that the smallest luminal diameter 

allowingg for cross-flow through the AcoA was 0.4 mm and for the PcoA it was smaller than 

0.55 to 0.6 mm. Therefore, we suggest that the term hypoplasia is reserved for those vessels 

thatt cannot supply collateral flow. Our results indicate that in practice, collateral arteries 

withh a diameter smaller than 0.5 mm should be labelled hypoplastic. 

ChapterChapter 7 

Magneticc resonance angiography is an attractive, noninvasive technique to assess the anatomy 

off  the circle of Willis. In the study described in this chapter, we investigated the ability of 
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MRR angiography to identify functional collaterals of the circle of Willis. The results of MR 

angiographyy were compared with TCCD and carotid compression tests as the standard of 

referencee for the identification of functional intracranial collaterals. In 50 healthy volunteers, 

255 men and 25 women (mean age 51 years) without a history of cardiovascular and 

cerebrovascularr disease, TCCD including carotid compression tests was performed. Three-

dimensionall  time-of-flight (3D TOF) MR angiography of the circle of Willi s was performed 

onn a 1.5-T MR system within approximately 30 minutes following TCCD examination. 

Contrast-enhancerss were not used. It was hypothesized that visible collateral arteries on 

MRR angiography were patent and potentially capable of supplying collateral flow. Arteries 

thatt could not be visualized were defined as hypoplastic or absent. Collateral flow through 

thee anterior collateral pathway of the circle of Willi s was deemed possible if both Al -

segmentss connected by an AcoA were visible. The posterior collateral pathway was defined 

ass functional if the PI-segment and its accompanying PcoA were visible. Visibilit y on MR 

angiographyy of the vessels forming the anterior and two posterior collateral pathways was 

judgedd independently by two neuroradiologists who were unaware of the TCCD findings. 

MRR results were then compared with the findings of TCCD. The sensitivity of MR 

angiographyy was 85%-87%, the specificity 67%-81%, the positive predictive value 92%-

95%,, and the negative predictive value 53%-55%. The low negative predictive value indicates 

thatt MR angiography fails to identify potentially functional collaterals in a relatively high 

numberr of cases. However, the results also indicate that if the collaterals are visible on MR 

angiography,, it can be assumed with a high level of confidence that collateral flow is possible. 

Thee interobserver agreement was moderate (K= 0.57, 95% CI: 0.42-0.72). Disagreement 

betweenn the observers was mainly caused by the often very small size of the collaterals. 

Fromm this study it can be concluded that 3D TOF MR angiography might fail to show 

functionall  collateral pathways in the circle of Willi s when compared with TCCD and carotid 

compressionn tests. This indicates that in those cases where MR angiography fails to identify 

intracraniall  collaterals, supplementary TCCD examination is required. 

ChapterChapter 8 

Finally,, in this chapter the collateral function of the circle of Willi s in patients who recently 

sufferedd from an ischemic stroke was described. A cohort of Hungarian stroke patients was 

studiedd with TCCD and carotid compression tests. These data were compared with a group 

off  Dutch patients with atherosclerotic vascular disease, but without a history of cerebral 

ischemia.. In this case-control study 109 patients (mean age of 66 years) with an acute ischemic 

strokee and 113 patients (mean age of 62 years) without a history of cerebral ischemia, were 
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included.. TCCD could be successfully performed in 75 out of the 109 case patients and in 

1000 out of the 113 control patients. In 26 cases and 19 controls a >70% stenosis or occlusion 

off  the ICA was found. A nonfunctional anterior collateral pathway in the circle of Willi s 

wass found in 33% of the total case group and in 6% of the control group (pO.001). The 

posteriorr collateral pathway was nonfunctional in 57% of the case hemispheres, and in 43% 

off  the control hemispheres (p=0.02). In cases and controls with severe ICA occlusive disease 

thee anterior collateral pathway was nonfunctional in 48% and 11%, respectively (p=0.03). 

Thee ipsilateral posterior collateral pathway was nonfunctional in 60% and 33% (p=0.I3). 

Inn cases and controls without severe ICA occlusive disease, the anterior collateral pathway 

wass nonfunctional in 26% and 5%, respectively (p=0.002). The posterior collateral pathway 

wass nonfunctional in 58% and 45% (p=0.19). In patients with severe ICA occlusive disease, 

thee odds ratios of a nonfunctional anterior and a nonfunctional posterior collateral pathway 

weree 7.33 (95% CI: 1.19-76.52) and 3.00 (95% CI: 0.77-12.04), respectively. The anterior 

collaterall  pathway was found to be nonfunctional in 75% of the patients with severe ICA 

occlusivee disease, but no cardiac source of emboli, as compared with 22% in those with 

severee ICA occlusive disease and with a cardiac source of emboli (p=O.04). In patients 

withoutt ICA occlusive disease, but with a cardiac source of emboli the anterior collateral 

pathwayy was nonfunctional in 18% (p-0.004). These results indicate that the absence of a 

functionall  anterior collateral pathway in patients with severe ICA occlusive disease is strongly 

associatedd with ischemic stroke. The association of a nonfunctional posterior collateral 

pathwayy and ischemic stroke is weak. The findings of this case-control study underline the 

vitall  importance of adequate col lateralization in patients who have severe carotid artery 

occlusivee disease as a predominant risk factor for stroke. 
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Transcraniall  color-coded duplex ultrasonography can be used to study all sorts of 

physiologicall  and pathological changes in cerebral blood flow, in both clinical and 

experimentall  settings. The reason to start this research project was that an increasing number 

off  studies reported that failure of the collateral function of the circle of Willi s might be a 

riskk factor for ischemic stroke. We explored the diagnostic potential of TCCD to assess 

basicc cerebral hemodynamics and the collateral function of the circle of Willis . MR 

angiographyy as a competitive noninvasive technique to determine the collateral configuration 

off  the circle of Willi s was compared with TCCD. Additionally we investigated whether 

absentt collateral How in the circle of Willi s is a risk factor for stroke. The studies described 

inn this thesis show that: 

 TCCD is a useful noninvasive technique to assess cerebral hemodynamics. TCCD 

providess insight in the hemodynamics of most subjects from target populations like 

atheroscleroticc patients with vascular disease including patients with ischemic stroke. 

Failuree to insonate the temporal window is a problem mainly found in elderly women. 

Furthermore,, users of the TCCD technique should realize that there is a large 

variabilityy in intracranial blood flow velocities 

 based on blood flow velocity data, hemispherical perfusion via the middle cerebral artery 

inn patients with carotid artery occlusion is better preserved when the anterior and the 

posteriorr collateral pathway are both functional. The anterior collateral pathway, however, 

seemss to be more important than the posterior collateral pathway 

 the arterial threshold diameter allowing for collateral flow is approximately 0.5 mm 

 MR angiography, when compared with TCCD and carotid compression tests, might fail 

too identify functional collaterals in the circle of Willi s in some cases. This limitation 

shouldd be realized when MR angiography is used for this purpose 

 in healthy persons and atherosclerotic patients without symptomatic cerebrovascular 

disease,, collateral flow through the anterior part of the circle of Willi s is possible in 

moree than 90% of the subjects. Collateral flow through the posterior part of the circle of 

Wii  11 is is hampered by hypoplastic posterior communicating arteries or hypoplastic P1 -

segmentss of the posterior cerebral artery in 25% to nearly 50% of the hemispheres. 

However,, in patients suffering from ischemic stroke the number of nonfunctional anterior 

collaterall  pathways is significantly higher, with a highest percentage of 48% in ischemic 

strokee patients with severe (more than 70% diameter reduction) carotid artery occlusive 

disease.. The number of nonfunctional posterior collateral pathways is also significantly 

higherr in ischemic stroke patients, with a highest percentage of 60% in the hemispheres 
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off  patients with severe carotid artery occlusive disease. From this we can conclude that 

especiallyy failure of the anterior collateral pathway seems to be an important risk factor 

forr ischemic stroke. Whether the patients in our study suffered from a stroke caused by 

hemodynamicc insufficiency or by embolization remains unknown. However, according 

too a recently proposed hypothesis, reduced perfusion to the brain limits the ability of the 

bloodstreamm to clear or 'washout' emboli and reduces available blood flow to regions 

renderedd ischemic by emboli that block supply arteries.1 This hypothesis suggests that 

imnnirprii  ivacVioiit it> QI-J ini" rjrt' ,"t concent that intertwines hypoperfusion embolization 

andd brain infarction. This would also mean that the collateral function of the circle of 

Willi ss docs not only play a role in ischemic stroke pathogenesis in case of pure 

hemodynamicc insufficiency, but also in some cases with an embolic etiology. 

Carotidd compression 

Inn patients with carotid lesions not severe enough to provoke spontaneous intracranial 

collaterall  flow, TCCD in combination with short carotid compressions is a fast and relatively 

simplee technique to obtain a reliable insight in the collateral ability of the circle of Willis. 

Thee carotid compression tests are essential, as other studies showed that the AcoA and PcoA 

aree not recruited until stenosis in the ICA has reduced the lumen by 80% or more.24 In case 

off  lesser degrees of stenosis, intracranial collateralization is absent and flow through the 

communicatingg arteries is low or negligible. Many investigators are hesitant in performing 

carotidd artery compressions, especially in patients with severe carotid lesions or patients 

whoo suffer from stroke. However, in the past and present carotid artery compressions have 

beenn w idely performed in both asymptomatic and symptomatic patients with varying degrees 

off  carotid stenoses and/or occlusions. The incidence of ischemic complications ranged from 

00 to 5%o.5ii All reportedd complications were short-lasting, completely reversible focal cerebral 

ischemicc deficits. However, minor stroke and even death after reverberating!!) compression 

off  the common carotid artery or carotid sinus massage and compression have been reported 

ass well.9-10 In the studies reporting ischemic complications, the status of the common carotid 

arteryy was often unknown. We think that it is essential to be informed about the atherosclerotic 

statuss of the common carotid artery, before compression is applied. In our studies all patients 

withh plaques in the proximal common carotid artery were excluded. Furthermore, we did 

nott perform reverberating compressions and we tried to avoid compression of the carotid 

sinus.. Since we did not encounter any ischemic complications of common carotid artery 

compression,, we think that it is an acceptable and safe procedure. 
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Limitations s 

Althoughh the assessment of cerebral hemodynamics with TCCD is possible in most subjects, 

inn specific groups visualization of the cerebral arteries is seriously hampered by temporal 

windowss that cannot be penetrated with ultrasound. The visualization failure rate in our 

studiess ranged from 7% in healthy subjects with a mean age of 51 years to 48% in female 

strokee patients with a mean age of 69 years. A hopeful new development in this light is the 

adventt of echo-contrast enhancing agents. Recent studies showed that the main shortcoming 

off  TCCD can largely be overcome with the use of such agents.1Mri 

Inn this thesis, collateral vessels were defined as functional when they showed the ability to 

actt as a collateral. However, this does not necessarily imply that these vascular pathways 

wouldd or would not serve as an adequate collateral to maintain normal tissue perfusion in 

casee of occlusion of the carotid arteries. Although TCCD can be used to assess the presence 

off  cross-flow through the AcoA and PcoA, it should be kept in mind that volumetric blood 

flow-- cannot be measured with this technique. A TCCD diagnosis that collateral flow to an 

endangeredd hemisphere is present or can be provoked, does not warrant that it wil l be 

sufficientt to protect the hemisphere against ischemia. Moreover, the presence of 

leptomeningeall  collaterals over the surface of the brain, which might be vital for hemispherical 

perfusionn in some cases, cannot be assessed by TCCD. Conventional angiography, however, 

hass the same shortcoming. Collateral flow can be identified, also in the leptomeningeal 

collaterals,, but collateral flow cannot be qualified as adequate or inadequate to maintain 

normall  tissue perfusion. 

Suggestionss for further research 

Soo far several studies, including our own, indicated that in patients with ICA occlusive 

diseasee a deficient collateral function of the circle of Willi s is a risk factor for ischemic 

stroke.. However, none of these studies proved in a prospective way that the relation is 

causal.. Further studies are needed to give definite answers. The design of such studies should 

bee of the highest level. Since the NASCET trial16 showed a strong benefit of carotid 

endarterectomyy in patients with a symptomatic high-grade ICA stenosis, the debate on best 

treatmentt in such patients is more or less closed. However, for the group w ith asymptomatic 

high-gradee ICA stenosis the debate on best treatment still continues. The annual stroke 

eventt rate for asymptomatic patients with hemodynamically significant carotid artery stenosis 

rangess from 2% to 5%.l7~21 In our hospital, surgery for asymptomatic carotid artery stenosis 

iss not performed. However, in other hospitals yearly thousands of patients with asymptomatic 

severee carotid artery disease are 'treated" by surgery or percutaneous transluminal angioplasty. 
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Althoughh carotid endarterectomy offers a slightly better outcome than best medical 

treatment2',, many neurologists and surgeons believe that the minimal benefit is not worth 

thee risk of surgical complications. Nevertheless, among these asymptomatic patients there 

wil ll  be subjects with a high and subjects with a low risk of stroke. Patients with a high-risk 

profile,, presumably those with functionally incomplete circles, might benefit more from a 

surgicall  or endovascular intervention. To definitely prove that the collateral configuration 

off  the circle of Willi s is a clinically relevant factor in ischemic stroke pathogenesis, two 

L>> IJ^J  W l JLUVJ1LJ ^ U U I U LJL, LT V 1 1*J1 11J\~U. 

1.. A long-term natural history study in which patients with high-grade asymptomatic ICA 

stenosis,, stratified for functionally complete and incomplete circles of Willis, are followed 

inn time, or 

2.. Randomization of patients with high-grade asymptomatic ICA stenosis and functionally 

incompletee circles of Willi s to receive a surgical/endovascular intervention or best medical 

treatment. . 

Bothh studies would require the screening of thousands of patients with atherosclerotic vascular 

disease.. TCCD is an attractive research tool for such a purpose, especially since echo-contrast 

enhancingg agents have shown to improve the detection of intracranial collaterals in patients 

withh poor temporal windows. Combination with MR angiography and perfusion MR imaging 

too assess the relative regional cerebral blood volume and relative regional cerebral blood 

flowflow could offer valuable additional information. Such studies might finally elucidate the 

relationn between the anatomical configuration of the circle of Willis, the possibility and 

qualityy of intracranial collateral flow, regional cerebral perfusion conditions and the risk of 

ischemicc stroke. This might help doctors in their struggle against the devastating consequences 

off  stroke. 
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SamenvattingSamenvatting en Discussie 

Dee cirkel van Willis, gelegen aan de basis van de hersenen, is de belangrijkste route voor 

collateralee flow in geval van ernstige stenosering of occlusie van de arteria carotis. 

Verschillendee studies laten zien dat een goed functionerende cirkel van Willi s bij patiënten 

mett ernstig occlusief lijden van de arteria carotis mogelijk bescherming biedt tegen cerebrale 

ischemie.. Transcranièle duplex scanning is een recent ontwikkelde techniek waarmee de 

bloedstroomm in de grote hersenarteriën gevisualiseerd kan worden en waarmee tegelijkertijd 

dee richting en de snelheid van de bloedstroom kan worden bepaald. De intracraniële flow 

responss tijdens het kortdurend dichtdrukken van de arteria carotis, waarmee carotis occlusie 

wordtt gesimuleerd, kan met TCCD worden bepaald. Op deze manier is het mogelijk om het 

collateralee vermogen van de cirkel van Willi s te onderzoeken. 

Inn dit proefschrift worden verschillende aspecten van het onderzoek van de collaterale functie 

vann de cirkel van Willi s met TCCD, beschreven. De resultaten van de studies komen voort 

uitt onderzoek van drie verschillende populaties: 

1.. Patiënten met perifeer vaatlijden zonder cerebrovasculaire symptomatologie. Deze 

patiëntenn werden gerecruteerd via de afdeling vaatchirurgie en via de vaatchirurgische 

polikliniekk van het Academisch Medisch Centrum in Amsterdam 

2.. Patiënten met een ischemiseh herseninfarct die werden opgenomen op de stroke unit 

vann de afdeling neurologie van het universiteitsziekenhuis te Debrecen in Hongarije 

3.. Gezonde proefpersonen die werden gerecruteerd via een advertentie in een regionale krant. 

Naa een korte inleiding over de geschiedenis van de 'cirkel van Willis ' worden de volgende 

onderwerpenn in de afzonderlijke hoofdstukken van het proefschrift beschreven: 

 de technische aspecten van het onderzoek met TCCD van de cirkel van Willi s en zijn 

collateralee functie 

 het succespercentage van TCCD betreffende de visualisatie van de arteriën van de cirkel 

vann Willi s 

 referentiewaarden van de cerebrale hemodynamiek 

 de verschillende collaterale varianten van de cirkel van Willi s 

 de invloed van de individuele collaterale varianten op de cerebrale perfusie tijdens occlusie 

vann de arteria carotis 

 de minimale arteriële diameter waarbij nog collaterale flow door de cirkel van Willi s 

mogelijkk is 

 magnetische resonantie angiografie als concurrerende niet-invasicve techniek om de 

collateralee integriteit van de cirkel van Willi s te onderzoeken 
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 afwezige collaterale flow via de cirkel van Willi s als risicofactor voor het krijgen van 

eenn herseninfarct. 

HoofdstukHoofdstuk 2 

Inn dit hoofdstuk wordt een overzicht gegeven van de mogelijkheden en de klinische en 

experimentelee waarde van TCCD bij het onderzoek van de intracraniêle hemodynamiek. 

Dee geschiedenis van de ontwikkeling van TCCD en de voordelen ten opzichte van de 

conventionelee transcraniële Doppler techniek worden besproken. De specifieke TCCD 

onderzoekstechniekk en in het bijzonder het onderzoek van de collaterale functie van de 

cirkell  van Willi s wordt gedetailleerd besproken. Tevens worden de beperkingen van de 

techniekk besproken. 

HoofdstukHoofdstuk 3 

Inn dit hoofdstuk w orden de resultaten getoond van een studie naar het succespercentage van 

TCCDD betreffende de visualisatie van de grote hersenarteriën bij atherosclerotische patiënten 

ouderr dan 60 jaar. Deze patiënten, die geen van alle symptomen van cerebrovasculair lijden 

hadden,, bezochten het vaatlaboratorium in verband met perifeer vaatlijden. In totaal 112 

patiëntenn van het kaukasische ras, 70 mannen (gemiddelde leeftijd 70 jaar) en 42 vrouwen 

(gemiddeldee leeftijd 71 jaar), werden met TCCD onderzocht. De arteria cerebri anterior, 

mediaa en posterior werden onderzocht via het temporale venster, de arteria vertebralis en 

basilariss via het suboccipital venster. In de vrouwelijke patiëntengroep was 23% van de 

temporalee vensters niet voor ultrageluid doorgankelijk (van geen enkele intracraniêle arterie 

konn een signaal worden opgevangen). Daarentegen was slechts 1% van de temporale vensters 

inn de mannelijke patiëntengroep niet doorgankelijk voor ultrageluid (p<0.001). 

Ondoorgankelijkheidd van het suboccipitale venster was met respectievelijk 6% en 5% meer 

gelijkk verdeeld tussen mannen en vrouwen. Bij vrouwen nam met het stijgen van de leeftijd 

dee doorgankelijkheid van het temporale venster sterk af. Het percentage ondoorgankelijke 

temporalee vensters in de leeftijdscategorie 60 tot 15 jaar was 13%, terwijl dat in de 

leeftijdscategoriee ouder dan 75 jaar 46% bedroeg (p=0.001). All e intracraniêle arteriën werden 

bijj  mannen op een dieper niveau gevonden dan bij vrouwen. Zowel bij de mannen als bij de 

vrouwenn was er een grote variatie in de gemeten arteriële bloedstroomsnelheden, hetgeen 

voorr elke specifieke arterie gold. Over het geheel genomen werden bij vrouwen hogere 

bloedstroomsnelhedenn gemeten dan bij mannen. 

Uitt deze resultaten kunnen we concluderen dat TCCD een erg succesvolle manier is om 

bijj  atherosclerotische kaukasische mannen ouder dan 60 jaar de intracraniêle hemodynamiek 
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tee onderzoeken. Het identificatiepercentage van de intracraniële arteriën lag boven de 90%. 

Bijj  vrouwen van dezelfde leeftijd is TCCD een stuk minder succesvol, wat veroorzaakt 

wordtt door temporale vensters die niet voor ultrageluid doorgankelijk zijn. Verder moeten 

onderzoekerss die TCCD gebruiken om inzicht te krijgen in de cerebrale hemodynamiek er 

rekeningg rneehouden, dat er bij patiënten zonder cerebrovasculaire symptomatologie een 

grotee variatie bestaat in de intracraniële bloedstroomsnelheden en dat de bloedstroom-

snelhedenn bij vrouwen hoger zijn dan bij mannen. 

HoofdstukHoofdstuk 4 

Dataa over de collaterale integriteit van de cirkel van Willi s van atherosclerotische patiënten 

zonderr cerebrovasculaire symptomatologie ontbreken grotendeels. Het doel van de studie 

inn dit hoofdstuk was dan ook het bepalen van het aantal collaterale varianten van de cirkel 

vann Willi s met behulp van TCCD en carotis compressie testen. De anterieure collaterale 

routee van de cirkel van Willi s werd als functioneel beschouwd als er tijdens carotis compressie 

eenn omkering van de bloedstroom optrad in het ipsilaterale A1 -segment van de arteria cerebri 

anterior,, in combinatie met een snelheidstoename in het contralaterale Al-segment. De 

posterieuree collaterale route werd als functioneel beschouwd als de piek-systolische snelheid 

inn het ipsilaterale P1 -segment van de arteria cerebri posterior tijdens carotis compressie met 

meerr dan 20% toenam. In deze studie werden 76 patiënten onderzocht met een gemiddelde 

leeftijdd van 61 jaar. Er traden geen neurologische of cardiovasculaire complicaties op tijdens 

carotiss compressie. De anterieure collaterale route was niet-functioneel bij 4 van de 76 

(5%)) patiënten. Dit werd veroorzaakt door een niet-functionele AcoA en een niet-functioneel 

Al-segmentt bij respectievelijk 3 en 1 patiënten. De posterieure collaterale route was niet-

functioneell  in 68 van de 152 (45%) hemisferen. Een enkelzijdige, niet-functionele PcoA 

werdd in 34 (22%) hemisferen aangetroffen. Een dubbelzijdige, niet-functionele PcoA werd 

bijj  12(16%) patiënten aangetroffen. In 10 (7%) hemisferen werd een foetale origo van de 

arteriaa cerebri posterior aangetroffen met een niet-functioneel PI-segment. Deze resultaten 

tonenn aan, dat bij atherosclerotische patiënten zonder cerebrovasculaire symptomatologie 

dee anterieure collaterale route van de cirkel van Willi s bijna altijd functioneel is. Dit in 

tegenstellingg tot de posterieure collaterale route, welke in bijna de helft van de cerebrale 

hemisferenn niet-functioneel is. 

HoofdstukHoofdstuk 5 

Inn dit hoofdstuk wordt de invloed van een functioneel incomplete cirkel van Willi s op de 

floww in de arteria cerebri media tijdens occlusie van de arteria carotis beschreven. De afname 
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vann de bloed stroom snel he id in de arteria cerebri media tijdens compressie van de arteria 

carotiss communis als simulatie van carotis occlusie, werd vergeleken tussen functioneel 

completee en functioneel incomplete cirkels van Willis. Het onderzoek werd uitgevoerd bij 

466 atherosclerotische vaatpatiënten die geen hemodynamisch significante extracraniële 

stenosess en ook geen cerebrovasculaire symptomatologie hadden. In hemisferen met een 

collateralee bloedvoorziening via zowel de AcoA als de PcoA, bedroeg de mediane piek-

systolischee snelheidsafname in de arteria cerebri media tijdens carotis compressie 43%. 

iVIett resn£Ctieveh'k een niet-funr,^ir*nFk!'i P^^ A A^ni n+~ A ,-n A -f- Pr»n A /cio/->Ktr i iiomirfflo^ 

bedroegg de piek-systolische snelheidsafname respectievelijk 58% (p=0.003), 70% (p=0.0Ü1) 

enn 75%. Uit deze studie kunnen we concluderen dat een collateraal compleet aangelegde 

cirkell  van Willi s bestaande uit een functionele AcoA en een functionele PcoA, een betere 

perfusiee van de arteria cerebri media tijdens occlusie van de arteria carotis waarborgt, dan 

collateralee voorziening via alleen de AcoA of alleen de PcoA in geval van een incompleet 

aangelegdee cirkel van Willis. Deze data wijzen er ook op dat de AcoA een belangrijkere 

collateraall  is dan de PcoA. 

HoofdstukHoofdstuk 6 

Dee wisselende definities van hypoplasie van de collateralen van de cirkel van Willis, sommige 

auteurss noemen een diameter van 0.5 mm anderen 1.0 mm als criterium, en de verscheidenheid 

inn de populaties die zijn onderzocht, hebben geleid tot een grote spreiding van het percentage 

'afwijkende'' of incomplete cirkels van Willi s in de literatuur. De prevalentie van de als 

'normaal'' beschouwde complete vorm van de cirkel van Willi s varieert van 21% tot 76%. 

Echter,, nooit is onderzocht of deze arbitraire diameters ook enige functionele betekenis 

hebben.. Het is onbekend of collaterale flow door de cirkel van Willi s nog mogelijk is bij 

eenn arteriële diameter van 0.5 of 1.0 mm. In de studie beschreven in dit hoofdstuk wordt 

onderzochtt wat de minimale diameter is waarbij nog collaterale tlow door de cirkel van 

Willi ss mogelijk is. Deze studie was onderdeel van een grotere studie naar de collaterale 

functiee van de cirkel van Willi s bij patiënten met een acuut herseninfarct (hoofdstuk 8). In 

dezee grotere studie stierven een aantal patiënten tengevolge van de ernst van het herseninfarct. 

Dee cirkel van Willi s van deze patiënten werd tijdens obductie uitgenomen en de diameter 

vann de collateralen werd opgemeten. Deze gegevens werden vergeleken met de premortem 

TCCDD data. In totaal konden 12 patiënten met een acuut herseninfarct worden geïncludeerd 

inn deze studie. De mediane diameter van de functionele <n=19) en niet-functionele (n=16) 

collateralenn van de cirkel van Willi s bedroeg respectievelijk 1.1 (spreiding, 0.4-2.0) en 0.5 

(spreiding,, 0.3-0.7) mm (p=0.003). Deze resultaten bewijzen dat de gebruikte duplex criteria 
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omm functionele van niet-functionete collateralen te onderscheiden, daadwerkelijk een 

afspiegelingg zijn van verschillen in arteriële diameters. Een belangrijke bevinding in deze 

studiee was verder, dat AcoAs en PcoAs met een aanzienlijk kleinere diameter dan 1.0 mm 

nogg functioneel kunnen zijn, hetgeen geobjectiveerd kan worden met TCCD. De minimale 

diameterr waarbij nog collateral flow mogelijk is, ligt tussen de 0.4 en 0.6 mm. Deze resultaten 

bevestigenn de resultaten van wiskundige modellen van de cirkel van Willis. Deze lieten zien 

datdat de kleinste diameter van de AcoA waarbij nog collaterale flow- mogelijk was, 0.4 mm 

bedroeg.. Voor de PcoA bedroeg de minimale diameter waarbij nog collaterale flow mogelijk 

was,, minder dan 0.5 tot 0.6 mm. Derhalve zou naar onze mening de term hypoplasie alleen 

gebruiktt moeten worden voor die collateralen, die niet-function eel zijn. In de praktijk zou dit 

betekenenn dat alleen collateralen met een diameter kleiner dan 0.5 mm hypoplastisch genoemd 

mogenn worden. 

HoofdstukHoofdstuk 7 

Magnetischee resonantie angiografie is een aantrekkelijke, niet-invasieve methode om de 

anatomiee van de cirkel van Willi s af te beelden. In de in dit hoofdstuk beschreven studie 

onderzochtenn we of het mogelijk is om met MR angiografie potentieel functionele collateralen 

inn de cirkel van Willi s te identificeren. De resultaten van MR angiografie werden vergeleken 

mett die van TCCD in combinatie met carotis compressie testen, wat diende als 

referentiestandaardd voor het bepalen van de functionaliteit van de intracraniële collateralen. 

Bijj  50 gezonde vrijwilligers, 25 mannen en 25 vrouwen (gemiddelde leeftijd 51 jaar) zonder 

cardialee of cerebrovascular voorgeschiedenis, werd TCCD inclusief carotis compressie 

verricht.. Driedimensionale time-of-fiight (3D TOF) MR angiografie van de cirkel van Willi s 

werdd verricht met een 1.5-T MR systeem, binnen een halfuur na het TCCD onderzoek. 

Contrastmiddelenn werden niet gebruikt. De hypothese was, dat collaterale arteriën die met 

MRR angiografie konden worden gevisualiseerd, in potentie een collaterale functie hebben. 

Arteriënn die niet konden worden gevisualiseerd, werden gedefinieerd als hypoplastisch of 

afwezig.. Collaterale flow via de anterieure collaterale route van de cirkel van Willi s werd 

mogelijkk geacht als beide Al-segmenten, verbonden door een AcoA, zichtbaar waren. De 

posterieuree collaterale route werd als functioneel beschouwd als het PI-segment, in 

combinatiee met de bijbehorende PcoA, zichtbaar was. De visualisatie van de bloedvaten die 

dee anterieure en posterieure collaterale routes vormen, werd onafhankelijk van elkaar 

beoordeeldd door twee neuroradiologen die geblindeerd waren voor het TCCD onderzoek. 

Vervolgenss werden de resultaten van MR angiografie vergeleken met die van TCCD. De 

sensitiviteitt van MR angiografie was 85%-87%, de specificiteit 67%-81%, de positief 

154 4 



SamenvattingSamenvatting en Discussie 

voorspellendee waarde 92%-95% en de negatief voorspellende waarde 53%-55%. De lage 

negatieff  voorspellende waarde laat zien dat MR angiografie in een relatief groot aantal 

gevallenn potentieel functionele collateralen niet aantoont. Echter, de resultaten wijzen er 

ookk op dat collateralen die met MR angiografie kunnen worden afgebeeld ook een collaterale 

functiee hebben. De overeenstemming tussen de onderzoekers wat betreft MR angiografie 

wass matig (K= 0.57,95% BI: 0.42-0.72). Dit werd voornamelijk veroorzaakt door het vaak 

zeerr kleine kaliber van de collaterale vaten. Uit deze studie kan worden geconcludeerd dat 
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inn slaagt om potentieel functionele collateralen van de cirkel van Willi s te identificeren. Dit 

betekentt dat in die gevallen waar MR angiografie geen intraeraniële collateralen kan aantonen, 

aanvullendd TCCD onderzoek geïndiceerd is. 

HoofdstukHoofdstuk 8 

Tenslotte,, wordt in dit hoofdstuk de collaterale functie van de cirkel van Willi s beschreven 

vann patiënten die een acuut herseninfarct hebben doorgemaakt. Een groep Hongaarse 

patiëntenn met een herseninfarct werd met TCCD en carotis compressie testen onderzocht. 

Dezee data werden vergeleken met die van een groep Nederlandse atherosclerotische patiënten 

mett perifeer vaatlijden, die geen cerebrovascular symptomatologie vertoonden. In deze 

case-controll  studie werden 109 patiënten (gemiddelde leeftijd 66 jaar) met een acuut ontstaan 

herseninfarctt en 113 patiënten (gemiddelde leeftijd 62 jaar) zonder cerebrovasculaire 

symptomatologiee geïncludeerd. TCCD was conclusief bij 75 van de 109 case-patiënten en 

bijj  100 van de 113 control-patienten. Bij 26 cases en 19 controls werd een >70% stenose of 

occlusiee van de arteria carotis interna aangetroffen. Een niet-functionele anterieure collaterale 

routee in de cirkel van Willi s werd gevonden bij 33% van alle cases en bij 6% van alle 

controlss (p<0.001). De posterieure collaterale route was niet-functioneel in 57% van de 

casee hemisferen en in 43% van de control hemisferen (p=0.02). In cases en controls met 

ernstigg occlusief lijden van de arteria carotis interna was de anterieure collaterale route niet-

functioneell  in respectievelijk 48% en 11% van de gevallen (p=0.03). De ipsilatcrale 

posterieuree collaterale route was niet-functioneel in respectievelijk 60% en 33% van de 

gevallenn (p=0.13). In cases en controls zonder ernstig occlusief lijden van de arteria carotis 

internaa was de anterieure collaterale route niet-functioneel in respectievelijk 26% en 5% 

vann de patiënten (p=0.002). De posterieure collaterale route was niet-functioneel in 

respectievelijkk 58% en 45% van de gevallen (p=0.19). Bij patenten met ernstig occlusief 

lijdenn van de arteria carotis interna bedroegen de odds ratios van een niet-functionele 

anterieuree en posterieure collaterale route respectievelijk 7.33 (95% BI: 1.19-76.52) en 
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3.000 (95% BI: 0.77-12.04). De anterieure collaterale route was niet-tunctioneel bij 75% van 

dee patiënten met ernstig occlusief lijden van de arteria carotis interna die geen cardiale 

emboliebronn hadden, in vergelijking met 22% van de patiënten met ernstig occlusief lijden 

vann de arteria carotis interna die wel een cardiale emboliebron hadden (p=0.04). Bij patiënten 

zonderr ernstig occlusief lijden van de arteria carotis interna en met een cardiale emboliebron 

wass de anterieure collaterale route niet-functioneel in 18% van de gevallen (p=0.004). Deze 

resultatenn tonen aan dat afwezigheid van een functionele anterieure collaterale route in de 

cirkell  van Willi s bij patiënten met ernstig occlusief lijden van de arteria carotis interna, 

sterkk geassocieerd is met het krijgen van een herseninfarct. De associatie tussen een niet-

functionelee posterieure collaterale route en het krijgen van een herseninfarct is zwak. Verder 

benadrukkenn de resultaten van deze case-control studie het vitale belang van adequate 

collateralee flow via de cirkel van Willi s bij die patiënten die als voornaamste risicofactor voor 

hethet krijgen van een herseninfarct, een ernstige stenose of occlusie van de arteria carotis hebben. 
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TCCDD is een zeer bruikbare techniek om allerlei fysiologische en pathofysi o logische processen 

inn de cerebrale hemodynamiek te bestuderen, zowel in een klinische als in een experimentele 

setting.. De reden om dit research project te starten was, dat een toenemend aantal studies liet 

zienn dat er een verband bestaat tussen een afwezige collaterale functie van de cirkel van Willi s 

enn het risico op het krijgen van een herseninfarct. Wij hebben de diagnostische mogelijkheden 

vann TCCD onderzocht wat betreft het onderzoek van de basale cerebrale hemodynamiek en 

dee collaterale functie van de cirkel van Willis. Verder werd MR angiografie, als concurrerende 

nomnvasievee techniek om de collaterale integriteit van de cirkel van Willi s te onderzoeken 

vergelekenn met TCCD. En tenslotte onderzochten we of niet-functionele collateralen in de 

cirkell  van Willi s een risicofactor zijn voor het krijgen van een herseninfarct. 

Dee studies beschreven in dit proefschrift tonen de volgende punten aan: 

 TCCD is een bruikbare noninvasieve techniek om de cerebrale hemodynamiek te 

onderzoeken.. TCCD verschaft inzicht in de hemodynamiek van de meerderheid van 

patiëntenn uit doelgroepen als atherosclerotische vaatpatiënten en patiënten met een 

herseninfarct.. Een niet voor ultrageluid doorgankelijk temporaal venster is een probleem 

datt met name het onderzoek bij oudere vrouwen bemoeilijkt. Verder dient men zich te 

realiserenn dat er een grote spreiding is in intracraniële bloedstroomsnelheden 

 afgaand op bloedstroomsnelheidsdata is bij patiënten met een occlusie van de arteria 

carotiss de perfusie van een cerebrale hemisfeer via de arteria cerebri media beter 

gewaarborgdd als de anterieure en de posterieure collaterale route van de cirkel van Willi s 

beidenn functioneel zijn. De anterieure collaterale route lijk t echter belangrijker te zijn 

dann de posterieure collaterale route 

 de minimale arteriële diameter waarbij nog collaterale flowr mogelijk is door de cirkel 

vann Willis , bedraagt ongeveer 0.5 mm 

 MR angiografie slaagt er, in vergelijking met TCCD, niet altijd in om potentieel 

functionelee collateralen in de cirkel van Willi s te identificeren. Men dient zich van deze 

beperkingg te vergewissen als MR angiografie voor een dergelijk doeleinde wordt gebruikt 

 bij gezonde proefpersonen en atherosclerotische vaatpatiënten zonder cerebrovasculaire 

symptomatologiee is collaterale flow7 via het anterieure deel van de cirkel van Willi s in 

meerr dan 90% van de gevallen mogelijk. Collaterale flow via het posterieure deel van de 

cirkell  van Willi s wordt in 25% tot bijna 50% van de hemisferen belemmerd door 

hypoplastischee PcoAs of hypoplastische Pl-segmenten. Echter, bij patiënten met een 

herseninfarctt is het aantal niet-functionele anterieure collaterale routes significant hoger, 

mett een hoogste percentage van 48% bij patiënten met een herseninfarct en ernstig (meer 

dann 70% diameter reductie) occlusief lijden van de arteria carotis. Het aantal niet-
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functionelee posterieure collaterale routes is ook significant hoger bij patiënten met een 

herseninfarct,, met een hoogste percentage van 60% bij diegenen met ernstig occiusief 

lijdenn van de arteria carotis. Hieruit kunnen we concluderen dat in het bijzonder een 

niet-functionelee anterieurc collaterale route in de cirkel van Willi s een belangrijke 

risicofactorr lijk t te zijn voor het krijgen van een herseninfarct. Of de patiënten in onze 

studiee een herseninfarct kregen op basis van hemodynamische insufficiëntie of op basis 

vann embolieën is niet duidelijk. Echter, volgens een recent gepostuleerde hypothese 

beperktt een verminderde perrusie van het brein ook de mogelijkheden van de bloedstroom 

omm embolieën 'op te ruimen' en is er tevens minder flow beschikbaar voor die gebieden 

diee door afsluitende embolieën ischemisch dreigen te worden.' Deze hypothese suggereert 

datdat hypoperfusie en embolisatie nauw met elkaar verbonden zijn bij de etiologie van het 

herseninfarct.. Dit betekent ook dat de collaterale functie van de cirkel van Willi s mogelijk 

niett alleen een rol speelt in de pathogenese van het herseninfarct in die gevallen waar 

hemodynamischee insufficiëntie op de voorgrond staat, maar wellicht ook in een aantal 

gevallenn waar embolisatie als oorzaak wordt gezien. 

Carotiss compressie 

Bijj  patiënten met een stenose in de arteria carotis die niet ernstig genoeg is om spontane 

intracraniëlee flow te veroorzaken, is TCCD in combinatie met kortdurende carotis compressie 

eenn snelle en relatief eenvoudige methode om een betrouwbaar inzicht te krijgen in het 

collateralee vermogen van de cirkel van Willis. De carotis compressie testen zijn essentieel, 

aangezienn andere studies hebben aangetoond dat de AcoA en PcoApas gerecrutcerd worden 

alss een stenose in de arteria carotis interna het lumen met 80% of meer reduceert.-4 In geval 

vann minder ernstige stenosering is er geen intracraniële collaterale flow. Veel onderzoekers 

zijnn terughoudend in het uitvoeren van carotis compressie testen, in het bijzonder bij patiënten 

mett een ernstige stenose in de arteria carotis of bij patiënten met een herseninfarct. Carotis 

compressiee testen zijn in het verleden veelvuldig uitgevoerd, zowel bij asymptomatische 

alss bij symptomatische patiënten met stenoses en occlusies van de carotiden. De incidentie 

vann ischemische complicaties varieerde van 0 tot 5%o.̂R All e gerapporteerde complicaties 

warenn kortdurende, geheel reversibele focale ischemische afwijkingen. Een beperkt 

herseninfarctt na vibrerende(!) compressie van de arteria carotis communis en het overlijden 

vann een patiënt na massage en compressie van de sinus caroticus zijn echter ook beschreven.9-'0 

Inn de studies waarin kortdurende ischemische complicaties werden beschreven, was de 

atherosclcrotischee status van de arteria carotis communis vaak onbekend. Wij zijn van mening 

datdat het essentieel is om geïnformeerd te zijn over de atherosclerotische status van de arteria 
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carotiss communis voordat carotis compressie wordt uitgevoerd. In onze studies werden alle 

patiëntenn met plaques in de arteria carotis communis geëxcludeerd. Verder verrichtten wij 

geenn vibrerende carotis compressie en probeerden we compressie van de sinus caroticus te 

vermijden.. Aangezien er geen enkele ischemische complicatie van carotis compressie optrad, 

zijnn we ervan overtuigd dat het een veilige en acceptabele procedure is. 

Beperkingen n 

Alhoeww el TCCD in de meerderheid van de proefpersonen inzicht kan geven in de cerebrale 

hemodynamiek,, wordt de visualisatie van de hersenarteriën bij bepaalde groepen personen 

ernstigg gehinderd door temporale vensters die niet voor ultrageluid doorgankelijk zijn. 

Inn onze studies varieerde het percentage niet geslaagde onderzoeken van 7% bij gezonde 

proefpersonenn met een gemiddelde leeftijd van 51 jaar tot 48% bij vrouwelijke patiënten 

mett een herseninfarct met een gemiddelde leeftijd van 69 jaar. Een hoopvolle nieuwe 

ontwikkelingg is de komst van echo-contrastversterkende middelen. Recente studies hebben 

latenn zien dat de belangrijkste tekortkoming van TCCD grotendeels teniet kan worden gedaan 

mett dergelijke middelen.11"15 

Inn dit proefschrift werden collateralen als functioneel beschouwd als aangetoond kon worden 

datdat ze over de mogelijkheid beschikten om als collateraal te fungeren. Echter, dit houdt niet 

automatischh in dat zij ook een adequate weefselperfusie kunnen garanderen in geval van 

eenn occlusie van de arteria carotis. Ofschoon met TCCD kan worden beoordeeld of er flow 

doorr de AcoA en PcoA aanwezig, of mogelijk is, dient in ogenschouw genomen te worden 

datt TCCD geen bloedstroomvolumes kan meten. Een TCCD diagnose dat collateral flow 

aanwezigg is, of opgewekt kan worden, wil niet zeggen dat dit ook genoeg is, of zal zijn, om 

eenn cerebrale hemisfeer tegen ischemie te beschermen. Bovendien kan met TCCD de 

aanww ezigheid van leptomeningeale collateralen, die essentieel kunnen zijn voor de perfusie 

vann een hemisfeer, niet worden aangetoond. Conventionele angiografïe heeft echter dezelfde 

tekortkoming.. Collaterale flow kan worden aangetoond, zelfs in de leptomeningeale 

collateralen,, maar ook hiermee kan niet worden beoordeeld of dit voldoende is om een 

adequatee weefselperfusie in stand te houden. 

Suggestiess voor verder onderzoek 

Tott nu toe hebben verschillende studies, waaronder die van onszelf, laten zien dat een cirkel 

vann Willi s zonder goede collaterale functie mogelijk een risicofactor is voor het krijgen van 

eenn herseninfarct bij patiënten met ernstig occlusief lijden van de arteria carotis interna. 

Echter,, geen van deze studies heeft op een prospectieve wijze bewezen dat er een causale 
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relatiee bestaai. Additionele studies zijn nodig om een definitief antwoord te geven. Het 

ontwerpp van dergelijke studies dient dan ook van het hoogste niveau te zijn. Nadat de 

NASCETT trial16 had aangetoond dat patiënten met een ernstige symptomatische arteria carotis 

internaa stenose baat hebben bij een carotis endarteriëetomie, is de discussie over de beste 

behandelingg van dergelijke patiënten verstomd. Echter, de beste behandeling van de groep 

patiëntenn met een ernstige asymptomatische arteria carotis interna stenose staat nog steeds 

terr discussie. Het jaarlijkse risico op een herseninfarct dat patiënten met een hemodynamisch 

significantee asymptomatische carotis stenose lopen, bedraagt 2 tot 5%.'7:1 In ons ziekenhuis 

wordtt een asymptomatische carotis stenose niet geopereerd.. In andere ziekenhuizen echter, 

wordenn jaarlijks duizenden patiënten met een asymptomatische carotis stenose 'behandeld' 

mett een operatieve correctie of met een Dotter behandeling. Alhoewel een carotis 

endarteriëetomiee een iets betere uitkomst geeft dan optimale conservatieve behandeling21, 

zijnn veel neurologen en chirurgen ervan overtuigd dat het minimale voordeel niet opweegt 

tegenn de risico's op een chirurgische complicatie. Desalniettemin zullen er in de 

asymptomatischee groep patiënten zitten met een hoog en patiënten met een laag risico op 

eenn herseninfarct. Patiënten met een hoog risico, waarschijnlijk diegenen met een functioneel 

incompletee cirkel van Willis, profiteren mogelijk meer van een chirurgische of endovasculaire 

behandeling.. Om definitief te bewijzen dat het collaterale vermogen van de cirkel van Willi s 

eenn klinisch belangrijke factor is in de pathogenese van het herseninfarct, kunnen twee 

typess onderzoek worden gedaan: 

1.. Een lange termijn studie naar het natuurlijke beloop van patiënten met een ernstige 

asymptomatischee arteria carotis interna stenose, gestratificeerd voor collaterale 

functionaliteitt van de cirkel van Willis, of 

2.. Randomisatie van patiënten met een ernstige asymptomatische arteria carotis interna 

stenosee en een functioneel incomplete cirkel van Willi s in een groep die chirurgisch/ 

endovasculairr en een groep die optimaal conservatief behandeld wordt. 

Beidee studies vereisen de screening van duizenden atherosclerotische vaatpatiënten. TCCD 

iss een aantrekkelijk instrument voor een dergelijk onderzoek, vooral ook nu het mogelijk is 

omm met echo-contrastversterkende middelen de visualisatie van de intracraniële arteriën bij 

patiëntenn met slechte temporale vensters sterk te verbeteren. Een combinatie met MR 

angiografiee en perfusie MR] om de relatieve regionale cerebrale bloedstroomvolumes en de 

relatievee regionale cerebrale flow te meten, kan w aardevolle additionele informatie opleveren. 

Dergelijkee studies kunnen definitief de relatie tussen de anatomische configuratie van de 

cirkell  van Willis, de mogelijkheid en kwaliteit van intracraniële collaterale flow, de regionale 
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weefselperfusiee en het risico op het krijgen van een herseninfarct ophelderen. 

Hett zal dokters helpen in hun strijd tegen de verschrikkelijke gevolgen van een herseninfarct. 
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Aann het slot van dit proefschrift wil ik graag al die mensen bedanken die op de een of 

anderee manier hebben bijgedragen aan de totstandkoming van 'mijn' magnum opus. 

Prof.. dr. D.A. Legemate, beste Dink. Als eerste, uiteraard, wil ik jou bedanken. Jouw idee 

omm de cirkel van Willi s te gaan 'duplexen', heeft aan de basis gestaan van dit proefschrift. 

Hett is echter niet alleen jouw expertise op het gebied van de noninvasieve vaatdiagnostiek 

diee ertoe heeft geleid dat ik me jouw eerste promovendus mag noemen. Je hebt zonder meer 

eenn talent om jonge mensen te vormen tot enthousiaste, nauwgezette en ambitieuze 

onderzoekers.. Je intensieve begeleiding ("zullen we een deadline afspreken"), je kritische 

oorr bij de vele oefenpraatjes vlak voor congressen ("het moet met de helft van de dia's") en 

jee vele correctiewerk ("dit heb je al in de vorige alinea gezegd, het houdt maar niet op") 

hebbenn absoluut positief bijgedragen aan mijn wetenschappelijke ontwikkeling. Als het soms 

eenn beetje te goed ging, kon je ook uitstekend relativeren en me de betrekkelijkheid van veel 

zakenn laten inzien ("hoe gaat het met de beurs?"). Datje de moeite nam om mij in Hongarije 

tee bezoeken, heb ik buitengewoon gewaardeerd. Ik kijk terug op een ontzettend leuke en 

leerzamee onderzoeksperiode met jou. Ik hoop dat er ooit nog eens een vervolg komt. 

Dr.. B. Fülesdi, dear Béla. Ofcourse I want to thank you for being my co-promotor ("please 

referr to me as Don Fülesdi"), but most of all I want to thank you for becoming a very good 

friend.. By inviting me to your house and family when I was in Debrecen, you made me feel 

likee I was at home. I was always welcome, even at nights, on one condition that I did not 

drinkk all your beers. We had a great time together and I hope that our friendship will continue. 

Andd my shit-golf is still going strong! 

C.. Fülesdi, dear Csilla. Thank you for all those evenings and nights that you let Béla go to 

doo his researchwork with me in the hospital. Furthermore, I want to thank you for your 

warmm hospitality and all those delicious Hungarian meals you made. I very much enjoyed 

thee visit to the exposition of the Hungarian history in Szeged with you and Béla but most of 

alll  I enjoyed the visit to the hunter ball. 

Vaatt laboranten Henk de Vos en Johan van Gurp. Jullie hebben mij de kunst van het duplexen 

vann de hoofd- en halsvaten geleerd. Zonder julli e hulp had ik het me nooit eigen kunnen 

makenn en had ik dus niet naar Hongarije gekund om daar zelfstandig patiënten te duplexen. 

Kortom,, zonder julli e geen proefschrift. Henk, ofschoon ji j in het begin wat kritisch was 
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("datt leer je nooit in een paar maanden"), werd ji j steeds enthousiaster naarmate het onderzoek 

vorderde.. Het werd op een gegeven moment ook voor jou een sport om 'de eirkel' ondanks 

diee moeilijke vensters zo goed mogelijk in beeld te brengen. Johan, jouw bereidheid om mij 

mett van alles te helpen bij mijn onderzoek, tussen je gewone werk op het vaatlab door, heb 

ikk zeer gewaardeerd. 

Prof.. dr. M.J.H.M.Jacobs. U wil ik bedanken voor het feit dat u mij, als jonge student, op 

mijnn vraag "of er nog wat te onderzoeken viel" doorverwees naar het Vaatcentrum. De 

resultantee van deze doorverwijzing ligt voor u. 

Prof.. dr. L. Csiba, dear Laszló. I want to thank you for your cooperation in our joint research 

project.. You arranged a lot of things for me when I was in Debrecen; practical things like a 

roomm on the campus and later in your clinic, but also all those things T needed for the duplex 

andd postmortem studies. Only one thing you did not arrange for me ("Arjan, did you meet 

Hungariann girls yet?"). I still miss our soccerplay on Sunday mornings. 

Csatii  Géza and Judit, dear friends. I am very happy that I learned to know you during my 

stayy in Debrecen. Géza ("freeeeeeee "), without you my stay in Hungary would have 

beenn much more quiet and lonely. From you I learned a lot about the Hungarian history and 

thee difficult situation of the Hungarian people in Transylvania. Furthermore, I want to thank 

youu for showing me some beautiful places in Romania and inviting me to Judit's ("Aaaarjan!") 

graduationn from medical school. Now my thesis is finished, it is time to visit you soon in 

yourr new house in Székesfehérvar. 

Siróó Peter, thank you for your company at the Debreceni Orvostudomanyi Egyetem and for 

yourr help including stroke patients to the study. Without you, getting informed consent 

fromm the patients or their family would have been impossible. 

Dr.. D.T. Ubbink, beste Dirk. Bij jou, als hoofd van het Vaatcentrum, heb ik mijn eerste 

schredenn gezet op wetenschappelijk gebied. Jij was het ook die me bij Dink Legemate 

introduceerde.. Dank je voor deze vooruitziende blik. Verder wil ik je graag bedanken voor 

all  je technische ondersteuning. 

Prof.. dr. D.J. Gouma en Prof. dr. H. Obertop, opleiders. Graag wil ik u beiden hartelijk 

dankenn voor het leerzame eerste deel van de opleiding chirurgie in het AMC. 
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Paranimfenn Jeroen van der Heijden en Jasper Kal. Mannen! Ik waardeer het zeer dat julli e 

alss cardioloog en anaesthesioloog in spe, een toekomstig chirurg willen bijstaan bij de 

verdedigingg van zijn proefschrift. Uiteindelijk heb ik na \2lA jaar afscheid moeten nemen 

vann het AMC. Jullie gaan daar nog even door. Het zou geweldig zijn als we later nog eens in 

dezelfdee 'tent' zouden kunnen samenwerken. 

Dr.. R.G.A. Ackerstaff, Prof. dr. J.H. van Bockel, Prof. dr. B.L.F, van Eck-Smit, Prof. dr. B. 

Hillen,, Prof. dr. J.A. Reekers ("wat. .. Je wilt toch geen vaatchirurg worden, dat vak gaat 

helemaall  verdwijnen") en Prof. dr. J. Stam wil ik hartelijk danken voor hun bereidheid 

zittingg te nemen in de promotiecommissie. 

Jurgenn de üraaff en Stephen Coffï, mede vaatboys. Dank voor de gezellige tijd op het 

Vaatcentrum.. Veel sterkte met de afronding van julli e proefschriften. 

All ee andere oude en nieuwe medewerkers van het Vaatcentrum wil ik bedanken voor hun 

hulpp en ondersteuning, maar ook voor het tijdens mijn assistentschap mogen behouden van 

mijnn kamer met uitzicht op de OK. 

Dee radiologen Charles Majoie en Frans-Jan Hulsmans wil ik hartelijk bedanken voor hun 

inspanningenn om hoofdstuk 7 van dit proefschrift rond te krijgen. Frans-Jan, het getuigt van 

karakterr om met de trein uit Maastricht te komen voor een eonsensusbijeenkomst en zelf het 

treinkaartjee te betalen. 

Chirurgen,, assistenten en onderzoekers van G4. Bedankt voor de leuke tijd die ik met julli e 

gedurendee mijn onderzoeksperiode en assistentschap heb gehad. Ik mis de vrijdagse borrel 

nuu al. Marloes, pasje goed op 'ons' huisje'? 

Dee Hongaarse politie wil ik bedanken voor het zeer acceptabele prijsniveau van de 

verkeersovertredingen. . 

Daphnee Lees wil ik graag bedanken voor het corrigeren van mijn stukken. Daphne, de 
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