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CHAPTER 9

SUMMARY

Infarcts on the border of two different vascular systems — borderzone infarcts — are
generally considered to be a specific infarct entity with regard to localisation and patho-
physiology. As early as 1940, borderzone infarcts were described in a pathological-
anatomical study. Sequential reports described such infarcts, and in 1960 Ziilch!'62163
hypothesized a haemodynamic mechanism (related to hypotension) as a typical stroke
cause in borderzone infarcts. After the introduction of sophisticated imaging techniques
such as CT/MRI many clinical reports on borderzone infarcts appeared, elaborating on
the pathophysiological hypothesis of a haemodynamic stroke cause. We supposed that
the topographical descriptions of borderzone infarcts in such studies were chosen arbi-
trarily. Moreover, in a recent study of Van der Zwan et al.'® a large inter-individual
variability of the vascular supply areas of the major cerebral arteries was described which
makes a topographical-anatomical description on CT of borderzone infarcts even more
difficult. Furthermore, it was not obvious from these studies that the supposed patho-
physiological mechanisms in borderzone infarcts had indeed any specific characteristics.

Therefore, in this thesis we studied presumed borderzone infarcts, using the ‘classical’
definition, with regard to their anatomical-topographical and clinical characteristics.
Next, we defined borderzones taking into account the variability in vascular supply of
the cerebral arteries, and studied the (borderzone) infarcts with regard to the above-
mentioned characteristics.

In chaprer 2 a review of the literature on borderzone infarcts is presented. Part 1. deals
with the vascular supply areas and especially the large inter-individual variability of the
major cerebral arteries. This variability develops prenatally and in the first years of life,
caused partially by haemodynamic factors. It is concluded that, because of the variability
in vascular supply defining vascular areas and especially borderzone areas in topograph-
ical (CT) studies may be difficult. Furthermore, the possible vascular supply of the deep
(or subcortical) borderzones is discussed. In part 2. the pathological-anatomical studies
on borderzone infarcts are described. A specific pathological entity could not be derived
from most studies although ‘cerebral thromboangiitis obliterans’ was considered to be a
typical borderzone entity in several studies. Several pathophysiological processes in
borderzone infarcts were suggested, the most important of which are: borderzone
infarcts related to periods of hypotension with or without a significant carotid stenosis
prior to the infarction (haemodynamic stroke mechanism), and showers of micro-
emboli from different origins lodging in the small arteries of the infarcted areas.
Although the pathological processes were mostly described in detail, the studies lacked
sufficient clinical data to have any clinical significance. Part 3. deals with CT scan
characteristics of borderzone infarcts. The definitions of borderzone infarcts are derived
from descriptions in current topographical-anatomical CT atlases, and in several studies
borderzone infarcts were ill-defined. Haemodynamic compromise of the borderzone
territories, mostly related to a carotid stenosis, with or without accompanying periods of
hypotension is suggested by many as a specific cause of borderzone infarcts. In part 4. it
is underlined that the pathophysiology of borderzone infarcts is not clear, and that CT
scan studies lack large prospective series, including comparison of borderzone infarcts
with other infarct types.
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In chapter 3 we described 143 consecutive prospectively registered patients with a first-
ever supratentorial stroke due to a small deep infarct. Ninety-one patients had an
abnormal CT, 74 of whom had non-invasive carotid studies. Twelve of these patients
had a sympromatic small deep infarct in the borderzone between the areas supplied by
the deep penetrators and the medullary branches of the major cerebral arteries. Four of
these 12 had ipsilateral carotid stenosis of more than 50 per cent (one with toral
occlusion), as opposed to three of 62 remaining patients with CT confirmed small deep
non-borderzone infarcts (OR:9.83; 95%CI:1.70-57.04; p<0.01). The number of
patients with a potential cardioembolic cause did not differ between borderzone and the
remaining small deep infarcts, which makes cardiac embolism a less likely cause of
borderzone small deep infarcts. Although the numbers in this initial series were small,
these dara could be taken to suggest that borderzone location of small deep infarcts
together with the presence of an ipsilateral carotid stenosis may indicate a haemo-
dynamic stroke mechanism.

In chapter 4 borderzone infarcts according to the generally accepted definitions are
described in 539 consecutive patients with a first-ever supratentorial brain infarct who
had an abnormal CT scan. Clinical and CT scan features were analysed and compared
with those in remaining infarcts. We found 69 (13%) borderzone infarcts of which 28
were territorial and 41 deep borderzone infarcts. Chronic obstructive pulmonary
disease, diabetes mellitus and asymptomatic infarcts were significantly more frequent in
territorial borderzone infarcts in comparison with remaining territorial infarcts. A signi-
ficant carotid stenosis (>50%) was not seen more frequently in borderzone infarcts than
in the remaining infarcts, not even in a selected group of six (very ‘typical’) borderzone
infarcts. Comparison of small deep borderzone infarcts with the remaining small deep
infarcts revealed no statistically significant differences except the significantly higher
frequency of asymptomatic (mainly borderzone) infarcts in the small deep borderzone
group (@OR:3.33; 95%CI:1.50-7.41; p<0.003). We concluded that in patients with
COPD and/or DM cerebral areas of relatively low perfusion, such as the ‘low’ perfused
borderzone (merely white matter) areas may be rendered susceptible to infarction in
states of low-flow such as thromboembolism. We did not find any other specific risk
factor related to borderzone infarcts, and hypotension prior to the infarcts could not be
registered in our stroke registry. Therefore, no evidence for the generally accepted
concept of a haemodynamic stroke cause in borderzone infarcts was found. The high
frequency of asymptomatic infarcts in the borderzone group indicates that borderzones
are clinically ‘silent’ regions; moreover, the stroke mechanism in these regions may be a
consistent one. The stroke outcome did not differ between borderzone and non-
borderzone infarcts. We concluded that there is no evidence for a specific clinical entity
of borderzone infarcts, whereas the pathophysiology of borderzone infarcts may not be
different from that in other small deep or territorial infarcts, which is obstruction of one
(end-)artery, mainly by thromboembolism.

In chapter 5 we defined borderzone areas taking into account the territories of variable
vascular supply of adjacent major cerebral arteries. Those territories were reconstructed
from the findings of Van der Zwan et al.!®8 who described the inter-individual varia-
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bility of the major cerebral arteries. Three hundred and thirty-three patients with a terri-
torial infarct on CT entered the study, 42 of whom had a borderzone infarct, 216 were
non-borderzone infarcts and 75 were ‘mixed” infarcts. The findings of clinical and CT
features were similar to those described in territorial infarct subgroups in chapter 4. The
borderzone infarcts did not differ from ‘definite’ non-borderzone infarcts. Therefore,
there is also in this study no evidence in favour of the hypothesis that borderzone
infarcts are located in two adjacent arterial supply areas, rather than in the endzone of
one end-artery. Moreover, this study also lends no support to the idea of the existence of
a separate brain infarct entity that could be assigned as ‘borderzone’ infarct.

Chapter 6 describes a study of patients with a compatible CT lesion of a supratentorial
ischaemic infarct. The topographical relationship and clinical features in cases with a
small deep infarct in the anterior choroidal artery territory (AChA) were compared with
these features in other small deep infarcts, and in territorial infarcts. Firstly, we identified
the area supplied by the AChA. This was done by studying composite diagrams of
supposed AChA infarcts. Infarcts largely located outside the generally included AChA
territory were presumed to belong to a different vascular territory. Because infarcts that
were restricted to the posterior part of the paraventricular corona radiata region showed
almost complete overlap with the paraventricular area occupied by AChA infarcts that
extended upwards, we concluded thar infarcts in the posterior paraventricular region
were most likely AChA infarcts. Comparison of vascular risk factors between small deep
AChA infarcts and remaining small deep infarcts by way of multivariate regression
analysis only showed a significant carotid stenosis to be more frequent in the AChA
group ((aOR:8.87; 95%Cl:1.44-54.50), and a cardioembolic source to be less frequent
(@OR:0.24; 95%CI:0.07-0.92). Compared with territorial infarcts a carotid stenosis
and cardiac embolism were less frequent in small deep AChA infarcts: @OR 0.33, 0.23
respectively; 95%CI: 0.15-0.74, 0.09-0.52 respectively. We concluded that, patho-
physiologically, small infarcts in the AChA territory do not constitute an infarct subtype
different from small deep infarcts in general, although carotid embolism may be a more
frequent infarct cause. When the CT nominated AChA infarcts were compared with
CT findings of the small deep infarcts as described in chapter 4, it appeared that 10 of
the 77 AChA infarcts were indicated as borderzone infarct in chapter 4. We concluded
from these findings that infarcts that are considered as borderzone infarcts are more
likely to be infarcts in a territory of one (end-)artery; also the size of such infarcts argues
in favour of single artery infarction.

In chapter 7 we evaluated the hypothesis that if hypotension or hypoperfusion are major
causes of borderzone infarction (as defined in chapter 4), infarcts following cardiac
surgery would most likely be located in the vascular borderzone areas, whereas cerebral
perfusion would be lower among such infarcts compared with territorial infarcts. Ten
(27%) of 37 retrospectively registered patients with brain infarction following cardiac
surgery had an infarct in one of the vascular borderzones on CT, 13 (35%) had a terri-
torial infarct, whereas CT was normal in 14 (38%). Sex, age, vascular risk factors, peri-
operative blood pressure values and perfusion parameters did not differ among these
three subgroups. We concluded that brain infarcts following cardiac surgery are more
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often located in white marter areas that are considered to be borderzones. However,
when these infarcts are compared with the figures from stroke series, peri-operative
haemodynamic compromise alone does not sufficiently explain the infarct mechanism.
Other mechanisms such as embolism should also be considered.

Conclusions:

1. Although low-flow states can cause infarcts that are classically considered to be
borderzone infarcts, no evidence was found that hypotension was a major contri-
buting factor to these infarcts in a prospective series of 752 brain infarct patients, nor
was there any relationship with carotid artery obstructive disease.

2. Diabetes mellitus and COPD may render the brain more susceptible to white matter
(classically considered as borderzone) infarcts, due to failure of autoregulation in
cases of a cerebrovascular compromising event, such as thromboembolism.

3. It has never been proven that borderzone infarcts are indeed located in the adjacent
endzones of two or more separate major cerebral arteries. The present study makes a
(small) deep borderzone infarct subtype in the vascular territory on the junction of
the deep penetrating branches and the perforating medullary branches of the major
cerebral arteries highly unlikely. Also, territorial borderzone infarcts may in fact
merely be located in the vascular endzones of only one artery.

4. The vascular risk factor profile was similar in borderzone and non-borderzone
infarcts, as was the stroke outcome, which leads to the conclusion that borderzone
infarcts do not constitute a homogeneous clinical entity.

5. The clinical concept of borderzone infarction rests on very little evidence, therefore
remains fiction rather than fact, and might just as well be abandoned.
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CHAPTER 9

SAMENVATTING

Herseninfarcten op de grens van twee verschillende vaatgebieden — borderzone infarcten
— worden in het algemeen met betrekking tot lokalisatie en pathofysiologie beschouwd
als een specificke entiteit. Reeds in 1940 werden borderzone infarcten in een patholo-
gisch-anatomische studie beschreven. Meerdere studies volgden, en in 1960 postuleerde
Ziilch'62163 de hypothese dat een haemodynamisch mechanisme (in relatie tot
hypotensie) gezien zou moeten worden als de kenmerkende oorzaak van borderzone
infarcten. Na de introductie van verfijnde beeldvormende technieken zoals CT en MRI
verschenen vele klinische studies over borderzone infarcten, waarin verder werd
ingegaan op de pathofysiologisch geaarde hypothese van Ziilch betreffende de haemo-
dynamische oorzaak van borderzone infarcten. Wij veronderstelden dat de topografie
van borderzone infarcten in dergelijke studies willekeurig werd vastgesteld. Bovendien
beschreef Van der Zwan e.a.!68 in een recente studie een grote mate van inter-individuele
variabiliteit in de vasculaire bevloeiingsgebieden van de grote hersenarterién. Dit maake
een topografisch-anatomische beschrijving van borderzone infarcten op CT zelfs nog
moeilijker, zo niet onmogelijk. Vervolgens bleck het allesbehalve duidelijk uit de
klinische studies af te leiden of de veronderstelde pathofysiologische mechanismen van
borderzone infarcten daadwerkelijk enige specifieke kenmerken hadden.

Gezien de onzekerheden en onduidelijkheden werden in deze studie de anatomisch-
topografische en klinische kenmerken bestudeerd van als borderzone infarct geduide
infarcten, uitgaande van de ‘klassiek’ gebruikte definitie. Vervolgens bestudeerden we
borderzone infarcten rekening houdende met de variabiliteit van de bevloeiingsgebieden
van de cerebrale arterién.

In hoofdstuk 2 wordt een overzicht gegeven van de literatuur over borderzone infarcten.
In deel 1. worden de vasculaire bevloeiingsgebieden en meer specifick de grote mate van
inter-individuele variabiliteit van de grote cerebrale arterién beschreven. Deze variabi-
liteit ontstaat reeds in utero en tijdens de eerste levensjaren, gedeeltelijk ten gevolge van
haemodynamische factoren. Geconcludeerd wordt dat het exact definiéren van vascu-
laire territoria en met name de borderzone territoria, in topografische (CT) studies
beperkt wordt door de variabiliteit van arteriéle bevloeingsgebieden. Vervolgens wordt
in dit deel de arteriéle vascularisatie van de diepe (subcorticale) borderzones besproken.
In deel 2. worden de pathologisch-anatomische studies over borderzone infarcten
beschreven. In de meeste studies werd geen specificke pathologische entiteit gevonden,
hoewel in sommige studies ‘cerebrale thromboangiitis obliterans’ als typisch voor
borderzone infarcten werd beschouwd. Verscheidene pathofysiologische processen als
oorzaak van borderzone infarcten werden geopperd, waarvan de twee belangrijkste zijn:
borderzone infarcten in relatie tot perioden van hypotensie voorafgaand aan het infarct,
al dan niet in combinatie met een significante carotisstenose (haemodynamisch infarct
mechanisme); en ‘regens’ van microembolieén van verschillende vasculaire oorsprong,
resulterend in multiple obstructies van de kleine arterién in het geinfarceerde gebied.
Alhoewel pathologische processen meestal gedetailleerd beschreven werden, is de
klinische relevantie van deze studies zeer beperkt tengevolge van her gebrek aan
voldoende klinische gegevens. In deel 3. worden studies beschreven van borderzone
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infarcten, die gediagnostiseerd zijn met behulp van CT-scan kenmerken. De definities
van borderzone infarcten zijn in deze studies meestal afgeleid van beschrijvingen in de
meest actuele anatomisch-topografische CT-scan atlassen. Desalniettemin zijn in
sommige studies de definities van borderzone infarcten wel zeer beperkr gebleven. Veel
auteurs beschouwen de haemodynamische compromittering van de borderzone terri-
toria, meestal gerelateerd aan een carotisstenose, en al dan niet gepaard met perioden
van hypotensie, als de specifieke oorzaak van borderzone infarcten. In deel 4. wordt nog
eens onderstreept dat de pathofysiologie van borderzone infarcten op z'n minst ondui-
delijk is, en dat prospectieve patiéntenseries en vergelijkingen van borderzone infarcten
met andere infarcten in de beschreven CT-scan studies ontbreken.

In hoofdstuk 3 worden 143 achtereenvolgende prospectief geregistreerde patiénten
beschreven met een eerste supratentorieel gelegen klein diep — small deep — hersenin-
farct, waarvan er 91 een afwijkende CT-scan hadden. Van hen ondergingen 74
patiénten een non-invasief onderzoek van de carotiden. Twaalf van deze patiénten
hadden een symptomatisch small deep infarct dat gelegen was in de borderzone tussen
de bevloeiingsgebieden van de diepe penetratoren en de medullaire takken van de grote
hersenarterién. Vier van hen hadden een ipsilaterale carotisstenose van meer dan 50%
(één had een totale occlusie); dit ten opzichte van drie van de resterende 62 patiénten
met een non-borderzone small deep infarct (OR: 9.83; 95%CI: 1.70-57.04; p<0.01).
Het aantal patiénten met een potentiéle cardiale emboliebron verschilde niet tussen deze
groepen, hetgeen betekent dat een cardiale emboliebron een minder waarschijnlijke
oorzaak is van een small deep borderzone infarct. De gegevens van deze studie sugge-
reren dat kleine diepe infarcten gelegen in de borderzone in combinatie met de aanwe-
zigheid van een ipsilaterale carotisstenose ontstaan op haemodynamische basis; de
patiénten aantallen zijn echter klein.

In hoofdstuk 4 worden, aan de hand van de algemeen geldende definities, borderzone
infarcten beschreven in 539 achtereenvolgende patiénten met een eerste supratentorieel
gelegen herseninfarct en een afwijkende CT-scan. Klinische en CT-scan bevindingen
werden geanalyseerd en vergeleken tussen borderzone infarcten en resterende infarcten.
We vonden 69 (13%) borderzone infarcten waarvan 28 territoriaal en 41 diepgelegen
waren. Chronisch obstructief pulmonaal lijden (COPD), diabetes mellitus (DM) en
asymptomatische infarcten kwamen significant vaker voor in territoriale borderzone
infarcten in vergelijking met de resterende territoriale infarcten. Een significante carotis-
stenose (> 50%) was niet frequenter in borderzone infarcten dan in resterende infarcten,
zelfs niet in een geselecteerde groep van 6 (zeer ‘typical’) borderzone infarcten. Verge-
lijking van de small deep borderzone infarcten met resterende small deep infarcten
leverde geen statistisch significante verschillen op, met uitzondering van de significant
hogere frequentie van asymptomatische (voornamelijk borderzone) infarcten in de small
deep borderzone groep ((2OR:3.33; 95%CI:1.50-7.41; p<0.003). We concludeerden
dat in patiénten met COPD en/of DM cerebrale territoria met een relatief lage perfusie,
zoals de ‘low’ perfusie borderzone (vnl. witte stof) territoria, erg gevoelig zijn voor infar-
cering wanneer ze in een low-flow staat geraken zoals dit het geval is tijdens thromboem-
bolisatie. We vonden geen andere specifieke risicofactoren in relatie tot borderzone
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