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Preface

As a medical student, I was amazed to see my professors localize brainstem
lesions merely through the evaluation of patients’ eye movements and the
sensory-motor system. Owing to its anatomical and functional complexity, a
study of the human brainstem is complicated; however, this challenge itself
motivated me to become a neurologist and has continued to intrigue me
throughout my career.

During my career as a professor, however, I have realized that compared
with anterior circulation strokes, posterior circulation strokes have not gained
sufficient attention. Students, residents, and even some professors do not take
their time enough to understand the clinical syndromes and pathogenetic
mechanisms contributing to this disease entity. The same trend is observed
among researchers; posterior circulation strokes have been neglected in large
clinical trials that investigated the efficacy of thrombolysis and endovascular
therapy, even if acute basilar artery occlusion results in extremely serious
neurological conditions.

Thanks to thoughtful teaching imparted by pioneers such as Dr. Caplan,
we can now better understand posterior circulation stroke. However, I strongly
feel that more should be written in the literature. My own experience in this
field and comparative studies of posterior and anterior circulation strokes in
the literature show several similarities as well as differences between these
anatomically different conditions. The former is more commonly associated
with arterial diseases, whereas the latter is more closely associated with car-
diac embolism. The ischemic lesions tend to be smaller, and the mode of
onset is less abrupt in posterior circulation strokes. Although few trials have
been reported, recanalization therapy for posterior circulation strokes appears
to be effective if rapid diagnosis and prompt evaluation is made in this com-
plex condition. Considering its characteristics, the therapeutic time window
may even be longer in posterior than in anterior circulation strokes.
Development of novel technologies to treat pathological conditions occurring
in relatively small arteries has facilitated easier and better management of
posterior circulation strokes.

This book aims to provide readers with comprehensive and up-to-date
knowledge of posterior circulation strokes, including the vascular anatomy,
pathology, epidemiology, pathogenesis, stroke syndromes including ocular/
auditory disturbances, diagnostic modalities, and treatment strategies, such as
antithrombotics, angioplasty/stenting, and surgical interventions. In addition,
it presents an extensive discussion of non-atherosclerotic arterial diseases,
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such as dissection, vasculitis, and miscellaneous disorders; therefore, this
book covers a wide scope of topics that range from academic subjects to
practical guidelines. All chapters are written by leading international experts
and established scientists. In my view, the interesting results of cutting-edge
research such as the application of high-resolution magnetic resonance imag-
ing or the development of interventional procedures will be of much interest
to readers.

It must be acknowledged that despite extensive research and well-pre-
sented facts, much ambiguity persists in some areas. The optimal medical
therapy, patient categories that would benefit most from angioplasty/stenting
or bypass surgery, and the therapeutic time window for recanalization therapy
are among the several questions that warrant further investigation. I hope that
this book is informative, interesting, and stimulating for readers and serves as
a useful guide in their clinical and research activities. Finally, I wish to sin-
cerely thank all the contributors for their valuable time and efforts in prepar-
ing the excellent manuscript. I am also grateful to Springer for providing me
the opportunity to communicate with readers worldwide.

Seoul, South Korea Jong S. Kim
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History of Vertebrobasilar
Territory Stroke and TIA

Louis R. Caplan

Early Anatomical and Clinical-
Pathological Studies

The first important attention to disease of the pos-
terior circulation was likely by a Swiss patholo-
gist and physician: Johan Jacob Wepfer. He
followed the example of Vesalius and performed
meticulous necropsy examinations. He described
the results of his dissections in his magnum opus
on apoplexy published in 1658 [1]. Wepfer dis-
tinguished two types of apoplexy: in one form,
the supply of blood to the brain was obstructed or
precluded, and in the other, animal spirits escaped
and hemorrhage occurred. He described the
appearance and the course of the intracranial
arteries and recognized blockage of the carotid
and vertebral arteries caused by disease of the
arterial walls as a cause of apoplexy, the obstruc-
tion preventing entry of sufficient blood into a
portion of the brain. He described the anatomy of
the intracranial vertebral arteries as follows: “As
regards the vertebral arteries, they emerge from
the nearest foramen, that great orifice through
which the spinal marrow descends. They advance
to the sides of the medulla oblongata.... When
they reach that place where the sixth pair of
nerves (IX, X, XI, XII) arises, the right and left
branches are joined and form a single channel

L. R. Caplan (><)

Beth Israel Deaconess Medical Center, Harvard
Medical School, Boston, MA, USA

e-mail: Icaplan@bidmc.harvard.edu

© Springer Nature Singapore Pte Ltd. 2021

(basilar artery) and remain united along the
whole marrow tract.”

The next attention to the posterior circulation
was by clinicians and researchers in Europe dur-
ing the second half of the nineteenth century and
early twentieth century. These observers were
mostly interested in brain and vascular anatomy
and in anatomical-physiologic correlations. The
so-called classic brainstem syndromes all
eponymic and named after the original describers
of the syndromes, were stimulated by a fascina-
tion of the authors with the anatomy and func-
tions of the brainstem. Recognized still today are
these various constellations of findings as the
syndromes of Benedikt, Claude, Millard—Gubler,
Babinski—Nageotte, Foville, and Wallenberg,
among others [2]. Retrospective reviews of these
reports showed that many lesions were not vascu-
lar in etiology; the underlying arterial lesions and
vascular pathology were very seldom studied or
commented upon. More modern studies of series
of patients with brainstem and cerebellar isch-
emia indicate that all but Wallenberg’s syndrome
are rare. During that era, clinicians were mostly
interested in how the brain and its nuclei and
tracts worked. The brainstem with its dense,
packed heterogeneous and complex anatomy was
of particular interest. Focal lesions limited to one
location in the midbrain, pons, or medulla pro-
vided great insight into the anatomy and physiol-
ogy of the brainstem. Of special utility
in localization were crossed syndromes in which
cranial nerve abnormalities involved one side of

J. S. Kim (ed.), Posterior Circulation Stroke, https://doi.org/10.1007/978-981-15-6739-1_1
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the head while long tract motor or sensory or
extrapyramidal-cerebellar abnormalities involved
the limbs and trunk on the opposite side of the
body. The Millard—Gubler syndrome of ipsilat-
eral facial palsy and contralateral hemiparesis
was an example. Since there was no way during
that time to identify the causative vascular lesion
during life, and no treatment was known or avail-
able even if the causes were known, there was no
interest in stroke etiology or the mechanism of
ischemia in patients with brainstem or cerebellar
infarcts.

Posterior Circulation Ischemia

The first detailed study of the clinical, patho-
logical, and etiological aspects of brainstem
infarction was by a German physician Adolf
Wallenberg. During a period of 27 years,
Wallenberg published 4 reports on the topic of
infarction of the lateral medulla: a detailed anal-
ysis of the clinical findings in one patient, the
necropsy findings in that patient, a single case
report of another patient, and the clinical and
pathological findings in the 15th patient he had
studied [3—6]. Wallenberg had first seen the orig-
inal patient, a ropemaker in 1889, for appendici-
tis. In 1993, the patient developed severe vertigo,
intense pain in the left eye, difficulty swallow-
ing, and hoarseness. Wallenberg reported a
detailed clinical neurological examination that
showed horizontal and vertical nystagmus, loss
of pain and temperature sensation in the left face
and right face and body, weakness of the left pal-
ate, paralysis of the left vocal cord, and left limb
ataxia. Wallenberg wrote, “We are dealing with
an insult on the left side of the medulla. It begins
just above the pyramidal decussation. It passes
through the accessory olive and the inferior olive
more rostrally. Laterally it destroys the entire
medulla to the pia mater. Rostrally and medially
it reaches the ascending lemniscus damages
the restiform body and ultimately also the
cerebellum.”

Six years after the initial report, the patient
had another acute stroke and died. Wallenberg

performed the autopsy himself and described and
illustrated the location and extent of the medul-
lary infarct. The vertebral arteries were severely
diseased, and the left posterior inferior cerebellar
artery was occluded.

Anatomists and researchers working during
the early part of the twentieth century became
interested in the blood vessels that supply the
brain including the brainstem and cerebellum.
Duret [7, 8] in France and Stopford [9] in England
meticulously dissected the arteries that supply
the brainstem. Particularly prolific in performing
studies that clarified arterial anatomy was Charles
Foix who worked in the clinics and pathology
laboratories at the Salpetriere hospital in Paris
[10]. Foix and his colleagues defined the distribu-
tion and localization of brain infarcts (“ramollisse-
ments”) and the corresponding neurological
abnormalities that they caused during life. They
also sought to clarify the anatomical distribution
of the arterial supply to these areas. During 4
short years, between 1923 and 1927, Foix and his
colleagues defined the arterial distribution of the
posterior cerebral artery including the branches
to the thalamus, and the supply of the pons, and
the medulla oblongata [11-15]. Most impor-
tantly, Foix noted the common pattern of irriga-
tion of all parts of the brainstem by paramedian,
short circumferential, and long circumferential
arteries. This schema is illustrated in Fig. 1.1.

Probably the single most important and influ-
ential communication regarding posterior circu-
lation ischemia was the report on basilar artery
occlusion by Kubik and Adams published in
1946 [16]. This report was one of the most com-
plete and most detailed clinical-pathological
studies of any vascular syndrome. Kubik and
Adams did not publish the very first report of
occlusion of the basilar artery; there had been
prior reports. Hayem had described the patho-
logical findings in a necropsy specimen from a
single patient with basilar artery occlusion but
did not describe the clinical findings [17]. Leyden
had reported 2 patients with syphilitic arteritis of
the basilar artery [18]. Marburg wrote a review of
pontine and medullary infarcts in 1911 [19].
Lhermitte and Trelles reported a number of
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Fig. 1.1 Foix diagram
of pontine supply. (a)
Long circumferential
artery, (b) short
circumferential artery,
(c) paramedian artery,
(d) pons, (e) cerebellar
vermis, and (f) lateral
lobe of the cerebellum.
(From Caplan,

L.R. Charles Foix - The
first modern stroke
neurologist. Stroke
1990;21:348-356 with
permission)

patients with pontine infarcts, some of whom had
thrombosis within the basilar artery or its
branches [20]. Pines and Gilinsky described a
single patient with a likely embolic occlusion of
the rostral basilar artery in which the brainstem
had been serially sectioned and the infarcts well
defined [21]. The report of Kubik and Adams was
very important and influential because of the
large size of the series (18 patients), the meticu-
lous dissection and illustration of the brain
lesions at the various brainstem levels, as well as
delineation of the vascular occlusion (Figs. 1.1
and 1.2), and the details of the clinical findings.
At the time of their report, Kubik and Adams
were both neuropathologists working in the nec-
ropsy laboratories at the Massachusetts General
Hospital and the Boston City Hospital in Boston,
as well as being active on the neurology wards of
the hospitals. The authors examined some of the
patients during life and later reviewed their clini-
cal charts. The extent and location of the throm-
bosis correlated well with the areas of brainstem
infarction, and usually, only a portion of the basi-
lar artery was occluded. Figure 1.2 is a redrawing
of a diagram of the location and extent of the
basilar artery occlusion and the resultant infarcts
in the pons. The infarcts were mostly confined to

the territories of the paramedian and short cir-
cumferential pontine arteries. The authors dis-
cussed the pathological distinctions between
thrombosis that formed in situ and embolism and
concluded that 7 of the 18 basilar artery occlu-
sions were embolic. The symptoms in most
patients began abruptly, and all cases were fatal
(or else the patient would not have reached their
laboratory in the morgue). Each patient was
described in detail, and the brain and vascular
lesions were diagrammed. The clinical symp-
toms and signs during life such as dizziness,
altered consciousness, dysarthria, paresthesias,
pseudobulbar palsy, hemiplegia or quadriplegia,
pupillary and oculomotor abnormalities, facial
paralysis, and visual loss correlated well with the
brainstem and posterior hemispheral structures
involved. The authors emphasized that recogni-
tion of these signs should allow for accurate ante-
mortem diagnosis of basilar artery occlusion. In
fact, at the conclusion of the article, the author
reported the clinical findings that led them to sus-
pect basilar artery thrombosis in 7 patients who
were still alive. Unfortunately, with the limited
technology available at the time, there was no
safe way to document the nature of the vascular
lesion.
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Fig. 1.2 Cartoon a
showing the pons with /4
an infarct caused by k_s
occlusion of the basilar
artery. (a) midbrain, (b)
upper pons, (¢) lower
pons, and (d) medulla. :
(From Caplan, L.R.: —
Caplan’s Stroke: A
Clinical Approach, 4th
edition. Philadelphia:
Elsevier, 2009 redrawn
from Kubik C, Adams
R. Occlusion of the
basilar artery: a clinical
and pathologic study.
Brain 1946; 69:73-121)

Early Clinical Studies

During the first half of the twentieth century and
before that time, most brain infarcts were attrib-
uted to occlusion of intracranial arteries. In the
report of Kubik and Adams, the occlusion
involved the basilar artery, an important intracra-
nial artery, and most anterior circulation infarcts
were attributed to occlusion of the middle cere-
bral artery. As in Kubik and Adams’s report, cli-
nicians of that era thought that strokes generally

-_— —

W - —

Superior
cerebellar
artery
Basilar
artery

/

Vertebral
artery

came abruptly without warning but often pro-
gressed after the onset of ischemia.

Miller Fisher’s reports on the clinical features
of carotid artery disease appeared just 5 and
8 years after Kubik and Adams’s report [22, 23].
Fisher made two key observations that had an
important influence on the approach of clinicians
to posterior circulation ischemia. Fisher’s patients
with carotid artery disease often had warning
spells, TIAs, that preceded and warned of an
impending stroke. The occlusive disease was in
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the neck where it was potentially reachable by sur-
gery. This was the first emphasis on occlusive dis-
ease in the neck. Several years after Fisher’s report,
Hutchinson and Yates began to systematically dis-
sect and examine the cervicocranial arteries in the
neck [24]. They found a high frequency of occlu-
sive disease in the cervical vertebral arteries near
their origins from the subclavian arteries. Vertebral
artery occlusive disease in the neck seemed to par-
allel carotid occlusive disease leading Hutchinson
and Yates to coin the term ““carotico-vertebral” ste-
nosis [25]. Later, Miller Fisher also emphasized
the importance of occlusive disease involving the
vertebral arteries in the neck, which often involved
these vessels bilaterally [26].

In the ensuing years, description of the so-
called subclavian steal syndrome added more
weight to the growing evidence that extracranial
occlusive disease was common. The report by
Reivich and colleagues called attention to patients
with periodic attacks of dizziness and vertigo,
sometimes precipitated by arm exercise, who had
occlusive lesions involving the subclavian artery
proximal to the vertebral artery origin [27, 28].
Angiography and blood flow studies showed that
blood coursed from the contralateral subclavian
artery up the vertebral artery to reach the cranium
and then traveled retrograde down the vertebral
artery ipsilateral to the subclavian artery stenosis
or occlusion. Ultimately, the retrograde vertebral
artery flow went into the ischemic arm. Later,
Hennerici and colleagues showed that reversed
vertebral artery flow was common in patients
with subclavian artery occlusive disease but
rarely produced important neurological symp-
toms or signs [29].

During the 1950s and 1960s, arteriography of
the aortic arch and its cervicocranial branches
became feasible. A great advance in angiography
was made when Seldinger, in Sweden in 1953,
introduced angiography by catheterization of the
femoral artery, allowing selective catheterization
of all the vessels to be studied [30]. During the
1970s, there were improvements in angiography
performance, namely that trained experienced
full-time neuroradiologists began to perform the
procedure; newer safer dyes were developed and
introduced; and biplane filming techniques were

perfected. These advances led to safer, more use-
ful angiography. Impressed by the lesson from
the subclavian steal syndrome that the occlusive
lesion could be at a distance from the ischemia,
physicians advocated full opacification of the
aortic arch and all 4 main arteries supplying the
brain. Routine “arch and 4” angiography was
performed. Arch angiography, a cumbersome
procedure necessitating lots of dye, was used in
the very large Joint Study of Extracranial Arterial
Occlusions begun in the middle years of the
twentieth century. This study corroborated the
high frequency of extracranial occlusive disease
in the carotid, subclavian, and vertebral arteries
in the neck [31].

During the 1950s, clinicians had become
alerted to the presence of TIAs by Fisher [22, 23].
They had also become aware of the usual symp-
toms and signs in patients who were later proven
to have fatal basilar artery occlusions by Kubik
and Adams [16]. During the late 1950s and early
1960s, a series of articles written by American
and British clinicians concerned patients with
TIAs that indicated involvement of brain struc-
tures fed by posterior circulation arteries. When
studied during life by angiography, there was a
high frequency of severe vertebrobasilar occlu-
sive lesions. The lesions involved mostly the
basilar artery, but the cervical and intracranial
portions of the vertebral arteries were also often
stenosed or occluded. The syndrome of intermit-
tent TIAs involving the posterior circulation was
dubbed “vertebrobasilar insufficiency” (VBI) by
neurologists at the Mayo Clinic in Rochester,
Minnesota: Clark Millikan, Robert Siekert, and
Jack Whisnant [32]. The so-called VBI was not at
all rare; in fact, Bradshaw and McQuaid conclude
their article on VBI by stating that “the syndrome
is one of the most common causes of neurologi-
cal illness [33].”

Influenced greatly by the report of Kubik and
Adams on necropsy-proven cases of basilar
artery occlusion, clinicians during the middle of
the twentieth century widely believed that severe
occlusive disease of the intracranial posterior cir-
culation arteries was a very serious, often mortal
disease. During this era, the popular drug that
was being used for occlusive vascular disease
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was warfarin. Anticoagulation had been used in
patients with thrombophlebitis and pulmonary
embolism, myocardial infarction, and rheumatic
valve disease with systemic and brain embolism.
Warfarin seemed to be worth trying for occlusive
vascular disease. Using this reasoning, Millikan,
Siekert, and Shick from the Mayo Clinic pub-
lished an important and very influential paper on
the use of warfarin anticoagulation to treat
patients with VBI [34]. Patients with the clinical
symptoms and signs of VBI (angiography was
not often used) were given warfarin in an uncon-
trolled observational study. Many patients
stopped having attacks, and many had no or mini-
mal strokes. Believing that the disease was usu-
ally fatal or disabling without treatment, the
authors reasoned and believed that warfarin was
clearly effective and indicated to treat patients
with symptoms suggesting VBI.

By the middle of the 1960s, there was wide-
spread belief in the medical and neurological
community that posterior circulation TIAs and
ischemic strokes could be readily diagnosed clin-
ically; transient attacks and insufficiency states
were explained by hemodynamic factors; and
anticoagulation with heparin-warfarin therapy
was an effective treatment. Angiography was
generally considered not to be indicated although
a few anecdotal studies later showed the ability of
angiography to clarify the nature of the underly-
ing vascular causes and prognosis in isolated
instances. Patients with posterior circulation
ischemia were usually given heparin and warfa-
rin unless contraindicated. Little investigations
were performed. This situation remained until
modern brain and vascular imaging, including
MRI, MRA, and CTA, became widely available
during the last years of the twentieth century.

Many years later, in the Warfarin—Aspirin for
Symptomatic Intracranial Disease (WASID) trial
of patients with severe intracranial atherosclero-
sis, there was no significant difference in the pre-
vention of new strokes between aspirin and
warfarin [35]. The study drugs were initiated
often weeks after the last ischemic event. Warfarin
was difficult to control; patients maintained
within the target therapeutic INR range of warfa-
rin performed better than patients treated with

1300 mg aspirin per day. In those treated with
warfarin whose INR levels were below the target
range, more infarcts developed, and more hemor-
rhages developed in those above the target INR
range. There were too few patients with severe
(>80%) intracranial vertebral (107 patients) or
basilar artery stenosis (112 patients) to render
meaningful conclusions about the treatment of
these specific occlusive lesions.

Although the mechanism of TIAs involving
the anterior and posterior circulations was uncer-
tain, opinion during the middle years of the twen-
tieth century favored hemodynamic, general
circulatory mechanisms. In a series of influential
papers, Derek Denny-Brown put forth the hypoth-
esis that intermittent spells of ischemia were
explained by circulatory perturbations, and he
called the temporarily inadequate blood flow
“insufficiency.” Denny-Brown hypothesized that
carotid and vertebrobasilar insufficiency was a
“physiological, potential hemodynamic state in
which reversible hemodynamic crises could be
elicited by any factor that impaired the collateral
circulation.” [36] Hemodynamic crises could be
transient, or partially or completely reversible
depending on the length and severity of the patho-
physiological cause. Denny-Brown reviewed the
anatomical, physiological, and experimental data
that favored his hypothesis. However, his own tilt
table experiments, performed with Dr. John
Sterling Meyer, one of his chief assistants at that
time, using EEG monitoring of patients with clin-
ical “insufficiency,” more often than not failed to
provoke attacks or EEG changes.

Clinicopathologic and Clinical-
Imaging Studies During the Second
Half of the Twentieth Century

The advent of modern brain and vascular imaging
(MRI, MRA, and CTA) facilitated the study of
various clinical posterior circulation syndromes.
Clinicians and researchers in the USA, Europe,
and Asia studied and reported various clinical
syndromes related to involvement of specific
locations within the posterior circulation-supplied
brain regions and caused by various stroke sub-
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types. These studies included reports about lateral
medullary infarcts [37, 38]; medial medullary
infarcts [39, 40]; cerebellar infarcts [41-45]; top
of the basilar syndrome [46]; basilar artery occlu-
sion [47]; thalamic infarcts [48-52]; pure motor
hemiparesis, ataxic hemiparesis, and dysarthria-
clumsy hand syndrome explained by pontine
lacunar infarcts [53-56]; lateral tegmental pontine
syndrome [57, 58]; basilar branch occlusion [59];
intracranial atheromatous branch disease [60];
midbrain infarcts [61]; and posterior cerebral
artery territory infarcts [62, 63]. The distribution
of brain and vascular lesions and clinical symp-
toms and signs and stroke outcomes were also
studied in detail [64—67]. Nonatherosclerotic vas-
cular lesions were also described [67, 68].

By the end of the first quarter of the twenty-
first century, clinicians had become aware of the
major stroke syndromes involving the posterior
circulation and the frequency of various vascular
lesions and various stroke subtypes.

Pathophysiology of infarction was also inves-
tigated. Clinicians and researchers began to ques-
tion the importance of hypoperfusion alone in
explaining most brain infarcts. Transcranial
Doppler emboli monitoring of patients with vas-
cular lesions showed the frequency and impor-
tance of intra-arterial emboli. Diffusion-weighted
MRI scans documented small “rosary”-shaped
arcs of tissue injury in border-zone regions
related to microembolism. Stenotic vascular
lesions generated fibrin-platelet and cholesterol
crystal emboli, which often broke loose and trav-
eled intracranially. When the donor vascular
lesions became flow-reducing, the decreased per-
fusion inspired washout and clearance of these
emboli. Hypoperfusion and embolism interacted
and complemented each other to promote and
enhance brain infarction in both the anterior and
the posterior circulations [69-71].

Treatment of Patients
with Posterior Circulation Ischemia

After publication of the NIHSS study of intrave-
nous tPA thrombolytic study in 1995 [72], much
data began to accumulate about the results of

intravenous and intra-arterial administration of
tPA and later tenecteplase. Most randomized tri-
als involved either patients whose vascular lesion
was not studied or included only patients with
anterior circulation infarction. Anecdotal results
showed that treatment with thrombolytics in
patients with brainstem ischemia could be effec-
tive over a longer time window than in anterior
circulation disease. Most posterior circulation
patients in whom the vascular lesion was studied
had basilar artery occlusions, and results were, in
general, poor [73].

Angioplasty and stenting began to be applied
in patients with posterior circulation occlusive
lesions to prevent further infarction. In one major
trial that studied stenting versus aggressive
closely monitored medical treatment, stenting of
intracranial arteries was less effective than medi-
cal treatment [74, 75]. Stenting of the basilar
artery was often complicated by perforator terri-
tory brainstem infarcts, and hemorrhage was an
important complication [74, 75].

Trained and experienced interventionalists
also began to explore nonchemical means of
opening blocked arteries. The strategies included
aspirating the clot by creating a vacuum effect
using a simple syringe, using a power-driven
apparatus to create more of a vacuum to suck
back the clot, and using a corkscrew-like device
to try to hook the clot and then extract it. After
these initial explorations, device-makers designed
“stent retrievers” that proved more effective
than previous devices in opening arteries.
Interventionalists could manipulate these devices
to and then through the occluding clots and, in
doing so, quickly restore flow. The clot could be
trapped within the stent and then pulled back
down the catheter into a receptacle outside of the
body. Randomized trials that used stent retrievers
proved their effectiveness, even up to a full 24 h
after stroke symptom onset [76, 77]. The ran-
domized trials of mechanical clot retrieval
included only patients with anterior circulation
vascular disease, but mechanical vascular open-
ing was also frequently applied to individuals
with basilar artery occlusion. The success rates of
mechanical manipulation were much higher than
with chemical thrombolysis [78].



L.R. Caplan

Vertebrobasilar Territory Brain
Hemorrhages

The first recognition and description of a poste-
rior circulation hemorrhage was contained in an
influential treatise on apoplexy published in 1812
by an Irish physician John Cheyne [79]. Cheyne
included in his treatise detailed clinical descrip-
tions of patients, as they would be encountered
socially in their usual attire, and the appearance
of their brains at necropsy. Cheyne described
brain softening and intracerebral and subarach-
noid hemorrhages. In some patients who survived
their apoplectic attack for some time, Cheyne
found cavities filled with rusty yellowish serum
within the brain at necropsy. Cheyne surmised
that the cavities were lined by a membrane,
which was able to absorb red blood cells, and that
the lesion represented an old hemorrhage. One
patient described by Cheyne had a pontine hema-
toma. Case 14 was a “carpenter, 35 years of age,
phlegmatic, pale, muscular, not habitually intem-
perate.” He had severe headaches and, after one
such headache, he vomited and soon after
“became insensible.” About an hour later, his
breathing became irregular, and he was deeply
comatose and soon dead. Cheyne described this
man’s brain as follows: “In dissecting the base of
the brain, there was discovered, formed by rup-
ture in the substance of the pons varolii, a collec-
tion of dark clotted blood, in an irregular cavity,
having a ragged surface and communicating with
the fourth ventricle which was full of blood [79].”

Although accounting for only 8—10% of intra-
cerebral hemorrhages, pontine hematomas
attracted attention because the clinical findings
were dramatic and distinctive. After Cheyne’s
description of a pontine hematoma, single case
reports and series of cases were reported during
the nineteenth century. In 1903, Charles Dana,
then Professor of Neurology at Cornell University
in New York, reviewed prior reports and his own
personal experience and summarized the clinical
aspects of pontine hemorrhages and infarcts [80].
Dana reviewed the brain and vascular anatomy of
the pons. Among 2288 hematomas found at nec-
ropsy, 205 (9%) were pontine [80]. Dana
described the typical patient: “Some prodromal

headache and malaise for a few days ... then he
falls suddenly as if by a lightning stroke, into a
coma, usually very profound. There are twitching
of the face or of the limbs or both ... the pupils
are contracted to a pinpoint ... there is conver-
gent strabismus or conjugate deviation of the
eyes. The limbs are at first stiff but tone may be
reduced later and the reflexes increased. The
patient can not be aroused but can be made to
vomit ... the patient dies in 6 to 20 hours usually
with paralysis of respiration [80].” Dana listed
the “syndrome of the pons™ as (1) headache, mal-
aise, vomiting; (2) sudden profound coma; (3)
face and limb twitching; (4) small pupils, conver-
gent strabismus, or conjugate eye deviation; (5)
slow irregular respirations; (6) irregular pulse;
(7) dysphagia; (8) paralysis of all limbs, or
crossed paralysis; (9) gradual rise of temperature;
and (10) death within 24 h.

Gowers, in his 1892 textbook of Neurology,
described the location of pontine hematomas
[81]. The bleeding usually involved the tegmento-
basal junction near the rostral end of the pons.
Hematomas often spread rostrally but rarely
spread caudally to the medulla; often, the hema-
tomas dissected into the fourth ventricle [81].

Oppenheim, in his popular Neurology text-
book, first published in 1892, included a review
of the clinical signs in patients with pontine hem-
orrhages [82]. Occasionally a hemiplegia or
asymmetric bulbar paralysis was present, but
more often, there was bilateral limb weakness
and bilateral paralysis of the mouth, palate, phar-
ynx, and larynx. The pupils were small but could
be dilated. Eye movements were often lost.
Coma, trismus, and high fever were common.
Oppenheim emphasized that the disorder was
invariably fatal [82].

Some pontine hematomas described in the
nineteenth century were accompanied by
supratentorial hemorrhages. Separation of pri-
mary pontine hematomas from secondary,
pressure-related lesions did not occur until the
twentieth century. Duret produced brainstem
hemorrhages experimentally by injecting fluids
into the supratentorial tissues of dogs [83, 84].
Duret noted that humans with fatal head trauma
often had hematomas in the midbrain and pons
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[83]. Attwater, in 1911, separated more defini-
tively primary pontine hematomas from second-
ary brainstem hemorrhages [85]. Attwater
reviewed 77 pontine hematomas examined at
necropsy at Guys hospital in London. Some
patients, especially those with head trauma, had
supratentorial bleeding as well as brainstem hem-
orrhages. Attwater posited that some pontine
hemorrhages were due to “an increase in intracra-
nial tension produced by the rapid entry of blood
into the cranial cavity [85].” Duret, in later
research, showed that the secondary hemorrhages
in the midbrain and pons, now referred to as
Duret hemorrhages, were caused by sudden intra-
cranial supratentorial pressure that distorted and
compressed the brainstem and its vessels causing
the latter to stretch and tear [86].

Although most authors continued to empha-
size the abrupt onset of symptoms, Kornyey, in a
remarkable single case report, described the
gradual inexorable progression of symptoms and
signs in a young man whose pontine hematoma
occurred and developed under observation [87].
The patient was a 39-year-old man sent to the
hospital in Hungary where Kornyey practiced for
treatment of severe malignant hypertension.
While his history was being taken, the patient
reported numbness and tingling of the hands fol-
lowed by restlessness, dysphagia, and loss of
hearing. His blood pressure was found to be
245/170 mm Hg. While being observed, he devel-
oped bilateral sixth nerve palsies, dysarthria,
deafness, and left hemiparesis. Then, small
pupils, quadriplegia, and coma developed. Within
2 h after walking into the clinic, he had died of a
pontine hematoma [87]. Not until 2 decades later
did Miller Fisher emphasize the gradual evolu-
tion of signs and hematoma growth [88, 89].

In 1951, Steegman reported 17 patients with
primary pontine hemorrhages and summarized
the literature up to that time [90]. The hematomas
in his 17 patients usually involved the center of
the pons, and in 10, the blood ruptured into the
4th ventricle; 3 had asymmetrical lesions affect-
ing the tegmentum and base more on one side.
Most patients were quadriplegic, but 2 had hemi-
plegia, 1 with crossed face and limb weakness.
Steegman opined that the shivering, shaking,

twisting, and trembling were due to abnormali-
ties of motor function and were likely not convul-
sive as had been previously thought [90].
Steegman emphasized abnormal respirations,
which were often slow, labored, and gasping.
Death was seldom instantaneous but usually
occurred in 2472 h.

CT and later MRI allowed for detection of
smaller pontine hemorrhages that were previ-
ously not identified. The classic large central
pontine hematomas were the result of the rupture
of the large paramedian pontine artery penetra-
tors. The next syndrome that was recognized was
lateral tegmental hematomas, which arose from
rupture of arteries penetrating into the lateral teg-
mentum as branches of long circumferential
arteries, especially the superior cerebellar arter-
ies [91-93]. These lesions cause a contralateral
hemisensory loss due to the involvement of the
sensory lemniscus formed in the pons from the
merging of the lateral spinothalamic tract and the
medial lemniscus. Ataxia and oculomotor abnor-
malities often were also present, but paresis was
usually absent or minimal. Later smaller lateral
tegmental hematomas were described that caused
only contralateral sensory abnormalities. Small
basal hematomas arising from small paramedian
arteries and short circumferential penetrators
could cause pure motor hemiparesis, or ataxic
hemiparesis causing similar signs as patients
with lacunar infarcts.

Another common region of posterior circula-
tion bleeding is in the cerebellum. The first cases
of cerebellar hemorrhage were those of Morgagni
and Lieutard, which were cited in a paper describ-
ing a fatal cerebellar hemorrhage written by
Sedillot in 1813 [94]. Childs in 1858 reported the
first American patient, a 19-year-old woman who
developed a cerebellar hemorrhage while shak-
ing her head vigorously to amuse a child [95].
Carion, in a doctoral thesis in 1875, reported 7
patients who had cerebellar hemorrhages [96].
Michael, in 1932, described 10 of his own
patients and reviewed the literature up to that
time [97]. He noted that headache, vertigo, and
weakness developed very quickly and wrote that
“in fulminating cases antemortem localization is
practically impossible [97].” In 1942, Mitchell
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and Angrist reported 15 of their own patients
with spontaneous cerebellar hemorrhage and also
reviewed the 109 cases reported to that time [98].
“Coma as a prominent symptom far overshad-
owed all other findings” and was present in 64 of
the 124 patients (52%). The next most common
symptoms were vomiting and headaches.
Dizziness was present in only 16 patients (13%)
and ataxia in 11 (9%) [98]. They concluded, as
had Michael, that there was no consistent pattern
of symptoms and signs in patients with cerebellar
hemorrhage.

In 1960, Wylie McKissock and his London
colleagues reported 34 patients with cerebellar
hemorrhage who had been under the care of one
surgeon (Mr. McKissock) [99]. Hypertension
was the commonest cause, but 6 patients in the
series had angiomas and 2 had aneurysms. In 18,
the hematomas were confined to the cerebellum
while in 10 hematomas spread into the brainstem
and in 6 they ruptured into the 4th ventricle. All
patients had some form of surgery except for 6
who died before surgery was possible; in 14, only
ventriculography or ventricular drainage was
performed [99]. The outcome was very poor
since 19 of the 28 surgically treated patients died.
The authors were pessimistic about the clinical
recognition of cerebellar hemorrhage. “The neu-
rological signs presented by these patients were
in the main singularly unhelpful. Localizing
signs could not be elicited in those patients who
were unconscious except that most of them had
constricted and non-reactive pupils and periodic
respirations. In the conscious patients, signs of
cerebellar dysfunction were present in less than
half [99].”

Miller Fisher and colleagues, in a very impor-
tant benchmark paper published in 1965, empha-
sized clinical findings that they thought would
improve clinical recognition of cerebellar hemor-
rhage [100]. They described only 3 patients in
detail. In an addendum, added after the paper had
been accepted, the authors mentioned that they
had since seen 8 other patients in whom the rules
derived from the original 3 patients and outlined
in the paper had allowed the diagnosis of cerebel-
lar hematomas, which were confirmed at surgery
[100]. Fisher and colleagues emphasized the

importance of several clinical findings: vomiting
was a very constant feature; inability to stand or
walk especially unaided was a reliable and very
consistent sign; ipsilateral 6th nerve palsy and
conjugate gaze palsy were very common; and
hemiparesis or hemiplegia was not observed, but
often there was bilateral increased deep tendon
reflexes and Babinski signs [100]. Headache,
neck stiffness, limb ataxia, dysarthria, and dizzi-
ness were variable findings. The authors urged
surgical exploration when the clinical signs were
typical. Later, several large clinical series of
patients with cerebellar hemorrhages corrobo-
rated the frequency of the symptoms and signs
reported by Fisher et al. [101, 102].

More recently, CT and MRI have allowed for
the diagnosis of smaller cerebellar hematomas.
Most involve the cerebellar hemispheres, espe-
cially the white matter in the region of the dentate
nucleus in the territory of the superior cerebellar
arteries. Some also arise more caudally from
PICA territory branches. Occasionally, hemor-
rhages arise in the vermis and compress the 4th
ventricle and the medullary and pontine tegmen-
tum, but the clinical findings in these patients
with vermian cerebellar hematomas have not
been fully clarified.

Although bleeding into the thalamus is another
common site of posterior circulation hemorrhage,
separation of the clinical symptoms and signs
from those found in patients with putaminal and
basal ganglionic hemorrhages did not occur until
Fisher’s discussion during a 1959 meeting of the
Houston Neurological Society [88]. Fisher com-
mented during his presentation, “The clinical and
laboratory features of hemorrhage at most sites
within the brain have been described in the past,
but bleeding into the thalamus and subthalamus
is rarely alluded to, and a comprehensive report
on the subject has never been made [88].” Fisher
emphasized the presence of vertical gaze paraly-
sis, position of the eyes downward at rest as if the
patient is peering at the tip of the nose, con-
stricted pupils, and sensory signs on the contra-
lateral limbs greater than hemiparesis. The
thalamic hemorrhages that Fisher was able to
diagnose clinically were large, and all were
accompanied by blood in the CSE.
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Smaller hemorrhages in the thalamus were not
recognized until the advent of CT and later MRI
scanning. Chung and colleagues in 1996 reviewed

the

findings in patients with thalamic hemor-

rhages in various loci in the thalamus according to
the distribution of the bleeding artery: tuberotha-
lamic, thalamo-geniculate, thalamic-subthalamic,
and posterior choroidal [103]. Similarly, midbrain
and medullary hemorrhages were not separated
from ischemic lesions in those sites until the
advent of CT and later MRI.
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Embryology

The embryologic origin of the cerebral vascula-
tures is from mesenchymal elements, forming
channels to cover the surface of the neural tube
[1]. Around Day 24 of embryonic life, the inter-
nal carotid arteries appear from the joining of the
third brachial arch arteries and distal segments of
the paired dorsal aortae [2]. Around Day 28 of
embryonic life, the hindbrain is supplied by the
paired longitudinal neural arteries, which
obtained their blood supply from carotid-
vertebrobasilar anastomoses. The key anastomo-
ses are formed by the trigeminal artery, otic
artery, hypoglossal artery, and proatlantal artery,
respectively, cranially to caudally. Around Day
29 of embryonic life, the paired longitudinal neu-
ral arteries fuse in the midline forming the basilar
artery. The posterior communicating arteries then
develop to connect the distal basilar artery with
the distal internal carotid arteries while the tri-
geminal, otic, hypoglossal, and proatlantal arter-
ies regress [3]. The vertebral arteries are formed
by the fusion of cervical level longitudinal anas-
tomotic arteries, from the proatlantal to C6 level
arteries [3]. Around Days 30-35 of embryonic
life onwards, the basilar artery and vertebral
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arteries assume similar distributions and connec-
tions as in the adult.

Anatomy

The posterior cerebral circulation provides blood
supply to the posterior parts of the brain, which
include the posterior portion of the cerebral cor-
tex, cerebellum, and brainstem. The anatomy of
the posterior circulation and the anastomosis
with the circle of Willis greatly varies in each
person. The major arteries of the posterior circu-
lation include vertebral arteries, basilar artery,
and posterior cerebral arteries.

Vertebral Artery

There are typically two vertebral arteries in each
individual. The vertebral arteries are divided into
four segments. The first segment is from the ori-
gin of the first branch of the subclavian artery
until the entry to the transverse foramina of the
cervical vertebra. The second segment is from the
entry at transverse foramina at C5 or C6 to exit-
ing at C2. The third segment is from the C2 trans-
verse foramina exit point, sweeping laterally to
pass into the C1 transverse foramina, eventually
piercing the dura. The fourth segment is from the
entry into the foramen magnum joining with the
contralateral vertebral artery to form the basilar
artery.
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Vertebral arteries vary in diameter from 1.5 to
5.0 mm, and hypoplasia is generally defined as a
vessel with a diameter of less than 2 mm [4]. On
the basis of multiple reports, vertebral artery
hypoplasia has been reported with a frequency of
1.9% to as high as 35.2% [5, 6]. Atherosclerotic
vertebral artery segment and hypoplasia need to
be differentiated with caution. The left vertebral
artery is more often the predominant side. Other
variations include different vertebral artery ori-
gins (aortic arch, innominate artery).

Branches

Anterior Spinal Artery

The single anterior spinal artery arises from the
fourth segment of the vertebral artery (intracra-
nial portion) at the level of the medulla. A series
showed 65.3% of anterior spinal artery arise from
bilateral vertebral arteries [7]. The anterior spinal
artery supplies the anterior surface of the medulla
and the anterior surface of the spinal cord and
descends within the anterior median fissure.
Variations include duplication of the anterior spi-
nal artery.

Posterior Inferior Cerebellar Artery

Posterior inferior cerebellar artery (PICA) is the
largest branch of the vertebral artery, originating
from the intracranial portion of the vertebral
artery 10-20 mm before the vertebrobasilar junc-
tion, but the origins are highly variable and may
arise from the basilar artery, extracranial portion
of the vertebral artery, or ascending pharyngeal
artery, or alternatively, be completely absent [8].
In the 2024 mm embryologic stage, the PICA is
clearly evident as an artery extending posteriorly
from the hindbrain. Other variations include the
termination of the vertebral artery at the PICA
origin, in which the contralateral vertebral artery
is generally larger. Duplication of the PICA and
PICA-anterior inferior cerebellar artery (AICA)
connections may be seen [9]. The size of the
PICA also varies and is often inversely related to
the size of the AICA, likely due to the fact that
both arteries provide arterial supply to the infe-
rior cerebellum [8, 10]. The PICA separates into
two major trunks, the anterior and lateral trunks.

The PICA can also be segmented into an anterior
medullary segment, lateral medullary segment,
tonsillomedullary segment, telovelotonsillar seg-
ment, and cortical segments. The anterior and
lateral medullary segments lie in front of the
medulla and lateral to the medullar, respectively.
The tonsillomedullary segment lies next to the
lower half of the cerebellar tonsil. The telovelo-
tonsillar segment lies between the inferior med-
ullary velum and the superior pole of the
cerebellar tonsil. The cortical segments lie over
the inferior cerebellar surface. The brain territory
that PICA supplies also varies based on the size
of the AICA and PICA. Generally, the supplied
territories include lower medulla, posteroinferior
cerebellar hemipshere, and inferior vermis.

Basilar Artery

The basilar artery extends cranially in the basilar
groove of the pons from the joining of the two
vertebral arteries at the pontomedullary junction.
The basilar artery was formed from the fusion of
the paired hindbrain vessels during the embryo-
logic period; the irregularity in this formation can
lead to variations of the basilar artery. The basilar
artery ends at the upper border of the pons to
form the two posterior cerebral arteries. The
diameter of the basilar artery is usually 3-4 mm
and can taper slightly in the distal portion [11].
The length of the basilar artery is 25-35 mm [12].
Multiple basilar artery variations have been doc-
umented, including persistent carotid-basilar
anastomosis (persistent trigeminal artery, see
Fig. 14.11 in Chap. 14), fenestrated basilar artery
(Fig. 2.1), and hypoplastic basilar artery that can
end in SCA [13].

Branches

Penetrator Branches

The anatomy of the basilar artery perforators is
usually less than 1 mm in diameter and can be
separated into three groups: rostral, middle, and
caudal [14]. The rostral perforators mostly
originate from the distal portion of the basilar
artery as well as the SCA. The middle perforators
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Fig. 2.1 MR angiography showing fenestrated basilar
artery variant (red arrow)

originate from the middle portion of the basilar
artery and can give rise to anterolateral, ponto-
medullary, and long pontine arteries. The caudal
perforators originate from the proximal portion
of the basilar artery.

Superior Cerebellar Artery

The superior cerebellar artery (SCA) originates
from the rostral BA prior to the formation of the
two posterior cerebral arteries. Each SCA sepa-
rates into medial and lateral trunks to supply the
medial and lateral parts of the cerebellar cortex,
respectively [15]. The branches originating from
the SCA include perforating branches, precere-
bellar branches supplying the connecting part of
the cerebellum and the brainstem, and the corti-
cal branches supplying the rostral half of the cer-
ebellar hemisphere [15]. Variations documented
include duplication of the SCA (most common),
SCA originating from the PCA, and SCA origi-
nating from the ICA [16].

Anterior Inferior Cerebellar Artery

The anterior inferior cerebellar artery (AICA)
mostly originates from the proximal third of the
basilar artery and less commonly the middle third
[17]. The vertebrobasilar junction is the origin in
9% of the cases. The average of the surgical ana-
tomic diameter of the AICA is 1 mm [18, 19].
The territory that AICA supplies varies but usu-
ally includes lateral pons, anterior inferior por-
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tion of the cerebellum, and the middle cerebellar
peduncle. Each AICA separates into superior and
inferior trunks at the pontomedullary junction.
The AICA can be divided into four segments
from the origin, including the anterior pontine
segment ending at the axis that crosses inferior
olive, lateral pontine segment ending at the floc-
cule, flocculonodular segment ending at the mid-
dle cerebellar peduncle, and the cortical segment
running to the petrosal surface of the cerebellum
[17, 20]. The labyrinthine artery supplying the
cochlear and labyrinth usually arises from the lat-
eral pontine segment of the AICA. Other varia-
tions include AICA originating from the vertebral
artery or the PICA. Less commonly seen is the
duplication of AICA.

Posterior Cerebral Artery

The PCAs arise from the termination of the basi-
lar artery in 70% of patients [21]. The PCA arises
from the posterior communicating artery in 20%
of the patients [21] (Fig. 2.2). The anatomy of the
PCA can be divided into four segments, from P1
to P4 [22]. The P1 segment is from the PCA ori-
gin at the termination of the basilar artery to the
connection with the posterior communicating
artery. The average diameter of the P1 segment is

Fig.2.2 MR angiography showing a fetal variant of pos-
terior cerebral artery originating from the internal carotid
artery (white arrow)
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2.6 mm. The P2 segment is from the posterior
communicating artery to the posterior margin of
the midbrain. The average diameter of the P2 seg-
ment is 2.9 mm. The P3 segment, within the
quadrigeminal cistern, is from the posterior mid-
brain to the anterior limit of the calcarine fissure.
The P4 segment is the superficial cortical seg-
ments distal to the P3 segment.

Branches
The origin of each PCA branch and the supplying
area varies greatly. Thalamoperforatoring

branches arise from the P1 and the posterior com-
municating artery and supply the medial surface
of the thalamus. Thalamogeniculate arteries most
commonly arise from the P2 segment and supply
the ventrolateral portion of the thalamus. The
medial posterior choroidal artery most com-
monly arises from the P2 segment and supplies
the posterior thalamus, geniculate bodies, pulvi-
nar, pineal, midbrain, and the choroid plexus of
the third ventricle. The lateral posterior choroidal
artery most commonly arises from either the P2
segment or the cortical PCA branches and sup-
plies the choroid plexus of the lateral ventricle.
The tuberothalamic artery (polar artery) arises
from the posterior communicating artery or is
absent in up to 40% of population and supplies
the reticular nucleus, ventral anterior nucleus,
anterior nuclei, and part of the ventral lateral
nucleus and dorsomedial nucleus of the thalamus
[23]. The cerebral branches include inferior tem-
poral arteries (hippocampal, anterior temporal,
middle temporal, posterior temporal, common
temporal), parieto-occipital arteries, calcarine
arteries, and splenial arteries.

Collateral Circulation

The circle of Willis provides primary collateral
pathways to the anterior and posterior circulation.
The anatomy of the posterior circulation and the
anastomosis with the circle of Willis greatly var-
ies by each individual. The posterior communicat-
ing arteries may supply blood flow anteriorly to
the anterior circulation vessels or posteriorly to
the posterior circulation vessels [24]. Absence or

hypoplasia of the posterior communicating artery
occurs in up to 30% [25, 26]. The size of the pos-
terior communicating arteries also varies greatly
from less than 1 mm to greater than 2 mm. The
anterior choroidal artery, which arises from the
posterior aspect of the internal carotid artery,
anastomoses with the lateral branches of the pos-
terior choroidal artery and posterior cerebral
artery [27, 28]. Leptomeningeal collaterals are
connections of small distal cerebral arteries,
including the ACA/MCA/PCA, which may be
present and highly variable individually as sec-
ondary collateral support [29]. The common anas-
tomoses include the MCA to PCA via the anterior
temporal artery and posterior temporal artery, and
ACA to PCA via the pericallosal artery [24]. The
collateral capacity may be enhanced in the setting
of flow limitation in either of the major cerebral
arteries [30]. Distal branches of the SCA, AICA,
and PICA anastomose to form collateral supply
between the basilar artery and the vertebral artery,
limiting the infarct size after a basilar artery or
vertebral artery occlusion [24, 31] (Fig. 2.3).
Studies have developed posterior circulation col-
lateral score involving the presence of posterior
communicating arteries, SCA, AICA, and PICA

Fig. 2.3 Digital subtraction angiography showing anas-
tomoses between the superior, anterior inferior, and poste-
rior inferior cerebellar arteries (red arrows)
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that predicts poorer outcome after basilar artery
occlusion [32, 33]. The tectal plexus may be seen
connecting the supratentorial and infratentorial
blood supply via the PCA and SCA connection
[34]. Less commonly seen (<1%) are persistent
primitive connections from the ICA, including the
trigeminal, otic, hypoglossal, and proatlantal
arteries, providing collateral supply from the
anterior circulation [35-37].
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Prevalence of Posterior Circulation
Stroke

Based on previous registry data using admitted
stroke patients, posterior circulation stroke (PCS)
was reported to account for 20-30% of stroke [1,
2]. However, the prevalence may vary depending
on (1) the frequency of using MRI in the initial
diagnosis of stroke and (2) the policy or criteria
of each center for patient admission. For exam-
ple, centers where MRI is frequently used for
symptoms such as dizziness, small PCS will be
more often detected. Some tertiary centers of
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South Korea have reported that PCS accounted
for about 40% of admitted patients with ischemic
stroke [3, 4].

In the studies that compared between ACS and
PCS, [5-10] PCS accounts for 16-51%.
(Table 3.1). Thus, almost all the studies showed
that PCS is less common than ACS, although its
portion varies. As discussed later, atrial fibrilla-
tion is a more important cause of ACS than
PCS. This may explain why PCS is relatively
more prevalent in Asian countries [6, 8], where
atrial fibrillation is less common than in
Caucasians [5, 9]. Patients with PCS were gener-
ally younger and more often males than those
with ACS, although one study from China did not
show such a trend [8]. This demographic differ-
ence seems to be in line with the more wide-
spread presence of atrial fibrillation in ACS than
in PCS patients.

In a multicenter registry study from South
Korea, authors enrolled patients with ischemic
stroke or transient ischemic attack (TIA) associ-
ated with cerebral atherosclerosis. They found
that the proportion of PCS was 26%. In this study,
the locations of symptomatic cerebral atheroscle-
rosis were middle cerebral artery (MCA) (34%),
internal carotid artery (29%: proximal 23%, dis-
tal 6%), vertebral artery (10%: proximal 4%, dis-
tal 6%), basilar artery (8%), posterior cerebral
artery (6%), and anterior cerebral artery (5%)
[11]. Between ACS and PCS, there were no dif-
ferences in age and sex, probably because strokes
associated with atrial fibrillation were excluded.
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Table 3.2 Ten factors accounting for approximately 90%
of stroke attribution

Table 3.3 Stroke risks by category according to the
American Heart Association/American Stroke Association

Hypertension Generally nonmodifiable risks
Current smoking Age
Waist-to-hip ratio Low birth weight

Diet risk score

Exercise

Diabetes mellitus

Alcohol (consumption >30/month or binges)

Psychosocial stress and depression
Cardiac causes
Ratio of apolipoprotein B to Al

Risk Factors

General Risk Factors

Stroke is not an accident as the traditional term
“cerebrovascular accident (CVA)” would imply.
Instead, there are well-documented modifiable
risk factors for stroke and other risks that are part
of the causal web leading to stroke. Based on a
large-scale international case—control study, it
has been estimated that 90% of ischemic stroke
may be attributed to ten factors: hypertension,
current smoking, waist-to-hip ratio, diet risk
score, exercise, diabetes mellitus, alcohol con-
sumption >30/month or alcohol binges, psycho-
social stress and depression, cardiac causes, and
the ratio of apolipoprotein B to A1 [12]. Table 3.2
lists the aforementioned factors. General stroke
risk factors may be categorized according to the
following scheme: generally nonmodifiable risks,
well-documented and modifiable risks, and less
well-documented or potentially modifiable risks
[13]. Table 3.3 lists stroke risks in general by cat-
egory according to the American Heart
Association/American Stroke Association (AHA/
ASA) [13].

Differences in the Risk Factors
Between Posterior Circulation
and Anterior Circulation Stroke

There have been studies that compared risk fac-
tors between ACS and PCS (Table 3.1). Overall,
atrial fibrillation is more often associated with
ACS than with PCS. Atherosclerotic risk factors

Race (e.g., blacks and some Hispanic/Latino
Americans)

Genetic factors
Well-documented and modifiable risks
Physical inactivity

Dyslipidemia

Diet and nutrition

High blood pressure

Obesity and body fat distribution
Diabetes mellitus

Cigarette smoking
Atrial fibrillation
Other cardiac conditions

Asymptomatic carotid artery stenosis

Sickle cell disease

Less well-documented or potentially modifiable risks
Migraine
Metabolic syndrome

Alcohol consumption
Drug abuse
Sleep-disordered breathing
Hyperhomocysteinemia

Elevated lipoprotein (a)
Hypercoagulability
Inflammation and infection

such as diabetes and hypertension appear to be
more prevalent in PCS than in ACS. This differ-
ence may be attributed to the fact that cardiac
embolism is less frequent in PCS. However, in
the study that enrolled only the patients with
symptomatic cerebral atherosclerosis, athero-
sclerotic risk factors such as diabetes mellitus
and hypertension were still more closely associ-
ated with PCS than with ACS [11]. This result
suggests that the impact of each atherosclerotic
risk factor may be different between anterior and
posterior circulation. An alternative explanation
would be that nonatherosclerotic diseases (e.g.,
moyamoya disease) may have been misdiag-
nosed as anterior circulation (e.g., MCA) athero-
sclerosis in certain cases, especially in Asia [14].

Finally, the genetic variant, ring finger protein
213 (RNF213) c.14576G>A (rs112735431),
which was originally identified as a susceptibility
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genetic variant for moyamoya disease, is shown
to be present in patients with intracranial cerebral
atherosclerosis. In a study from Japan, RNF213
heterozygotes were present in 10 of 43 patients in
patients with the anterior intracranial atheroscle-
rosis, but none in the patients with PCS [15]. In
another study from South Korea, RNF 213 het-
erozygotes were found in 13 of the 240 large
artery disease (LAA) patients (5.4%), but none of
the patients with PCS had this polymorphism
[16]. Thus, this genetic variant may be one of the
determinants for the location of cerebral
atherosclerosis.

Stroke Mechanisms

As in ACS, PCS is caused by large artery disease,
small artery disease, cardiogenic embolism, and
other mechanisms.

Large Artery Disease

The main pathology of large artery disease con-
sists of thrombosis superimposed on atheroscle-
rosis. The pathologic features of PCS are not
fundamentally different from those of ACS [17,
18]. In the posterior circulation, atherosclerosis is
prone to occur in the proximal extracranial verte-
bral artery (VA), distal intracranial VA, lower-
middle portion of the basilar artery (BA), and
proximal posterior cerebral artery (PCA) [11, 19]
(Fig. 3.1, left image). In the stenotic atheroscle-
rotic vessel, thrombus may be superimposed.
Thrombus formed within the intracranial VA
often extends into the proximal BA [20]. Within
the BA, atherosclerotic stenosis is common in the
proximal 2 cm, more often seen on the ventral
than in the dorsal side [17, 20]. Thrombi within
the BA tend to have limited propagation [21],
occasionally extending only to the orifice of the
next long circumferential cerebellar artery such
as anterior inferior cerebellar artery (AICA) or
superior cerebellar artery (SCA).

Mechanisms of Stroke in Large Artery
Disease

Detailed stroke mechanisms of large artery dis-
ease include artery-to-artery embolism, in situ
thrombotic occlusion, branch occlusion, hypo-
perfusion, and their combinations.

Artery-to-Artery Embolism

A thrombus may occur in stenosed atheroscle-
rotic vessels, especially when atherosclerotic
plaques are eroded or ulcerated [22, 23]. The
thrombus arising from the proximal vessels (e.g.,
extracranial VA) can be detached and can travel
all the way to the distal arteries such as the PCA,
SCA, PICA, and distal BA (embolization) [24]
(Fig. 3.1, right image). This phenomenon has
been described as “artery-to-artery embolism.”
Stenoses in the intracranial arteries such as intra-
cranial VA, BA, or proximal PCA also produce
embolism, although they may also produce
infarction through other mechanisms such as
branch occlusion [25, 26]. Embolism seems to
occur more frequently in the setting of posterior
fossa hypoperfusion associated with significant
bilateral VA occlusive disease, due in part to inef-
fective washout of emboli in hypoperfused areas
[27] (Fig. 3.2). Although uncommon, arterial
embolisms may develop from more proximal
arteries, such as the subclavian artery, the ascend-
ing aorta, and aortic arch [28].

In Situ Thrombotic Occlusion

In patients with intracranial artery atherosclero-
sis, thrombus formation in areas of plaque can
result in total arterial occlusion, leading to an
infarction in the relevant territory. In the posterior
circulation, in situ thrombotic occlusion is often
observed in the territories of PCA, and BA
branches such as AICA or PICA [11, 29]. In situ
thrombotic occlusion produces relatively large
territorial infarction. However, unlike cardio-
genic embolism, it less often produces massive
“malignant” infarction because of relatively well-
developed collateral circulation in the setting of
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Fig. 3.1 Left image: Frequent location of atherosclerosis in the posterior circulation. Right image: Frequent site of

embolic occlusion

the chronic atherosclerotic process [30]. With
persistent occlusion, however, the initial infarct
frequently grows, leading to progressive neuro-
logical worsening. Thus, the ultimate infarct vol-
ume varies according to the size of the occluded
vessel, the speed of arterial occlusion, and the
status of the collateral circulation. Patients with
this mechanism more often experience transient
ischemic attacks (TIAs) preceding main infarc-
tion (Fig. 3.3) than in those with cardiogenic
embolism.

Branch Occlusion

Atherosclerotic plaques in an intracranial artery
can occlude the orifice of one or several perfora-
tors, causing infarcts limited to the perforator ter-
ritory [31] (Fig. 3.4A). Pathological features of
this “atheromatous branch occlusion” were
described [32, 33]. It seems that branch occlusion
is more often observed in PCS than ACS; one
study showed that this was the mechanism of
stroke in 16% of symptomatic MCA atheroscle-
rosis, whereas it occurred in 64% of the BA
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Fig.3.2 A 64-year-old hypertensive man suddenly devel-
oped dysarthria and gait difficulty. Neurological examina-
tion showed dysarthria and limb ataxia on the left side.
Diffusion-weighted MRI showed an infarction in the left

superior cerebellar artery territory (left image). MRA
showed bilateral proximal atherosclerotic occlusion of the
vertebral arteries (right image). The probable stroke
mechanism was artery-to-artery embolism

Fig.3.3 A 72-year-old hypertensive and diabetic woman
developed visual dimness on the right side, which was
preceded by recurrent episodes of right limb tingling sen-
sation that lasted approximately 10 min. Neurological
examination showed normal findings except for right
upper quadrantanopia. Diffusion-weighted MRI showed
an infarction in the left occipital lobe (left image). MRA

showed left posterior cerebral artery (PCA) occlusion
(right image), which was not recanalized on follow-up
MRA 5 days later. Cardiac examination and Holter moni-
toring findings were normal. The presumed stroke mecha-
nism was in situ atherothrombotic occlusion of the left
PCA
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Fig. 3.4 Schematic drawing of the mechanism of brain-
stem infarction. Left image; A. atherothrombosis occur-
ring in the basilar artery obliterates the orifice of the
perforator. B. lipohyalinotic distal small artery occlusion.
C. Atherosclerotic occlusion of the proximal portion of the
perforator. A and C are referred to as “branch atheroma-
tous disease.” They produce infarcts abutting on the basal

atherosclerosis [11]. Thus, branch occlusion is
the major mechanism of the isolated brainstem
(e.g., pontine and medullary) (Fig. 3.5, upper
panel) infarctions [25, 26, 34-36].

Brainstem infarcts associated with branch
occlusion tend to extend to the basal surface
(Figs. 3.4A and 3.5), whereas those caused by
small artery lipohyalinotic disease (see below)
produce a deep, island-like infarction within the
parenchyma (Fig. 3.4B). The former is more
often associated with atherosclerotic characteris-
tics, [37] larger lesion volume, and an unstable
and unfavorable clinical course than the latter
[26, 38, 39] (Fig. 3.6).

Occasionally, the proximal small vessel dis-
ease also harbors characteristics of atherosclero-
sis, and the resultant brainstem infarction looks
similar to that of branch occlusion due to BA ath-

surface, whereas B (lypohyalinotic disease) produces an
island-like deep infarction. Right image; Extensive athero-
sclerotic occlusion (or plaque rupture) producing multiple,
bilateral branch occlusions leading to a large brainstem
infarction. An embolic occlusion can also produce this
syndrome. Single (or a few) branch occlusion (A, C in the
left image). Extensive branch occlusion (right image)

erosclerosis (Fig. 3.4C). Thus, this condition has
been included in the category of atherosclerotic
branch occlusion [31], although this is classified
as small vessel disease in our clinical practice
given that there is no large, atherosclerotic paren-
teral artery disease. Nevertheless, atheromatous
branch occlusion cannot be ruled out in patients
with normal-looking parenteral arteries on an
angiogram. Nowadays, high-resolution vessel
wall MRI (HR-MRI) can identify the small
plaque that occludes the perforator, even in
patients with apparently normal MRA findings
[40, 41] (Fig. 3.5, lower panel; see also Chap. 9).

Compared with atherosclerotic lesions pro-
ducing embolism or in situ thrombotic occlusion,
branch occlusion is associated with less severe
arterial stenosis [42]. However, the stenosis
degree may be severe in occasional cases.
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Fig. 3.5 Examples of atheromatous branch occlusion
producing unilateral pontine infarction. Upper panel;
Diffusion-weighted MRI shows a left pontine infarction
(left image) caused by branch occlusion associated with
basilar artery stenosis identified by MRA (middle image,
arrow) and conventional angiogram (right image, arrow).
Lower panel; Diffusion-weighted MRI shows a left pon-

Fig. 3.6 A hypertensive 64-year-old man developed sud-
den numb sensation in the left limb. The next day, he addi-
tionally experienced left limb weakness and ataxia.
Diffusion-weighted MRI showed an infarction in the right

tine infarction (left image). Although MRA did not show
significant basilar artery disease (middle image), high-
resolution vessel wall MRI shows thickened, enhanced
vessel wall in the dorsal portion of the basilar artery
(arrow) that probably obliterated a perforator (right

image)

X

thalamus (left image). MRA showed focal stenosis in the
P2 portion of the right posterior cerebral artery (right
image) that probably occluded the orifice of the thalamic
perforators
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Sudden, extensive BA thrombotic occlusion due
to either atherosclerotic rupture or embolization
from proximal sources may produce extensive
brainstem infarction by way of multiple, bilateral
branch occlusions (Fig. 3.4, right image).

Hypoperfusion

In patients with severe vascular stenosis/occlu-
sion and insufficient collaterals, hemodynamic
TIAs can occur. Typically, symptoms such as diz-
ziness, diplopia, and visual disturbances occur
briefly and stereotypically in patients who are
dehydrated or fatigued. When stroke develops,
the symptoms may fluctuate widely according to
the degree of hydration, blood pressure, and the
position of the patient’s head. Improving perfu-
sion with hydration or induced hypertension may
be of help in such patients [43, 44]. Although the
efficacy has not yet been proven, [45] revascular-
ization therapies, such as angioplasty/stenting or
bypass surgeries (see Chap. 13), may relieve
these symptoms.

Unlike ACS, MRI lesion patterns of hemody-
namic infarction are not clearly established in the
PCS, due in part to considerable normal varia-
tions and collateral patterns that influence perfu-
sion. Small infarcts occurring in the cerebellar
border zone (areas bordering PICA, AICA, and
SCA) may be attributed to hypoperfusion associ-
ated with cardiac arrest or severe VA or BA
occlusive disease (see Chap. 6). However, infarcts
of the similar pattern are also produced by embo-
lism to small arteries within the border zone areas
[46]. Thus, the MRI imaging alone is not a reli-
able sign predicting hypoperfusion.

The stroke mechanism is often difficult to
assess partly because severe vertebrobasilar ath-
erosclerosis can induce both hemodynamic and
embolic strokes and partly because the territory
of each cerebellar artery often overlaps. PCS
solely attributable to hemodynamic failure seems
to be distinctly uncommon. More often, hypoper-
fusion plays an additive role in the development
or progression of stroke, together with other
major stroke mechanisms, e.g., small embolic
infarcts in the border zone areas, progressive
enlargement of infarction in patients with in situ
thrombotic occlusion (see above).

Location of Large Artery Disease

Extracranial Vertebral Artery

The most frequent location of extracranial VA
atherosclerotic disease is at the origin from the
subclavian arteries. Atheroma may originate in
the subclavian artery and spread to the proximal
VA. Despite the high incidence of extracranial
VA atherosclerosis, serious PCSs are relatively
uncommon in this condition [47]. When stroke
develops, it is almost always related to embo-
lism from thrombi formed in the proximal VA
[9, 31, 48-50]. Compared to unilateral VA
lesions, bilateral steno-occlusive lesions (or uni-
lateral disease with contralateral hypoplasia)
generate embolism more often, probably related
to hypoperfusion in the posterior fossa, which
may promote thrombus generation and ineffi-
cient washout of emboli (Fig. 3.2).
Hypoperfusion, in turn, is related to the effec-
tive development of collateral circulation, espe-
cially when the VA occlusion occurs gradually.
Important sources of collaterals include occipi-
tal branches of the external carotid artery, the
ascending cervical and transverse cervical
branches of the thyrocervical trunk, and retro-
grade flow from the contralateral VA or from the
posterior communicating system.

Intracranial Vertebral Artery

Generally, intracranial VA occlusive disease is
more often symptomatic than extracranial VA
disease. Unilateral intracranial VA disease may
produce medullary (either lateral or medial)
infarction through occlusion of the medullary
perforators (branch occlusion, Fig. 4.4 in Chap.
4) or PICA. Cerebellar infarction with or without
medullary involvement may also occur through
the occlusion of the ostium of the PICA. Thrombi
within the stenosed intracranial VA may also gen-
erate emboli that occlude distal vessels (artery-
to-artery embolism). Bilateral intracranial VA
occlusion is less well tolerated and often leads to
TIAs or cerebellar and brainstem infarction [51—
53] (Fig. 11.2 in Chap. 11), although some
patients who have adequate collateral circulation
may survive without the development of major
infarction [53].
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Basilar Artery

Pathologically [54] and angiographically [55]
documented BA occlusion often leads to cata-
strophic bilateral pontine infarction (Fig. 3.4,
right image), but some patients have only limited
or transient deficits [48-50, 56]. The variable
outcome depends on the extensiveness of the
thrombus and the status of collateral circulation
(e.g., backward flow from the well-developed
posterior communicating artery or SCA). The
collateral status may, in turn, be influenced by the
extent of the atherothrombotic diseases in indi-
viduals. For example, collateral circulation
through the PICA would be poor when the intra-
cranial VA is also obstructed. When thrombus
propagates to the distal BA, collateral circulation
from the SCAs and the posterior communicating
arteries becomes limited. The speed of BA occlu-
sion also matters; BA embolism and dissection
tend to result in sudden coma and quadriparesis,
while progression of brainstem ischemia related
to atherothrombosis is slow and progressive and
earns time for collateral development. Early
plaques associated with mild stenosis generally
produce unilateral pontine infarcts through the
mechanism of branch occlusion (Fig. 3.5).

Small Artery (Penetrating Artery)
Disease

A single subcortical or brainstem infarct usually
results from disease of penetrating arteries [57]
(Fig. 3.4B). Its pathological hallmarks include
irregular cavities, less than 15-20 mm in size,
located in subcortical, brainstem, and cerebellar
areas. Penetrating arteries associated with these
lesions have disorganized vessel walls, fibrinoid
material deposition, and hemorrhagic extravasa-
tion through arterial walls, first called “segmental
arterial disorganization” and then lipohyalinosis
by Fisher [33, 57-63]. These vascular changes
develop in arteries or arterioles 40400 pm in
diameter and frequently affect the perforating
arteries from the PCA or BA. Penetrating artery
disease is the main mechanism of brainstem
infarction, although brainstem infarctions may
also be caused by atheromatous branch occlusion
[31], as discussed before.

Cardiac Embolism

Given the fact that blood flow to the posterior cir-
culation is only 1/5-1/4 of the anterior circula-
tion, we can understand that a thrombus arising in
the heart more often travels to the anterior circu-
lation than to the posterior circulation system.
Nevertheless, previous studies showed that about
1/5-1/4 of PCS result from cardiogenic embo-
lism (Table 3.1). These emboli commonly
occlude the PCA, rostral BA, SCA, and PICA
(Fig. 3.1, right image). Infarcts are typically
larger than those associated with large artery ath-
erosclerotic disease, partly because the clots are
larger and partly because of the insufficiently
developed collateral circulation [64]. The onset is
usually abrupt. Additional infarcts may be seen in
the anterior circulation as well. The occluded
artery is often spontaneously recanalized, and
hemorrhagic transformation of an infarct is com-
mon, which may cause worsening headache or
neurological deterioration.

It has been recognized that patent foramen
ovale (PFO) with a large amount of shunt is an
etiology of embolic infarcts (paradoxical
embolism), especially in young patients without
vascular risk factors [65, 66]. The posterior circu-
lation seems to be a predilection site for embo-
lism in patients with PFOs as compared to the
anterior circulation [67, 68]. A recent study
showed that embolic infarctions associated with
PFO more often occurred in the posterior circula-
tion than those associated with atrial fibrillation
(44.4% versus 22.9%) [68]. Relatively poor
adrenergic innervation in the vertebrobasilar cir-
culation and inefficient response to sympathetic
stimuli at the time of Valsalva maneuvers may
explain the increased chance of blood clot to
travel to the vertebrobasilar system. Given the
evidence that PFO closure is effective in the pre-
vention of PFO-related stroke in patients with a
large amount of shunt, [69] PFO has been increas-
ingly recognized as a treatable cause of stroke,
especially in young patients. Identification of
PFO through extensive cardiac workup (e.g.,
transesophageal echocardiogram) is important
given the fact that lifelong administration of anti-
thrombotics may be not needed if closure proce-
dure is successfully performed (Fig. 3.7).
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Fig. 3.7 A 36-year-old woman without any vascular risk
factors suddenly developed dizziness and gait ataxia.
Diffusion-weighted MRI showed a left cerebellar infarc-
tion. MRA showed normal findings. Holter examination
was normal. Transesophageal echocardiography showed
patent foramen ovale (PFO) with a large amount of right-
to-left shunt. The probable stroke mechanism was para-
doxical embolism due to PFO. PFO closure was performed
by a cardiologist

Embolic infarction associated with cardiac cath-
eterization also occurs preferentially in the poste-
rior circulation [70, 71].

Differences in Stroke Mechanisms
Between ACS and PCS

Stroke mechanisms differ from ACS and PCS; in
most of the registry studies, CE is more common
in ACS than in PCS (Table 3.1). LAD and SVD
are relatively more prevalent in PCS.

In addition, detailed mechanisms appear to be
different even in patients with “atherosclerotic”
stroke. When the stroke mechanisms were com-
pared between ACS and PCS patients who had
atherosclerosis, the prevalence of artery-to-
artery embolism, in situ thrombotic occlusion,
local branch occlusion, and hemodynamic
mechanism were 53 vs. 34, 21 vs. 14, 12 vs. 40
and 5 vs.0 [11]. Thus, branch occlusion is more
important, and artery-to-artery embolism is less
important mechanism in PCS than in ACS
patients. This is in part due to the location of the
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symptomatic atherosclerosis. Atherosclerosis of
the proximal internal carotid artery accounted
for 34% of ACS atherosclerosis, whereas proxi-
mal VA atherosclerosis accounted for only 14%
of PCS atherosclerosis. In other words, com-
pared with atherosclerosis in ACS, atherosclero-
sis in PCS patients is more often located in the
intracranial artery. Nevertheless, even in patients
with intracranial atherosclerosis, stroke mecha-
nisms may still differ between ACS and PCS. For
example, while MCA atherosclerosis often pro-
duces artery-to-artery embolism, BA atheroscle-
rosis is more often associated with branch
occlusion [11]. Although the reason remains
unclear, shorter perforating arteries arising from
the BA or VA may be more vulnerable for occlu-
sion in the presence of parental artery disease
compared with the relatively longer lenticulo-
striate arteries arising from the MCA.

Less Common Causes

Less common causes include arterial dissections,
fibromuscular dysplasia, moyamoya disease,
vasospasm, and infectious or immunologic vas-
culitis. Details are discussed in Chap. 14.

When large arteries are involved, the stroke
mechanisms in patients with uncommon diseases
are identical with what was discussed so far, i.e.,
artery-to-artery embolism, branch occlusion,
hemodynamic insufficiency, and their combina-
tion. However, the importance of each mecha-
nism differs among various diseases.
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Medullary Infarction

The medulla is mainly supplied by a number of
penetrating arteries arising from the intracranial
vertebral arteries (Vas). The dorsal tegmental
area is also supplied by branches arising from the
medial posterior inferior cerebellar artery (PICA)
and posterior spinal artery. The most rostral part
can be supplied by branches from the basilar
artery (BA) or anterior inferior cerebellar artery
(AICA). The caudal part of the anterior medulla
is supplied by penetrating arteries arising from
the anterior spinal artery (ASA).

Lateral Medullary Infarction

Since the first description of Wallenberg’s syn-
drome more than 100 years ago [1], clinical [2-5]
and pathological [6] findings of lateral medullary
infarction (LMI) have been reported. Recent
studies using MRI [7-11] have rapidly expanded
our understanding of LMI syndromes. One study
reported that LMI represents 1.9% of all admitted
acute stroke [2]. It is likely that institutes fre-
quently using MRI may find more cases than pre-
viously reported.
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Clinical Manifestations

Symptoms/signs of LMI are summarized in
Table 4.1. The onset may be sudden, but in more
than half of the patients, symptoms/signs develop
progressively or stutteringly. While headache,
vertigo, nausea/vomiting, or gait instability are
usually the early symptoms/signs, hiccup tends
to occur later [10]. Some of the symptoms/signs
may appear days or even weeks after the onset.
The progressive onset is usually associated with
enlargement of the ischemic area detected by
follow-up MRI, associated with persistent or pro-
gressive thrombosis. Thus, progressive addition
of symptoms seems to be equivalent to the early
neurological deterioration in patients with inter-
nal capsular infarction.

Dizziness, Vertigo, and Ataxia

A dizzy sensation and gait instability are the most
common symptoms occurring in more than 90%
of patients. Whirling vertigo, a symptom attrib-
uted to involvement of vestibular nuclei and their
connections, occurs in approximately 60% [10].
Vertigo is an early sign that usually improves
within days or weeks, although dizziness and gait
instability last longer. Vertigo is usually accom-
panied by nystagmus and vomiting. Gait instabil-
ity and dizziness can be attributed to either the
dysfunctional vestibular or cerebellar system. In
the acute stage, approximately 60% of patients
are unable to stand or walk. Gait ataxia is usually
more common and severe than limb incoordina-
tion [10, 12]. Lateropulsion (forced to sway when
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Table 4.1 Neurologic symptoms and signs published in
the largest series (In, Kim, Pure lateral medullary infarc-
tion: clinical-radiological correlation of 130 acute, con-
secutive patients. Brain 2003;126:1864-72)

Items N =130
Sensory symptoms/signs 125 (96)
Ipsilateral trigeminal 34 (26)
Contralateral trigeminal 32 (25)
Bilateral trigeminal 18 (14)
Isolated limb/body 27 (21)
Isolated trigeminal 13 (10)
Gait ataxia 120 (92)
Severe gait ataxia® 79 (61)
Dizziness 119 (92)
Horner sign 114 (88)
Hoarseness 82 (63)
Dysphagia 84 (65)
Severe dysphagia® 52 (40)
Dysarthria 28 (22)
Vertigo 74 (57)
Nystagmus 73 (56)
Limb ataxia 72 (55)
Nausea/vomiting 67 (52)
Headache 67 (52)
Neck pain 9(7)
Skew deviation of eyes 53 (41)
Diplopia 41 (32)
Hiccup 33 (25)
Facial palsy 27 (21)
Forced gaze deviation 8 (6)

Data are expressed as number (%)
aUnable to stand or walk alone
PRequires nasogastric feed for feeding

patients stand or sit) seems to be attributed to
lesions affecting the vestibular nuclei and vestib-
ulospinal projections [13], while limb and gait
ataxia are related to damage to the inferior cere-
bellar peduncle, spinocerebellar fibers, or the cer-
ebellum itself [12, 14]. Occasionally, patients fall
to any direction [14]. Limb ataxia may be
described as “weakness” or “clumsiness” by the
patient.

Nystagmus and Ocular Motor Abnormality

Involvement of the vestibular nuclei and their
connections lead to nystagmus. The nystagmus is
mostly horizontal or horizontal-rotational to the
side opposite to the lesions [5, 6]. Although
forced conjugate eyeball deviation to the lesion
side (ocular lateropulsion) [15] is uncommon,

milder degree of eyeball deviation is frequently
observed when patients are ordered to close and
then open the eyes, when correctional eyeball
movements occur. Skew deviation, with the ipsi-
lateral eye going down, and ocular tilt reaction
occur [13]. Patients describe the symptoms as
blurred vision, diplopia, oscillopsia, or tilting of
visual images [5, 13]. Detailed mechanisms are
described in Chap. 7.

Nausea/Vomiting

Nausea/vomiting is usually an initial and tran-
sient symptom closely associated with vertigo
[10] and is probably caused by involvement of
vestibular nuclei and their connections. It may
also be caused by involvement of a putative vom-
iting center near the nucleus ambiguus [5, 12].

Horner Sign

Elements of the Horner sign are frequent (about
90%), caused by involvement of the descending
sympathetic fibers in the lateral reticular sub-
stance. A constricted pupil with ipsilateral palpe-
bral fissure narrowing is more frequently
observed than facial anhidrosis.

Dysphagia, Dysarthria, and Hoarseness
Involvement of the nucleus ambiguus results in
paralysis of the ipsilateral palate, pharynx, and
larynx producing dysphagia, dysarthria, and
hoarseness. Dysarthria may also be attributed to
the concomitant involvement of the cerebellum.
Dysphagia is present in approximately 2/3 of
LMI patients, among whom about 60% require a
nasogastric tube for feeding [10, 12]. Swallowing
difficulty wusually improves within days or
months, but rare patients require persistent assis-
tance in feeding. Dysphagia in LMI is more often
associated with problems in the range of, than the
timing of, hyolaryngeal excursion [16].
Hoarseness is equally common, while dysarthria
is less common, occurring in about 1/4 of patients
with pure LMI patients [10]. Some patients may
show paralysis of the ipsilateral vocal cord.

Hiccup
Approximately 1/4 of patients develop hiccup
[10, 12], often days after stroke onset. Hiccup
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usually goes away within a few days but can per-
sist for weeks or even months when it becomes
an annoying symptom. Involvement of the dorsal
motor nucleus of the vagus, solitary tract, and
neurons related to expiration and inspiration in
the reticular formation near the nucleus ambig-
uus may be responsible for hiccup [5, 10].

Sensory Symptoms/Signs
Sensory symptoms/signs are one of the most com-
mon manifestations of LMI. In the largest series,
sensory function was intact in only 4% of patients
[10]. Sensory symptoms/signs occur more fre-
quently in the contralateral body/limbs (in approx-
imately 85%) than in the face (58-68%), [7, 9] and
the sensory defect in the face usually clears more
quickly than that on the body/limbs. Although a
selective loss of spinothalamic sensation is a rule,
vibration sensation is occasionally involved as
well in the hypalgic body/limbs, [9] due probably
to the fact that some of the vibratory sensations are
carried through the lateral column [17].

Crossed (ipsilateral trigeminal-contralateral
limb/body) sensory changes have been consid-

medial lemniscus

corticospinal tract

tract

A+B

Fig. 4.1 Anatomic structures of the medulla and various
patterns of sensory dysfunction caused by medullary
infarction (see text for details). Yellow, spinothalamic
sensory deficits; red, lemniscal sensory deficits; A + B,
ipsilateral trigeminal-contralateral body/limb; B + C, con-
tralateral trigeminal-contralateral body/limb; A + B + C,

ered a classical sensory pattern in LMI. However,
sensory manifestations are much more diverse in
the acute stage [9]. In the largest series [10], the
patterns  included ipsilateral  trigeminal-
contralateral limb/body in 26%, contralateral
trigeminal-contralateral limb/body in 25%, bilat-
eral trigeminal-contralateral limb/body in 14%,
limb/body involvement without trigeminal
involvement in 21%, and trigeminal involvement
without limb/body involvement in 10%. Although
the arm and leg are usually equally involved, in
approximately 30% of the patients, there is a dis-
crepancy; some have more severe sensory deficits
in the arm while others have more severe deficits
in the leg [9]. The latter occasion is more com-
mon, and some may have a sensory level on the
trunk mimicking a spinal cord syndrome [18].
These diverse sensory manifestations are
related to the varied patterns of involvement of
the spinothalamic tract, descending trigeminal
tract, and ascending secondary trigeminal fibers
(Fig. 4.1). Notably, approximately 7% of LMI
patients have ipsilateral tingling sensation often
associated with lemniscal sensory deficits, more

Caudal medulla

ascending trigeminal thalamic

descending trigeminal tract

ihik i

B+C A+B+C B

ascending lemniscal fibers

&

bilateral trigeminal-contralateral body/limb; B, contralat-
eral body/limb; A, ipsilateral trigeminal; D, contralateral
body/limb (lemniscal sensation); E, ipsilateral body/limb
(lemniscal sensation). (Modified from Kim et al.,
Neurology 1997; Brain 2003)

A D
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marked in the arm than in the leg. Due to the
leminscal sensory impairment, these patients
often have feeling of “clumsiness” or “weak-
ness” in the ipsilateral extremities. This sensory
pattern is related to involvement of the lower-
most medulla and explained by involvement of
lemniscal sensory fibers at the upper-most part
of the fasciculus cuneatus/gracilis or crossing
fibers to the medial lemniscus [19] (Figs. 4.1E
and 4.2).

In the descending trigeminal tract, the
V3-representing area is located most dorsally and
V1 most anteriorly, but in the ascending second-
ary trigeminal tracts, V3 is located most medially
and V1 most laterally. Therefore, trigeminal sen-
sory involvement is often inhomogeneous, more
so on the contralateral side than the ipsilateral
side. On both sides, the inhomogeneity is either
divisional or segmental (onion-skin) pattern [4, 5,
9]. Bilateral perioral paresthesia, often observed
in patients with large infarcts extending medially
[9], may be caused by the simultaneous involve-

J.S.Kim

ment of the descending and ascending V3 path-
ways near its decussation [20, 21].

Patients occasionally complain of facial pain.
The pain usually appears at onset, heralding other
symptoms and signs [5]. It is described as sharp,
stinging, stabbing, or burning, tingling, and
numb. The eyeball and the surrounding area are
the most commonly affected, but the entire face,
including the lips and inside the mouth, may be
involved. Although facial pain usually improves,
it may last permanently in some patients.
Involvement of the sensory nucleus of the
descending tract of the fifth cranial nerve may
explain the facial pain.

Headache

Headache occurs in about half of the patients [10,
12]. It usually begins at onset or a few days before
other symptoms/signs and subsides within several
days. It most often occurs in the ipsilateral occipi-
tal or upper nuchal area followed by the frontal
region and is usually described as dull, aching, or

Fig. 4.2 A 69-year-old hypertensive man developed gait
instability and numb sensation in the right hand, most
markedly in the first-third finger tips. Neurological exami-
nation showed slightly decreased position and vibration
sensation in the right fingers and impaired tandem gait.
Diffusion-weighted MRI (left image) showed dorsally
located infarct in the medullary-spinal cord junction.

MRA (right image) showed right distal vertebral artery
(VA) atherosclerotic occlusion. The ipsilateral sensory
symptoms are probably due to involvement of the most
rostral part of the ipsilateral lemniscal fibers (nucleus
cuneatus) before decussation. The infarct was probably
caused by occlusion of perforators (or posterior spinal
artery) associated with VA atherosclerotic disease
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throbbing. Considering that headache occurs
before other symptoms and is not related to any
symptoms/signs of LMI, [10] headache seems to
be caused by an intracranial VA pathology, possi-
bly related to dilated collateral vessels after VA
stenosis/occlusion, [12] rather than the medullary
lesion itself. Involvement of the descending spinal
tract of the fifth cranial nerve and its nucleus may
also be responsible for frontal headache.
Prominent and persistent nuchal-occipital pain
may be a manifestation of VA dissection.

Facial Palsy

Facial palsy, usually mild and upper neuron type,
is present in 1/5 to 1/4 of patients [10]. It is pre-
sumably caused by involvement of aberrant corti-
cobulbar fibers that loop caudally before traveling
rostrally toward the facial nucleus [22]. In
patients with upper-most medullary (or ponto-
medullary junction) lesion, there occurs rela-
tively severe peripheral-type facial palsy due to
direct involvement of facial nerve fascicles [23].

Respiratory Difficulty and Other

Autonomic Signs

The medullary reticular formation contains neu-
rons related to the control of respiration, and
patients may show respiratory arrest or decreased
respiratory drive, especially during sleep
(Ondine’s curse) [24]. Severe respiratory abnor-
malities calling for medical attention are uncom-
mon unless patients have bilateral or extensive
lesions [12]. In pure LMI, aspiration pneumonia
associated with dysphagia is the most common
reason for respiratory care, in which case, it is
often difficult to assess how much respiratory
control abnormality contributes to the patients’
condition. Other autonomic disturbances such as
tachycardia, bradycardia, sweating, orthostatic
hypotension, gastric motility dysfunction, and
urinary retention are sporadically observed.

Ipsilateral Hemiparesis
Ipsilateral hemiparesis may be associated with
other typical symptoms of LMI [25].

The pathogenic mechanism of this so-called
Opalski syndrome remains debatable. Recent
imaging techniques such as diffusion-weighted

MRI (DWI) and diffusion tensor imaging (DTI)
showed that infarcts occurring at the lower-most
medullary area or the medulla—spinal cord junc-
tion involve the ipsilateral corticospinal tract after
the pyramidal decussation [26, 27]. This observa-
tion corroborates with Opalski’s original patients
who showed hyperreflexia and Babinski signs.

In addition, patients with ipsilateral ataxia or
lemniscal sensory dysfunction (see above) may
complain of “clumsiness” or “weakness” in their
limbs [19]. In view of transient motor deficits and
absent reflex abnormalities in the majority of
these patients, most of the patients with ipsilat-
eral “weakness” may have a pseudoparesis unre-
lated to pyramidal damage [19]. Thus, true
Opalski syndrome is a rare entity.

Clinical-Topographical Correlation

The symptoms/signs of LMI differ according to
the topography of lesions [5]. Kim et al. [10, 11]
analyzed the MRI-identified lesions in a three-
dimensional manner and made clinical-topo-
graphical correlation (Fig. 4.3).

Generally, rostral lesions tend to involve ven-
tral (Fig. 4.3A), deep areas, while caudal lesions
involve lateral-superficial region [10, 11]
(Fig. 4.3C). This is probably related to the ana-
tomical course of the VA; the intracranial VAs are
located adjacent to the lateral surface at a caudal
medulla level, which ascend ventrorostrally to
fuse into the BA at the pontomedullary junction.
The rostral-ventral lesions tend to produce ipsilat-
eral trigeminal sensory symptoms (Fig. 4.1B+C),
whereas caudal-lateral-superficial lesions tend to
produce sensory symptoms limited to the extrem-
ities (occasionally with a gradient worse in the
leg) sparing the face (Fig. 4.1B). A large, wide
lesion is associated with a bilateral trigeminal
sensory pattern (Fig. 4.1A+B+C), [10] which is
quite uncommon in patients with caudal lesions.

The more important rostrocaudal difference is
dysphagia, which is distinctly more prevalent and
severe in patients with rostral than in caudal
lesions [10, 11]. This may be explained by the
following: (1) caudal medullary lesions are usu-
ally thin (Fig. 4.3C) and do not extend deeply as
to involve the nucleus ambiguus and (2) the lower
part of the nucleus ambiguus is not directly
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Fig.4.3 Schematic drawing of stroke mechanism of vari-
ous types of medullary infarction. Rostral type (A), mid-
dle type (B), and caudal-lateral type (C) lesions are
categorized as “lateral medullary infarction” and deter-
mined according to the rostrocaudal location of the
responsible perforating arteries. Medial medullary infarc-
tion (MMI) (D) seems to be produced by the most rostral
vertebral artery disease. Patient A had severe dysphagia

related to pharyngeal muscle motility [28]. Facial
palsy is also more common in rostral lesions
[10]. In patients with most rostral lesions, often at
the pontomedullary junction, dysphagia is slight
or absent because the nucleus ambiguus is spared
at this level [29]. These patients often show
severe, ipsilateral, peripheral-type facial palsy.

The caudal lesions are closely associated with
severe lateropulsion and gait ataxia, probably due
to frequent involvement of the laterodorsally
located spinocerebellar tract and vestibular nuclei
(Fig. 4.3C). Dissection and headache are also
more common, while dysphagia is absent or min-
imal in this group. The middle medulla shows
intermediate characteristics and classical ipsilat-
eral trigeminal-contralateral body/limb pattern
sensory deficits (Figs. 4.1B+C, 4.3B).
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due to involvement of upper part of the nucleus ambiguus
and contralateral trigeminal type sensory symptoms,
whereas patient C had severe gait ataxia and sensory
symptoms limited in the lower extremities. Patient B had
ipsilateral trigeminal symptoms. Patient D had symptoms
of MMI such as contralateral hemiparesis and hemihypes-
thesia (lemniscal sensation)

Stroke Mechanisms

Although Wallenberg initially considered PICA
disease as a cause of LMI [1], Fisher et al. [6]
found sole involvement of the PICA in only two
of their 17 cases of LMI and 14 patients showed
VA steno-occlusion. Thus, the most common
cause of LMI is occlusion of penetrating branches
associated with intracranial VA steno-occlusive
disease [6] (Fig. 4.4). In a large series that inves-
tigated 123 LMI patients [10], ipsilateral VA
steno-occlusive disease was present in 83 (67%)
(33 intracranial VA disease, 34 whole VA disease,
and 5 extracranial VA disease) and PICA disease
in 12 (10%) patients. Atherothrombosis is a dom-
inant pathology, while dissection of the VA or
PICA is the cause of steno-occlusive lesions in
approximately 14-33% of cases [7, 8, 10] (for
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Fig. 4.4 Diffusion-weighted MRI showed an infarction in the left rostral medulla. MRA showed focal, atherosclerotic

narrowing (arrow) that probably occluded a perforator

dissection, see Chap. 14). In patients with normal
angiographic findings, perforating artery disease
seems to be the mechanism of infarction. Embolic
occlusion of the PICA or distal VA from diseased
heart or proximal artery atherosclerosis may also
produce LMI [30, 31], but concomitant infarcts
in other parts (mostly, cerebellum) of the brain
are usually present in these patients.

Prognosis
The prognosis of pure LMI is benign, mainly due
to the absence of significant motor dysfunction.
The hospital mortality ranges from 0.8% to 11.6%
[2—4, 10]. Patients with large, rostral lesions tend
to have severe dysphagia and aspiration pneumo-
nia, requiring ICU care. Sudden respiratory
(Ondine’s curse) or other autonomic failures may
produce respiratory-cardiac arrest, and physicians
may have to keep this possibility in mind.
Nevertheless, recent studies have shown very low
hospital mortality, which is probably related to
improved care for respiration, infection, and dys-
phagia [10]. Old age, having dysphagia [32], and
rostral LMI lesions [33] were found to be factors
related with unfavorable prognosis.

Despite the relatively benign outcome, the
majority of survivors have at least one remaining
sequelae. The most important one is sensory

symptoms/signs, followed by dizziness and dys-
phagia [34]. Usually, the persistent and disturb-
ing sequela correlates with the most severe initial
symptom. Approximately 1/4 of the patients
develop uncomfortable painful paresthesia (cen-
tral post-stroke pain, CPSP) [35], which are
described as numb, burning, or cold [34]. The
symptoms usually occur in the body parts where
the initial sensory perception deficit was most
severe.

Patients with severe and extensive VA diseases
more often develop recurrent cerebral infarction
or coronary disease than those without [2]. The
presence of posterior fossa hypoperfusion may
predict poor prognosis [36]. In patients with con-
comitant infarcts in other areas, the prognosis is
influenced by the location and extent of the extra-
medullary lesions. In patients with large PICA
territory cerebellar infarction, massive edema
and consequent herniation may yield a poor
prognosis. However, a recent study showed that
although the short-term outcome is poorer in
LMI patients with extramedullar lesions, long-
term residual symptoms such as dizziness, dys-
phagia, and sensory symptoms are more prevalent
in pure LMI patients [33]. This is probably
because in the former patients, PICA occlusion is
the main pathogenesis and LMI lesions are usu-
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ally limited to a small, dorsal part of the medulla,
an area supplied by the PICA. On the contrary,
the lesions associated with distal VA disease in
pure LMI patients tend to be larger.

Medial Medullary Infarction

Medial medullary infarction (MMI) was initially
described by Spiller in 1908 [37]. Dejerine later
proposed a triad of symptoms: contralateral
hemiplegia sparing the face, contralateral loss of
deep sensation, and ipsilateral hypoglossal paral-
ysis [38]. Pathological findings were first reported
by Davison in 1937, who described thrombotic
occlusion of the anterior spinal artery (ASA) and
the adjacent intracranial VA [39].

With the advent of MRI, the premortem diag-
nosis of MMI can now be easily made. Kim et al.
[40] compared their own series of 17 patients
diagnosed by MRI, with 26 previously reported
patients. They found that in the former group,
bilateral lesions, quadriparesis, lingual paresis,
and respiratory difficulty were much rarer, and
the prognosis was much better. Subsequent stud-
ies using MRI showed that patients usually pres-
ent with relatively benign, unilateral sensorimotor
stroke [40—45]. Clinical symptoms/signs of MMI
are summarized in (Table 4.2).

Clinical Manifestations

Limb Weakness

Contralateral hemiparesis sparing the face is the
most characteristic sign of MMI occurring in
approximately 90% [46]. Quadriparesis occurs in
less than 10% of the patients [45]. Although rare,
hemiparesis may occur on the ipsilateral side due
to the lower-most lesion involving the crossed
pyramidal tract [40]. The degree of motor dys-
function is variable; in one study [45], it was
severe (Medical Research Council scale <3) in
37%, 2/3 of whom had a gradual progression of
weakness during several days after onset.

Facial Palsy
Although sparing of the face is one of the charac-
teristics of MMI, mild and transient facial paresis

Table 4.2 Neurologic symptoms and signs published in
the largest series (In Kim JS, Han Y, Medial medullary
infarction: clinical, imaging, and outcome study in 86
consecutive patients, 2009;40: 3221-5)

Symptoms and signs

(n =86)

Motor dysfunction 78 (91)
Hemiparesis 68, quadriparesis
8, monoparesis 2

Facial paresis 21 (24)

Sensory dysfunction | 59 (73)
Paresthesia 55
Impairment of objective
sensory perception
Vibration 48
Position 41
Touch 32
Pinprick 17
Cold 22

Lim ataxia 36 (42)

Dysarthria 54 (63)

Dysphagia 25(29)

Ipsilateral 3(3)

hypoglossal palsy

Contralateral tongue | 9 (10)

deviation

Vertigo/dizziness 51(59)

Nausea/vomiting 14 (16)

Nystagmus 38 (44)

Diplopia 7(8)

Headache 9 (10)

Number in parenthesis indicates percentage

occurs in 1/4 to 1/2 [12, 44, 45], probably related
to involvement of yet-uncrossed corticobulbar
fibers directed to the contralateral cranial nuclei
at the level of the upper medulla [22].

Dysarthria and Dysphagia

Dysarthria and dysphagia were reported to
occur in 63% and 29%, respectively [45]. These
symptoms are much more severe in patients
with bilateral MMI. In unilateral cases, a naso-
gastric tube is required in less than 10%. A
study using videofluoroscopic swallowing tests
showed that dysphagia in MMI is associated
with delayed timing rather than a reduced range
of hyolaryngeal excursion [16] and may be
attributed to damage to the corticobulbar tract
or adjacent pattern generator regulating the
nucleus ambiguous.
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Ipsilateral Hypoglossal Nerve Palsy

Ipsilateral hypoglossal nerve palsy, if it presents,
is an important localizing sign [38]. Its preva-
lence is reported extremely variably, from 3% to
82% [11, 40-45]. Recent MRI-based studies
found a lower prevalence of ipsilateral hypoglos-
sal palsy than earlier studies; a large series
showed that definite ipsilateral hypoglossal pare-
sis occurred in only 3% of patients while clumsy
tongue movements with occasional contralateral
tongue deviation were more common [45].
Because MMI lesions most often involve the ros-
tral medulla, the hypoglossal nerve nucleus and
fasciculus, located in the lower medulla, are fre-
quently spared.

Sensory Dysfunction

Sensory dysfunction is the second most impor-
tant symptom/sign of MMI. Unlike LMI patients,
MMI patients typically complain of tingling sen-
sation from the onset. The involved area is usu-
ally hemibody/limbs below the ear or neck
(Fig. 4.1D). However, sensory symptoms may
extend to the face, probably due to additional
involvement of the secondary ascending trigemi-
nal sensory tract. The facial sensory symptoms
are usually mild, incomplete, and transient.
Occasionally, the sensory abnormality is
restricted to a certain body part, such as the lower
leg [47]. Dermatomal distribution sensory abnor-
malities are also reported [48]. Although lemnis-
cal sensory deficits are characteristic, mild and
transient impairment of pain/temperature percep-
tion is occasionally present due possibly to
involvement of the spinoreticulothalamic system
that regulates the spinothalamic sensory system
[41,42, 44, 45].

Ataxia

Limb incoordination is occasionally noted [42]
and is usually attributed to involvement of pon-
tocerebellar fibers and/or associated propriocep-
tive sensory dysfunction. Gait instability or body
lateropulsion may be related to involvement of
the vestibulocerebellar tract, inferior olivary
nucleus, or more laterally located spinocerebel-
lar tract [42].

Vertigo/Dizziness, Nystagmus, and Ocular
Motor Disturbances

These symptoms/signs are closely related to
involvement of the dorsal medulla, [44, 49] where
the vestibular nuclei, medial longitudinal fascicu-
lus (MLF), and the nucleus prepositus hypoglossi
(NPH) are located. In contrast to LMI, nystagmus
is mostly ipsilesional, and ocular lateropulsion is
to the contralateral side (contrapulsion) [50].
Upbeat nystagmus is observed in 1/10 to 1/5 of
patients, [44, 45, 49] which may be explained by
involvement of the VOR pathways from both
anterior semicircular canals [51]. Unilateral lesion
may also produce upbeat nystagmus [45] (see
Chap. 7 for detailed mechanisms).

Emotional Disturbances

Previous reports have described patients present-
ing with pathological crying and laughing,
depression, and psychotic behaviors [52, 53]. A
recent study showed that emotional incontinence
in MMI patients is as common as in those with
pontine base infarction [54].

Clinical-Topographical Correlation

The majority of MMI lesions involve the rostral
part of the medulla, and lesions limited to the
caudal medulla are rare [45]. Ventro-dorsally,
ventral lesions are closely related to motor dys-
function, middle lesions to sensory symptoms,
and dorsal lesions are associated with vertigo,
ataxia, and ocular motor dysfunction (Fig. 4.5).
The symptom correlation according to ventrodor-
sal distribution is similar to that of pontine base
infarction (see below, pontine infarction). Unlike
pontine infarction, the face is mostly spared
because the lesions are below the level of the
facial nerve nucleus/fascicles. Sensory abnor-
malities are mostly lemniscal because lemniscal
and spinothalamic tracts are separated in the
medulla (Fig. 4.1D). In a large series, the lesion
patterns include ventral in 20%, ventral+middle
in 33%, and ventral+middle+dorsal in 41% [45].

Bilateral MMI
Bilateral MMI is uncommon. In one study, bilat-
eral lesions occurred in 14%. Because the lesion
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Fig. 4.5 Illustrative patients and schematic drawings of
patterns of medial medullary infarction. Patterns of
involvement of A (pure motor stroke), A + B (sensorimo-
tor stroke), or A + B + C (sensorimotor stroke + ocular
dysfunction) are common, while others are uncommon.
Selective involvement of B and C produces pure hemisen-

on the one side is occasionally small and asymp-
tomatic, quadriparesis was observed in 9% [45].
In patients with quadriparesis, MRI lesions are
usually symmetrical and heart shaped (Fig. 4.5,
bilateral A,B,C). Patients have severe bulbar
palsy and sensory symptoms, mimicking pontine
locked-in syndrome (see below, pontine infarc-
tion). Unless the dorsal pons is concomitantly
involved, gaze is generally preserved.

Stroke Mechanism

Although ASA occlusion has traditionally been
emphasized, [37-39] recent studies showed that
MMI is more often caused by intracranial VA or
VA-BA junction atherothrombotic diseases that
obliterate perforating branches [55] (Figs. 4.3
and 4.6 upper panel). In one series, relevant
intracranial VA atherosclerotic disease was
present in 62% of patients while perforator
occlusion without VA disease (small artery dis-
ease) occurred in 28% of patients [45]. Infarcts
associated with intracranial VA atherothrom-

scending trigeminal thalamic
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ferior cerebellar peduncle
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Hemiparesis
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Ocular motor
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sory stroke and pure ocular motor dysfunction, respec-
tively. Bilateral involvement of A + B + C accounts for
less than 10% of medial medullary infarction and leads to
quadriparesis, bilateral sensory loss, and ocular motor
dysfunction

botic disease tend to extend deeper (Fig. 4.6
upper panel) than those with small vessel dis-
ease (Fig. 4.6, lower panel), perhaps associated
with either multiple perforator occlusion or
more extensive hypoperfusion in the medulla.
VA dissection may cause MMI but is less com-
mon than in LML

ASA occlusion, although uncommon, may
produce caudal MMI infarction. Rarely, embolic
occlusion of ASA branches by talc [56], fibrocar-
tilaginous material, [57] or syphilitic arteritis [58,
59] can cause MMI. Embolism from the diseased
heart or proximal VA disease is an uncommon
cause of pure MMI. Bilateral MMI may be
caused by occlusion of one ASA supplying both
parts of the medulla. However, a large study [45]
showed that bilateral MMIs are generally located
rostrally in the territory of the distal intracranial
VA or proximal BA. It seems that bilateral MMIs
are usually caused by intracranial VA-BA athero-
thrombotic disease that obliterates multiple per-
forators bilaterally.



4 Brain Stem Infarction Syndromes

Fig. 4.6 Examples of a patient with large, dorsally
extended medial medullary infarction (MMI) that is asso-
ciated with distal vertebral artery disease (upper panel)

Prognosis

Unlike LMI, aspiration pneumonia is uncommon
in MMI except for those with bilateral lesions.
The prognosis of MMI is better than that reported
in the pre-MRI era; in a series of 86 patients, only
3 died during admission [45]. Due to the pres-
ence of significant motor dysfunction, functional
outcome is generally worse in MMI than in LMI
[34]. Severe initial motor dysfunction is a main
predictor for poor functional outcome [45]. In the
chronic stage, sensory dysfunction is equally
prevalent and troublesome, which consists of
both joint pain associated with motor dysfunc-
tion/spasticity and CPSP. In one study, CPSP
defined by visual analog scale >4 was present in
36% [45]. The CPSP is most frequently expressed
as numb followed by aching, and unlike LMI

45

¥\

and a patient with small, ventral MMI that is associated
with small artery disease (lower panel)

patients, “burning” sensation is rarely described
[34]. Dizziness is reported in approximately 1/3
of the patients [45].

Combined LMI and MMI

LMI and MMI may occur simultaneously or con-
sequently. This hemimedullary syndrome was
first described in 1894 by Reinhold [60] and by
Babinski and Nageotte [61] 8 years later.
Hemimedullary infarction is usually associated
with concomitant infarcts in the posterior circula-
tion, and its occurrence in isolation is rare.
Clinical symptoms/signs are essentially the com-
bination of LMI and MMI. The usual etiologies
are intracranial VA atherosclerosis or dissection
that extends to block both lateral and medial
medullary perforating branches.
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Table 4.3 Clinical manifestations of pontine infarction

Macdonell Tohgi
Author et al. Kase et al. | et al.
Country Australia | USA Japan
Published year 1987 1993 1993
Diagnosis CT based |CT/MRI |CT/
based MRI
based
Number of patients | 30 66 293
Symptoms
Dizziness/ 80 50 70
vertigo (vertigo)
Nausea/vomiting | 63 52 56
Gait difficulty 77 71 40
(or truncal
ataxia)
Headache 40 53 32
Dysarthria 60 20
Signs
Limb ataxia 70 61 59
Truncal ataxia 67 62 45
Nystagmus 53 64 38
Decreased 36 34
consciousness
Ocular 27
movement
disorder
Hemi(mono) 7 20
paresis
Facial palsy 13 8

Pontine Infarcts

Pontine infarction may occur in isolation or in
association with other posterior circulation infarc-
tion. Hospital registry studies showed that patients
with isolated pontine infarcts account for 2.6-3%
of ischemic stroke and 12-15% of patients with
posterior circulation infarcts [62-64]. One study
from Asia showed a higher prevalence: 7.6 % of
cerebral infarcts and 28 % of vertebrobasilar artery
territory infarcts [65] (Table 4.3).

Clinical Features

Motor Dysfunction (Including

Dysarthria and Ataxia)

The pontine base contains fibers regulating motor
function, including descending corticospinal,
corticopontocerebellar, and corticobulbar tracts

(Fig. 4.7A). Accordingly, pontine base infarction
easily produces motor system dysfunction.
Although limb weakness is the most common
symptom, the clinical features depend upon the
degree of involvement of each fiber tract. Fisher
and his colleagues described pure motor stroke
[55], ataxic hemiparesis [66], and dysarthria-
clumsy hand syndromes [67] as “lacunar” syn-
dromes. However, other combinations are
observed such as dysarthria-hemiataxia or
dysarthria-facial paresis [68]. The categorization
is not strict as patients with ataxic hemiparesis
may evolve into pure motor stroke as the limb
weakness progresses over time, or vice versa.
Patients with ataxic hemiparesis may have addi-
tional ataxia on the side ipsilateral to the lesion
[68-70] due probably to involvement of the
crossing corticopontocerebellar tracts [70].

Severe hemiparesis is usually associated with
large lesions affecting the ventral surface of the
caudal or middle pons whereas similar sized
lesions tend to produce milder limb weakness but
relatively prominent dysarthria (producing
dysarthria-clumsy hand) when they are located in
the rostral pons; here, pyramidal tract fibers are
sparsely arranged and located relatively laterally
and are therefore not extensively damaged by
paramedian lesions [68].

Sensory Dysfunction

Small tegmental pontine infarcts or hemorrhages
that selectively involve sensory tracts (medial
lemniscus and spinothalamic tract) produce a
pure or predominant hemisensory deficit without
significant other neurological dysfunctions [71,
72] (Fig. 4.7C). Occasionally, patients have
hemi-paresthesias without objectively detectable
sensory deficits.

In the pontine medial lemniscal tract, the sen-
sory projections from the arm, trunk, and leg are
arranged from a medial to lateral direction.
Therefore, a medially located lesion preferen-
tially affects the face and arm, causing a cheiro-
oral syndrome, whereas laterally located lesions
produce leg-dominant sensory symptoms [71].
The most medially located lesions sometimes
produce bilateral facial or perioral sensory symp-
toms due probably to involvement of trigemino-
thalamic fibers bilaterally [71]. Cheiro-oral-pedal
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Fig. 4.7 Illustrative patients and schematic drawing
showing patterns of infarcts in the pons that is associated
with branch occlusion. See the text for details. Patients
had left hemiparesis (A), left sensorimotor stroke (B),
right pure sensory stroke (C), right internuclear ophthal-

[73] and oro-crural [74] sensory distribution pat-
terns are also reported.

Trigeminal sensory deficits are often noticed in
patients with infarcts affecting the lateral pons,
usually accompanied by other symptoms of AICA
territory infarction. Isolated trigeminal sensory
symptoms without other neurological deficits may
occur in patients with small strokes affecting the
trigeminal fascicles or nucleus in the lateral pons
[75]. Trigeminal sensory symptoms restricted to
the intraoral area, and isolated involvement of taste
sensation [76] were also reported.

Ocular Motor Dysfunction

Structures related to ocular motor function such
as abducens nucleus and fascicles, paramedian
pontine reticular formation (PPRF), and medial
longitudinal fasciculus (MLF) are located in the
paramedian, dorsal  pontine  tegmentum
(Fig. 4.7D). Infarcts affecting this region cause
various types of ocular motor dysfunctions. For a
detailed description and mechanism, see Chap. 7.

RIS

moplegia (D), left one-and-a-half syndrome and right sen-
sorimotor stroke (E), quadriparesis, sensory loss, and
horizontal gaze palsy (F), and left ataxia and sensory
change (G)

6th Nerve Palsy

The abducens nucleus is located in the parame-
dian, dorsal, lower pons. Although rare, isolated
6th nerve palsy can result from a small pontine
infarct that damages the abducens fascicles [77—
79]. Because the abducens nucleus is surrounded
by facial nerve fascicles, dorsal lesions involving
the lower pons may produce both 6th and 7th
nerve palsies in isolation (Fig. 4.8B), or more fre-
quently, in association with contralateral hemipa-
resis (Millard—Gubler syndrome).

Internuclear Ophthalmoplegia

Internuclear ophthalmoplegia (INO) due to
involvement of the MLF is much more common
in patients with pontine infarction than 6th nerve
palsy, probably because the MLF is a vertically
long structure located in the paramedian area
(Fig. 4.7D), easily involved by deep, paramedian
pontine infarcts. In the largest series that included
30 patients with INO with minimal neurologic
deficits, authors found that they account for
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Fig. 4.8 Illustrative patients and schematic drawing of
dorsal pontine structures. (A) An infarct that produced
isolated left facial palsy indistinguishable from peripheral
Bell’s palsy, due to selective involvement of the genu por-
tion of the seventh nerve (yellow circle). (B) An infarct
producing right sixth and seventh nerve palsies due to
involvement of the sixth nerve nuclei and the genu portion
of the seventh nerve (red circle). (C) An infarct producing

0.47% of all ischemic stroke patients [80]. If the
adjacent medial lemniscus or pontocerebellar
fibers are involved, sensory symptoms, ataxia,
and dysarthria are added. Lesions that extend
laterally may result in additional facial paresis
(71/2 syndrome) (Fig. 4.8C).

The symptoms of INO are characterized by
(1) paralysis of adduction (or slowed adductive
saccade when symptoms are mild) of the ipsilat-
eral eye for all conjugate eye movements and (2)
nystagmus in the contralateral eye when this eye
is in abduction. Convergence is more often pre-
served than impaired. Occasionally, the contra-
lateral eye is exotropic on neutral gaze, which is
called “paralytic pontine exotropia.” The exo-
tropic gaze deviation is attributed to the unop-

corticospinal tract

7" nerve nucleus

7" nerve

6™ nerve nucleus

EE

: -.-L
right internuclear ophthalmoplegia and facial palsy (71/2
syndrome) due to involvement of the medial longitudinal
fasciculus and seventh nerve fascicle (not indicated in the
diagram). Right image: Photography of patient B. She
showed lateral gaze limitation of the right eye and

decreased nasolabial fold in the right face. Consent was
obtained from the patient for this presentation

posed tonic activity of the spared PPRF on the
side opposite to a unilateral lesion. Although less
common, some patients with bilateral INO show
bilateral exotropia, a phenomenon referred to as
“wall-eyed bilateral internuclear ophthalmople-
gia (WEBINO) [81].” The INO is frequently
associated with contraversive ocular tilt reaction
(OTR) (subjective visual vertical, ocular torsion,
or skew deviation).

Conjugate Horizontal Gaze Palsy

Involvement of the paramedian pontine reticular
formation (PPRF) near the 6th nerve nucleus
leads to the absence of voluntary lateral gaze to
the side of the lesion, including the quick phase
of nystagmus. Patients’ eyes remain at the mid-
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line in attempted ipsilateral saccade, or when
they begin in a position contralateral to the lesion,
return to the midline slowly [82]. The vestibular
ocular reflex (VOR) and ipsilateral smooth pur-
suit usually remain intact. Bilateral lesions
involving the abducens nucleus and PPRF pro-
duce paralysis of all horizontal eye movements.
Although vertical gaze is mediated at a more ros-
tral level, patients with bilateral horizontal gaze
palsies may show slow vertical gaze saccades.
This is probably related to the fact that the omni-
pause neurons that modulate saccadic triggering
are also involved in vertical saccades via sending
signals to the riMLF [83].

One-and-a-Half Syndrome

One-and-a-half syndrome refers to “a paralysis
of eye movements in which one eye lies cen-
trally and fails completely to move horizontally
while the other eye lies in an abducted position
and cannot be adducted past the midline [84].”
A unilateral pontine lesion involving both the
PPRF and MLF produces an ipsilateral conju-
gate gaze palsy, and paralysis of adduction of
the ipsilateral eye on conjugate gaze to the
opposite side [85].

Ocular Bobbing and Other Related Signs

Fisher [86] introduced the term ocular bobbing:
“The eyeballs intermittently dip briskly down-
ward through an arc of a few millimeters and
then return to the primary position in a kind of
bobbing action.” Ocular bobbing is an ominous
sign, usually associated with extensive, bilateral
pontine infarcts or hemorrhages [86, 87].
Quadriparesis and decreased consciousness are
usually present. Bobbing is usually bilateral and
symmetric but can be predominantly unilateral
or asymmetric [84, 88]. Asymmetric bobbing is
common in patients in whom there is an asym-
metric paralysis of conjugate gaze. When bob-
bing is asymmetric, usually the eye ipsilateral to
the side of limited gaze bobs when gaze is
directed to that side [84, 86]. In patients with
extensive pontine lesions, horizontal gaze is lost,
but vertical gaze is preserved; the vertical vector
of gaze may be accentuated so that the eyes
“bob” down. In patients with bilateral pontine

infarcts, ptosis of the upper eyelids is also fre-
quent [89], usually attributed to involvement of
descending sympathetic fibers in the lateral pon-
tine tegmentum. The pupils become small (pin-
point pupil) [84], but pupillary response to light
is usually preserved if examined by magnifying
glass.

Involuntary Movements

Palatal Myoclonus

Palatal myoclonus is a thythmic involuntary jerk-
ing movement of the soft palate and pharyngo-
palatine arch, often involving the diaphragm and
laryngeal muscles as well [90].

Palatal myoclonus does not appear in the acute
stage of stroke but develops several months later.
Occasionally, rhythmic, jerky movements are
also observed in the face, eyeballs, tongue, jaw,
vocal cord, or extremities (mostly hands); they
may or may not be synchronous with palatal
movements. The movements of the palate vary in
rate between 40 and 200 beats per minute. The
movements may involve the eustachian tube and
make a click that the patient can hear.

The posited anatomical lesion involves the
“Guillain—-Mollaret triangle,” which includes the
dentate nucleus of the cerebellum, the red nucleus
in the midbrain, and the inferior olivary nucleus in
the medulla and their interconnections [91]. The
pathologic lesion most often seen in these patients
is hypertrophic degeneration of the inferior olive.
Enlarged neurons and diffuse gliosis are observed
usually, though not always, bilaterally. In patients
with pontine strokes, damage to the central teg-
mental tract and consequent hypertrophic degen-
eration of the inferior olive is considered to be a
responsible mechanism. For unclear reason, the
palatal myoclonus is more often observed in pon-
tine hemorrhages than infarcts (Fig. 4.9).

Periodic Limb Movements

and Restless Leg

Periodic limb movements [92] and restless leglike
symptoms [93] may occur after unilateral pontine
base infarction. The presumed mechanisms are
disinhibited  propriospinal/segmental  spinal
reflexes or dopaminergic fibers involvements due
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Fig.4.9 A 68-year-old hypertensive man became drowsy.
Neurological examination showed that he had bilateral
horizontal gaze paresis, severe dysarthria, quadriparesis,
bilateral ataxia, and sensory dysfunction. CT showed
paramedian dorsal ponto-mesencephalic hemorrhage (A,
B). He gradually improved but continued to have dizzi-

to lesions involving pontine reticular formation
[92, 94].

Other Cranial Nerve Dysfunction

The 5th, 7th, and 8th nuclei or fascicles are
involved when lesions are laterally situated. This
issue will be discussed in the AICA syndrome
(see Chap. 6). A very small infarct selectively
damaging the genu portion of the 7th nerve may
produce isolated 7th nerve palsy, indistinguish-
able from peripheral facial nerve palsy (Fig. 4.8A).

Auditory Symptoms
After entering into the cochlear nucleus, some
auditory fibers ascend directly, while others tra-

ness, diplopia, and gait ataxia. One year later, examination
showed newly developed pendular nystagmus, palatal
tremor, and auditory hallucination. MRI showed old,
shrunken hemorrhages (C) and a high signal intensity in
the swollen left medullary olive (arrow, D), consistent
with inferior olivary hypertrophic degeneration

verse through the trapezoid body to the contralat-
eral lateral lemniscus. Due to the bilateral,
complex auditory pathways, hearing loss is rare
in patients with pontine infarction unless the 8th
nerve nucleus/fascicles are directly involved in
AICA territory infarction.

However, extensive and destructive lesions
involving the tegmental area may produce audi-
tory symptoms. Bilateral total deafness has been
rarely observed [95]. More often, tinnitus and
auditory hallucination, usually associated with a
certain degree of hearing impairment, are found
in patients with pontine strokes [96-98] (Fig. 4.9).
The auditory hallucinations are considered a cen-
tral “release phenomenon” in the setting of
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peripheral input deficiency. The hallucination
often disappears as the hearing loss improves
[98]. For unclear reason, hallucinations are often
musical, i.e., songs, drum sound, etc. Contralateral
hyperacousis has also been observed in a patient
with unilateral pontine tegmental stroke [99],
possibly attributed to hypersensitization phenom-
enon after damage on the sensory tract.

Consciousness Disturbances or Coma
Patients with bilateral, extensive pontine infarcts
caused by sudden BA occlusion often present
with decreased consciousness or even coma,
probably related to involvement of brainstem
reticular activating structures responsible for the
regulation of alertness.

Abnormalities of Respiration

Abnormalities of respiration are also common,
but their mechanism is difficult to determine,
partly because of the extensiveness of the infarc-
tion and partly because of the usual presence of
general medical problems (e.g., aspiration, fever,
and hypoventilation) in these patients. Apneustic
breathing with a hang-up of the inspiratory phase
and grossly irregular breathing (ataxic respira-
tions) occasionally occur in patients with BA
occlusion and indicate an ominous prognosis
[100].

Emotional Disturbances

Pathological laughing or crying occasionally
occurs in patients with pontine infarction [65, 68,
69, 101]. Patients with bilateral pontine lesions
have more frequent and severe symptoms. Recent
studies [54, 102] focusing on this issue showed
that excessive or inappropriate laughing/crying
occurs in 33-50% of the patients with pontine
base infarction (Fig. 4.10). Depression was less
common, occurring in 16% [54]. Patients with
tegmental lesions rarely showed emotional
disturbances.

The emotional disturbances in patients with
pontine base infarction may be attributed to
involvement of profuse serotonergic fibers from
the brainstem raphe nuclei projecting to the
basal ganglia or the cerebellum [54, 103, 104].
Another closely related emotional symptom,
excessive or inappropriate anger, is equally
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Fig. 4.10 A 58-year-old hypertensive man developed
dysarthria and mild right hemiparesis due to left pontine
base infarction. The symptoms gradually improved, but he
complained of repeated episodes of excessive and inap-
propriate crying. This was the most distressing symptom
of the patient. The symptom, emotional incontinence,

improved greatly after

administration

escitalopram (10 mg/d)

common in patients with pontine base infarction
[102]. Mania [105] and psychotic behaviors
[106, 107] are also observed but are distinctly
uncommon.

Clinical-Topographical Correlation

In the era of MRI, unilateral pontine infarct is
much more common than bilateral one, occupy-
ing approximately 90% of isolated pontine
infarction [62, 63].

Unilateral Infarcts

In one study examining 49 patients with unilat-
eral paramedian infarcts, 27 patients had basal
infarcts, 15 basal-tegmental infarcts, and 7 had
infarcts limited to the tegmental area [65].

Unilateral Paramedian Basal Infarcts

Paramedian infarction involving mainly the pon-
tine base is the most common pattern occurring in
54-58% of isolated pontine infarction [62, 64,
65]. Motor dysfunction is the main symptom
(Fig. 4.7A). Lesions extending dorsally to involve
the tegmentum produce sensory symptoms as
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well (Fig. 4.7B). According to a study that evalu-
ated 37 patients with acute, unilateral infarcts that
mainly involved the pontine base [68], the clinical
presentations included pure motor hemiparesis in
17, sensorimotor stroke in 3, ataxic hemiparesis in
4, and dysarthria-clumsy hand syndrome in 6
patients. One patient had dysarthria-hemiataxia,
two with quadrataxic hemiparesis, and four had
dysarthria-facial paresis.

Acute or subacute neurologic progression
occurs up to 1/4 of patients with pontine base
infarction, along with subacute lesion volume
increase [108]. It seems that infarcts in the lower
pons are more often associated with progressive
worsening and poorer functional outcome than
those in the upper pons [65].

Unilateral Paramedian Tegmental
Infarction

Unilateral tegmental infarction is the second
most common pattern of pure pontine infarction,
occurring in 12-31% of patients [62, 63, 65].
Unilateral tegmental infarcts frequently produce
hemisensory syndromes [71] (Fig. 4.7C), while
more dorsally located lesions produce ocular
motor dysfunction, most often INO [80]
(Fig. 4.7D). One-and-a-half syndrome and hori-
zontal gaze palsy also occur [65]. Involvement of
adjacent structures such as facial nerve/fascicules
may produce INO plus peripheral-type facial
palsy (Fig. 4.8C). Relatively large lesions result
in both hemisensory syndromes and ocular motor
dysfunction.

Combined Basal-Tegmental Infarction
Paramedian pontine base infarction may extend
dorsally to involve the tegmental portion
(Fig. 4.7E). The clinical features are essentially a
combination of basal and tegmental syndromes.

Unilateral Circumferential Artery
Territory (Ventrolateral) Infarcts
Ventrolateral territory infarcts were reported to
occur in 17-25% of patients with isolated pontine
infarction [62, 63]. However, it is often difficult
to clearly differentiate the ventrolateral from the
ventromedial group, and some studies did not
separate them [64, 65]. Clinical features are simi-

lar to those of paramedian infarcts. However,
hemiparesis is relatively mild, probably because
pyramidal motor fibers located in the paramedian
area are less severely involved (Fig. 4.7G).
Accordingly, patients more often present with
ataxic hemiparesis, dysarthria-clumsy hand syn-
drome, or predominant hemisensory symptoms.

Unilateral Dorsolateral Infarcts
The dorsolateral areas are supplied by AICA in
the lower pons and SCA in the upper pons.
Infarction of this area is accompanied by con-
comitant cerebellar infarcts and rarely involved
in isolation. Trigeminal sensorimotor dysfunc-
tion, 6th nerve palsy, 7th nerve palsy, auditory
disturbances, and contralateral sensory dysfunc-
tion are usually observed. Contralateral hemipa-
resis is rare or mild when present.

Bilateral Infarcts

Bilateral infarcts are usually, though not always,
associated with BA occlusion and result in grave
neurological symptoms. As the bilateral lesions
almost always involve the ventral part, involving
the corticospinal tracts, quadriparesis is usual
[106, 109, 110]. The quadriparesis may start
from the beginning; more often, the initial motor
dysfunction is lateralized to one side and then
progresses [111]. Hemiparetic patients with BA
occlusion often show some motor or reflex abnor-
malities on the nonparetic side such as clumsi-
ness, ataxia, hyperreflexia, and extensor plantar
reflex. Occasionally, there are abnormal move-
ments such as shivering, twitching, shaking, or
jerking of the relatively spared side, which may
be precipitated by painful stimuli [112]. Unless a
therapy (e.g., recanalization) is quickly per-
formed, asymmetrical motor disturbances often
progress to severe quadriplegia. The progression
usually occurs within 24 h [113] but may be
delayed up to several days (Fig. 4.7F).

Ataxia or incoordination is another common
finding, observed in the limbs that are not severely
paretic. The ataxia is invariably bilateral but is
frequently asymmetric. Dysarthria and dysphagia
due to bilateral bulbar muscle paresis are also
common, associated with bilateral facial weak-
ness, tongue weakness, and limited jaw move-
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ments. Some patients become totally unable to
speak, open their mouth, or protrude their tongue.
The jaw, face, and pharyngeal reflexes may be
hyperactive and even clonic. Secretions pool in
the pharynx and are an important cause of aspira-
tion pneumonia. Somatosensory abnormalities
should also be common, but they are usually
overshadowed by motor dysfunction and cannot
be precisely assessed in patients with severe con-
dition. Occasionally, patients complain of
uncomfortable paresthesias or CPSP.

Because large bilateral pontine infarcts fre-
quently involve the dorsal tegmental area, ocular
motor dysfunction is also common, which
include INO, horizontal gaze palsy, one-and-a-
half syndrome, and sixth nerve palsies. Ocular
bobbing, ptosis, and pinpoint pupils strongly sug-
gest extensive, bilateral tegmental lesions (see
above). Symptoms such as tinnitus, hearing loss,
and auditory hallucination are related to involve-
ment of the central auditory tracts or the eighth
nerves/fascicles. Some may develop delayed-
onset palatal myoclonus.

Altered consciousness is an important sign in
patients with sudden BA occlusion and is related
to bilateral medial tegmental pontine ischemia.
Usually, the level of consciousness improves
overtime even if other neurological deficits per-
sist. Patients may show pathological crying and
laughing spells that are triggered by minimal
social-emotional stimuli. When all voluntary
movements are lost, the deficit is referred to as
the “locked-in” syndrome. Vertical eye move-
ments are usually spared and are used for simple
communications.

Stroke Mechanisms

Unilateral infarcts involving the ventral pons are
caused either by large artery disease or penetrat-
ing artery disease. Studies primarily using MRA
revealed that BA atherosclerotic stenosis was
associated with 23% of pontine infarction [62]
and 39-50% of pontine base infarction [63, 65,
108]. Therefore, branch occlusion associated
with BA stenosis is an important stroke mecha-
nism of pontine base infarction (Figs. 3.4A and
3.5 in Chap. 3). Even in patients without MRA-
identified BA stenosis, small plaques that obstruct

the orifice of perforating branches are occasion-
ally seen if high-resolution vessel wall MRI is
used [114] (lower panel of Fig. 3.5 in Chap. 3).
Pontine infarcts limited to the tegmental area are
mostly caused by penetrating artery disease
(lipohyalinosis) (Fig. 3.4B in Chap. 3), unassoci-
ated with BA disease [62, 65, 71]. Although
uncommon, however, the most dorsally located
infarcts may be associated with significant, bilat-
eral intracranial VA or BA steno-occlusive dis-
ease. Restoration of BA flow through collaterals
(e.g., the posterior communicating artery)
explains the sparing of the other parts of the pons
[80].

In patients with bilateral pontine infarction,
significant BA steno-occlusive disease is usually
present [106]. Pathologically, the vast majority is
atherothrombosis, and dissection is uncommon
as compared to medullary infarction. Occasional
patients with bilateral pontine infarcts have
sequential infarcts caused by occlusion of BA
branches on both sides. In these patients, a hemi-
paresis is followed days, weeks, or months later
by another event that leads to paresis on the other
side of the body. Embolism is a less common
cause of isolated pontine infarction.

Prognosis

Unless accompanied by infarcts in other areas, the
prognosis of unilateral pontine infarction is rela-
tively favorable. Most patients survive the acute
stage. Their functional deficits depend upon resid-
ual neurologic severity. Patients with initially
severe hemiparesis, progressive worsening, bilat-
eral ataxia, and lower pontine lesion have rela-
tively unfavorable functional outcomes [62, 65,
68]. The prognosis of patients with tegmental
lesions is even better. However, patients with
severe sensory deficits may have difficulty in per-
forming fine movements due to sensory deficits.
More problematic is the development of CPSP,
which usually remains persistent once it develops.
When patients have INO as an isolated symptom,
INO mostly improves [80]. However, in patients
with more extensive ocular dysfunction associ-
ated with other major neurologic sequelae, resid-
ual ocular motor dysfunction frequently remains,
and patients suffer from prolonged diplopia and
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dizziness. The prognosis of bilateral pontine
infarcts presenting with quadriparesis is ominous.
Unless promptly and appropriately treated in the
early stage, most patients die or remain bed-rid-
den with quadriparesis. There may be persistent
sensory disturbances, diplopia, dizziness, or pala-
tal myoclonus.

Midbrain Infarction

The midbrain is supplied by branches arising
from the PCA, upper BA, SCA, and the anterior
choroidal artery. It is often affected in patients
with embolic stroke occurring in the posterior
circulation, usually with the concomitant involve-
ment of other structures such as the thalamus,
cerebellum, and occipital lobe [115]. According
to the New England Medical Center Registry,
midbrain infarction is ten-fold more likely to be
accompanied by ischemia of neighboring struc-
tures than it is to occur in isolation [116]. Isolated
midbrain infarcts account for 0.2-2.3% of admit-
ted ischemic strokes [117-119]. While one study
showed that pure midbrain infarct occupied 0.7%
of posterior circulation ischemic stroke [116],
another reported that it represented 8% of poste-
rior circulation infarcts [118].

Clinical Features

The third nerve palsy has been considered the
most important clinical feature indicating mid-
brain stroke. However, with the advent of MRI, it
has been recognized that nonlocalizing “lacunar”
syndromes are actually more common. In the
largest series that used MRI [117], clinical mani-
festations included gait ataxia (68%), dysarthria
(55%), limb ataxia (50%), sensory symptoms
(43%), third nerve palsy (35%), limb weakness
(ZIV/V) (23%), and INO (13%).

Ocular Motor Dysfunction

Third Nerve Palsy

Third nerve palsy occurs in 33-50% [117, 118,
120] of patients with pure midbrain infarction due
to involvement of either the third nerve fascicles

or the nucleus. Lesions that affect the third nerve
nucleus often cause bilateral ptosis and upgaze
deficits; this is attributed to involvement of the
caudal subnucleus supplying both levator palpe-
brae, and the crossing fibers from the contralateral
subnucleus of the superior rectus, respectively,
within the third nucleus complex [121].

The third nerve palsy is frequently incom-
plete, and certain ocular muscles may be selec-
tively involved. For example, divisional
oculomotor paresis was reported to be caused by
midbrain lesions involving the fascicle suggest-
ing the functional separation of superior (sub-
serving levator palpebrae, superior rectus) and
inferior (subserving inferior and medical rectus
and inferior oblique) divisions within the brain-
stem in the fascicular portion of the nerve [122].
Patients with a tiny lesion within the third nucleus
may even produce weakness of a single extraocu-
lar muscle such as the inferior rectus [79] or
medial rectus [123]. A very small infarct was
reported to produce isolated inferior rectus palsy
due to selective involvement of the relevant fas-
cicle [124].

Internuclear Ophthalmoplegia

The lesions producing an INO are located in the
paramedian, dorsal lower midbrain, involving the
MLF. A detailed description of INO was included
with the topic of pontine infarction. Patients fre-
quently have ocular tilt reaction [125].

Vertical Gaze Disturbances

Involvement of the most rostral part of the mid-
brain produces vertical gaze paresis (see the sec-
tion “Top of the Basilar Artery Syndrome”).

Fourth Nerve Palsy

The trochlear nucleus lies in the lower midbrain
caudal to the oculomotor nuclear complex.
Unlike third nerve fascicles that travel in the
paramedian area, the fourth nerve fascicles run
dorsally around the aqueduct to decussate in the
anterior medullary velum just caudal to the infe-
rior colliculus. Because this dorsolateral part of
the lower midbrain is mainly supplied by the
SCA, fourth nerve palsy is almost always accom-
panied by concomitant SCA infarction [79, 126]
(Fig. 4.11D). Because the lesions mostly dam-
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Fig. 4.11 Illustrative patients and schematic drawing of
midbrain indicating important structures, supplying vessels
and four topographic subgroups. (A) Anteromedial, (B)
anterolateral, (C) lateral, and (D) dorsolateral (posterior).
(A) Both patients had ipsilateral oculomotor disturbances
and mild contralateral ataxia. (B) The patient had dysarthria
and clumsy hand on the right side. MRA showed stenosis in
the P2 portion of the left posterior cerebral artery (arrow).

age the trochlear nucleus or the fascicle before
decussation, superior oblique palsy usually
develops in the eye contralateral to the midbrain
stroke.

Hemiparesis and Other Motor
Dysfunction

Although limb weakness is found in more than
half of patients, a significant hemiparesis is pres-

d dorso-
lateral

crus cerebri
substantia nigra
red nucleus

ascending trigeminal tract

medial lemniscus

oculomotor nucleus

aqueduct

b anterolateral

(C) The patient presented with pure sensory stroke. (D) The
patient had concomitant cerebellar infarction. MRA
showed occlusion of the superior cerebellar artery (arrow)
due to cardiac embolism. He had left limb ataxia, decreased
sensory perception on the right side, and right superior
oblique palsy. (Modified from Kim JS, Kim J. Pure mid-
brain infarction: Clinical, radiologic, and pathophysiologic
findings. Neurology 2005;64;1227-1232)

ent in only approximately 1/4 of patients when
the pyramidal tract at the crus cerebri was heavily
and densely involved [117] (Fig. 4.11). The
uncommon occurrence of severe hemiparesis
may at least in part be due to sparsely arranged
pyramidal fibers in the crus cerebri as compared
to the lower brainstem [68]. Dysarthria is invari-
ably present, and hemiataxia may be observed in
patients without severe hemiparesis.
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Sensory Symptoms/Signs

Unlike the pons, where the sensory tracts are
located in the paramedian area, the sensory
tracts are located at the dorsolateral portion of
the midbrain (Fig. 4.11). In one study, sensory
disturbances were observed in 43% of pure mid-
brain infarction [117]. However, because
infarcts preferentially involve the paramedian
area, sensory symptoms are often minor and
restricted to certain body parts. Cheiro-oral
distribution is relatively common [117], proba-
bly because face and finger representation areas
are located medially in the sensory tract, being
vulnerable from  paramedian infarction.
Mesencephalic pure hemisensory syndrome is
rare and is caused by small infarcts or hemor-
rhages affecting the dorsolateral area [71, 117]
(Fig. 4.11C).

Ataxia

Ataxia is one of the most frequently observed
symptoms/signs in midbrain infarction [117],
probably related to the presence of abundant neu-
ronal fibers connecting with the cerebellum in the
midbrain: the descending corticopontocerebellar
fibers at the crus cerebri and ascending cerebello-
rubro-thalamic tracts in the paramedian area near
the red nucleus (Fig. 4.11).

In the cerebral peduncle, descending cerebel-
lar fibers areas are rarely involved in isolation,
and concomitant involvement of the pyramidal
tracts or corticobulbar tracts lead to syndromes
such as ataxic hemiparesis or dysarthria with
ataxia. Paramedian lesions affecting ascending
cerebello-rubro-thalamic tracts at or near the red
nucleus may produce ataxia without significant
other motor dysfunction. Because paramedian
lesions usually involve the oculomotor nucleus or
fascicles, ipsilateral third nerve palsy is often
combined with contralateral ataxia (Claude
syndrome).

Patients with unilateral lower midbrain lesion
may have bilateral ataxia usually worse on the
contralateral side [117, 118]. This is attributed to
bilateral involvement of crossing efferent dentato-
rubral fibers at the lower midbrain level by lesions
located in the paramedian area. Bilateral ataxia

Fig. 4.12 An 81-year-old woman had dizziness, severe
dysarthria, bilateral ataxia, and gait difficulty. Diffusion-
weighted MRI showed left paramedian infarction in the
midbrain. Despite rehabilitation therapy, the symptoms
persist, and she was not able to walk alone after 5 years of
follow-up

caused by a single lesion is a localizing sign for
paramedian lower midbrain infarction. The out-
come of such patients is unfavorable; they have
marked dysarthria and long-lasting gait instabil-
ity (Fig. 4.12).

Involuntary Movements

Holmes Tremor

Patients with midbrain strokes occasionally
develop a tremor, referred to as “rubral tremor”
or “Holmes tremor.” The characteristics of the
tremor are as follows [127]:

(a) Intention and resting tremor, but some may
show postural tremor as well.

The tremor may not be as regular as other
tremors and occasionally shows jerky
components.

(b) Tremor is of low frequency, mostly below
4.5 Hz.

(c) There is a variable delay (mostly 2 weeks to
2 years) between the onset of the lesion and
the appearance of tremors.
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The tremor is predominantly unilateral
and mainly affects the hands and the proximal
arm.

The responsible lesions are usually situated
at the superior and external part of the red
nucleus affecting the rubro-thalamic pathways.
Lesions affecting the thalamus, the central teg-
mental tract in the pons, or deep nuclei of the
cerebellum may cause similar movement
disorders.

Dopaminergic PET imaging studies showed
striatal dopaminergic dysfunction in these
patients, probably due to the involvement of the
nigrostriatal system [128, 129]. Some suggested
that combined damage of the cerebellothalamic
and nigrostriatal system may be required to
generate Holmes tremor [130, 131]. Ipsilateral
third nerve palsy accompanied by contralateral
ataxia and tremor is referred to as Benedict
syndrome.

Parkinsonism

Midbrain strokes may produce hemi-parkinsonism
due to involvement of the substantia nigra [132—
134]. The prevalence is very low, probably
because parkinsonian symptoms are masked by
other major deficits such as hemiparesis or ataxia.
However, if carefully tested, subtle symptoms
such as micrographia [135] or hypokinetic
dysarthria and palilalia [136] are observed.
Dopaminergic system dysfunction is documented
by PET imaging in these patients.

Dystonia

Unilateral dystonia may be observed in patients
with extensive ponto-mesencephalic tegmental
lesions [137], usually associated with sensorim-
otor dysfunction and other involuntary move-
ments such as rubral tremor or excessive
twitching.

Asterixis

Paramedian midbrain infarcts may produce
asterixis in the contralateral limbs [138], prob-
ably related to the involvement of the rubrospi-
nal or cerebellar-rubral tracts that are involved
in the regulation of postural/tonic control of
extremities.

Neuropsychiatric and Emotional
Disturbances

Symptoms such as emotional incontinence [54],
agitation, and impulsive behavior [139] have
been reported in patients with midbrain infarc-
tion. These features may be related to serotoner-
gic or limbic dopaminergic system involvement.

Clinical-Topographical Correlation

According to MRI findings, the lesions are cate-
gorized as the following groups (Fig. 4.11).

Anteromedial (or Paramedian) Lesion
Approximately 50-60% of pure midbrain infarc-
tions belong to this group [117, 120] (Fig. 4.11A).
The lesions usually involve the third nerve fasci-
cles or nucleus (at the upper midbrain), the MLF
(at the lower midbrain), the red nucleus, and the
medial part of the cerebral peduncle. The clinical
features are characterized by ocular motor distur-
bances (third nerve palsy or INO), contralateral
mild hemiparesis, and ataxia. Ataxia may be bilat-
eral when the paramedian lesion is located in the
lower midbrain (Fig. 4.12). Sensory deficits, when
present, are usually mild and often present in
restricted body parts such as the perioral or peri-
oral-hand areas.

Anterolateral Lesion

Approximately 1/4 of patients belong to this
group [117, 120] (Fig. 4.11B). Because the crus
cerebri is primarily involved, patients’ main
symptom is hemiparesis. Although severe motor
dysfunction in uncommon (see above), some
patients may have progressively worsening hemi-
paresis. In patients who do not have severe hemi-
paresis, ataxic hemiparesis, dysarthria-clumsy
hand syndrome, pure dysarthria, and dysarthria-
ataxia may develop. If adjacent sensory tracts are
involved, sensory deficits may be added.

Combined Lesions

Some patients have lesions in both anteromedial
and anterolateral areas. Clinical features are the
combination of the two: ocular motor distur-
bances, ataxia, and various motor syndromes.
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Lateral Lesion

Although quite uncommon, lesions may be con-
fined to the lateral part of the midbrain
(Fig. 4.11C). The clinical features are character-
ized by hemisensory deficits caused by involve-
ment of the laterally located sensory lemniscus.
The clinical features are not distinguishable from
a thalamic pure sensory stroke.

Dorsolateral Lesion

This area is supplied by the SCA, and infarcts
occurring in this area are almost always accom-
panied by concomitant cerebellar infarction.
Fourth nerve palsy, INO, ataxia, and contralateral
sensory disturbances may be present (Fig. 4.11D).

Bilateral Lesions

Bilateral midbrain infarctions are almost always
accompanied by extensive infarcts in the other
parts of posterior circulation [117, 120]. Patients
develop altered consciousness, quadriparesis,
severe dysarthria, dysphagia, and, ultimately, a
locked-in state. Patients may have bilateral oculo-
motor palsy [120], but ocular movements may
remain intact if dorsal areas are spared [140, 141].

Stroke Mechanism

Approximately 2/3 of pure midbrain infarction is
caused by large artery atherosclerotic disease.
Anteromedial, anterolateral, and combined type
lesions are usually caused by branch occlusion
associated with PCA or rostral BA atherothrombo-
sis [117] (Fig. 3.4A in Chap. 3, Fig. 4.11B). Small
penetrating artery disease explains stroke in
approximately 1/4 of the patients who have deep-
seated lesions (Fig. 3.4B in Chap. 3). Cardiac
embolism is rare in patients with isolated midbrain
infarction [117, 120]. The stroke mechanism of the
lateral group is uncertain, but artery-to-artery
embolization from tightly stenosed BA was
reported [117]. Dorsolateral infarcts are almost
always caused by SCA occlusion, which is most
often caused by cardiac embolism (Fig. 4.11D).

Prognosis
In patients with pure midbrain infarction, the
lesions are mostly unilateral, and the prognosis is

relatively good. Initial severe motor dysfunction
may predict a worse prognosis. However, in one
study, 36 out of 40 patients were functionally
independent after 2 years of follow-up [117]. The
functional outcome of patients with bilateral
ataxia (Fig. 4.12) is unfavorable because they
usually have persistent gait difficulty and dysar-
thria. As in patients with medullary or pontine
infarction, underlying vascular diseases (BA or
PCA) probably affect the future outcome of these
patients. Patients with bilateral infarction have a
grave prognosis; they often die due to aspiration
pneumonia and frequently remain locked-in.

Top of the Basilar Artery Syndrome

Infarction of rostral brainstem and cerebral hemi-
spheral regions fed by the distal BA causes a
clinically recognizable syndrome characterized
by visual, ocular motor, and behavioral abnor-
malities, often without significant motor dys-
function. Caplan [115] described this as “top of
the basilar artery syndrome.” Typically, there are
bilateral, multiple infarcts in the paramedian
midbrain, medial thalamus, medial temporal
areas, and occipital lobes (Fig. 4.13). The clinical
features vary greatly and depend on the topogra-
phy of the damaged brain. Occasionally, bilateral
SCA infarctions are the only manifestation of
basilar tip occlusion when bilateral fetal type
PCAs are present without anastomosis between
the anterior and posterior circulations [142].

Clinical Features

Ocular Motor Dysfunction
See Chap. 7 for details.

Vertical Gaze Palsy

Vertical gaze pathways from the cerebral cortex
converge on the periaqueductal region beneath
the collicular plate, near the interstitial nucleus of
Cajal and the posterior commissure. In this
region, there is a cluster of neurons regulating
vertical gaze, referred to as rostral interstitial
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Fig. 4.13 A 75-year-old woman with atrial fibrillation
became drowy and confused. Examination showed con-
fused mentality, somnolence, anterograde memory
impairment, vertical gaze failure, and gait ataxia. MRI

MLF (riMLF) [143, 144]. Extensive lesions
occurring in the rostral midbrain result in both
upgaze and downgaze failure. Vertical VOR is
usually preserved. A unilateral lesion affecting
the posterior commissure can cause upward sac-
cadic failure due probably to the fact that fibers
involved in upward saccades decussate through
the posterior commissure, which connects the
riMLF on both sides [145, 146]. Bilateral dam-
age to the riMLF is usually required to produce

showed multiple infarcts in the cerebellum, midbrain, and
bilateral paramedian thalamus. MRA showed normal bas-
ilar artery, suggesting that occluded basilar tip was already
recanalized

down gaze paresis; therefore, isolated upgaze
palsy is more common than down gaze paresis
[147, 148]. If the connections from the riMLF to
the third nuclei are selectively damaged just
above the nucleus on one side, monocular upgaze
palsy may occur [149-151]. A vertical one-and-
a-half syndrome (upward gaze paresis with mon-
ocular downward gaze paresis or downward gaze
paresis with monocular upward gaze paresis) is
also observed [152, 153].
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Convergence, Eyelid, and Pupillary
Abnormalities

Ocular convergence is probably controlled in the
medial midbrain tegmentum. Convergence vec-
tors are frequently evident on an attempted
upward gaze. Rhythmic convergence nystagmus
may be elicited if patients are told to follow a
downgoing opticokinetic target with their eyes.
Convergence vectors may modify lateral gaze,
and patients may show pseudo-sixth nerve palsy
[115]. Lid abnormalities are also a sign of rostral
brainstem infarction. Unilateral infarction of the
third cranial nerve nucleus can lead to complete
bilateral ptosis [89]. Retraction of the upper lid
(Collier’s sign) may be observed in patients with
tectal lesions [154]. When ischemia affects the
Edinger—Westphal nucleus, the pupils may be
fixed and dilated, whereas if the lesion involves
sympathetic fibers, the pupil size becomes
smaller [155].

Somnolence and Loss of Attention

The medial mesencephalon and diencephalon
contain the most rostral portions of the reticular
activating system. Infarcts in these regions
frequently produce excessive sleep and lack of
attention. Because the reticular gray matter is
adjacent to the third nerve nuclei, riMLF, and the
posterior commissure, somnolence is frequently
associated with relevant ocular motor
disturbances.

Hallucinations

Patients with rostral brainstem infarction often
have hallucinations (peduncular hallucinosis)
[156]. The hallucinations tend to occur at twilight
or during the night, and such patients usually
have sleep disorders (nocturnal insomnia or day-
time hypersomnolence) [115]. The hallucinations
are usually vivid and mostly visual and contain
multiple colors, objects, and scenes. Occasionally,
auditory or tactile hallucinations are associated.
Bilateral infarcts confined to the medial substantia
nigra pars reticulata are reported to cause pedun-
cular hallucinosis [157]. However, similar hallu-
cinations are observed in patients with infarcts
that involve the pons or the posterior thalamus
[158]. Neuropsychological testing in patients

with hallucination show impairments of episodic
memory, confabulation, attention deficits, confu-
sion, delusion, and misidentification for persons
and places. It seems that brainstem hallucinosis
may be related with the dysfunctional ascending
reticular system and thalamocortical circuits
[159].

Confabulations

Confabulations are often reported in patients with
rostral brainstem infarcts [115]. The features are
similar to what were described as Wernicke-
Korsakoff psychosis.

Hemiballism and Abnormal

Movements

Hemichorea or ballism may occur from infarcts
affecting the subthalamic nucleus (corpus Luysii)
[160]. Other movement disorders related to mid-
brain involvement are described above (see the
section “Midbrain Infarction”).

Other Symptoms and Signs

Occipital and thalamic infarcts are common, and
relevant symptoms and signs are described in
Chap. 5. Embolism may produce infarcts in the
other parts of the brainstem, and the relevant
symptoms and signs are described in the early
part of this chapter.

Stroke Mechanisms and Prognosis

Occlusions of the BA tip are generally embolic
[115], more often from the heart than proximal
artery atherothrombosis. Although uncommon,
atherothrombosis occurring in the distal BA can
also result in this syndrome [161]. In patients
with embolic occlusion, the embolic fragments
may also occlude other vessels such as the PICA,
SCA, or pontine branches before they reach to
the top of BA. PCA territory infarcts are also
commonly found. In patients with cardiac embo-
lism, an embolus is frequently evanescent, and it
may already be gone at the time of the angio-
graphic study (Fig. 4.13). In this case, the
patient’s prognosis is generally good, although
they may have residual deficits depending on
already damaged structures. However, persistent
BA occlusion may lead to downward extension
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of thrombi to result in catastrophic bilateral
brainstem infarction. The recent advent of endo-
vascular thrombectomy is of great help in the

early and

successful recanalization of the

occluded BA (see Chap. 11). Aside from the suc-
cessful recanalization, adequate collateral system
(e.g., the presence of textbook-type posterior
communication artery) appears to be associated
with better functional outcome in these patients
[162].
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Thalamic and Other Posterior
Cerebral Artery Stroke Syndromes

Stefania Nannoni and Patrik Michel

Introduction

Approximately 20-40% of all ischaemic events
in the brain affect posterior circulation [1, 2].
According to registry-based studies, isolated pos-
terior cerebral artery (PCA) territory strokes
occur in 5-10% of cerebral infarctions [3, 4],
while up to 40% of patients have concomitant
infarcts elsewhere in the posterior circulation or
in the carotid territory [4, 5]. Among patients
with pure PCA territory infarction, the confined
involvement of deep structures (i.e. the thalamus
and midbrain) varies from 34 to 64% across stud-
ies, with the ventrolateral thalamus emerging as
the most frequently affected structure [4, 5]. The
proportion of pure PCA cortical infarcts ranges
from 14% to 51% of the total PCA infarctions,
with the occipital lobe being most frequently
involved [6, 7].

In the Acute Stroke Registry and Analysis of
Lausanne (ASTRAL), from 5120 acute isch-
aemic stroke patients collected between 2003 and
2018, 184 (3.6%) patients presented with multi-
level posterior stroke involving the PCA territory,
whereas 336 (6.6%) patients exhibited pure PCA
territory infarctions. Of these, 226 (67.3%) cases
were authentic thalamic strokes (unpublished
results from the ASTRAL registry) [2].
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The involvement of supratentorial posterior
structures supplied by the posterior cerebral
arteries (PCAs) causes typical stroke syndromes.
Knowledge of the clinical features allows charac-
terizing the diverse spectrum of symptoms asso-
ciated with the vascular topography of lesions.

Clinical identification of supratentorial PCA
syndromes has several clinical implications:
Precise localization to the anterior vs. posterior
circulation may allow (a) correlating findings on
arterial and cardiac workup with the stroke loca-
tion; (b) making inferences on stroke mechanism
in recurrent events, especially if a parenchymal
lesion is not evident on imaging (such as in tran-
sient ischaemic attacks, TIA); and (c) deciding
on acute recanalization in cases of multiple
occlusions in pre- and intracranial arteries.

However, posterior circulation ischaemia can
be challenging to recognize, particularly in
patients with a TIA, and discriminating between
anterior and posterior vascular territory may be
difficult on a purely clinical basis. Studies com-
paring anterior vs. posterior circulation stroke
symptoms have shown that vestibulo-cerebellar
signs (including nystagmus and oculomotor
palsy), visual field abnormalities and crossed
sensory-motor deficits are very specific to poste-
rior strokes, while dysarthria, hemiparesis and
cognitive symptoms are not [8, 9].

In some situations, clinical distinction between
a stroke in the middle cerebral artery (MCA) and
PCA is impossible [10-12]. This is typically the
case with an acute proximal PCA occlusion,
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where contralateral hemiparesis results from isch-
aemia in the cerebral peduncle and hemispheric
symptoms from the large-volume thalamic isch-
aemia. It has been shown, however, that clinical
distinction between anterior and posterior circula-
tion strokes are very reliable in patients with large
(proximal) artery occlusions that are eligible for
acute endovascular treatment [13].

This chapter will review the major clinical
syndromes associated with posterior circulation
ischaemia in the thalamus as well as other supra-
tentorial structures. The clinical features of mid-
brain infarctions are described in Chap. 4.

Anatomy of the Posterior Cerebral
Circulation

The posterior cerebral arteries (PCAs) are the ter-
minal branches of the basilar artery (BA) and
supply blood to the midbrain (rostral part), thala-
mus (medial and posterolateral regions), hippo-
campus, occipital lobes, temporal lobes (inferior
and medial portions) and partially to the parietal
lobes (posterior and inferior portions) [14].

Each PCA originates from the bifurcation of
the BA at the pontomesencephalic junction and is
traditionally divided into four segments: P1, from
the termination of the BA up to the posterior
communicating artery (PCom); P2, between the
PCom and the posterior part of the midbrain; P3,
from the pulvinar to the anterior limit of the cal-
carine fissure; and P4, the cortical segment within
the calcarine fissure becoming the calcarine
artery [15].

Classically, the PCAs have two main territo-
ries of vascular supply: a proximal or deep PCA
territory, including the thalamus, and a distal or
superficial PCA territory, including the hemi-
spheric occipital and temporoparietal lobes [16,
17].

Blood Supply to the Thalamus

The thalamus receives most of its blood supply
from four arterial pedicles that arise from the
proximal portions of the PCAs and the P-com.
Consequently, the vascular territories of the thal-

amus can be divided into four major regions: (a)
the anterior region supplied by the polar or tuber-
othalamic artery; (b) the medial region supplied
by the paramedian or thalamic—subthalamic
arteries; (c) the inferolateral region supplied by
the thalamogeniculate arteries; and (d) the poste-
rior region supplied by the posterior choroidal
arteries [15, 18]. Similar to the lenticulostriate
arteries that irrigate the basal ganglia and the
internal capsule, the thalamic arteries may show
wide interindividual variation, regarding the ori-
gin, the number of arteries and the supplied
nuclei [15, 18].

Cortical Branches of the PCA

As the PCAs reach the dorsal surface of the mid-
brain, they divide into four cortical branches: the
anterior temporal, posterior temporal, parieto-
occipital and calcarine arteries.The anterior tem-
poral arteries arise first from the distal P3 segment;
then, the posterior temporal arteries arise and
course laterally, travelling along the hippocampal
gyrus. The posterior temporal arteries course
between the tentorium and the medial temporal
lobe, including the fusiform gyrus. The parieto-
occipital arteries usually originate from the P4
segment and supply the occipital and medial infe-
rior parietal lobes, usually giving off the posterior
pericallosal arteries, which circle the splenium of
the corpus callosum. Usually, the calcarine arter-
ies arise as single branches from the P4 segment,
travelling at first lateral to the parieto-occipital
arteries and then following a winding course,
medially along the calcarine fissure [17, 19].

Important anatomical variants of the poste-
rior circulation are frequent but commonly
asymptomatic. Although typically discovered
incidentally, their clinical significance is impor-
tant so as not to mistake them for pathological
findings and may be of relevance when determin-
ing stroke aetiology.

A carotid or foetal (fPCA) origin of the PCA
refers to a PCA arising directly from the
intracranial internal carotid artery (ICA) and
occurs in 10-29% of the population [20, 21]. In
this variant of the circle of Willis, the internal
carotid artery contributes to the PCA via a patent
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Pcom, while the connection of the PCA to the BA
is hypoplastic or even aplastic. fPCA is mainly
unilateral and is either partial or complete depend-
ing on whether or not a hypoplastic P1 segment is
present. Bilateral fPCAs are associated with a
small calibre BA, as the BA does not contribute to
mesencephalic, temporal or occipital lobe flow.

Even though there is no established associa-
tion between unilateral or bilateral fPCAs and
stroke risk, such a foetal anastomosis may allow
thromboemboli from the carotid artery to pass
into the PCA [22]. Therefore, the etiologic evalu-
ation of occipital stroke in patients with an ipsi-
lateral fPCA should include an assessment of
carotid artery disease. Moreover, in patients with
haemodynamically significant carotid occlusive
disease, the ipsilateral fPCAs and a non-
functioning anterior communicating artery may
be particularly vulnerable to ischaemia and
infarction due to haemodynamic failure.

Another form of foetal anastomosis with a
prevalence of 0.1-0.6% is the persistent trigemi-
nal artery that connects the carotid to the basilar
artery [23]. This artery originates from the inter-
nal carotid artery after its exit from the carotid
canal and anastomoses with the mid-basilar
artery. The part of the basilar artery caudal to the
anastomosis is usually hypoplastic. In such
patients, atherosclerotic carotid stenosis may
lead to bilateral occipital infarction [24].

The artery of Percheron refers to an anatomi-
cal variant of thalamus supply, characterized by a
single thalamic perforating artery arising from
the proximal PCA (P1 segment) and suppling the

rostral mesencephalon and both paramedian thal-
ami [15]. Hypoplastic or absent P1 segments are
more likely to be seen with this variant. The
occlusion of this artery leads to bilateral infarc-
tion of the paramedian thalami, with or without
rostral midbrain involvement [25].

Thalamic Stroke Syndromes

Ischaemic strokes involving the thalamus can
give rise to a large variety of syndromes due to
the complex anatomy and vascularization of this
structure.

Isolated thalamic infarctions are traditionally
classified into four territories (i.e. anterior, para-
median, inferolateral and posterior infarctions),
which correspond, respectively, to the vascular
territory of the polar, paramedian, thalamogenicu-
late and posterior choroidal arteries. This classifi-
cation was initially based on neuroanatomical and
neuropathological data [15] and later confirmed
by imaging techniques (CT and MRI) [18, 26].
Some variant topographic patterns of thalamic
infarction with distinct clinical manifestations,
including the anteromedian, central and postero-
lateral infarct types, were also described [15, 27].
These result from variations in the thalamic arte-
rial supply or reflect border-zone ischaemia.

The main types of thalamic infarctions, with
their vascular supply and typical clinical presen-
tation, are described below and summarized in
Table 5.1. Examples of thalamic strokes are
depicted in Fig. 5.1.

Table 5.1 Thalamic infarcts, vascular supply and corresponding clinical syndromes, including the four classical tha-
lamic stroke syndromes (a-d), less frequent variants (e-g) and the syndrome from occlusion of the artery of Percheron (h)

Thalamic infarct type | Frequency Main aetiology Vascular supply Clinical stroke syndrome
(a) Anterior 11-13% [26, | SVD 60% [26] Polar arteries — Personality changes, apathy,
27] aboulia
— Executive failure,
perseverations

— Superimposition of
temporally unrelated
information (palipsychism)
— Anterograde amnesia

— Aphasia if left; hemispatial
neglect if right-sided

— Emotional facial paresis,
acalculia, apraxia

(continued)
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Table 5.1 (continued)

Thalamic infarct type

Frequency

Main aetiology

Vascular supply

Clinical stroke syndrome

(b) Paramedian

23-27% (26,
271

CE 33%, SVD
33% [26]

Paramedian arteries

— Decreased or fluctuating
arousal

— Impaired learning and
memory, confabulation,
temporal disorientation

— Altered social skills and
personality, including apathy,
aggression, agitation

— Vertical gaze paresis

— Aphasia if left-sided, spatial
deficits if right-sided

(¢) Inferolateral

27-45% |26,
27]

SVD 33%, LAA
33% [26]

Thalamogeniculate
arteries

— Sensory loss (variable extent,
all modalities)

— Hemiataxia

— Hemiparesis

— Post-lesion painful syndrome
(Dejerine-Roussy)

(d) Posterior

6% [26]

SVD 33% [26]

Posterior choroidal
arteries

— Visual field loss (hemianopia,
quadrantanopia, sectoranopia)
— Variable sensory loss,
weakness, aphasia, memory
impairment, dystonia, hand
tremor

(e) Anteromedian

13% [27]

CE 56% [27]

Variant
anteriomedian
arteries

— Cognitive and memory
impairment

— Decreased consciousness
— Vertical eye paresis

— Aphasia (left-sided lesion)

(f) Central

6% [27]

SVD 50% [27]

Border-zone
vascular territory

— Hypoaesthesia
— Memory impairment

(g) Posterolateral

11% [27]

SVD 38%, LAA

Variant

— Hypoaesthesia

38% [27]

— Ataxia

— Hemiparesis

— Aphasia and executive
dysfunction (left-sided)

posterolateral
arteries

(h) Bilateral
paramedian

12% [26] 40% CE [26]

Artery of Percheron — Disorders of vigilance

— Anterograde and retrograde
memory deficit

— Behavioural changes (with a
mixture or irritability and
apathy)

— Vertical gaze palsy

Legend: SVD small vessel disease, CE cardioembolic, LAA large artery disease

Anterior Thalamic Infarct

Anterior thalamic infarct is caused by the occlu-
sion of the polar artery (also known as the tuber-
othalamic artery) [28]. This artery originates
from the middle-third of the PCom artery but is
absent in about one-third of cases (in these cases,
the anterior territory is supplied by the parame-
dian arteries from the same side). It irrigates the

reticular nucleus, ventral anterior nucleus, ros-
tral part of the ventrolateral nucleus, ventral pole
of the medial dorsal nucleus, mamillothalamic
tract, ventral amygdalofugal pathway, ventral
part of the internal medullary lamina and ante-
rior thalamic nuclei. The anterior thalamic nuclei
receive projections from the mamillothalamic
tract and are connected to the anterior limbic
system.
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Fig. 5.1 Diffusion-weighted MRI showing a right tha-
lamic infarction in anterior (a), paramedian (b), inferolat-
eral (c¢) and posterior (d) infarctions. Localization in the

Anterior thalamic infarcts account for about
13% of all thalamic infarcts but are rarely
isolated, being most often part of anteromedian
infarctions [26]. The most frequent aetiology is
small vessel disease.

The clinical syndrome of anterior thalamic
strokes is dominated by severe and various neu-
ropsychological deficits [28, 29]. For this rea-
son, such strokes are often underdiagnosed or
missed initially. Patients can exhibit changing
levels of consciousness in the early stages, while
persistent personality changes are seen in the
later course. They typically appear apathetic and
aboulic, with a lack of spontaneity and emo-
tional concern [28]. Disorientation in time and
place, executive failure and perseverations can
be present. Moreover, patients may show
increased sensitivity to interference and have
improper superimposition of temporally unre-
lated information (the latter called ‘“palipsy-
chism”) [29, 30].

Another common finding in anterior thalamic
infarct is the impairment of anterograde memory,
likely from involvement of the mamillothalamic
tract, with inability to make new memories. Left-

anteriomedian (e), central (f), posterolateral (g) and bilat-
eral paramedian (h) territories are also shown. (From
Department of Radiology, Lausanne University Hospital)

sided lesions tend to affect more often the verbal
and right-sided, the visual memory function [29,
31, 32].

Language disturbances, named transcortical
motor aphasia, have been described in anterior
thalamic lesions affecting the dominant hemi-
sphere, i.e. typically left-sided lesions. They are
characterized by impaired verbal fluency, ano-
mia, semantic and phonemic paraphasia, with
impaired comprehension but well-preserved
repetition.

Right-sided lesions may be associated with
hemispatial neglect.

“Emotional central facial paralysis,” charac-
terized by impaired activation of face muscles
with emotion but normal voluntary activation, is
also described [18].

Paramedian Thalamic Infarct

Paramedian thalamic infarct is due to the occlu-
sion of the thalamic—subthalamic arteries (also
called the paramedian or thalamoperforating
arteries), which arise from the proximal P1 seg-
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ment of the PCA, mainly as a pair from each P1.
In about one-third of cases, these small arteries
both originate from one side (asymmetric vari-
ant) or from a common pedicle of one P1 (artery
of Percheron). They supply the paramedian parts
of the upper midbrain and the posteromedial thal-
amus, including the posteroinferior portion of the
dorsomedial nucleus and the intralaminar nuclei.
When the polar artery is absent, the paramedian
artery supplies this territory as well, and thus,
infarction in this vascular territory is clinically
severe.

Paramedian infarctions are the second most
frequent after lateral infarcts and may occur
unilaterally or bilaterally, accounting overall for
about 35% of all thalamic infarcts [26]. The main
aetiology is embolism.

Patients with unilateral infarcts of the parame-
dian arteries are described by a classic triad of
symptoms: an acute decrease of consciousness,
neuropsychological disturbances and abnormali-
ties of vertical gaze [28, 33]. Impairment of
arousal, with patients being lethargic, hypersom-
nolent or even comatose, is a dominant feature
during the early stages. It is probably related to
involvement of the intralaminar nuclei and the
rostral portion of the midbrain reticular activating
system [30]. As the impairment of consciousness
diminishes and patients become more alert,
memory and behavioural disturbances may be
more evident. Amnesia is predominant, with
patients being unable to learn and make new
memories. Confusion, agitation, aggression and
apathy are common personality disturbances and
may persist in the long term [33, 34]. It has been
suggested that memory loss and behavioural syn-
dromes are related to the interruption of the
mamilothalamic tract or ventral amygdalofugal
pathway [31].

Vertical gaze palsy is characteristically pres-
ent, with up-gaze palsy or combined up- and
down-gaze palsy, depending on the volume of
the lesion, its bilaterality and the degree of ros-
tral midbrain involvement. Skew deviation is
also common, with the eye elevated on the side
of the lesion. Also, speech and language impair-
ments are described in left-sided infarction.
They are characterized by hypophonia and dys-
prosody, with frequent perseveration and mark-

edly reduced verbal fluency, but normal
repetition and preserved syntactic structure.
This was named the adynamic aphasia of
Guberman and Stuss [25]. Temporary and spa-
tial neglect may be observed in patients with
right-sided infarction.

An alternate syndrome characterized by cen-
tral Horner syndrome (i.e. ptosis, myosis, pseudo-
enophthalmos and hypohidrosis of the ipsilateral
hemibody) and contralateral mild ataxic hemipa-
resis has been described in ischaemic stroke
patients due to paramedian (and anterior) tha-
lamic lesions [35]. In these patients, infarction
extended to the hypothalamic or rostral parame-
dian mesencephalic region, also irrigated by
branches arising from the P1 segment. This syn-
drome likely results from impairment of the sym-
pathoexcitatory and motor pathways in the
thalamic—hypothalamic—rostral mesencephalic
region [35, 36].

Inferolateral Thalamic Infarct

This type of thalamic stroke is caused by occlu-
sion of the inferolateral arteries (also known as
thalamogeniculate arteries), a group of 6-10
arteries that arise from the P2 segment of the
PCA after the level of the PCom. They supply the
ventrolateral thalamus, including the ventrolat-
eral and ventroposterior nuclear groups, the lat-
eral part of the centromedian nucleus and the
rostrolateral portion of the pulvinar [15].

Infarcts in the inferolateral territory are the
most common type of ischaemic stroke in the
thalamus, accounting for about 45% of all tha-
lamic infarcts [26]. Their major aetiology is small
vessel disease.

The clinical features of inferolateral artery
infarction were initially described as “thalamic
syndrome” by French neurologists Dejerine and
Roussy, with intense central post-stroke pain as
the most characteristic symptom [37]. Patients
may present a pure sensory stroke, a sensorimo-
tor stroke or, in cases of extensive involvement of
lateral thalamus, a sensorimotor stroke with
abnormal movement patterns.

A pure sensory stroke is due to the selective
involvement of the ventrolateral nucleus. It usu-
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ally starts with paraesthesia or numbness on the
contralateral side, followed by an isolated hemi-
sensory deficit. Sensory loss may involve all
modalities of sensation, though a dissociated
loss, with sparing of pain and temperature, may
be observed. A typical distribution in face-arm-
leg is suggestive of a lateral thalamic infarction,
even if a predominant acral distribution may
occur [38, 39]. Some patients may develop an
intense and delayed pain in the affected area, usu-
ally unrelieved by analgesics. This post-stroke
painful syndrome has an apparent preference for
right thalamic infarcts [40].

In sensorimotor stroke, the above-mentioned
sensory disturbances are associated with hemipa-
resis on the same side, due to the extension of the
infarcted area to the posterior limb of the internal
capsule.

Abnormal movement patterns, such as ataxic
hemiataxia or hemydystonia, result from the
interruption of cerebellar or extrapyramidal tracts
that synapse in the lateral thalamus. In some
patients, an inability to stand and walk is pre-
dominant, and Masdeu and Gorelick called this
“thalamic astasia” [41]. Another motor abnor-
mality was described by Foix and Hillemand as
flexed and pronated hand, with the thumb tucked
under the other fingers, called the ‘“thalamic
hand” [42].

Cognitive and behavioural performances are
usually preserved in inferolateral thalamic
infarcts, although mild transcortical motor apha-
sia with reduced fluency is occasionally reported
in dominant hemisphere lesions [30].

Posterior Thalamic Infarct

Posterior thalamic infarct is caused by the occlu-
sion of the posterior choroidal arteries, also aris-
ing from the P2 segment of the PCA, just after
the inferolateral arteries. They consist of a group
of small vessels, with 1-2 branches (medial) aris-
ing adjacent to the origin of the Pcom artery and
1-6 branches (lateral) originating from the distal
P2 segment of the PCA. They supply the pulvinar
and lateral dorsal and posterior nucleus, the
geniculate bodies and partially the anterior
nucleus. Infarction limited to the dorsal part of

the thalamus is rare [26], and the most character-
istic clinical findings are visual field defects (due
to involvement of the lateral geniculate body)
[43].

Medial posterior choroidal artery infarction
causes visual field cuts including upper or lower
quadrantanopia, whereas involvement of the lat-
eral posterior choroidal artery causes horizontal
wedge-shaped or tubular sectoranopias [44].

Involvement of the pulvinar and posterior
nuclei can produce numerous less-specific symp-
toms, including impairment of ipsilateral pursuit,
contralateral saccades, mild hemiparesis or hemi-
sensory abnormalities, abnormal dystonic move-
ment and neuropsychological disturbances (such
as aphasia, amnesia, aboulia and visual halluci-
nosis) [30].

A delayed complex hyperkinetic motor syn-
drome that includes myoclonus, ataxia, chorea,
pseudorubral tremor, dystonic posture of the fin-
gers and worsened by voluntary activities, termed
the “jerky dystonic unsteady hand,” was also
observed in a small subset of patients with
infarcts restricted to the pulvinar according to CT
or MRI assessment, raising the question of addi-
tional nuclei involved [18, 45].

Variant: Anteromedian Thalamic
Infarct

This stroke involves the posterior part of the ante-
rior territory and the anterior part of the parame-
dian territory [27]. It is likely related to the
occlusion of variant anteromedian arteries, origi-
nating from the proximal segment of the PCA
[15]. Similar to paramedian thalamic strokes,
cardioembolism is the most frequent aetiology
[27].

The dominant feature is a wide range and
severe neuropsychological disturbance [27].
Severe anterograde amnesia is a common feature,
particularly prominent when involving the ante-
rior part of the dorsomedian nucleus and intrala-
minar nuclei. Loss of initiative and executive
dysfunction is frequently found. Contrary to
infarcts restricted to the anterior territory, patients
with anteromedian territory infarcts do not
exhibit issues with perseverance. Instead, the
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main behavioural change in anteromedian infarct
is a severe loss of self-activation, requiring con-
stant external stimulation. Aphasic troubles with
word-finding difficulties, reduced fluency and
denomination are also described. Decreased con-
sciousness is uncommon in unilateral anterome-
dian territory infarcts, but a frequent finding in
bilateral lesions. Vertical gaze palsy has been
reported and postulated to be due to involvement
of fronto-cortical fibres that may be decussating
in the medial thalamus [46].

Variant: Central Thalamic Infarct

Infarct of the central territory is characterized by
the involvement of parts of all four adjacent clas-
sic territories. It may be expression of a border-
zone infarction between adjacent territories [27].
In the four patients observed by Carrera et al.,
hypoesthesia was a common feature, likely due
to involvement of the medial portion of the ven-
troposterolateral nucleus. Anterograde amnesia
and short-term memory impairment are also
dominant and more severe than in anteromedian
territory infarcts [27]. Ataxia, vertical gaze pare-
sis and neuropsychological signs are also
described in patients with bilateral lesions.

Variant: Posterolateral Thalamic
Infarct

The posterolateral territory is formed by combin-
ing the posterior portion of the inferolateral terri-
tory and the anterior portion of the posterior
territory. This is likely supplied by variant
posterolateral arteries. Microangiopathy is the
predominant stroke aetiology, as well as for
inferolateral infarcts [27].

The clinical picture is characterized by contra-
lateral hypaesthesia and ataxia, with transient
hemiparesis. Compared to patients with infero-
lateral infarcts, an unusual finding in posterolat-
eral territory infarct is the impaired cognition
from a left-sided lesion. Aphasia with impaired
repetition that resembles cortical motor aphasia
is described; this differs from transcortical apha-
sia due to anteromedian infarcts. Executive dys-

function may also be seen because of the
disruption of thalamocortical fibres arising from
the posterolateral nuclei of the thalamus [27, 47].

Variant: Bilateral Paramedian
Thalamic Infarct

Occlusion of the artery of Percheron leads to bilat-
eral infarction of the paramedian thalami, with or
without rostral midbrain involvement, and causes
severe stroke [15, 33]. Asymmetric thalamic
involvement is seen in two-thirds of cases, and
midbrain infarction is present in over half [48].
Artery-to-artery embolism or cardioembolism are
thought to be the most common aetiology of stroke
in patients carrying this anatomic variant [49].

The most typical clinical features of bilateral
paramedian thalamic infarction are altered sen-
sorium such as stupor or coma, prominent mem-
ory impairment, behavioural changes and
vertical gaze palsy. Overall, the neuropsycho-
logical disturbances are more severe than in
those with unilateral infarcts and can be persis-
tent [25, 34, 50].

Patients are usually apathetic and aboulic, with
reduced spontaneity and increased inertia.
Disorientation, confusion and akinetic mutism
(i.e. awake unresponsiveness) can be observed.
Patients may show perseveration and a marked
tendency to confabulate. A compulsive use of
objects out of a behavioural context, as observed
in patients with frontal-lobe lesions, is also
described [48, 51].

The amnestic syndrome resulting from para-
median territory infarction is similar to thiamine-
deficient Korsakoff’s syndrome, destroying the
medial dorsal thalamic nuclei and the mammil-
lary bodies. The addition of the other behavioural
features produces a constellation of symptoms
that led to the term “thalamic dementia” [18, 52].

Non-thalamic PCA Stroke
Syndromes

The syndromes of infarction in the PCA territory
are conventionally associated with homonymous
visual field defects. However, patients with PCA
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territory infarcts often present clinically with
multiple symptoms and signs, including sensory
and motor abnormalities and cognitive and neu-
ropsychological deficits [5, 7, 16, 19]. These
strokes can simulate strokes in the middle cere-
bral artery (MCA) territory, especially in the
presence of significant motor deficits [10—12].

In this section, we first describe typical signs
and symptoms found in infarcts affecting the
PCA territory and not related to thalamic involve-
ment, followed by a description of the main
clinical syndromes associated with proximal and
distal PCA occlusion.

Clinical Features in PCA Strokes
without Thalamic Involvement

Hemispheric infarctions in the PCA territory
potentially involve the occipital, posterior tempo-
ral and parietal lobes, with variable clinical mani-
festations. The most frequent symptom is visual
field abnormality, which is reported in more than
90% of patients with cortical PCA infarctions [4,
6, 7]. Among cognitive deficits, memory impair-
ment and aphasia are reported in 18 and 15% of
patients, respectively [6]. Cognitive deficits asso-
ciated with visual function, such as visual neglect
or visual agnosia, seem less common in clinical
practice, being reported in less than 10% of
patients with cortical PCA infarctions [6].

Visual Field Defects

Homonymous hemianopia is the most frequent
visual field defect after unilateral PCA infarc-
tions, involving either the two right or two left-
halves of the visual fields of each eye [16, 53]. It
is caused by contralateral lesions of the optic
radiations (also called geniculocalcarine tracts)
in the occipital lobe and/or by contralateral
lesions in the cerebral visual (occipital) cortex
(Brodmann area 17). Hemianopia from PCA
infarctions is traditionally described as sparing
the macula, i.e. the central or medial part of the
visual field is preserved [4, 6, 7].

Homonymous hemianopia is often disabling,
causing difficulties with reading and visual scan-
ning. Patients usually fail to notice relevant
objects or avoid obstacles on the affected side,

causing collisions with approaching people or
cars. The visual defect is often described as a
void, blackness, or a limitation of vision to one
side, and patients recognize after some training
that they must focus extra attention on the hemi-
anopic field.

Hemianopia is in most cases complete, but

upper or lower quadrantanopsia can also be
found. A superior quadrant field defect (“pie in
the sky”) is seen if the infarct is limited to the
lower-bank of the calcarine fissure (the lingual
gyrus), or if it affects the inferior (temporal) radi-
ations of the optic tract. An inferior quadran-
tanopia results if the lesion affects the cuneus on
the upper-bank of the calcarine fissure, or the
upper (parietal) optic radiations [6].
Cortical bilateral visual field defects including
complete “cortical” blindness are found as a
result of bilateral PCA territory strokes, usually
after “top of the basilar” embolism [54, 55].
Interestingly, such patients may exhibit visual
anosognosia for their blindness, despite the spar-
ing of parietal and thalamic structures. This so-
called “Anton’s syndrome” is characterized by
the patients’ affirmation of seeing normally
despite objective evidence of blindness [56]. If
patients do not admit that they cannot see, they
may use confabulation or increased verbosity to
try to compensate for the lack of visual input.

Neuropsychological Features

in Dominant PCA Strokes

Language-related disorders such as dysphasia,
dyslexia (without dysgraphia), dyscalculia and
colour anomia may occur when the dominant
PCA territory is infarcted (usually the left side)
[16, 57].

Aphasia can be due to an infarction large
enough to cover the left parietal lobe or temporal
lobe [58]. “Transcortical sensory aphasia,” simi-
lar to Wernicke’s sensory aphasia but with pre-
served repetition, is caused by infarctions into the
parietal—occipital region on the left side. The
patient may alternatively show ‘“amnestic (or
anomic) aphasia” (inability to name but repeti-
tion and comprehension intact) due to infarction
to the left temporal lobe of the PCA territory.

Alexia refers to difficulty in reading, with
patients being unable to read single letters or



76

S. Nannoni and P. Michel

numbers, while writing, speaking and other lan-
guage functions are preserved. In less-severe
deficit, patients may need more time to read,
depending on sequential identification of let-
ters. Alexia without agraphia (pure alexia) is
caused by a lesion of the dominant occipital
lobe and splenium of the corpus callosum and
is often accompanied by right homonymous
hemianopia. The pathophysiological basis is a
disconnection between the visual information
and the language-processing area [59]. In
patients with extensive infarction that damages
the left angular gyrus, alexia with agraphia will
develop, but oral-language functions are still
preserved [60].

Elements of “Gerstmann’s syndrome” (i.e.
dyscalculia, dysgraphia, finger agnosia and right—
left disorientation) may be found in patients with
inferior parietal lobe lesions (especially involving
the angular gyrus and adjacent structures) [61].

Bilateral or unilateral dominant PCA infarc-
tion may produce significant memory impairment
by damaging the hippocampus, parahippocampus
and connecting fibres [19, 57, 62]. Patients dem-
onstrate the impaired acquisition of new memo-
ries (anterograde amnesia), while the retrieval of
memories encoded prior to the onset of the infarc-
tion (retrograde amnesia) is usually less affected.

Amnesia in patients with unilateral lesions is
generally transient on bedside examination, last-
ing a few days, but may not be detected at all.
Sometimes, patients appear frankly confused.
They cannot recall what has happened recently,
and when given new information, do not recall it
moments later. They often repeat statements and
questions spoken only minutes before.

Clinically isolated amnesia from stroke may be
difficult to distinguish from transient global amne-
sia (TGA). The latter often shows a small punctate
DWI lesion (“pixel”) in the hippocampus at
12-48 h after symptom onset. Still, TGA is not
considered an ischaemic stroke and its pathophysi-
ology remains uncertain [63]. As described by our
group, a typical TGA presentation is very rare due
to ischaemic stroke [64]. Red flags that may indi-
cate stroke include associated focal neurological
symptoms and signs, such as visual field deficits or

transient hemisyndromes. Also, a very long or
very short duration of amnesia and the presence of
major stroke sources increase the likelihood of an
ischaemic origin of amnesia, which are located in
or close to the Papez circuit [64].

Radiologically, DWI lesions from TGA are

located in the CAl region of the hippocampus
and are usually unique. In 10-15%, a second sim-
ilar lesion in the same or contralateral hippocam-
pus may occur [65]. On the contrary, patients
with ischaemic hippocampal lesions often have
other acute lesions in the same or other territo-
ries, with lesions of a larger size that are visible
more quickly (i.e. within 12 h) and that tend to
enhance with gadolinium if repeat MRI is per-
formed beyond 5-7 days [66].
After the acute phase, amnestic signs in PCA ter-
ritory strokes may persist up to 6 months on a
detailed neuropsychological exam. However, in
bilateral medial temporal lobe lesions, amnesia
may be permanent and severe.

Neuropsychological Features

in Non-dominant PCA Strokes

Disorders of visual cognitive functions with visual
agnosia including prosopagnosia, spatial disori-
entation, dyschromatopsia and palinopsia may be
found in patients with non-dominant hemisphere
(usually right-sided) infarcts [16, 19].

Visual agnosia is the inability to recognize
visually presented objects despite the preserva-
tion of elementary visual function. This is usually
found in patients where the PCA supplies adja-
cent parietal structures and PCA branch occlu-
sions cause a disconnection between language
and visual systems [67, 68]. Patients have diffi-
culty in understanding the nature and use of
objects presented visually, but they can name
objects when they touch them or when the objects
are described to them. Two forms of visual agno-
sia are described: ‘“apperceptive” agnosia
involves poor perception and ability to under-
stand, while “associative” agnosia involves poor
ability to match and use. Close to associative
agnosia, patients may present optic aphasia, i.e. a
naming deficit confined to the visual modality
[69]. Patients typically present with extensive left
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PCA territory infarction with right homonymous
hemianopia.

Prosopagnosia is a form of visual agnosia
characterized by difficulty in recognizing previ-
ously familiar faces. It is due to lesions in the
inferior occipital areas, the lingual and fusiform
gyri and the anterior temporal cortex. In the lit-
erature, this deficit is described as associated
with the right PCA territory [70].

Achromatopsia refers to difficulty perceiving
colours [71]. It is due to infarctions in the ventral
occipital cortex and/or infracalcarine. The patient
may present with hemiachromatopsia if the
infarction is unilateral.

Visual hallucinations are uncommon but may
develop from PCA strokes on any side of the
brain, often during the recovery phase [6]. They
can be either simple or complex and usually criti-
cized by the patient.

Falinopsia refers to images persisting even
after the image has been removed from the visual
fields. Infarctions can be in the lingual and fusi-
form gyri [72].

Spatial and geographic disorientation and an
inability to recall routes or to read or visualize the
location of places on maps are also common.
This is named fopographagnosia and may com-

prise heterogeneous manifestations, including
difficulty identifying familiar environmental
landmarks such as buildings and street corners.
This deficit is associated with the right posterior
parahippocampal gyrus and the anterior part of
the lingual and fusiform gyri [73].

Moreover, unusual aggressive behaviour can be
caused by PCA strokes as well, especially with
the involvement of the right occipital lobe. These
patients may become anxious, aggressive and
frustrated when they are stimulated by the envi-
ronment [74].

PCA Stroke Syndromes According
to Occlusion Site

Patients with PCA occlusion present with clinical
stroke syndromes that vary according to the site of
occlusion and to the corresponding location and
extent of infarction. As described above, cognitive
symptoms are often side-related [7, 16, 75, 76].

Depending on the location of the vascular
occlusion, we identify three groups of unilateral
PCA infarctions and a heterogeneous syndrome
associated with bilateral infarction, which are
listed below and summarized in Table 5.2.

Table 5.2 Infarct topography and clinical findings of the main PCA stroke syndromes

PCA
infarction Vascular site of occlusion | Infarct location Clinical stroke syndrome
Unilateral

Proximal (a) Proximal P1 Deep and superficial infarct, — Decrease in consciousness

segment (near its
origin from the basilar
artery)

involving: medial midbrain,
posterolateral thalamus, and
hemispheric occipito-parieto-
temporal PCA territory

— Lethargy, aboulia

— Oculomotor abnormalities (partial
or complete ipsilateral third nerve
palsy, bilateral ptosis and vertical gaze
palsy)

— Contralateral hypoaesthesia and
hemiplegia

— Visual agnosia, colour anomia,
visual hallucinations

(b) P2 segment (before
the branching of the
thalamogeniculate

arteries) territory

Deep and superficial infarct,
involving: lateral thalamus
and hemispheric PCA

— Severe contralateral sensory loss
— Hypotonia, clumsiness and
abnormal movements (but not
hemiplegia)

— Short-term memory impairment
— Variable language and visual
cognitive dysfunctions

(continued)
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Table 5.2 (continued)

PCA
infarction Vascular site of occlusion | Infarct location Clinical stroke syndrome
Distal (c) Single or multiple | Superficial infarct, involving — Homonymous hemianopia
PCA branch(es) the calcarine, parieto- — Language disorders including
occipital and posterior dysphasia, dyslexia, dyscalculia,
temporal artery territories colour dysnomia (dominant
hemisphere)

— Visual cognitive dysfunctions
including visual agnosia,
dyschromatopsia and spatial
disorientation (non-dominant
hemisphere)

Bilateral (d) Bilateral PCA Deep and superficial infarct: — Cortical blindness
occlusion from variable extended bilateral — Possible visual anosognosia and
embolus or hemispheric infarction with confabulation (Anton’s syndrome)
fragmentation of a thalamic involvement — Amnesia and cognitive dysfunctions

thrombus in the basilar
artery

— Emotional and behavioural
disturbances (agitated delirium)

— Visual field defects with visual
cognitive abnormalities (for bilateral
inferior-bank infarct)

— Optic ataxia, oculomotor apraxia,
simultagnosia (Balint’s syndrome)
(for bilateral superior-bank infarct)

Fig. 5.2 Diffusion-weighted MRI showing a large right
PCA infarction involving the temporal lobe (a), the occip-
ital lobe and the median and lateral thalamus (b).

(a) Occlusion of the very proximal PCA (PI-
segment occlusion): Occlusion near its origin
from the BA causes a total PCA territory
infarction, which includes the cerebral
peduncle of the midbrain, lateral thalamus
and the hemispheric territory (Fig. 5.2).

The midbrain infarction can also be
bilateral, even when only one PCA is
occluded, if penetrating arteries to the bilat-
eral paramedian rostral brainstem structures

CT-angiography shows a right-side P1 occlusion (¢, red
arrow). (From Department of Radiology, Lausanne
University Hospital. Right P1 occlusion on CTA)

arise from one PCA. In this case, patients
often exhibit prolonged stupor or coma, or,
later, hypersomnolence and vertical gaze
palsies [17].

Occlusions of the proximal PCA origins
are usually embolic (from the heart, aorta or
proximal vertebrobasilar arteries) [4].

Sensory and motor abnormalities are
described in approximately 70% of patients,
with sensory deficits being more common. In
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(b)

patients with PCA territory ischaemia, lateral
thalamic infarction is likely the major reason
for sensory symptoms and signs. A severe
hemiparesis or hemiplegia is mainly due to
infarction in the lateral midbrain as a result of
involvement of the corticospinal and/or corti-
cobulbar tracts in the cerebral peduncles.

Partial or complete ipsilateral third-nerve
palsy, bilateral ptosis, loss of vertical gaze,
lethargy and aboulia are also variable fea-
tures associated with proximal PCA occlu-
sion. Other signs of posterior hemispheric
cortical involvement, such as visual agnosia,
colour anomia, visual hallucinations or illu-
sions can also be present.

Such proximal P1 occlusion can also pro-

duce the historical syndromes of Weber [77]
or Parinoud [78].
Occlusion of the P2 segment of the proximal
PCA, beyond the origin of the posterior
communicating artery but before the branch-
ing of the thalamogeniculate arteries, will
lead to a combined deep and superficial
infarction mainly involving the inferolateral
thalamus and the hemispheric PCA territory
[16, 17]. The pulvinar (posterior choroidal
artery) may also be affected.

The combination of infarctions of the
lateral thalamus and cortical PCA branches
(with or without involvement of the pulvinar)
will lead to a variable combination of
contralateral sensory hemisyndromes (some-
times with ataxia and minor corticospinal
signs). Abnormal spontaneous contralateral
limb movements may occur, and pain may
develop weeks or months after the stroke, as
described above. Dejerine—Roussy syndrome
may occur after the acute phase.
Consciousness disturbances are more fre-
quent than in patients with pure cortical PCA
infarctions [7]. Ischaemia in superficial PCA
branches will lead to variable combinations
of homonymous visual field defects and cog-
nitive signs, as described above. Visual inat-
tention and prosopagnosia are seen in
patients with right temporal and parieto-
occipital branch involvement, while patients
with left-side lesions show mostly transcorti-
cal sensorial aphasia [7].

(©

(d)

Clinically, it is sometimes impossible to

distinguish whether signs stem from the tha-
lamic or superficial lesions; similarly, strokes
from P2 occlusion may imitate occlusions of
parietal and temporal (posterior) branches of
the MCA.
Occlusions of cortical PCA branches (from
the P3 segment of the PCA) mainly affect the
calcarine arteries, leading to homonymous
visual field defects [5, 17]. Parieto-occipital
branch occlusions will lead to visual associa-
tive agnosia and visual neglect with right-sided
lesions. Anterior temporal branch occlusions
will affect mainly memory function specific to
the side of the lesion, with language distur-
bance if localized in the dominant hemisphere,
as described above. Occlusions of the posterior
temporal branch lead to spatial/geographic dis-
orientation and prosopagnosia, mainly if
located on the right. Simple and complex
visual hallucinations may occur with an occlu-
sion of any of these branches, typically begin-
ning hours to days after the stroke, and usually
disappear spontaneously [4, 7].

Occlusion of multiple cortical PCA

branches leads to variable combinations of
signs described in this chapter.
Bilateral PCA territory infarction occurs in
about 6-13% of all PCA strokes [6, 7, 76].
We already described bilateral thalamic
stroke from a single occlusion of the parame-
dian thalamic artery (artery of Percheron)
[15]. Moreover, in “top of the basilar” syn-
drome, thalamic and/or superficial PCA ter-
ritory lesions are frequently bilateral and
occur simultaneously [54] (Fig. 5.3).

In such extensive lesions, patients usually
have decreased levels of consciousness. In
cases of bilateral occipital involvement, they
present “cortical” blindness, with or without
Anton’s syndrome, i.e. anosognosia of blind-
ness. Confabulations are commonly used to
compensate blindness. Less-severe visual
field defects, like bilateral hemianopia or
bilateral scotoma, may be observed in cases
of compensatory blood supply, including
from the middle cerebral artery.

Cognitive dysfunction from bilateral tha-
lamic involvement may dominate the clinical
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Fig. 5.3 Diffusion-weighted MRI showing a bilateral
PCA infarction involving the occipital lobe (a) and the
central thalamus (b). MR-angiography shows a focal ste-

picture in the long term (“thalamic demen-
tia”) [52]. Amnesia may also be a permanent
sequela of bilateral infarction of the medial
temporal lobes.

The most frequent structures involved in
bilateral PCA strokes are those located below
the calcarine fissure, including both occipital
and temporal lobes [17]. These produce
upper quadrantopsia, achromatopsia, apper-
ceptive visual agnosia and prosopagnosia.
Patients may present hyperactive and restless
behaviour, with motor agitation and aggres-
sive reactions, especially when stimulated.
This agitated delirium seems to be attributed
to the limbic system involvement in patients
with bilateral inferior temporal lobe infarc-
tion [19, 74].

The infarction of the bilateral occipito-
parietal border may result in features of
Balint’s syndrome. This presents with optic
ataxia (inability to reach targets under visual
guidance), oculomotor apraxia (inability to
intentionally move eyes towards an object)
and simultagnosia (inability to synthesize
objects within a visual field) [79].

Moreover, patients with bilateral upper-
bank lesions may have difficulties in recog-
nizing where objects, people or places are
topographically [80].

nosis in the mid-basilar artery (¢, red arrow). (From
Department of Radiology, Lausanne University Hospital)

Prognosis of PCA Stroke

After thalamic infarction, prognosis is generally
regarded as more favourable compared with
lesions of the cerebral cortex or other subcortical
structures [26, 81]. This generally reflects the low
incidence of mortality and the good recovery
from motor deficit. However, patients with tuber-
othalamic or paramedian artery stroke could be
affected by the persistence of cognitive and psy-
chiatric manifestations, even if systematic longi-
tudinal analyses have not been performed [18].
Similarly, the functional outcome of patients
with superficial PCA territory infarction is usually
good [16]. Compared with MCA infarctions, they
showed higher frequency of symptom-free at dis-
charge and lower in-hospital mortality rate [3, 4].
Early mortality in PCA infarction is low, ranging
from 0% to 7% in different series [1, 3, 4, 6, 75].
Recurrent vertebrobasilar ischaemia, myocardial
infarction, sudden unexplained death and pneumo-
nia are the main reported causes of death [3, 7].
Unlike MCA territory infarction, malignant
infarctions of the PCA with cerebral edema, mass
effect and transtentorial herniation are rarely
reported, given the more limited vascular terri-
tory that is involved. Gogela et al. described three
cases of unilateral occipital infarction, which
resulted in massive edema and herniation [82],
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while Pfefferkorn et al. reported one case of
extensive bilateral PCA infarction, which pro-
duced fatal herniation [83].

Long-term prognosis after PCA strokes
seemed heavily associated with the localization
of the infarct: patients with extensive involve-
ment of deep structures, especially the midbrain,
showed worse prognosis than those with infarc-
tion limited to the superficial territory [84].
Similarly, PCA-plus patients (i.e. patients with
coincident infarct outside the PCA territory) had
increased disability at 6 months and long-term
mortality compared to pure PCA strokes [85]. In
a retrospective cohort study of PCA strokes from
our institution, we observed a trend for a lower
cognitive, visual and functional disability at
3 months in patients treated with intravenous
thrombolysis and/or mechanical thrombectomy
compared to conservative treatment [86].

Stroke recurrence is an important cause of
morbidity and mortality after posterior ischaemic
stroke. Patients with PCA infarcts of athero-
thrombotic aetiology showed a higher risk of
recurrence compared to other etiologies [16].
Moreover, patients with PCA stroke and proxi-
mal large artery disease (i.e. BA and intracranial
vertebral artery disease) demonstrated a higher
risk of a second ischaemic event than patients
with intrinsic PCA atherosclerosis [7].

Similarly to anterior circulation stroke, func-
tional outcome after PCA stroke mainly depends
on recovery from motor dysfunction (due to the
involvement of the midbrain or internal capsule).
Also, the size of infarction of the dominant hemi-
sphere is crucial for the persistence and severity
of neuropsychological deficits [16]. Moreover,
patients with PCA stroke might be specifically
affected by long-term sequelae concerning visual
field defects, sensory deficits and involuntary
movements.

Visual field defects after PCA stroke can result
in significant disability and reduction in quality
of life [87]. The impact of visual impairment on
daily activities can be wide ranging, including a
general reduction in mobility, reduced ability to
judge distance, higher risk of falls, reading
impairment and inability to drive [88].
Spontaneous visual field improvement can occur

post-stroke in varying degrees, mostly depending
on the severity of the initial severity of symptoms
and lesion extension. This has been reported in
up to 50% of patients, usually within the first
3—6 months, mostly due to the resolution of cere-
bral edema and the recovery of neurotransmis-
sion [89]. After this period, spontaneous recovery
is possible, but usually at a much slower rate and
likely related to improvement in the patient’s
functional ability despite persistent defects [89].
Sequelae related to sensory dysfunction are
relatively common after thalamic infarction.
Central post-stroke pain syndrome (CPSP) is a
debilitating sequelae that can follow latero-
thalamic sensory stroke. It has been originally
described as part of the “thalamic syndrome of
Dejerine and Roussy” [37], even if it is now rec-
ognized that strokes occurring anywhere along
the spinothalamic or trigemino-thalamic path-
ways (including lateral medullary stroke and
parietal cortical stroke) can produce similar
symptoms [90]. Frequency of CPSP appears to
depend upon lesion location: in inferior lateral
thalamic infarctions, 17% to 18% of cases were
described to develop CPSP, while this percentage
was higher in the lateral medullary infarction,
and much lower in parietal cortex infarction [90].
At the nuclear level, CPSP following thalamic
stroke seemed to be critically related to the dam-
age of the ventral posterolateral nucleus [91],
although the exact pathogenesis of this delayed
sensory syndrome remains unclear. Symptoms
usually develop weeks or months after the onset
of stroke and affect the areas where the sensory
deficits were the most severe in the acute phase.
Patients may describe sharp, stabbing or burning
pain and experience hyperpathia and especially
allodynia [92, 93]. Pharmacological therapy,
magnetic stimulation and invasive electrical
stimulation are therapeutical options [94].
Patients with thalamic stroke may also develop
post-stroke involuntary movements, such as
asterixis, dystonia, chorea/athetosis, tremors, and
myoclonus [95]. These represent a rare complica-
tion of posterior or inferolateral thalamic strokes,
usually appearing several months after the event
and following full recovery of initially severe
motor deficits. Affected patients often show a



82

S. Nannoni and P. Michel

complex combination of hyperkinetic move-
ments, also described as “jerky dystonic unsteady

hand”

syndrome [45]. Dystonia and choreo-

athetosic patterns have been associated with

severe positional

sensory deficits, whereas

tremor/myoclonus patterns were related to severe
cerebellar ataxia. Therefore, it has been proposed
that these involuntary movements result from
failure of the proprioceptive sensory and cerebel-
lar inputs in addition to successful, but unbal-
anced, recovery of the motor dysfunction [96].
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Cerebellar Infarction

Cristina Hobeanu, Elena Viedma-Guiard,

and Pierre Amarenco

Introduction/Epidemiology

The cerebellum is a structure that is located at the
back of the brain, underlying the occipital and
temporal lobes of the cerebral cortex. It accounts
for approximately 10% of the brain’s volume, but
it contains more neurons than the rest of the
brain. The cerebellum is involved in the mainte-
nance of balance and posture, coordination of
voluntary movements, motor learning, and cogni-
tive functions.

Infarcts in the cerebellum are an uncommon
localization, with a frequency of 2% [1] but a
higher mortality than that of other vascular terri-
tories, which makes it important to diagnose in
early stages.

As cerebellar infarction frequently manifests
by nonspecific symptoms such as nausea, vomit-
ing, dizziness, unsteadiness, and headache, its
true frequency may be higher, as suggested by
autopsy series [2] and MRI series [3].

Compared to hemorrhagic stroke, infarcts are
three to four times more frequent in autopsy
series [4] and in CT series [5]. There is a male
preponderance of two to three times [4, 6]. The
mean age is 65 + 13 years, with one-half of the
cases occurring between the ages of 60 and 80
years [7].
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Classification

Classically, cerebral infarcts are classified based
on arterial territories (Table 6.1) as a function of
the three long circumferential arteries arising
from the vertebrobasilar system in a rostrocaudal
disposition: the posterior inferior cerebellar
artery (PICA), anterior inferior cerebellar artery
(AICA), and superior cerebellar artery (SCA)
(Fig. 6.1). The PICA and SCA are arterial pairs
with medial branches that supply mostly the ver-
mian and paravermian portions of the cerebel-
lum, and lateral branches for the cerebellar
hemispheres (Fig. 6.2).

Posterior Inferior Cerebellar Artery
Infarcts

Infarcts in the PICA territory were extensively
studied and once considered to be the most fre-
quent of cerebellar infarcts, but further autopsy
studies showed that SCA infarcts may be as or
more frequent [2, 6, 8]. The overestimation was
partly due to the erroneous consideration that all
lateral medullary infarcts (i.e., Wallenberg’s syn-
drome) were due to PICA occlusion. But as
Miller Fisher showed, the lateral region of the
medulla is mainly supplied by three or four small
direct branches arising from the termination of
the vertebral artery between the PICA ostium and
origin of the basilar artery, and less frequently by
small branches arising from the PICA, and in
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Table 6.1 Cerebellar stroke syndromes (Amarenco 1991, with permission)

Location of
cerebellar infarct Associated infarcts Clinical syndrome
Rostral (SCA) Mesencephallum, subthalamic area, Rostral basilar artery syndrome or coma from
thalamus, occipitotemporal lobes onset+/—tetraplegia
Laterotegmental area of the upper Dysmetria and Horner’s syndrome (ipsilateral),
pons temperature and pain sensory loss, and IVth nerve
palsy (contralateral)
Dysarthria, headache, dizziness, vomiting, ataxia,
and delayed coma (pseudotumoral form)
Dorsomedia Dysarthria ataxia
(mSCA)
Ventrolateral Dysmetria, axial lateropulsion (ipsilateral), ataxia,
(ISCA) and dysarthria
Medial (AICA) Lateral area of the lower pons VIL, V, VIII, Horner’s syndrome, dysmetria
(ipsilateral), temperature and pain sensory loss
(contralateral)
Pure vestibular syndrome
Caudal (PICA) Vertigo, headache, vomiting, ataxia, and delayed
coma (pseudotumoural form)
Dorsomedial Dorsolateromedullary area Wallenberg’s syndrome
(mPICA) Isolated vertigo or vertigo with dysmetria and axial
lateropulsion (ipsilateral) and ataxia
Ventrolateral Vertigo, ipsilateral limb dysmetria
(IPICA) AICA syndrome+/—delayed coma (pseudotumoral
form)
Caudal and medial | Lateral area of the lower pons and/or Vertigo, vomiting, headache, ataxia, dysarthria, and
lateromedullary area delayed coma (pseudotumoral form)
Rostrocaudal Brainstem, thalamus, occipitotemporal | Coma from onset+/—tetraplegia
lobes

only up to 22% of individuals, this region is sup-
plied by PICA [9].

The posterior inferior cerebellar artery is usu-
ally the largest branch of the vertebral artery, and
it arises extracranially from its intradural seg-
ment, approximately 1.5 cm from the origin of
the basilar artery. PICA may also be the termina-
tion of the vertebral artery, which, in this case, is
smaller than the contralateral vertebral artery.
After its origin, it reaches the caudal part of the
cerebellar hemisphere and vermis.

It courses transversely and downward along
the medulla, and then it makes a first caudal loop,
ascending in the sulcus separating the dorsal
medulla from the tonsil of the cerebellum. It then
makes a second loop above the cranial part of the
tonsil and descends, following the inferior ver-
mis, where it divides into a medial branch
(mPICA) and a lateral branch at a variable level
between the two first loops [10, 11], On an axial
mid-medullary and cerebellar section, the mPICA

supplies a triangular area with a dorsal base and a
ventral apex toward the fourth ventricle, first
described in 1990 [12]. The medial branch of the
PICA supplies the inferior vermis (nodulus,
uvula, pyramis, tuber, and sometimes clivus) and
the internal parts of the lobulus semilunaris infe-
rior, lobulus gracilis, and tonsil; mPICA exists
even when the PICA is hypoplasic. In this case,
the lateral branch of the PICA arises from the
anterior and inferior cerebellar artery [13] as
there is a reciprocal relation between these two
arteries. At times, the sole medial branch partici-
pates in the blood supply of the medulla [14] in
its dorsal region, and sometimes in the lateral
retro-olivary area [15]. This latter region is usu-
ally supplied by small short circumferential arter-
ies arising from the vertebral artery [9, 16].
Infarcts of the medial branch may be clinically
silent [6, 7, 17]. Its anatomo-clinical manifesta-
tions have been first described in 1990 [17] and
present with three main patterns: (1) Wallenberg’s
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Fig. 6.1 Schematic
representation of the
basilar and vertebral
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syndrome when the medulla is also involved, (2) 1. When PICA includes the dorsal lateral part of

vertigo together with ipsilateral axial lateropul- the medulla, patients present with Wallenberg’s
sion of trunk and gaze, and dysmetria or unsteadi- syndrome that can be complete or not, includ-
ness (hence, cerebellar signs can be minimal, and ing vertigo, nystagmus, Vth, IXth, and Xth
MRI may be required for diagnosis), and (3) iso- cranial nerve palsies, ipsilateral Horner’s syn-
lated vertigo often misdiagnosed as labyrinthitis drome, appendicular ataxia, and contralateral

16,7, 17].

temperature and pain sensory loss (Fig. 6.3).
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Fig. 6.2 Anatomical drawings of the territory of branches of the cerebellar arteries (modified from Amarenco et al.,

1993b, with permission)

Fig.6.3 A 70-year-old patient with dorsolateral medullar
stroke

2. When PICA territory infarcts spare the

medulla (Fig. 6.4), they mainly present with
vertigo, headache, gait ataxia, appendicular
ataxia, and horizontal nystagmus. Headache is
cervical, occipital, or both plus occasional
periauricular or hemifacial-ocular radiation.
Unilateral headaches are ipsilateral to the cer-
ebellar infarction [18]. Nystagmus is the most
frequent sign (75%) either horizontal (ipsilat-
eral in 47% of patients, contralateral in 5%,
bilateral in 11%) or vertical (11% of patients)
[19]. In addition to vertigo, one of the most
striking findings in PICA infarcts is ipsilateral
axial lateropulsion [17] as if there was a lat-
eral projection of the central representation of
the center of gravity. This sign is totally differ-
ent from the lateral deviation of the limbs (i.e.,
past-pointing) and gait veering. Attempts at
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Fig. 6.4 Right medial PICA stroke in a 45-year-old
patient

standing or walking led to falling toward the
side of the cerebellar infarction [18]. In one-
quarter of patients, there may be signs of
brainstem compression such as drowsiness
and lateral gaze palsy, followed by progres-
sive coma [18].

3. An isolated acute vertigo form, mimicking
labyrinthitis [17], may be seen in patients
with medial and caudal cerebellar infarct with
involvement of the uvulonodular complex of
the vermis, which is part of the vestibular por-
tion of the cerebellum. The MRI has shown
the high frequency of such infarcts [8], which
should be done when there are vascular
risk factors or in the circumstances support-
ing a vascular mechanism. Normal caloric
responses and direction-changing nystagmus
on gaze to each side, or after changing of
head posture, or lying down, are two other
signs that can suggest a “pure” vestibular
syndrome in a patient with a PICA territory
infarct [6, 20].

PICA infarcts may be in association with
AICA or SCA infarcts with a more severe clinical
presentation.

89

Fig. 6.5 Infarct in the lateral branch of the right PICA

These multiple cerebellar infarcts, constitut-
ing about 20% of all cerebellar infarcts in autopsy
series, often present with a pseudotumoral pat-
tern or deep coma with quadraplegia [7].

The lateral branch of the posterior inferior cer-
ebellar artery (IPICA) supplies the anterolateral
region of the caudal part of the cerebellar hemi-
sphere. Infarcts of the lateral branch of PICA
(Fig. 6.5) are less frequent, initially described as
chance autopsy findings with no available clinical
information [6]. With time, clinical manifesta-
tions were described, mainly rotatory vertigo and
isolated ipsilateral dysmetria or nystagmus [8].

The main cause of infarcts in the PICA terri-
tory is arterial occlusion, mainly involving the
intracranial portion of the vertebral artery facing
the PICA ostium and the origin of the PICA. The
mechanisms of occlusion are equally divided
into cardioembolic and atherosclerotic causes
[6, 18], with maybe the predominance of athero-
sclerosis for infarcts of IPICA [8]. Other mecha-
nisms are vertebral artery dissection [18],
ulcerated plaques in the aortic arch [7], PFO
(Fig. 6.6), and occlusion of the mPICA by
tonsillar herniation due to raised posterior fossa
pressure [21].

The evolution of infarcts in PICA territory is
usually favorable with good outcome [18].
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Fig. 6.6 Bilateral PICA infarcts in a 33-year-old patient
with PFO

Anterior Inferior Cerebellar Artery
Infarcts

The infarction in the territory of the anterior infe-
rior cerebellar artery (AICA) is rare, but it is
probably underestimated.

The anterior cerebellar artery is an almost
constant artery. It usually arises from the basilar
artery, from its lower third in 75% of cases. It can
also arise from the vertebral artery or by a com-
mon trunk with the posterior inferior cerebellar
artery (PICA) from the basilar artery. Infrequently,
there are small arteries directly from the basilar
artery that replace the AICA [13].

It supplies a small area of the anterior and
medial cerebellum, the middle cerebellar pedun-
cle, and the flocullus. Proximal branches of the
AICA usually supply the lateral portion of the
pons, including the facial, trigeminal, and ves-
tibular nuclei, the root of the VIIth and VIIIth cra-
nial nerves, and the spinothalamic tract.

The clinical presentation typically involves
several cranial ipsilateral nerves: trigeminal sen-
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sory impairment, facial palsy, deafness, vestibu-
lar syndrome, or lateral gaze palsy. Frequently,
we can find cerebellar signs, and, at times, there
is contralateral pain and temperature sensory
loss. This last characteristic and the other signs
associated (like sometimes Horner’s syndrome
and the cranial nerve involvement with ataxia)
may be confused with Wallenberg’s syndrome
due to lateral medullar infarction. Considering
some signs that are unusual in Wallenberg’s syn-
drome, such as deafness with or without tinnitus
or lateral gaze palsy, may help in clinical differ-
ential diagnosis [13, 19].

Dysphagia can be due to an extension of the
infarction to the superior part of the lateral
medulla, and contralateral limb weakness can be
observed when the corticospinal tract in the pons
or mesencephalon is involved [22].

There may be an isolated vestibular manifes-
tation but is rare. AICA infarcts can also cause
isolated cerebellar signs.

The classic syndrome of AICA occlusion
was described by Adams from a single neuro-
pathologic case [23]. It involved vertigo, tinni-
tus, ipsilateral hearing loss, dysarthria,
peripheral facial palsy, Horner’s syndrome,
multimodal facial hypoesthesia, and ipsilateral
limb ataxia accompanied by contralateral ther-
manalgesia of the limbs and trunk [23]. The
AICA syndromes were fully described in
1990 in the only large clinico-neuropathological
series available [13].

The main cause is atherosclerotic occlusion.
Pure AICA infarcts are usually due to basilar
branch occlusion. Plaques in the basilar artery
extent into AICA, or small atheroma occludes the
AICA origin. We can also find arterial occlusion
that involves the lower basilar artery and less fre-
quently the end of the vertebral artery above the
PICA ostium at postmortem examination [24].
Patients with “AICA plus” infarcts mainly have
proximal basilar artery occlusion.

Nevertheless, atrial fibrillation should not be
ruled out. Other less frequent etiologies such as
vasculitis or dolichoectasia are also described
(Fig. 6.7).

These patients usually present with vascular
risk factors like high blood pressure or diabetes.
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Fig. 6.7 An 85-year-old patient with AICA infarct (A, B) due to a dolichoectatic basilar artery (C). High-resolution
MRI (D) showing a thrombus inside the basilar artery

Superior Cerebellar Artery Infarcts

Infarctions in the territory of the superior cerebel-
lar artery (SCA) are among the most common of
the cerebellar stroke syndromes.

The SCA supplies the rostral half of the cer-
ebellar hemisphere and vermis as well as the
dentate nucleus. This artery also vascularizes a
small portion of the brainstem, the lateroteg-
mental portion of the rostral pons, and lower
midbrain.

Full clinicopathological description of SCA
infarcts has been done in the largest clinical-
neuropathological series available [25]. Infarcts
in the full territory of the SCA are usually accom-
panied by other infarcts in the rostral territory of
the basilar artery, involving uni- or bilateral
occipitotemporal lobes, thalamic and subtha-
lamic areas, and the mesencephalon [25].

The typical clinical features of the infarcts in
the SCA territory are dysarthria and ipsilateral
limb ataxia. Dysarthria can be useful for differen-
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tiating from the PICA stroke [2]. Nystagmus is
caused by involvement of the medial longitudinal
fasciculus and the cerebellar pathways.

When the dorsal mesencephalic territory is
involved, the clinical presentation may include
Horner’s syndrome, fourth nerve palsy, and con-
tralateral temperature and pain sensory loss.
Ipsilateral abnormal limb movements (chorei-
form or athetotic) can be associated. These fea-
tures characterize the classic SCA syndrome as
described by Guillain, Bertrand, and Péron, but it
is rare to find [26].

Isolated occlusion of the lateral branch of the
SCA was also described in 1991 [27, 28]. The lat-
eral SCA syndrome includes ipsilateral limb dys-
metria, ipsilateral axial lateropulsion, dysarthria,
and gait unsteadiness. Similarly, an involvement of
the medial branch of SCA can cause a dorsomedial
SCA infarction with a clinical manifestation that
includes unsteadiness of gait and dysarthria [27].

In the case of infarcts in the occipitotemporal
lobes or in the thalamic or subthalamic areas, we
can find other clinical signs such as hemianopsia,
memory loss or confusion, Balint’s syndrome,
multimodal sensory loss, transcortical aphasia,
and motor weakness.

There is sometimes a deep coma from onset,
with or without quadriplegia when there is sud-
den occlusion of the basilar artery.

C.Hobeanu et al.

SCA infarcts may have a pseudotumoral
presentation, especially if the territory of the
PICA is also involved, with rapidly progressive
cerebellar edema that leads to obstructive
hydrocephalus and acute intracranial hyperten-
sion [1, 21].

In the SCA territory, more than one-half of
infarcts are due to cardioembolism (with atrial
fibrillation as the main cause) (Fig. 6.8).

Sometimes, the responsible stroke mechanism
is artery-to-artery embolism either atheroscle-
rotic, from vertebral artery occlusion, or ulcer-
ated plaques in the aortic arch. There are also
cases described with embolisms from vertebral
artery dissection.

Multiple Infarcts

Initially described in autopsy series [2], the
occurrence of multiple infarcts in the posterior
circulation territory was further documented with
the development of imaging techniques, such as
CT and MRI. Multiple infarcts can appear in the
cerebellum in different arterial territories, PICA
and SCA or PICA, AICA, and SCA, or may be
associated with ischemic lesions in the brain
stem or other regions of the posterior circulation.
Basilar occlusion or occlusion of the dominant

Fig. 6.8 Lateral SCA infarct in a 53-year-old woman with atrial fibrillation
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vertebral artery may manifest in the same way
with infarcts in multiple cerebellar territories and
brainstem that can a have a severe course.

In the New England Medical Center Posterior
Circulation Registry [29], the multiple territory
infarcts were divided into two groups: proximal
and distal intracranial territories (PICA and
SCA), and those that included the middle intra-
cranial territory (PICA and AICA, AICA and
SCA, and PICA, AICA, and SCA). Embolism
was the predominant stroke mechanism in
patients with proximal and distal territory cere-
bellar infarction: emboli from the extracranial
vertebral artery or cardiac sources like cardiomy-
opathy, atrial fibrillation, valvular disease, and
PFO. In patients with emboli that arose from the
extracranial vertebral artery (ECVA), the emboli
presumably first stopped at the intracranial part
of the vertebral artery (ICVA) and then it traveled
distally, or a part to the SCA-distal basilar artery
region.

In contrast to the proximal+distal territory,
when the middle territory was involved, the most
common cause was large artery intracranial
occlusive disease. Embolism was a less common
cause occurring in about one-third of patients.
Basilar artery lesions are more often due to in situ
occlusive disease of the basilar artery itself or to
propagation of thrombus from the ICVA. ICVA
and basilar artery occlusive disease often
coexist.

Small Cerebellar Infarcts

With the MRI gaining its place in diagnosing cer-
ebellar infarcts, very small cerebellar infarcts
(<2 cm) are now a frequent finding and were first
described in 1993 [30]. These small infarcts, also
known as border-zone cerebellar infarcts, have
yet unclear mechanism. They are located in
boundary zones (or end zones), also called non-
territorial infarcts [8], between the SCA and
PICA or between left and right SCAs on the cor-
tex [8, 30], and between SCA and PICA in the
deep cerebellar white matter.

The location can be divided into three groups:
cortical border-zone infarcts, very small deep

infarcts in the deep watershed territory, usually
limited to a small hole outside the dentate
nucleus, cortical and superficial small infarcts
along the boundary zone between cortical super-
ficial branches of the SCA and PICA.

1. Cortical border-zone infarcts in a parallel
direction with the penetrator branches, which
are perpendicular to the cortex, are most fre-
quent and located at the boundary zones
between SCA and PICA territories, corre-
sponding to the AICA-PICA, mPICA-IPICA,
mPICA-SCA, and mSCA-ISCA border zones.
Other border-zone infarcts involved the
medial rostral cerebellum between the right
and left SC [30].

2. Very small deep infarcts in the deep watershed
territory [30] in a small hole outside the den-
tate nucleus: The infarcts involve usually the
caudal cerebellum and are located at the deep
boundary zones of the AICA, IPICA, mPICA,
ISCA, and mSCA territories. These arteries
supply the dentate nucleus area, and they
anastomose with superficial branches pene-
trating the cortex perpendicularly.

3. Cortical dorsal border-zone infarcts between
PICA and SCA: They are strictly cortical and
superficially located along the boundary zone
between cortical superficial branches of the
SCA and PICA.

Small cerebellar infarcts were classified
according to border zones in between perfusion
territories, but a functional topographic classifi-
cation according to an anatomical location in the
cerebellum was also proposed [31]. Thus, they
were classified according to their midline or
hemispheric location in either the anterior, poste-
rior, or flocculonodular lobe. Thus, they can be
localized in the anterior or posterior vermis, in
the nodulus, in the anterior or posterior
hemisphere, or in the flocculus. A more precise
classification in terms of affected lobule(s) was
proposed for research purpose [31].

Border-zone infarcts do not differ clinically
from territorial infarcts [8, 30]. Some patients
may have transient loss of consciousness, pos-
tural trunk or head position-related symptoms for
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days, weeks, months, or years before or after the
infarct, light headedness, pitching sensations,
vertigo, and disequilibrium, resulting from a low
flow state in the posterior circulation.

The etiology also does not differ from territo-
rial infarct [8, 30]. Small nonterritorial cerebellar
infarcts have the same high rate of embolic mech-
anism (47%) with the same frequency of the car-
diac source of embolism (42%) and of large
artery occlusive disease (19%). They differ by the
presence of more frequent low flow states distal
to bilateral vertebral artery occlusion (14% in
nonterritorial infarcts vs. 0% in territorial
infarcts) and by the presence of more frequent
hypercoagulable states resulting in end-artery
disease (17% in nonterritorial infarcts vs. 1.25%
in territorial infarcts) [8, 32].

Three circumstances can be distinguished.

1. Focal hypoperfusion distal to large artery
occlusion is the most frequent mechanism
[30]. It often involves the proximal basilar
artery+/— AICA and sometimes a distal ver-
tebral artery occlusion ipsilateral to the
border-zone cerebellar infarct. The rostral
basilar artery can be supplied by retrograde
filling from the superior cerebellar arteries or
posterior communicating arteries. Other
cases are due to bilateral vertebral artery
occlusion, either distal, or proximal on one
side and distal on the other, and the lack of
anastomoses causes the infarct in a border-
zone area.

2. Small or end (pial) artery disease associated
with primary or secondary hypercoagulable
states, which are known to give border-zone
infarcts: thrombocythemia, polycythemia,
hypereosinophilia, and disseminated intravas-
cular coagulation [8]. Arteritis and cholesterol
emboli are occasionally encountered [8].
Other patients have severe intracranial distal
atheroma with MRI showing multiple small
cortical and deep infarcts of the cerebral hemi-
spheres and angiography demonstrating mul-
tiple intracranial arterial stenoses and no
extracranial atheroma.

3. Systemic hypotension due to cardiac arrest is
seldom the cause of border-zone cerebellar

infarcts as the cerebellum seems to be rela-
tively protected from deep systemic hypoten-
sion [30].

The more recent SMART-Medea study [3]
showed that small cerebellar infarcts predomi-
nantly involved the posterior lobes, sparing the
subcortical white matter and occurring in charac-
teristic topographic patterns. This could be
explained by the distribution of the white matter
in shape of a tree with branches of subcortical
white matter and stem of deep white matter.
These branches with the surrounding cortex form
the cerebellar folia. These folia receive arterial
supply from arterial branches in two fissures.
This dual cortical arterial supply accounts for the
subcortical white matter sparing of the observed
cortical infarcts [33] in larger infarcts caused by a
more proximal occlusion of a cerebellar artery.
However, arterial branches may be occluded in
both the fissure above and beneath the infarcted
folium, leaving no collateral arterial supply [3]
(Fig. 6.9).

Four patterns of small cerebellar infarct were
described: infarcts occurring in the apex of a
large (pattern 1) or a small fissure (pattern 2),
infarcts occurring more superficially alongside
one (pattern 3) or opposite sides (pattern 4) of a
fissure, and infarcts bridging multiple fissures.

Lacunar Infarction

Lipohyalinosis has never been reported in the
cerebellum in association with a stroke syn-
drome. Lacunes of vascular origin have been
scarcely described in postmortem studies and
rarely seen in radiologic studies [34]. The arterial
anatomic disposition with progressively tapered
arteries reaching the deep cerebellar white matter
does not favor lacunar stroke [34]. Small deep
infarcts with CT and MRI appearance of lacunae
have been described in the watershed area
between the SCA, PICA, and AICA and were
associated with large artery occlusive disease,
cardiac source of embolism, and end-artery dis-
ease, aortic arch atheroma, and intracranial
atheroma.
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Fig. 6.9 Cerebellar infarct patterns: the SMART-Medea study (with permission)

Etiology of Cerebellar Infarcts

The causes and risk factors of cerebellar infarcts
do not differ from other cerebral infarcts [2, 7, 8],
and we can find large vessel atherosclerosis, car-
dioembolism, and arterial dissection as well as
less frequent causes like hypercoagulable states
or vasculitis [8].

Cardioembolic causes seem to be more fre-
quent, and up to 54% of small nonterritorial
infarcts as well as large territorial infarcts [8,
25] may be of cardiac origin. Infarcts in the
SCA and PICA territory are more associated
with a cardiac source, and up to 80% of SCA
infarcts and 50% for PICA [8, 18, 25] come
from cardiac causes such as atrial fibrillation,
valvular disease, cardiomyopathy, PFO, or
angiographic complication. Certain studies
have shown that PFO was associated with
strokes more often in the vertebrobasilar terri-
tory [35].

An atheromatous mechanism is described
in 23-32% of infarcts, mainly in the AICA
territory [2].

The histologic features do not differ qualita-
tively from atherosclerosis elsewhere, but ulcer-
ation in plaques is less frequent than in the
anterior circulation [7, 36]. When ulceration is
present, it affects the subclavian artery or the ver-
tebral arteries in their proximal segments [7].
Ulcerated atherosclerotic plaques in the aortic
arch can also be a source of arterio-arterial embo-
lism and were first described as a cause of cere-
bellar infarcts [6, 7, 13, 21] before being described
in ischemic stroke overall [37].

Atherosclerotic stenosis is common at the ori-
gin of the vertebral arteries and also in the
intracranial portion of them (V4). Thrombus
formed in V4 frequently extends into the proxi-
mal basilar artery [7, 38, 39].

For the basilar artery, stenosis is more fre-
quently found in the proximal 2 cm of the vessel.
At its distal end, the origin of the posterior cere-
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Fig. 6.10 Fat-saturated T1 axial images in MRI: left vertebral artery dissection (intramural hemorrhage seen as
hyperintensity)

bral arteries is also a common site of atheroma-
tous lesions [7].

Thrombi within the basilar artery frequently
extend to the orifice of the next long circumferen-
tial cerebellar artery (the AICA or SCA) [7].

Atherosclerosis may also affect the branches
of the vertebral and basilar arteries. AICA occlu-
sions are atherothrombotic and in situ in most
cases [0, 7, 13, 21].

Small artery disease can also be the cause of
cerebellar infarcts. A process called lipohyalino-
sis is the responsible mechanism for this type of
infarcts, which are generally small, usually less
than one/two centimeters of diameter. This pro-
cess is characterized by fibrinoid vessel wall
necrosis and segmental arteriolar disorganization
that can obliterate the lumen and leads to isch-
emia distal to the lesion. This same mechanism
can produce hemorrhage due to the weakness of
the wall. The small artery disease is usually asso-
ciated with vascular risk factors such as high
blood pressure or diabetes.

In the case of artery dissection, the vessel
most commonly affected in the posterior circula-
tion is the extracranial vertebral artery. It is
important to evaluate all the arterial axes as we
can find bilateral artery dissection or concomitant
dissection of the internal carotid. The diagnosis is
based on echographic, tomographic, and MRI
findings. Fat-saturated T1 axial images in MRI
are more sensitive at imaging intramural
hemorrhage.

Vertebral artery dissection [8] should be espe-
cially considered in young patients with no
known predisposing vascular risk factors for ath-
erosclerosis or cerebral embolism, especially if
there is neck pain, recent trauma, or neck manip-
ulation, or in patients with Marfan’s syndrome,
Ehlers—Danlos syndrome (Fig. 6.10), systemic
lupus erythematosus, fibromuscular dysplasia, or
pseudoxanthoma elasticum.

Dissection of the basilar artery and its major
branches is very uncommon but real with possi-
ble fatal complications (Fig. 6.11).
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Fig.6.11 Right vertebral artery dissection extending to the basilar artery in a 38-year-old patient with vertebrobasilar
stroke due to Ehlers—Danlos syndrome

Less common causes include hypercoagulable
states (like antiphospholipid syndrome) or vascu-
litis (Wegener more frequently) [30].

In 20-30% of patients, the etiology remains
undetermined.

Treatment

The acute management of cerebellar infarction is
similar to the management of the rest of strokes.

The fibrinolysis with rTPA iv has proven its
efficacy within the 4 or 5 h of symptom onset in
selected patients (after evaluating radiological
and clinical information, absence of contraindi-
cations) [40].

In the case of basilar artery occlusion, mechan-
ical thrombectomy within 6 h of symptom onset
in carefully selected patients may be indicated,
but its benefits have not been proven yet (there
are clinical trials ongoing). Nevertheless, the
clinical data are in favor of this procedure [40],
also given the high mortality and complications
of this condition. There are experts who consid-
ered that the therapeutic window could be
extended up to 8—12 h after onset (always consid-
ering the clinical features and radiological

findings).
During the surveillance after a cerebellar
infarction, if clinical deterioration occurs

(decreasing level of consciousness, new oculo-
motor signs, etc.), it is indicated to repeat brain
imaging to distinguish brainstem ischemia from
secondary brainstem compression or hydroceph-
alus [40].

Suboccipital ~decompressive  craniectomy
should be considered in the case of pronounced
edema with brainstem compression. The decom-
pressive craniectomy may or may not be com-
bined with resection of the necrotic tissue.

External ventricular drainage should be con-
sidered if an obstructive hydrocephalus occurs
[40] (Fig. 6.12). Hydrocephalus usually occurs in
the first 48—72 h, although it can occur any time
within the first week.

The secondary stroke prevention with anti-
platelet/anticoagulant agents and control of the
risk factors is the same as the treatment for the
ischemic stroke in the anterior circulation and
depends on the cause and the identified vascular
risk factors.

The optimal time to start oral anticoagulation
in acute cardioembolic infarction is uncertain.
However, it is probably between 4 and 14 days
after stroke onset, depending on the balance
between the risk of recurrent stroke and the risk
of hemorrhagic transformation of the infarcted
brain.

Dual antiplatelet therapy might be indicated
for 3 months if there is significant aortic arch ath-
eroma (>4 mm) or intracranial stenosis. Dual
antiplatelet therapy can also be administrated
during the first weeks after the stroke, especially
if the cause is atherosclerosis (currently there are
ongoing trials). The individual risk of bleeding
and the potential benefits before starting should
be evaluated.

In the case of artery dissection, anticoagula-
tion has no proven better efficacy than antiplate-
let therapy [41], but it can be used within the first
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Fig.6.12 Ventricular drainage was performed in a patient with multiple, bilateral infarcts in the cerebellum and poste-
rior cerebral artery territories associated with ventricular hydrocephalus

6-12 weeks. Some authors recommend antico-
agulation if there is an arterial occlusion or severe
stenosis. After a few weeks, antiplatelet or anti-
coagulant therapy can be stopped if “restitution
ad integrum” 1is achieved or the occlusion per-
sists, and it is unclear whether it should be con-
tinued if in the follow-up imaging there are
aneurysms or remaining stenosis. Intravenous
thrombolysis is not contraindicated in this case,
only in the case of subarachnoid hemorrhage,
which also contraindicates the anticoagulation.

In the case of discovery of a patent foramen
ovale with no other stroke etiology found, if it
is associated with atrial septal aneurysm or
large interatrial shunt, in patients up to
60 years, the closure of the foramen ovale can
be proposed [42].

Prognosis

Patients with cerebellar stroke usually have a
good prognosis and good recovery, more frequent
than that of stroke in the anterior circulation.
Excellent recovery with a little or no assistance,
as evaluated by the Functional Independence
Measure, may be obtained in over 80% of survi-
vors [43]. In most series, more than two-thirds of
patients have Rankin scores consistent with inde-
pendence at 3 months.

Nevertheless, in the early phase, cerebellar
infarction has greater fatality rate than any other
location of brain infarction, and significant mor-
bidity, due to rapidly progressing cerebellar

edema with acute hydrocephalus, brainstem

compression, and death.

The rapid diagnosis and the surveillance in
stroke units with an early recognition (using a
combination of clinical and radiological find-
ings) of patients eligible for surgical decompres-
sion may improve the outcome. About half of the
patients who progress to coma and who are
treated with decompressive craniectomy have
good outcomes (modified Rankin scale
score < 2) [44].

We can distinguish different groups of patients
according to their clinical course [1]:

— Patients whose conscious state remains
unimpaired.

— Some patients suffer a sudden deterioration of
consciousness, within the first few hours, usu-
ally due to extension of the ischemic process
to the brainstem.

— Patients with delayed alteration of conscious-
ness, from a few hours to 10 days, due to com-
pressive edema. Decompressive surgery is
needed when deterioration of consciousness
appears. Total recovery is obtained in 63% of
published cases after ventricular drainage or
opening of the dura mater by suboccipital
craniectomy, but prognosis depends on
whether there is an associated brainstem
infarct or not [21].

As regards functional outcome, the modified
Rankin Score should be preferred to the NIHSS,
which is a score mainly oriented for anterior cir-
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culation strokes, since patients with a low NIHSS
may have disability. Worse outcome occurs for
lesions >20 cc, and there is also an association
with the development of hydrocephalus and
brainstem compression. The outcome is also
worse if there is more than one arterial territory
affected.

Regarding the arterial territory, functional dis-
ability occurred most frequently in those with
SCA infarcts compared with those with lesions in
other single artery regions [21, 45].

Several studies have reported that a reduced
level of consciousness at the initial presentation
is strongly correlated with poor outcome. On the
other hand, the presenting syndrome of vertigo/
vomiting/ataxia’headache is correlated with a
better functional recovery (probably related with
an isolated cerebellar involvement) [2].

An activation of contralateral cerebellar and
neocortical areas may explain a good recovery of
the territorial infarcts [46].
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Ocular, Vestibular, and
Otologic Syndromes

Eun-Jae Lee, Hyo-Jung Kim, and Ji-Soo Kim

Introduction

The brainstem and cerebellum contain numerous
neurons and intricate neural circuits that are
involved in generation and control of eye move-
ments [1]. Thus, vertebrobasilar strokes may
cause various patterns of abnormal eye move-
ments. Defining the patterns and characteristics
of eye movement abnormalities observed in ver-
tebrobasilar strokes is important in understanding
the roles of each structure and circuit in ocular
motor control as well as in making topographic
diagnosis [2]. Furthermore, because abnormal
eye movements may be the only or predominant
manifestation [3, 4], detection of abnormal ocu-
lar motility is crucial in identifying these strokes.

In humans, the subclasses of eye movements
comprise saccades, smooth pursuit, optokinetic
nystagmus, the vestibulo-ocular reflex (VOR),
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vergence, and gaze holding [1]. Thus, evaluation
of eye movements should include all these sub-
classes of movements in addition to ocular align-
ment, pupillary and eyelid function, and
involuntary eye movements such as nystagmus
and saccadic oscillations [5]. Furthermore, each
eye movement should be described in the hori-
zontal, vertical, and torsional planes for accurate
characterization [5]. Recent developments in
brain imaging and eye movement recording have
allowed more accurate delineation of the function
of each ocular motor structure. In this review, we
will detail the abnormal eye movements that may
be observed in strokes involving the cerebellum
and brainstem.

Medullary Strokes

The medulla contains several structures that con-
trol eye movements. These include the vestibular
nuclei, perihypoglossal nuclei consisting of the
nucleus prepositus hypoglossi (NPH), nucleus
intercalatus, and nucleus of Roller, inferior oli-
vary nucleus, inferior cerebellar peduncles (ICP),
and cell groups of the paramedian tract (PMT)
(Fig. 7.1). The medial vestibular nucleus and
NPH also participate in holding the eyes steady
during eccentric horizontal gaze as the neural
integrator. Thus, strokes involving the medulla
show various patterns of nystagmus and vestibu-
lar impairments.
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Lateral Medullary Infarction (LMI)

Infarction involving the dorsolateral medulla
(Wallenberg syndrome) commonly affects the
inferior and medial vestibular nuclei and usually
manifests with nausea/vomiting, vertigo, and
imbalance (see Chap. 4 for details) [6].

Typically, horizontal nystagmus beats away
from the lesion side (Table 7.1) [7, 8], but patients
with an infarction in the middle and rostral por-
tions may have ipsilesional nystagmus [8]. These
findings are consistent with an experimental study
in monkeys: spontaneous nystagmus beats mostly
contralesionally in unilateral lesions involving the
vestibular nerve root or the caudal lateral parts of
the vestibular nuclei, [9] whereas the nystagmus
beats ipsilesionally when the superior vestibular
nucleus or the rostral portion of the medial ves-
tibular nucleus is lesioned [9]. The vertical com-
ponent is usually upbeating, [7, 8] and torsional
nystagmus may be ipsi- or contralesional [10].
Later, the spontaneous nystagmus may change its
directions [8]. Seesaw and hemi-seesaw nystag-
mus, rarely observed in LMI, [11, 12] are ascribed
to vestibular imbalance in the roll plane due to
disruption of the pathways from the utricle or ver-
tical semicircular canals [12]. Horizontal gaze-
evoked nystagmus (GEN) is common while
positional nystagmus is rare and usually torsional
[13]. Horizontal head oscillation at 2-3 Hz for
10-20 s frequently induces nystagmus (head-
shaking nystagmus, HSN) that is invariably ipsile-
sional [8]. Even in patients with contralesional
spontaneous nystagmus, horizontal head shaking
reverses the direction of spontaneous horizontal
nystagmus [13]. HSN may also be unusually
strong or perverted; i.e., the nystagmus develops
in the plane other than that being stimulated
(downbeat or upbeat after horizontal head oscilla-
tion) [8]. Since visual fixation markedly sup-
presses HSN even in patients with vigorous HSN,
removal of visual fixation (e.g., Frenzel goggles)
is required for proper observation of HSN.

The ocular tilt reaction (OTR), which consists
of head tilt, ocular torsion, and skew deviation, is
commonly observed during the acute phase and
is ipsilesional; i.e., the head is tilted to the lesion
side, the upper poles of the eyes rotate toward the

Table 7.1 Comparison of ocular motor findings between
lateral and medullary infarct

Lateral medullary | Medial medullary
infarct infarct
Spontaneous
nystagmus
Horizontal Contralesional Ipsilesional,
(usually) weak
Ipsilesional
(occasionally)
Vertical Upbeating Upbeating
(usually) (occasionally)
Torsional Ipsi or Ipsilesional
contralesional
Miscellaneous | Seesaw or Hemi-seesaw
hemi-seesaw (rarely)
(rarely)
Gaze-evoked Contralesional, Ipsilesional,
nystagmus stronger stronger
Ocular Ipsipulsion Contrapulsion
lateropulsion
Head-shaking | Ipsilesional Contralesional
nystagmus (horizontal), (occasionally)
Perverted
(downbeat or
upbeat)
Saccades Normal Normal
Smooth Impaired, Impaired,
pursuit ipsilesional ipsilesional
Bedside HIT Intact (usually) Normal
May be impaired | May be
in vestibular impaired in
nucleus lesions NPH lesions
(ipsilesional) (contralesional)
Caloric test Intact (usually) Normal
Ipsilesional
caloric paresis in
vestibular nucleus
lesions
Ocular tilt Ipsilesional Contralesional
reaction
Contralesional
(rarely)
HIT head impulse test, NPH nucleus prepositus
hypoglossi

ipsilesional shoulder, and the ipsilesional eye lies
lower than the contralesional one [13]. The OTR
is mostly associated with the ipsilesional tilt of
the subjective visual vertical (SVV) [13, 14]. The
OTR and SVV tilts are explained by interruption
of the otolith-ocular or vertical semicircular canal
pathways at the level of the vestibular nucleus
[14, 15].
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Patients may show an ocular motor bias
toward the lesion side without limitation of eye
motion (ocular ipsipulsion), which consists of a
steady-state ocular deviation to the lesion side,
saccadic hypermetria to the lesion side and hypo-
metria to the intact side, and oblique misdirection
of vertical saccades toward the lesion side [7, 16,
17]. Ocular lateropulsion may occur in lesions
involving neural pathways connecting the ION,
cerebellar Purkinje cells, fastigial nucleus, and
paramedian pontine reticular formation (PPRF)
[18]. Ocular ipsipulsion in LMI has been ascribed
to damage of the climbing fibers from the con-
tralesional ION to the dorsal vermis [18].
Increased Purkinje cell activity following dam-
age to the climbing fibers after decussation in the
lateral medulla would inhibit the ipsilateral fasti-
gial nucleus and create a bias toward ipsilateral
saccades (Fig. 7.2).

Medial Medullary Infarction (MMI)

MMI generates distinct patterns of ocular motor
abnormalities [19, 20], especially when lesions
extend into the tegmentum. Whereas the hori-
zontal nystagmus is typically contralesional in
LMI, it mostly beats ipsilesionally in patients
with MMI probably by involving the NPH
(Table 7.1) [19]. GEN is usually more intense on
looking to the lesion side [19]. Upbeat nystag-
mus occasionally occurs in MMI and has been
ascribed to involvement of the perihypoglossal
nuclei [21, 22]. However, the evolution of upbeat
or torsional upbeat into hemi-seesaw nystagmus
suggests an involvement of the VOR pathways
from both anterior semicircular canals as a
mechanism of upbeat nystagmus [23, 24]. Since
the MLF is a midline structure that conveys sig-
nals from the vestibular to the ocular motor
nuclei, upbeat nystagmus in unilateral lesions
may be explained by concurrent damage to
decussating fibers from both anterior semicircu-
lar canals at the rostral medulla [23]. In the cau-
dal medullary lesions, the nucleus intercalatus
and the caudal subgroup of the PMT cells, which
are involved in processing of vertical eye posi-
tion through their projections to the cerebellar

Fig. 7.2 Schematic representation of the involved path-
ways in ocular lateropulsion. CF climbing fibers, DN den-
tate nucleus, FN fastigial nucleus, HN hypoglossal
nucleus, ICP inferior cerebellar peduncle, ION the infe-
rior olivary nucleus, MLF medial longitudinal fasciculus,
NPH nucleus prepositus hypoglossi, PC cerebellar
Purkinje cells, PPRF paramedian pontine reticular forma-
tion, RN red nucleus, UF uncinate fasciculus, VN vestibu-
lar nucleus. PC in the cerebellum, which is inhibited by
CF from the contralateral ION, decreases the activity of
ipsilateral FN, while FN generates contralateral saccades
via stimulating contralateral PPRF. Therefore, damage to
CF before or after decussation would cause ocular latero-
pulsion, of which direction is determined by the activity
of PC. Ocular ipsipulsion in the Wallenberg syndrome
may be ascribed to damaging the CF from the contrale-
sional ION to the PC of dorsal vermis after decussation
(1) while ocular contrapulsion in superior cerebellar
artery infarction occurs due to damage of the fibers from
the contralesional FN to the ipsilesional PPRF near the
uncinate fasciculus (2). In medial medullary infarction,
disruption of the CF before decussation (3) gives rise to
ocular contrapulsion

flocculus, may be other neural substrates for
upbeat nystagmus [22, 25]. The OTR is contra-
versive in isolated unilateral MMI [19, 20, 23].
The contraversive OTR in MMI indicates a uni-
lateral lesion of the graviceptive or vertical semi-
circular canal pathways from the vestibular
nuclei after decussation. In MMI, damage to the
climbing fibers before decussation also causes
ocular contrapulsion (Fig. 7.2) [19, 20].
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Pontine Strokes

The pontine tegmentum contains important struc-
tures for conjugate horizontal gazes, which
include the PPRF, abducens nucleus, nucleus
raphe interpositus, and MLF (Fig. 7.1) [1]. Thus,
horizontal gaze palsy is characteristic of pontine
strokes [26, 27]. However, various patterns of ver-
tical eye movement abnormalities, including ver-
tical GEN and impaired vertical smooth pursuit
and the VOR, may also occur because the pontine
ocular motor centers are linked via the MLF to the
midbrain and midbrain—diencephalic junctional
area that mainly control vertical gaze [28].

Nystagmus and Saccadic Intrusions/
Oscillations

Upbeat nystagmus may occur in tegmental infarc-
tions by disrupting the upward VOR pathways
from both anterior semicircular canals, which lie
in the MLFs [25]. Since the MLF carries the
excitatory fibers originating from the contralat-
eral anterior and posterior canals to the ocular
motor nuclei, various patterns of dissociated tor-
sional-vertical nystagmus may occur in strokes
involving the MLF [29, 30]. Upbeat nystagmus
was also reported in a focal infarction between
the basis pontis and tegmentum slightly above
the midpontine level and was ascribed to damage
to the decussating ventral tegmental tracts that is
believed to transmit the upward VOR [22]. Ocular
bobbing, intermittent downward jerk of the eyes
followed by slow return to the primary position,
can be observed in extensive strokes involving
the pontine base and tegmentum [31]. In patients
with extensive pontine lesions, horizontal gaze is
lost, but vertical gaze is preserved; the relatively
accentuated vertical vector of gaze may be mani-
fested as “ocular bobbing.”

Internuclear Ophthalmoplegia (INO)
INO is caused by a lesion involving the MLF,

which contains fibers connecting the abducens
interneurons and contralateral medial rectus sub-

nucleus (Fig. 7.3) [32]. INO is characterized by an
impairment of adduction in the ipsilesional eye
and dissociated abducting nystagmus of the con-
tralateral eye on attempted contralesional gaze
[33]. Convergence may be normal or impaired.
Since the MLF also carries the fibers involved in
the vertical VOR and the fibers from the utricle to
the interstitial nucleus of Cajal (INC), INO is usu-
ally accompanied by vertical, torsional, or disso-
ciated vertical-torsional nystagmus [29, 34],
contraversive OTR [4, 35], and impaired vertical
VOR [36, 37]. Selective impairment of vertical
VOR originating from the contralateral posterior
semicircular canal may be demonstrated in INO
using the head impulse test [37-39]. The pre-
served anterior canal function suggests an extra-
route for the ascending VOR pathway from the
anterior canal, possibly the ventral tegmental
tract. Exotropia of the contralesional eye or both
eyes is common in unilateral (wall-eyed monocu-
lar INO, WEMINO) or bilateral (wall-eye bilat-
eral INO, WEBINO) INO [40, 41]. In bilateral
INO, vertical smooth pursuit, vertical optokinetic
nystagmus and after-nystagmus, and vertical gaze
holding may also be impaired [36]. Some patients
show impaired fixation and sporadic bursts of
monocular abducting saccades in each eye [42].
INO may occur as an isolated or predominant
symptom of dorsal brainstem infarctions and has
an excellent prognosis [4].

Horizontal Gaze Palsy

The PPRF contains burst neurons for ipsilateral
horizontal saccades [43]. Burst neurons in PPRF
receive inputs from the contralateral frontal eye
field and projects to the ipsilateral abducens
nucleus. Selective damage to the pontine burst
neurons results in isolated ipsilesional saccadic
palsy with contralesional conjugate deviation of
the eyes [44, 45]. In contrast, damage to the abdu-
cens nucleus produces ipsilesional palsy of sac-
cades, smooth pursuit, and VOR [46]. A nuclear
lesion gives rise to an ipsilesional conjugate gaze
palsy rather than a unilateral abduction deficit
since the nucleus includes the lateral rectus motor
neurons as well as the interneurons that project to
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Fig. 7.3 Internuclear ophthalmoplegia. (a) Impaired
adduction of the left eye on attempted rightward gaze, (b)
decreased head impulse gain of the vestibulo-ocular reflex
for right (contralesional) posterior canal, (¢) fundus pho-

the contralateral medial rectus subnucleus via the
MLF [1]. However, saccades toward the lesion
side may be relatively preserved in the contralat-

| Right AC gain = 0.60

| Left AC gain = 0.77

100 200 300 400 500 100 200
Time (ms)

AC normal range = 0.70

Head velocity
Eye velocity
~" Mean head velocity

| Right PC gain = 0.49
l§ = Mean eye velocity

| Left PC gain = 0.75
300 400 500 100 200 300 400 500

PC normal range > 0.74

tography showing abnormal extorsion of the right eye and
intorsion of the left eye, and (d) infarction in the area of
left medial longitudinal fasciculus (arrow)

eral hemifield. For example, in a lesion affecting
right abducens nucleus, the saccades from left-
ward gaze to the center are relatively preserved
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Table 7.2 Clinical characteristics of abducens nucleus
lesion and PPRF lesion

Abducens nucleus lesion | PPRF lesion

— Ipsilesional
conjugate horizontal
gaze palsy (saccade,
smooth pursuit, and
VOR)

— Ipsilesional conjugate
horizontal saccadic
palsy

— Relatively spared
saccades toward the
lesion side in the
contralateral hemifield

— Impaired saccades
toward the lesion side
in both ipsi- and
contralateral hemifields

— Intact convergence
and vertical eye
movements

— Intact convergence
and vertical eye
movements

— Horizontal gaze-
evoked nystagmus
when looking to the
contralesional side

— Horizontal gaze-
evoked nystagmus
when looking to the
contralesional side

— Ipsilesional facial

palsy (peripheral-type)
PPRF paramedian pontine reticular formation, VOR
vestibulo-ocular reflex

because those movements are attained mostly by
relaxation of the antagonist muscles (left lateral
rectus and right medial rectus), which is mediated
by the inhibitory burst neurons in the right medul-
lary reticular formation. Lesions restricted to the
abducens nucleus rarely occur, and nuclear lesions
usually involve adjacent tegmental structures,
especially the MLF, PPRF, and genu of the facial
nerve fascicle [47]. Thus, associated ipsilateral
facial palsy of the peripheral type is common in
nuclear abducens palsy. Clinical characteristics of
abducens nucleus lesion and PPRF lesion are
summarized in Table 7.2.

One-and-a-Half Syndrome

This syndrome refers to a combination of unilat-
eral conjugate gaze palsy (one) and INO on the
same side (a half) [48]. Consequently, the only
remaining eye movement is abduction of the con-
tralateral eye (a half). One-and-a-half syndrome
is caused by combined damage to the PPRF/
abducens nucleus and the MLF. The term para-
lytic pontine exotropia was coined for patients
who had an exotropia of the contralesional eye
with one-and-a-half syndrome [49].

Abducens Palsy

Intra-axial damage to the abducens fascicle
causes ipsilateral lateral rectus palsy [50].
Fascicular abducens nerve palsy is rarely isolated
[51] but is usually accompanied by contralateral
hemiplegia or ipsilateral facial weakness [52].

Other Findings

The dorsolateral pontine nuclei (DLPN) and the
nucleus reticularis tegmenti pontis (NRTP) par-
ticipate in the control of smooth pursuit eye
movements. Damage to DLPN impairs ipsile-
sional smooth pursuit [53, 54], and NRTP lesions
impair vertical smooth pursuit [55] and vergence
eye movements [56]. Although tegmental infarc-
tions usually present with vestibular or ocular
motor symptoms [57], infarctions involving other
territories may also produce eye movement
abnormalities. Anteromedial pontine infarction
usually causes a motor deficit with dysarthria and
ataxia. However, one-third of patients may show
tegmental symptoms and signs, including ver-
tigo, nystagmus, Horner’s syndrome, and hori-
zontal gaze palsy [57]. Tegmental symptoms and
signs also occur in more than half of the patients
with anterolateral infarctions [57].

Massive pontine strokes, usually hemor-
rhages, cause a rapid onset of coma, pinpoint but
reactive pupils [48], ocular bobbing [31], hori-
zontal gaze palsy, and quadriplegia [58]. Inferior
olivary pseudohypertrophy and oculopalatal
tremor may develop as delayed complications
[59, 60].

Midbrain Stroke

The midbrain contains the oculomotor and troch-
lear nuclei and fascicles, and the mesodience-
phalic junction harbors the key structures
involved in the premotor control of vertical and
torsional eye movements, especially the saccades
and gaze holding (Figs. 7.1 and 7.4). Thus, verti-
cal ophthalmoplegia is characteristic of lesions
involving the midbrain or mesodiencephalic
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rostral

caudal

Fig. 7.4 Topography of oculomotor nucleus and fasci-
cles. CCN central caudal nucleus, DN dorsal nucleus,
EWN Edinger-Westphal nucleus, IN inferior nucleus, /0

junction and may be supranuclear, nuclear, or
fascicular origin. Since this area also contains the
neural structures for the control of pupil, eyelid
and vergence, and the descending fibers for hori-
zontal eye motion, abnormalities of these eye
movements may occur with or without vertical
ophthalmoplegia when damaged.

Ocular Dysfunction in Top
of the Basilar Syndrome

Occlusion of the rostral tip of the basilar artery
gives rise to a characteristic combination of ocu-
lar motor abnormalities by damaging the pretec-
tum that contains the rostral interstitial nucleus of
the medial longitudinal fasciculus (riMLF), INC,
the rostral portion of the mesencephalic reticular
formation (MRF), and the posterior commissure
(PC), which are involved in the premotor control
of vertical and torsional eye movements (pretec-
tal syndrome) (Fig. 7.5; see also Chap. 4) [61].
Both riMLF and INC are important structures
modulating vertical and torsional saccades, and
lesions in these structures show characteristic
oculomotor findings (Table 7.3). The riMLF lies
in the prerubral area near the midline and con-
tains the medium lead burst neurons that generate
vertical and ipsiversive (top poles of the eyes
toward the shoulder on the same side) torsional

Suparior
collizulug.

medial

inferior oblique muscle, /R inferior rectus muscle, MR
medial rectus muscle, PN posterior nucleus, RN red
nucleus, SR superior rectus, VN ventral nucleus

saccades [62]. Each riMLF projects bilaterally to
motoneurons for the elevator muscles (superior
rectus and inferior oblique) but ipsilaterally to
motoneurons for the depressor muscles (inferior
rectus and superior oblique) [63, 64]. Unilateral
riMLF lesions result in contralesional ocular tor-
sion, contralesional torsional nystagmus, and loss
of ipsitorsional quick phases and vertical gaze
[65—-68]. Bilateral lesions cause loss of down-
ward or all vertical saccades [69]. On the other
hand, the INC, together with the vestibular nuclei,
is an element of the neural integrator for vertical
and torsional eye motion [70, 71]. It sends eye-
position-, saccade-, and pursuit-related signals,
combined in variable proportions on each axon,
to the extraocular motoneurons [72]. The INC is
separated from the riMLF by the fasciculus retro-
flexus, but fibers from the riMLF pass through
the INC, providing axon collaterals to the INC.
[63, 64] Unilateral INC Ilesions produce
contralesional OTR and ipsitorsional nystagmus,
while bilateral lesions reduce the range of all ver-
tical eye movements without saccadic slowing
[73].

The rostral portion of the MRF, adjacent to the
INC and riMLF, contains neurons that have low-
frequency long-lead burst of activity before verti-
cal saccades [74]. Unilateral inactivation of the
rostral MRF produces slow and hypometric
upward and downward saccades without postsac-
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Fig. 7.5 Pretectal syndrome. (a) Impaired supraduction
of both eyes on attempted upward gaze, (b) fundus pho-
tography showing abnormal intorsion of the right eye and

cadic drift [75]. The PC contains several groups
of decussating axons from adjacent nuclei of the
PC (nPC) and axons from the riMLF and INC
that project to corresponding structures in the

extorsion of the left eye, (c) infarction in the area of right
thalamus and midbrain (arrows)

contralateral midbrain tegmentum [76]. The nPC
also contains the neurons that discharge shortly
before upward saccades [63]. The PC is a struc-
ture critical for upward saccades [77].
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Table 7.3 Comparison of ocular motor findings in
lesions involving the riMLF vs. INC

riMLF lesion INC lesion
Saccade
Vertical Decreased Decreased
amplitudes and | amplitudes
velocities
Normal velocities
Torsional Loss of all Decreased
ipsitorsional contralesional fast
components phases
Spontaneous
nystagmus
Vertical No Downbeat, upbeat
(bilateral lesion)
Torsional Contralesional Ipsilesional

Gaze-evoked

No

Vertical and

nystagmus torsional

Smooth Impaired gain

pursuit

VOR (vertical | Loss of Little effect on

and torsional) | ipsitorsional VOR gain and
nystagmus phase (unilateral

lesion)

Otherwise Impaired gain and
normal gain and | phase (bilateral
function lesion)

OTR Contraversive Contraversive

Gaze holding | Normal Impaired

INC interstitial nucleus of Cajal, OTR ocular tilt reaction,
riMLF rostral interstitial medial longitudinal fasciculus,
VOR vestibulo-ocular reflex

Accordingly, varied combinations of vertical
gaze palsy may occur depending on the combina-
tion of the structures involved, e.g., upgaze palsy,
downgaze palsy, vertical one-and-a-half syn-
drome, [78] and complete vertical gaze palsy [28,
79]. Dissociated vertical nystagmus may occur in
pretectal syndrome [80, 81]. The neurons specifi-
cally involved in vergence control are located
1-2 mm dorsal and dorsolateral to the oculomo-
tor nucleus [82, 83]. Pretectal syndrome may
cause various ocular motor disorders related to
vergence, which include convergence insuffi-
ciency, convergence spasm, and convergence
nystagmus [84]. Convergence spasm may cause
limitation of abduction on voluntary lateral gaze,
which resembles abducens nerve palsy (pseudo-
abducens palsy) [85]. Bilateral ptosis or lid
retraction (Collier’s sign) may be observed in
pretectal syndrome [86].

Third Cranial Nerve Palsy

Anteromedial and anterolateral midbrain infarc-
tions frequently give rise to third cranial nerve
palsy by affecting the oculomotor nuclei or fas-
cicles (Figs. 7.1 and 7.4) [87]. Various signs of
oculomotor palsy may occur due to the character-
istic spatial organization of the oculomotor nuclei
and fascicles in the midbrain [88, 89]. Isolated
palsy of individual extraocular muscle may occur
due to nuclear or fascicular lesions [3, 89, 90].
Rarely, midbrain lesions cause a third cranial
nerve palsy mimicking a peripheral palsy due to
microvascular ischemia [91].

Trochlear Palsy

The trochlear nucleus is located in the central
gray matter of the midbrain, close to the midline,
near the MLF and the decussating fibers of the
superior cerebellar peduncle. The trochlear
nucleus is supplied by paramedian branches at
the basilar artery bifurcation, which are suscep-
tible to shear injury from trauma.

Nuclear or fascicular trochlear palsy may be
isolated [92, 93] but is more frequently accompa-
nied by various neurologic deficits, including
Horner’s syndrome, INO, upbeat nystagmus,
ataxia, or tinnitus, due to concurrent involvement
of the neighboring structures including the
descending sympathetic tract, MLF, brachium
conjunctivum, ascending trigeminothalamic/spi-
nothalamic tracts, and inferior colliculus [92-94].
Nuclear trochlear lesions give rise to contrale-
sional superior oblique palsy (SOP), but fascicu-
lar lesions may cause ipsilesional or contralesional
SOP depending upon the lesion location in the
brainstem. The lesions are more commonly
located posterior to the cerebral aqueduct in
patients with ipsilesional SOP than in those with
contralesional SOP [93].

Internuclear Ophthalmoplegia

Damage to the MLF in the pontomesencephalic
junction causes INO and ataxia due to co-
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involvement of the decussation of the brachium
conjunctivum [95, 96].

Cerebellar Strokes

The cerebellum contains several structures that
participate in the control of eye movements. In
addition, the cerebellum harbors various fibers
that are involved in integrating the proprioceptive
and vestibular information [97]. Vertigo/dizzi-
ness is the most common symptom of cerebellar
strokes and may be isolated mimicking acute
peripheral vesetibulopathy [2, 98].

Anterior Inferior Cerebellar Artery
(AICA) Infarction

The AICA supplies various peripheral and cen-
tral vestibular structures, which include the inner
ear, lateral pons, middle cerebellar peduncle, and
anterior inferior cerebellum [99]. AICA infarc-
tion usually results in combined peripheral and
central vestibulopathy with various symptoms
and signs. Gaze-evoked nystagmus and impaired
smooth pursuit are usually associated with unilat-
eral canal paresis and hearing loss [100]. Isolated
recurrent attacks of vertigo may precede AICA
infarction [101].

Clinical presentation of AICA infarction may
mimic more common vestibular disorders such as
Meniere’s disease or vestibular neuritis. Since
lesions may not be detected with imaging, a
detailed neurological examination should be per-
formed in patients with acute vertigo [100]. In
AICA infarction, spontaneous nystagmus is usu-
ally horizontal and beats away from the lesion
side [102]. Direction-changing gaze-evoked,
especially asymmetrical (Bruns’ nystagmus), is
frequent. The HINTS (negative head impulse
test, direction-changing nystagmus, and skew
deviation), which is a surrogate test for strokes in
patients with acute spontaneous vertigo, [103]
may not be applicable for diagnosis of AICA
infarction due to concomitant inner ear damage
[104, 105]. Thus, the presence of severe imbal-
ance [101] and central patterns of HSN may be

helpful to identify AICA infarction in patients
with negative HINTS [104].

Patients with AICA infarctions are frequently
accompanied by sensorineural hearing loss, pre-
dominantly of the cochlear origin [100, 106,
107]. The sensorineural hearing loss and caloric
paresis during the acute phase usually recover
over time [108, 109]. Episodic auditory distur-
bances including hearing loss with or without tin-
nitus may be prodromal symptoms of AICA
infarction [110].

AICA infarction can cause the OTR in asso-
ciation with a SVV deviation in the direction of
the head tilt [111, 112]. Of note, ipsiversive OTR
is attributed to inner ear infarction while contra-
versive OTR is ascribed to brainstem or floccular
involvements [97, 112]. These findings suggest
that the function of the peripheral vestibular
structures probably plays a crucial role in deter-
mining the direction of the OTR in patients with
AICA infarction [112].

Rarely, AICA infarction gives rise to sudden
deafness and vertigo without brainstem or cere-
bellar signs (i.e., labyrinthine infarction, see
below) [113]. Thus, clinicians should be aware of
the possibility of AICA infarction even in patients
with isolated sudden hearing loss, particularly
when the patients are old with multiple vascular
risk factors.

Labyrinthine Infarction

The internal auditory artery (IAA), which sup-
plies the cochlea and vestibular labyrinth, is a
branch of AICA. Because the TAA is an end
artery with minimal collaterals, the labyrinth is
especially vulnerable to ischemia [101, 114,
115]. Labyrinthine infarction mostly occurs due
to thrombotic narrowing of the AICA itself, or
in the basilar artery at the orifice of the AICA
[116]. However, labyrinthine infarction may
occur due to artery-to-artery or cardiac embo-
lism [117, 118].

Labyrinthine infarction mostly causes a sud-
den loss of both auditory and vestibular func-
tions. In particular, the apical region of the
cochlea is more vulnerable to vascular injury, and
low-frequency hearing loss is more common
[114, 119]. Isolated vertigo may occur in tran-
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sient ischemia of the peripheral vestibular laby-
rinth [115, 120]. The superior part of the
vestibular labyrinth may be more vulnerable to
ischemia, possibly due to small caliber of the
anterior vestibular artery and lack of collaterals
[120]. Benign paroxysmal positional vertigo may
ensue after anterior vestibular artery infarction
and is ascribed to ischemic necrosis of the utricu-
lar macule and subsequent release of otoconia
into the posterior canal. The posterior canal may
be spared in anterior vestibular artery infarction
because it is supplied by the posterior vestibular
artery, a branch of the common cochlear artery
[120, 121].

Middle Cerebellar Peduncular

Infarction

The middle cerebellar peduncle (MCP) acts as a
conduit for the cortico-ponto-cerebellar connec-
tions that carry information regarding eye move-
ments [122]. Common findings of MCP strokes
include spontaneous horizontal nystagmus, hori-
zontal GEN, bilaterally impaired horizontal
smooth pursuit, unilateral hearing loss or caloric
paresis, and the OTR [123]. These findings indi-
cate damage of the inner ear and nearby struc-
tures in the brainstem and cerebellum as well as
the MCP.

Isolated Floccular Infarction

The cerebellar flocculus participates in the con-
trol of smooth pursuit, gaze holding, and eye
movements evoked by vestibular stimulation
[124]. Although lesions restricted to the flocculus
is rare [38], patients with isolated unilateral floc-
cular infarction show several oculomotor and
vestibular abnormalities: spontaneous nystagmus
beating to the lesion side, contraversive ocular
torsion and SVV tilt, increased horizontal VOR
gain during low-frequency stimulation, and
decreased gain during the higher-velocity/higher-
frequency stimulation [125, 126]. Although the
mechanism of opposing changes in the gain of
the VOR during low- and high-frequency stimu-
lation is unclear, the flocculus appears to modu-
late the VOR by inhibiting the horizontal VOR
during low-frequency stimulation and facilitating
it during high-frequency stimulation.

Posterior Inferior Cerebellar Artery
(PICA) Infarction

The PICA usually gives rise to medial and lateral
branches. The medial PICA irrigates the inferior
cerebellar hemisphere and vermis, including the
nodulus and uvula [127]. The main structure
responsible for vertigo in medial PICA cerebellar
infarctions is the nodulus, which is strongly
linked to the ipsilateral vestibular nucleus and
receives direct afferent fibers from the labyrinth.
Functionally, the nodulovestibular Purkinje fibers
inhibit the ipsilateral vestibular nucleus [128,
129].

Spontaneous nystagmus and postural instabil-
ity are variable in their direction and severity in
PICA cerebellar infarctions [130]. Unidirectional
GEN may be found in patients with unilateral
cerebellar strokes, either toward or away from the
lesion side [131]. Because GEN is ascribed to
damages to the structures including pyramid,
uvula, tonsil, and parts of the biventer and infe-
rior semilunar lobules, [131] the presence of
GEN suggests lesions involving the midline and
lower cerebellar structures. Meanwhile, ipsile-
sional HSN may also be associated with per-
verted HSN, of which direction is mostly
downbeat [132]. The generation of HSN may be
ascribed to damage to the uvula, nodulus, and
inferior tonsil [132].

Either paroxysmal or persistent form of posi-
tional nystagmus may be observed in patients
with lesions involving the nodulus and uvula
[133, 134]. Paroxysmal central positional nystag-
mus (CPN) has its direction mostly aligned with
the vector sum of the rotational axes of the semi-
circular canals that are normally inhibited during
the positioning. Paroxysmal CPN is explained by
enhanced postrotatory canal signals due to lesion-
induced disinhibition. In contrast, the persistent
CPN can be simulated when the tilt-estimator cir-
cuit in the cerebellum and brainstem malfunctions
due to lesions involving the vestibulocerebellum,
and the estimated direction of gravity is errone-
ously biased away from true vertical. Due to over-
lap of the lesions responsible for either the
paroxysmal or persistent form of central posi-
tional nystagmus, both types of nystagmus are
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frequently combined in patients with central posi-
tional nystagmus. Characteristics of the nystag-
mus and associated neuro-otological findings may
allow differentiating central from peripheral posi-
tional nystagmus [135].

Medial PICA cerebellar infarction can mimic
acute peripheral vestibular dysfunction [136].
According to a report dealing with 240 patients
with isolated cerebellar infarction, [137] 25
(11%) had isolated vertigo only, mostly in those
with an infarction in the medial PICA territory
including the nodulus (24/25: 96%). Caloric and
head impulse tests may be helpful to distinguish
central from peripheral vestibulopathy [138].

Isolated medial PICA territory cerebellar
infarction can cause a contraversive partial OTR
and SVV tilt [139]. These findings may be
ascribed to interruption of the nodular inhibitory
projection onto the graviceptive neurons in the
ipsilesional vestibular nuclei [139]. Ischemic
lesions affecting the nodulus and ventral uvula
can also give rise to periodic alternating nystag-
mus [140]. Rarely, PICA territory cerebellar
infarctions can cause acute hearing loss, espe-
cially when the PICA is dominant and substitutes
for the AICA [141].

Isolated Tonsilar Infarction

The paraflocculus in monkeys consists of three
distinct anatomical parts: the ventral and dorsal
paraflocculi and the lobulus petrosus [142]. The
human cerebellar tonsil, of which demarcation is
less clear, corresponds to the simian dorsal para-
flocculus and adjacent lobulus petrosus [142].
The relative roles of the paraflocculus versus
flocculus are unclear in vestibular function, gaze
holding, and smooth pursuit; however, the para-
flocculus appears to be more concerned with
smooth pursuit, as compared to the flocculus
[143-145].

A patient with an acute unilateral tonsilar
infarction showed (1) near completely abolished
smooth pursuit, more to the lesion side, (2) a low-
amplitude ipsilesional beating nystagmus with-
out fixation, (3) gaze-holding deficits, and (4)
normal VOR [146]. Ipsilesional spontaneous nys-
tagmus suggests a static vestibular functional

asymmetry. Damage to the Purkinje cells or their
inhibitory outflow tracts may have caused disin-
hibition of the ipsilateral vestibular nuclei.
Alternatively, a moderate asymmetry in horizon-
tal pursuit in the patient with a tonsilar lesion
could have induced the small spontaneous nys-
tagmus [147]. Of note, a patient with a floccular
infarction demonstrated a much stronger sponta-
neous nystagmus as well as abnormal head
impulse responses, suggesting that the flocculus
plays a more important role in the control of the
VOR than the tonsil [125]. Meanwhile, smooth
pursuit is more likely to be severely impaired in
tonsilar than in floccular lesions [125, 146].

The horizontal gaze-evoked and rebound nys-
tagmus in the patient with a tonsilar lesion indi-
cates dysfunction of the neural gaze-holding
networks, and the small contraversive SVV tilt
suggests a tonsilar involvement in controlling the
otolithic signals [124, 125].

Isolated Nodular Infarction

The nodulus, which lies in the midline cerebel-
lum, constitutes the vestibulocerebellum along
with the flocculus, paraflocculus, and ventral
uvula. The nodulus receives vestibular inputs,
controls eye movements, and adjusts the posture
to gravity [148].

Isolated nodular infarction mostly gives rise to
sudden vertigo with unilateral nystagmus and
falling in the opposite direction, mimicking acute
peripheral vestibulopathy [149, 150]. Severe
imbalance and a negative head impulse test are,
however, helpful in differentiating nodular infarc-
tions from peripheral vestibular dysfunction. In
isolated unilateral nodular infarctions, the direc-
tion of spontaneous nystagmus is all ipsilesional
and is usually augmented by horizontal head
shaking. These findings may be ascribed to
impaired gravitoinertial processing of the vestib-
ular signals [151] and disrupted nodular inhibi-
tion over the vestibular secondary neurons [152].
Other findings include periodic alternating nys-
tagmus, [140, 153] perverted head-shaking nys-
tagmus, [154] paroxysmal positional nystagmus,
[149] and impaired tilt suppression of the postro-
tatory nystagmus [149].
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Superior Cerebellar Artery (SCA)
Infarction

The SCA supplies the rostral half of the cerebel-
lum, dentate nucleus, and laterotegmental portion
of the rostral pons and caudal midbrain [155].
Each SCA has a short trunk that divides into two
main branches, the medial and lateral. Infarctions
in the SCA territories are known to rarely cause
vertigo [156]. Accordingly, the low frequency of
vertigo had been considered a useful finding to
discriminate SCA infarction from infarctions in
the AICA or PICA territory [156]. However,
according to a recent study, [157] about half
(19/41) of patients with isolated SCA infarction
reported true vertigo, and 27% showed ipsile-
sional spontaneous nystagmus or GEN. These
findings suggest that vertigo and nystagmus are
more common than previously thought in SCA
infarctions.

Lateral SCA infarctions, which constitute
about 50% of SCA infarctions, are characterized
by dizziness, nausea, unsteadiness, mild truncal
ataxia, and severe limb ataxia [156, 158]. In
medial SCA infarctions, the most prominent
clinical finding is severe gait ataxia with a sud-
den fall or veering [159]. Prominent body lat-
eropulsion may be ascribed to dysfunction of
the rostral vermis that contributes to the control
of gait, muscle tone, and postures. Unilateral
rostral cerebellar infarctions can cause contra-
pulsion of saccades and ipsilateral limb dysmet-
ria [160]. Contralateral saccadic pulsion consists
of three elements: (1) contralateral deviation of
the eyes during attempted vertical saccades,
resulting in oblique trajectories; (2) hypermetria
of contralateral saccades; and (3) hypometria of
ipsilateral saccades. Asymmetric cerebellar out-
flows due to blockage of the fastigial outputs in
the superior cerebellar peduncle may be respon-
sible for saccadic contrapulsion (Fig. 7.2) [160].
However, a patient with isolated infarction
involving unilateral superior cerebellar pedun-
cle presented ipsiversive ocular torsion, mild
dysarthria, ipsilesional limb ataxia, and severe
truncal ipsipulsion, but no saccadic contrapul-
sion [161].
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Epidemiology

Intracerebral hemorrhages (ICHs) are most often
caused by the rupture of small, penetrating arter-
ies due to hypertensive changes or other vascular
abnormalities [1, 2]. Although the incidence of
hypertensive ICH has decreased with the
improvement in blood pressure control in devel-
oped countries, [3] it still accounts for approxi-
mately 10-20% of all strokes: [4, 5] 8-15% in
Western countries (e.g., the USA, the UK, and
Australia) [6, 7] and 18-24% in Japan and Korea
[3, 8]. However, the incidence of ICH may be
higher in less-well-developed countries.

The incidence of ICH involving posterior cir-
culation is unclear due to lack of data and ade-
quate definitions for categorizing ICH [9].
However, hospital studies have reported that tha-
lamic ICHs account for 10-15% of ICH cases,
cerebellar ICHs for 5-15%, and pontine ICHs for
approximately 10% [10]. Therefore, ICHs involv-
ing posterior circulation are not rare.
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Etiology and Pathophysiology
Primary ICH

Hypertensive ICH

Hypertension is the most important risk factor for
ICH. It contributes to the decreased elasticity of
arteries, thereby increasing the likelihood of rup-
ture in response to acute elevations in intravascu-
lar pressure [11]. Chronic hypertension is
responsible for the degeneration of the tunica
media and smooth muscle in cerebral arteries [2].
Vascular wall resistance to the stress due to ele-
vated blood pressure in hypertension is weakened
by the presence of hyaline, and this material in
the cerebral vasculature has been linked to mini-
mal resistance of the surrounding cerebral paren-
chyma. This may explain why the cerebral
parenchyma is the only tissue in which increased
blood pressure can lead to vascular rupture and
hemorrhage [12].
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Amyloid Angiopathy
Cerebral amyloid angiopathy-related ICH

accounts for 10-30% of primary ICH in older
patients [13, 14]. It is characterized by the depo-
sition of amyloid-p peptide in capillaries, arteri-
oles, and small- and medium-sized arteries in the
cerebral cortex, leptomeninges, and cerebellum
[15]. The secondary pathological changes associ-
ated with advanced cerebral amyloid angiopathy
include loss of vascular smooth muscle cells,
microaneurysms, concentric splitting of the
vessel wall, chronic perivascular or transmural
inflammation, and fibrinoid necrosis [16—18].
Cerebral amyloid angiopathy-related hemor-
rhages occur preferentially in lobular areas, espe-
cially in the posterior brain regions (e.g., occipital
and temporal lobes), reflecting the distribution of
vascular amyloid deposits [19-21].

Secondary ICH
Arteriovenous Malformation

Vascular malformations are an important cause
of intracranial hemorrhage, especially in younger

Fig. 8.1 A 42-year-old woman developed dizziness and
tingling sensation in the right extremities. Left image:
T2-weighted Brain MRI showed a round, dark signal
intensity with adjacent high signal intensity signals con-
sistent with acute hemorrhage surrounded by edema.

patients. Among vascular malformations, arterio-
venous malformations are the most frequent
causes of ICH. These malformations are often
found in border zone regions shared by the distal
anterior, middle, and posterior cerebral arteries
[22]. Potential risk factors for these malformation-
related hemorrhages include (1) malformations
with exclusively deep venous drainage (typically
defined as drainage through the periventricular,
galenic, or cerebellar pathways), (2) malforma-
tions associated with aneurysms, (3) malforma-
tions located deep within the brain, and (4)
infratentorial malformations [23, 24] (Fig. 8.1).

Cavernous Malformation

Cerebral cavernous malformations, the second
most common type of central nervous system
vascular lesion, constitute abnormally enlarged
capillary cavities without intervening brain
parenchyma [25, 26]. These lesions may occur
anywhere, including the cortical surface, white
matter pathways, basal ganglia, brainstem, or
the cerebellum. (Fig. 8.2) For patients who ini-
tially presented without both an overt intracra-
nial hemorrhage and a brainstem cavernous

Right image: Angiogram showed arteriovenous malfor-
mation (long arrow) that is mainly supplied by enlarged
superior cerebellar artery (short arrow). The patient was
treated with embolization
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Fig.8.2 An 18-year-old girl developed sudden dizziness,
headache, and gait ataxia. Left image: T2-weighted MRI
showed heterogeneous (dark, iso, high) lobulated signals
suggesting multistage hemorrhages that were surrounded

malformation, the initial 5-year risk of hemor-
rhage was 3.8%, and the recurrent 5-year hem-
orrhage risk was 18.4%. In contrast, patients
with brainstem cavernous malformations were
reported to have significantly higher 5-year
rates of initial (§%) and recurrent (30.8%) hem-
orrhage [27].

Dural Arteriovenous Fistula

Dural arteriovenous fistulae constitute arteriove-
nous shunts at the level of the meninges that are
usually supplied by branches of the external
carotid or vertebral arteries. Hemorrhages due to
these fistulae show more benign clinical courses
than those with other vascular lesions (e.g.,
intracranial aneurysms) due to the bleeding site
being a venous rather than a direct arterial source
[28].

Cerebral Venous Thrombosis

Cerebral venous thrombosis is a well-estab-
lished cause of ICH. Elevated cerebral venous
pressure due to venous occlusion results in a
spectrum of pathophysiological changes, includ-
ing dilated venous and capillary beds, develop-
ment of interstitial brain edema, increased CSF

by edema. Angiogram findings were normal. These find-
ings were consistent with repeated bleeding from cavern-
ous hemangioma. Right image: Follow-up CT showed
that the hemorrhages and mass were surgically resected

production, decreased CSF absorption, and rup-
ture of cerebral veins leading to hemorrhagic
lesions [29]. It is crucial to recognize ICH
caused by cerebral venous thrombosis because
it is the only variety of ICH that should be
treated with anticoagulants.

ICHs Associated with Antithrombotics
Coagulopathy caused by oral anticoagulation
therapy is also an important pathophysiology of
ICH. Oral anticoagulants can directly interfere
with the synthesis of vitamin K-dependent clot-
ting factors, resulting in dysfunctional prothrom-
bin and factors VII, IX, and Xa [30-32]. Oral
anticoagulants can trigger preexisting subclinical
intracerebral bleeding, especially in patients with
underlying hypertension and cerebrovascular dis-
ease [33]. Subdural hematoma has also been
reported to be a rare complication of anticoagula-
tion therapy [34, 35].

ICHs Associated with Cancer

Cancer-related intracerebral bleeding is an
uncommon cause of ICH. The incidence of
tumoral hemorrhages has been estimated to be
0.8-4.4% of all ICHs [36]. However, intracere-
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Fig. 8.3 An 88-year-old woman developed dizziness and
gait difficulty. She had malignant papillary thyroid carci-
noma with multiple lung and bone metastasis. Brain CT
showed an acute hemorrhage in the midline cerebellum
(a), which was identified by MRI (b). Gadolinium-

bral hemorrhage is relatively common in cancer
patients and has been demonstrated in 3.0-14.6%
patients at autopsy [37-39]. There are multiple
causes of hemorrhage in cancer patients, includ-
ing intratumoral bleeding, coagulation disorders,
and complications of anticancer treatment
(Fig. 8.3).

Reversible Cerebral Vasoconstriction

Reversible cerebral vasoconstriction syndrome is
a group of conditions typically preceded by
severe thunderclap headaches associated with

enhanced MRI showed additional enhancing hemorrhagic
lesion in the right cerebellum (c¢) and small enhancing
lesions in the right temporal (d) and frontal lobe (e). It is
likely that the current cerebellar hemorrhage was bleeding
from the metastatic cancer

reversible, segmental, multifocal cerebral artery
vasoconstriction. In a large cohort of patients
with this syndrome, brain hemorrhages were
reported to be frequent (43%) [40].

Aneurysm

Rupture of intracranial arteries causes subarach-
noid hemorrhages. Dissecting aneurysms involv-
ing intracranial posterior circulation are unusual
lesions that affect otherwise healthy young
adults. The dissection usually occurs between the
intima or internal elastic lamina and the media;



8 Hemorrhagic Strokes

125

Fig. 8.4 A 45-year-old man developed sudden severe
headache after baseball playing. CT showed subarachnoid
hemorrhage (a). CT angiogram showed dissecting aneu-

subadventitial dissection can also occur and
accounts for the infrequent finding of subarach-
noid hemorrhage [41].

Hemorrhagic stroke due to dissection seems to
involve posterior circulation more commonly
than anterior circulation. Pathology studies have
shown that subadventitial dissections are more
frequent in the vertebral artery than in the middle
cerebral artery; [42, 43] this could explain the
relatively high frequency of hemorrhages in
patients with posterior circulation dissection
(Fig. 8.4).

Diagnosis

Computed tomography (CT) has excellent sensi-
tivity and specificity (nearly 100%) for the detec-
tion of acute hemorrhage [44]. Acute hematomas
appear as hyperdense areas on a noncontrast CT
scan owing to their high protein concentration
and high mass density. The density seen on a CT
scan varies according to the timing of the scan.
CT angiography is used to detect underlying vas-
cular abnormalities and conditions, such as intra-
cranial aneurysms and the “spot sign,” an early
predictor of hematoma expansion [45].
Traditionally, magnetic resonance imaging
(MRI) has been considered to be insensitive to
the presence of acute intraparenchymal blood
and has been used to detect ischemia. With the

rysm in the left distal vertebral artery (b), which was
treated with coil embolization (c)

use of gradient-echo imaging and susceptible
weighted imaging, MRI has a diagnostic accu-
racy similar to that of noncontrast CT for acute
blood and is markedly superior in the detection of
chronic hemorrhage [46]. High-resolution vessel
wall MRI is being increasingly used to assess
vascular wall pathology (see Chap. 9).

Clinical Features
Thalamic Hemorrhage

At the beginning of the nineteenth century,
Dejerine and Roussy provided a detailed
description of thalamic syndrome [47]. Recent
advances in neuroimaging have provided accu-
rate diagnoses and have enabled clinicians to
correlate clinical findings with neuroimaging
findings. The clinical features of thalamic ICH
vary with hematoma location and volume. The
classic symptoms include the following: (1)
contralateral hemiparesis, as the thalamus is
close to the posterior limb of the internal cap-
sule; hemiparesis was reported in 95% of cases;
[48, 49] (2) hemisensory syndrome; approxi-
mately 85% of patients with thalamic ICH
develop prominent sensory loss in the face,
limb, and trunk [48] (Fig. 8.5); and (3) ophthal-
mologic symptoms such as paresis of upward
gaze (“peering at the tip of the nose”), miotic
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Fig. 8.5 A 60-year-old hypertensive man developed dys-
arthria, right hemiparesis, and severe sensory deficits. CT
showed a thalamic hemorrhage of posterolateral type

and unreactive pupils caused by ICH-induced
pressure on the dorsal midbrain, [50] and skew
deviation and horizontal gaze disturbances
accompanied by involvement of the oculomotor
tracts at the midbrain level [51].

The clinical syndromes associated with tha-
lamic ICH differ according to the location of the
hematoma and are subclassified based on the rup-
tured arterioles supplying specific thalamic areas
(Table 8.1 and Fig. 8.6) [49, 52].

Midbrain Hemorrhage

A nontraumatic, spontaneous, primary midbrain
hemorrhage is extremely rare. Midbrain hemor-
rhages mostly result from secondary extensions
of hematomas from thalamic or pontine ICHs.
The most frequent cause of an isolated midbrain
hemorrhage is an arteriovenous malformation;
rarely, it can also be caused by hypertension [53].

(Fig. 8.6¢)

Table 8.1 Clinical syndromes of thalamic intracerebral hemorrhage

Anterior type Posteromedial type| Posterolateral type | Dorsal type Global type
Ruptured Branches of the | Thalamo- Thalamo-geniculate | Branches of the | Nonspecific
artery “polar” or perforating arteries posterior
tuberothalamic arteries choroidal artery
artery
Consciousness | Alert Usually acute Consciousness Usually alert Stupor or coma
stupor or coma level parallels in 3/4 of patients
hematoma size
Behavioral Acute confusion, | Prominent Hemi-neglect in None Frequent
changes language memory right-sided lesions decerebrate
dysfunctions, dysfunction in and simulating postures in the
memory case of lesions; dysphasia early stage; very
impairment, and | hematoma in left-sided lacunar similar to the
apathy limited to the syndrome posterolateral
medial thalamus; | (sensorimotor type in less
decorticate stroke > pure motor severe cases
posture in the stroke > pure
early stage with sensory stroke)
concomitant
midbrain
involvement
Sensory Rare Uncommon Frequent; preceding | Preceding Almost always;
manifestation paresthetic episodes | paresthesia in severe
at onset, 1/3 of patients;
contralateral frequent
hypesthesia, and sensory
late thalamic pain dysfunction
syndrome
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Table 8.1 (continued)

Anterior type Posteromedial type| Posterolateral type | Dorsal type Global type
Motor Usually absent Moderate-to- Frequent moderate- | Mild-to- Severe
manifestation | and only slight, | marked to-marked moderate contralateral
if any contralateral contralateral contralateral hemiparesis
hemiparesis hemiparesis mainly | hemiparesis
due to compression | due to
of the cerebral compression of
peduncle the posterior
limb of the
internal capsule
Ocular None Very frequent Infrequent None Frequent classic
findings extraocular muscle ocular features
dysfunctions;
occasional Horner’s
syndrome
Prognosis Excellent High fatality High fatality and Very good Very high
morbidity fatality

Fig. 8.6 Hemorrhage location according to the vascular
supply of the thalamus. (a) Anterior type: Thalamo-
tuberal arteries of posterior communicating arteries. (b)
Posteromedial type: Posterior thalamo-subthalamic para-

Midbrain ICHs present with progressive symp-
toms of ipsilateral ataxia or contralateral hemipa-
resis in combination with ophthalmoplegia
(typically an ipsilateral partial/complete third
cranial nerve palsy). In rare cases, isolated syn-
dromes can also occur (Table 8.2).

median arteries, thalamo-perforate. (c¢) Posterolateral

type: Infero-lateral arteries, thalamo-geniculate. (d)
Dorsal type: Posterior choroidal arteries

Pontine Hemorrhage

Pontine hemorrhaging accounts for 10% of ICHs
[59, 60] and shows a wide spectrum of clinical
symptoms and prognosis, with its mortality rang-
ing widely from 30% to 90% [61-63]. This wide
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Table 8.2 Clinical syndromes of midbrain intracerebral
hemorrhage
Syndromes

Dorsal midbrain
syndrome [54]

Symptoms

Vertical gaze palsy, nystagmus
retractorius, eyelid retraction, and
light-near pupillary dissociation
Dorsal midbrain syndrome with
associated bilateral fourth nerve
palsy

Ipsilateral third nerve palsy and
contralateral hemiparesis
Isolated ipsilateral third nerve
palsy without hemiparesis

Dorsal midbrain
syndrome + [55]

Weber’s
syndrome [56]
Fascicular third
nerve palsy
syndrome [57]
Movement
disorder [58]

Contralateral limb dystonia and
tremors with “rubral”
characteristics

Fig. 8.7 A hypertensive, 53-year-old man suddenly
became drowsy. Neurologic examination showed severe
dysarthria, quadriparesis, and sensory deficits bilaterally.
CT showed a pontine hemorrhage (bilateral-tegmental
type, Fig. 8.8C)

range is mainly attributed to the size and location
of the hematoma; thus, pontine ICH is classified
as either small unilateral-tegmental, basal- or
bilateral-tegmental, or massive (Figs. 8.7 and 8.8
and Table 8.3) [63].

Medullary Hemorrhage

Isolated medulla oblongata ICH has rarely been
reported in the literature [64, 65]. The common
symptoms of medullary ICH are vertigo, head-
ache, and diplopia. Various neuro-otological

J-W. Chung and C.-S. Chung

symptoms, including spontaneous nystagmus,
ocular lateropulsion, and apogeotropic positional
nystagmus, have been reported [66].

Cerebellar Hemorrhage

Regarding cerebellar hemorrhage, over 75% of
patients complain of dizziness with headache
being common at onset, while dysarthria, tinni-
tus, and hiccups can occur but less frequently
[67]. Neurological exam findings differ depend-
ing on the involvement of the dentate nucleus,
hemispheric white matter, and tegmental pons.
Ipsilateral ataxia is found in 70% of all patients
and also in patients with peripheral facial palsy,
ipsilateral horizontal gaze palsy, sixth cranial
nerve palsy, depressed corneal reflex, and miosis.
In noncomatose patients, a characteristic triad of
ipsilateral appendicular ataxia, horizontal gaze
palsy, and peripheral facial palsy appear together
when the ipsilateral pontine tegmentum is
involved [67]. Ocular bobbing has occasionally
been reported after cerebellar hemorrhage, [68]
and the overall clinical course during the acute
period of cerebellar hemorrhage is reported to be
unpredictable [69-71].

Cortical Hemorrhage

The occipital lobe is a relatively rare site for
hypertensive hematomas. Occipital hemorrhages
are reported to be caused by arteriovenous angi-
oma and cerebral angiopathy [72]. These hemor-
rhages can cause severe headaches, usually at or
around the ipsilateral eye, contralateral homony-
mous hemianopia, contralateral extinction, dys-
graphia, and dyslexia.

Management

Blood Pressure Control

Hypertension is the most common cause of ICH,
and its early management is extremely important.

Current evidence indicates that early and inten-
sive lowering of blood pressure (BP) is safe and
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Fig. 8.8 Hemorrhage locations in the pons. (a) Massive type, (b) basal-tegmental type, (c) bilateral-tegmental type,
and (d) unilateral-tegmental type

Table 8.3 Clinical syndromes of pontine intracerebral hemorrhage

Basal-tegmental/
bilateral-tegmental
Small unilateral-tegmental type type Massive type
Ruptured artery | Penetrating branches of the long circumferential | Perforators of the | Perforators of the basilar
arteries basilar artery artery
Consciousness | Alert Usually acute Coma
stupor or coma
Behavioral Uncommon Uncommon Uncommon
changes
Sensory Facial numbness Uncommon; Bilateral hypesthesia
manifestation hypesthesia
Motor Frequent hemiparesis and palatal myoclonus Pure motor stroke | Progressive hemiparesis
manifestation and ataxic
hemiparesis
Ocular findings | Ipsilateral miosis, “one-and-a-half syndrome,” Rare; isolated Miotic pinpoint pupils,
horizontal gaze palsy, internuclear abducens nerve absent horizontal eye
ophthalmoplegia, partial involvement of vertical | palsy movements, and ocular
eye movements, ocular bobbing, and ocular bobbing
ataxia
Prognosis Excellent Moderate to high | Very high fatality
fatality

feasible and that surviving patients show mod-
estly better functional recovery, with a favorable
trend toward a reduction in the mortality and
major disability endpoints. However, two large
clinical trials, INTERACT II and ATACH II,
failed to demonstrate an improved functional out-
come with intensive reduction of systolic BP to
<140 mmHg, compared to the standard goal of
<180 mmHg, in acute primary ICH [73, 74].
Based on currently available data, for ICH
patients presenting with a systolic BP between
150 and 220 mmHg and without any contraindi-
cations for acute BP treatment, acute lowering to
140 mmHg is safe. For ICH patients presenting
with a systolic BP >220 mmHg, it may be reason-

able to consider an aggressive reduction of BP
using a continuous intravenous infusion and fre-
quent BP monitoring [75].

ICH Related to Antithrombotics

ICH related to anticoagulation therapy is a med-
ical emergency and is associated with high mor-
tality and an unfavorable outcome. In patients
treated with vitamin K antagonists (VKAs),
determination of anticoagulant status is per-
formed by measuring the international normal-
ized ratio (INR). Patients with ICH whose INR
is elevated because of anticoagulation therapy



130

J-W. Chung and C.-S. Chung

should have their VKA withheld, receive ther-
apy to replace vitamin K-dependent factors and
correct the INR, and receive intravenous vita-
min K [75]. Three agents are capable of correct-
ing an elevated INR: activated factor VII, fresh
frozen plasma, and prothrombin complex con-
centrate [76].

In contrast to VKA-ICH, in which INR mea-
surements allow the assessment of anticoagula-
tion status, coagulation testing in patients
treated with novel oral anticoagulants is not
available. Data from experimental settings sug-
gest that prothrombin complex concentrate,
fresh frozen plasma, and activated factor VII are
all effective in preventing hematoma expansion
with rivaroxaban and dabigatran [77-79]. For
specific antidotes, idarucizumab is recom-
mended as frontline therapy in patients receiv-
ing dabigatran who present with major or
life-threatening bleeding, and andexanet alfa is
a first choice for reversing life-threatening
bleeding under FXa-inhibitor therapy [80]. The
PATCH trial randomized patients with sponta-
neous acute ICH taking antiplatelet therapy
(aspirin, clopidogrel, and dipyridamole) to
either receive platelet transfusion therapy or
standard therapy and reported an increased like-
lihood of death or unfavorable outcomes in the
platelet transfusion group [81]. For ICH-related
coagulation therapy, cessation of antiplatelet
therapy is considered sufficient.

Control of Increased Intracranial
Pressure

Increased intracranial pressure (ICP) is associ-
ated with worse outcomes following ICH, sug-
gesting that ICP monitoring may benefit
high-risk patients [82]. Current AHA/ASA
guidelines recommend ICP monitoring and
treatment for patients with a Glasgow Coma
Scale score of <8, those with clinical evidence
of transtentorial herniation, and those with sig-
nificant intraventricular hemorrhage or hydro-
cephalus. A cerebral perfusion pressure of
50-70 mmHg may be reasonable. Corticosteroids
are not recommended for the treatment of
increased ICP in ICH [75].

Surgical Management of ICH

Two large clinical trials, STICH and STICH II,
were undertaken to determine whether early sur-
gery reduces mortality and improves the neuro-
logical outcomes for supratentorial ICH compared
to those with conservative management. Early
hematoma evacuation was not found to be benefi-
cial [83, 84]. Although a randomized clinical trial
has not been performed, craniotomy for posterior
fossa hemorrhage patients with cerebellar hemor-
rhages >3 cm in diameter is recommended for
patients with neurological deterioration or with
brainstem compression and/or hydrocephalus
from ventricular obstruction. In contrast to cere-
bellar hemorrhage, evacuation of brainstem hem-
orrhages may be harmful [75].

Prognosis

ICH involving posterior cerebral circulation
demonstrates diverse prognoses depending on
the location of the ICH and size of the hematoma.
Several studies have reported the factors associ-
ated with prognosis according to the location of
the ICH (Table 8.4)

Table 8.4 Poor prognostic factors of ICH involving pos-
terior circulation

Thalamic ICH
[49, 85] Pontine ICH [86] | Cerebellar ICH
Low level of Low level of Low level of
consciousness at | consciousness at | consciousness at
onset onset onset
Severe motor Dilated pupils Delayed
weakness and surgical
appearance of decompression
decerebrate
posturing
Systemic Abnormal Severe
complications respiration hydrocephalus
Global and Larger Identifiable
posteromedial hematoma underlying
types causes, such as
arteriovenous
malformation
and
coagulopathy
Larger Systolic blood Volume of
hematoma pressure of cerebellar
<100 mmHg hematoma




8 Hemorrhagic Strokes

131

Table 8.4 (continued)
Thalamic ICH
[49, 85] Pontine ICH [86] | Cerebellar ICH
Extension of Hydrocephalus | Obliteration of
hematoma, the

involving the quadrigeminal
midbrain and cistern

basal ganglia

Markedly

enlarged

ventricles and
severe mass
effect, causing a
midline shift

Presence of
dense blood
clots in the third
ventricle

ICH intracerebral hemorrhage
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Imaging Diagnosis

Yunsun Song and Seung Chai Jung

Introduction

Although imaging methods for the evaluation of
posterior circulation stroke are similar to those in
anterior circulation stroke, there are substantial
differences in the choice of imaging modality and
interpretation of radiological features. Computed
tomography (CT), magnetic resonance imaging
(MRI), catheter digital subtraction angiography
(DSA), and ultrasound (USG) including Doppler
are commonly used to evaluate posterior circula-
tion stroke. However, midbrain, pons, medulla,
and cerebellum, which take up the majority of
posterior circulation, are surrounded by air- and
bone-filled structures. Although brain paren-
chyma in the posterior fossa has smaller volume,
more area is closely abutted on air, bones, or fluid
collection when compared with anterior circula-
tion. Therefore, CT has more demerits than MRI
for brain parenchyma. Time-of-flight MR angi-
ography (TOF-MRA) is more vulnerable in sus-
ceptibility artifact (more in posterior fossa) than
CT angiography (CTA). However, loss of angio-
graphic information during postprocessing can
occur on CTA because intracranial vertebrobasi-
lar artery runs along the skull base. Therefore, the
interpretation of steno-occlusion should be cau-
tioned. Vessel wall MRI, which provides direct
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vessel wall information beyond luminal imaging
such as CTA, MRA, and DSA, has merits to
delineate vessels in posterior fossa because intra-
cranial vertebrobasilar artery is located away
from the brain parenchyma and has relatively
larger diameters to anterior circulation. DSA has
limited roles in the screening and diagnosis
because of the radiation exposure and invasive
procedure-related complications. However, DSA
is still a gold standard and offers superb resolu-
tion and additional hemodynamic information
relative to CTA and MRA in both anterior and
posterior circulation evaluation. Ultrasound
including Doppler has advantage of bed-side
imaging modality to offer flow information but
can show disadvantage of limited view relative to
carotid arteries. This chapter will describe gen-
eral characteristics and radiological peculiarity of
each imaging modality in posterior circulation
stroke to anterior circulation stroke.

Brain Imaging
cT

Modern multirow detector CT can generate
reconstructed two-dimensional (2D) images in
diverse imaging planes from the volume data by
continuous spiral acquisition with short scanning
time. However, the sequential axial acquisition
for noncontrast CT is still used for the brain
imaging widely because the sequential acquisition
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may provide better image quality when compared
with the spiral acquisition [1, 2].

CT has advantage of being more widely avail-
able and accessible and disadvantage of radiation
exposure when compared with MRI [3, 4].
Although the technology in MRI is advanced, CT
still remains the excellent screening imaging
modality to detect and diagnose acute hemor-
rhage, including epidural, subdural, subarach-
noid, and intraventricular hemorrhage even in
posterior fossa, and to show pressure effects on
basal cisterns and hydrocephalus well [5, 6].
Increased intracellular water or cytotoxic edema
occurs in brain parenchyma in acute ischemic
stroke, leading to decreased attenuation, loss of
gray-white matter differentiation, swelling, and
mass effect on CT [7]. CT has lower sensitivity to
detect or depict acute ischemic stroke when com-
pared to MRI. The overall sensitivity is 12% in
the first 3 h and 57-71% in the first 24 h and
worse in posterior fossa and deep infarcts [8].

Although CT is the conventional imaging
modality to detect and diagnose cerebral isch-
emic or hemorrhagic stroke in wide use for about
20 years, it has not been as helpful in evaluating
patients with posterior circulation ischemia rela-
tive to those of anterior circulation ischemia.
Brain parenchyma, including midbrain, pons,
cerebellums, and medulla in the posterior fossa,
has smaller volume but is mostly surrounded by
air, bones, or fluid collection relative to the supra-
tentorial area, which make it vulnerable to arti-
facts and degrade image quality [5, 9] (Fig. 9.1).

The Alberta Stroke Program Early CT Score
(ASPECTS) offers a useful assessment of early
acute ischemic changes in the MCA territory [10,
11] while those in posterior circulation are not
well-established on noncontrast CT but may be
useful on CTA source images [12]. Puetz et al.
introduced posterior circulation Acute Stroke
Prognosis Early CT score (pc-ASPECTS) on
CTA source images or noncontrast CT for basilar
artery occlusion and allocated scores according
to posterior circulation regions as follows: 2 for
pontine or midbrain and 1 each for left and right
thalamus, left and right cerebellum, and left and
right posterior cerebral artery territory [12]
(Fig. 9.2). A score of 10 is normal, and the score
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Fig. 9.1 CT shows a streak across pons due to beam
hardening artifact. CT is vulnerable to a bone related arti-
fact, which degrades image quality

is calculated by subtracting the sum of each early
ischemic region showing hypo-attenuation from
10. The same ASPECTS scoring system is
applied to DWI [5].

Among posterior circulation, temporo-
occipital lobes, which belong to posterior cere-
bral artery territories, are comparable in the
imaging information to other anterior circulation
territories [5]. Noncontrast CT can show the
presence of dolichoectatic aneurysmal change
and the hyperdense basilar artery sign represent-
ing a thrombus or occlusion [5, 13] with a sensi-
tivity of 71%, a specificity of 98%, a positive
predictive value of 83%, and a negative predic-
tive value of 95% [13].

Magnetic Resonance Imaging

MRI can be a more useful imaging modality in
vertebrobasilar ischemia when compared with
CT because of superior detection or diagnosis of
acute ischemic stroke and robustness to bone- or
air-related artifact in posterior fossa [9]. However,
the disadvantage in the scan time, availability,
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Fig.9.2 The posterior circulation Acute Stroke Prognosis
Early CT score (pc-ASPECTS). The score is calculated by
subtracting the sum of each early ischemic region show-
ing hypo-attenuation from 10. The assigned scores depend
on the posterior circulation regions as follows: 2 for pon-

and contraindications due to MR compatibility
limit the application of MRI to acute ischemic
stroke [3, 9, 14]. Fast MR protocols for hyper-
acute to acute ischemic stroke patients have been
recently introduced [15-17]. In addition, a study
showed the feasibility of MRI as routine screen-
ing imaging modality under the quality improve-
ment processes with Screening with MRI for
Accurate and Rapid Stroke Treatment (SMART)
[18], and another study showed hyperacute MRI
protocol can reduce the number of endovascular
stroke interventions by 50% avoiding futile treat-
ment [19]. Therefore, MRI may be considered to
be one of the important imaging modalities for
acute ischemic stroke patients, especially poste-
rior circulation stroke. However, New England
Medical Center Posterior Circulation Registry
(NEMC-PCR) revealed a discrepancy between
clinical and MRI abnormalities that occurred in
one-third of patients. Clinical findings were more
extensive than expected from the imaging in 20%
among patients with posterior circulation infarcts,
and imaging abnormalities were presented with-
out relation to clinical symptoms or signs in
12.5% patients [5]. Therefore, imaging is neces-
sary to combine with adequate history taking,
and thorough neurologic examination and fol-
low-up imaging should be occasionally consid-

tine or midbrain and 1 each for left and right thalamus, left
and right cerebellum, and left and right posterior cerebral
artery territory on noncontrast CT or CTA source images
(a—c). Therefore, 10-point is normal and O-point means
early ischemic changes in the entire above regions

ered even in the case of negative on initial
imaging.

MRI protocols for acute ischemic stroke gen-
erally consist of diffusion-weighted imaging
(DWI), perfusion-weighted imaging (PWI),
T2-weighted imaging (T2W) or fluid-attenuated
inversion recovery imaging (FLAIR), T2*-
weighted gradient-echo imaging (GRE) or
susceptibility-weighted imaging (SWI), and MR
angiography (MRA) [5, 14].

Dwi

DWTI is the most powerful imaging method to
detect and delineate hyperacute to acute infarct
even in small size. DWI plays a role as the gold
standard in the imaging diagnosis of acute infarct
with a sensitivity of 73-92% within the first 3 h
and a sensitivity of approximately 100% within
the first 6 h after the symptom onset [4]. DWI can
present early ischemic change at 30 min after the
symptom onset, whereas FLAIR tends to present
early ischemic hyperintensity by 6 h after the
symptom onset [20].

Ischemia beyond benign oligemia results in a
net transfer of water from extracellular to intra-
cellular compartment, reduced extracellular
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space volume, and increased intracellular viscos-
ity where water mobility is decreased [21]. DWI
can present the degree of free diffusion of water
molecules, indicating apparent diffusion coeffi-
cient [22, 23]. Apparent diffusion coefficient val-
ues gradually recover to normal within 5-10 days
and then rise up in the chronic stage while DWI
high signal intensity lasts due to T2 shine-through
[23]. DWI lesion can reverse spontaneously or
following recanalization in one-third of patients
after endovascular treatment or a half after intra-
venous thrombolysis [24] even though the rever-
sal does not imply the normalization of brain
tissue [25].

DWI plays an even more important role in
detecting a posterior circulation infarct rather
than those in anterior circulation because CT has
a limited value in posterior fossa [9, 26, 27]
(Fig. 9.3). DWI became an essential investigation
in patients with dizziness or vertigo, particularly

[26]. However, DWI can be occasionally negative
for small infarct lesions in patients with clinically
definite posterior circulation infarcts, especially
brain stem lesions [28]. Oppenheim et al. showed
that false-negative on DWI was 5.8% among
patients who last stroke symptoms more than
24 h and underwent DWI within 48 h after stroke
onset (n = 139) [29]. False-negative DWI
occurred more common in posterior circulation
than in anterior circulation stroke (19 vs 2%)
[29]. Of the 6 false-negative vertebrobasilar
stroke lesions, five lesions were located in brain
stem. Among patients with vertebrobasilar stroke,
31% showed a false-negative on DWI during the
first 24 h, who showed positive results on follow-
up imaging [29]. Chalela et al. prospectively
compared CT and MRI for assessment of patients
with suspected acute stroke (n = 356) [30]. DWI
showed a higher false-negative rate in brain stem
(adjusted odds ratio, 7.3; 95% confidence

Fig. 9.3 CT has a limited value to detect and delineate acute infarcts in posterior fossa relative to DWI
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interval, 2.2 to 25.0) [30]. Initial DWI showed a
false-negative of 12% among patients with acute
vestibular syndrome and who underwent imaging
within 48 h after symptom onset [31]. Therefore,
high suspicion based on adequate history taking
and thorough neurologic examination and aware-
ness in the limitation of imaging may not miss
the precise diagnosis [9]. In addition, follow-up
imaging should be considered when the patient is
clinically suspected as posterior circulation
stroke in spite of negative results on initial imag-
ing (Fig. 9.4).

DWI lesion volume did not correlate with the
NIHSS score and was no predictor of outcome
[32, 33] while a study postulated that the ASPECT

score in posterior circulation using DWI is a
powerful marker for predicting the functional
outcome [34]. Therefore, further investigation is
necessary.

FLAIR and GRE

FLAIR can present hyperintense vessel signs
representing slow flows including leptomenin-
geal collaterals [35], acute ischemic hyperinten-
sity that may represent established infarct [36],
and chronic ischemic lesions including old
infarcts. FLAIR is not sensitive to detect isch-
emic lesions within the first few hours relative to

Fig.9.4 A 74-year-old male presented with dizziness. Initial DWI looked normal (a, b), but follow-up DWI after 1 day
showed acute infarct in right lateral medulla (¢, d)
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DWI. Cytotoxic edema can be detected within
minutes on DWI, but vasogenic edema, which is
detected on FLAIR well, is induced slowly.
Therefore, the mismatch between DWI and
FLAIR may be used to estimate infarct age [20,
36, 37].

Hemorrhage in MRI depends on the age of the
blood and sequences [36]. GRE detects hemor-
rhagic lesions based on the paramagnetic effect
due to deoxyhemoglobin or hemosiderin [36].
GRE can delineate hemorrhagic transformation
better than noncontrast CT [38] and intraluminal
thrombus. SWI shows better hemorrhagic detec-
tion than conventional GRE [39]. The detection
depends on the imaging sequences and strength
of magnetic fields. Therefore, the direct compari-
son between CT and MR or GRE and SWI or
GRE in 1.5- and 3-tesla machine should be done
with caution.

Vascular Imaging
CTA

CTA has become a majority among imaging
modalities for the evaluation of a steno-
occlusion. Recent randomized control studies
demonstrated that the appropriate patients’
selection and rapid revascularization become the
most fundamental and definite contributors for a
good prognosis for patients with ischemic stroke
[40-45]. CTA can provide sufficient information
for the steno-occlusion, and those with multi-
phase acquisitions give us the collateral and/or
perfusion information [46, 47]. The rapid acqui-
sition and excellent accessibility of CTA can
lead to the early decision for the intra-arterial
thrombectomy or aspiration and can make it
rapid revascularization.

CTA generates images with the first intra-
arterial pass of iodinated contrast agents and can
present postprocessed images based on various
techniques. Multiplanar reformation (MPR),
maximum intensity projection (MIP), and vol-
ume rending were representative techniques for
the evaluation of steno-occlusion. MPR can dis-
play various 2D imaging planes without loss of

information [48] (Fig. 9.5a, b). MIP selects con-
trast tissues with the highest attenuation, includ-
ing enhanced vessels, bone, and calcification,
and then they are incorporated into 2D images
[49]. However, other high attenuation structures
such as a dense calcification or stent are able to
obscure the assessment of steno-occlusion, and
three-dimensional (3D) relationships between
vessels and other structures are not visualized
[49] (Fig. 9.5¢). Volume rending is the principal
technique used for all clinical applications
including steno-occlusion or aneurysm [49],
which can provide a good 3D impression but
may lose detailed vascular information during
postprocessing (Fig. 9.5d). The postprocessed
images cannot be enough in accurate measure-
ments and make a loss of detailed anatomic
structures. Therefore, the evaluation combined
with source images may be warranted in the
quantitative measurement or detailed imaging
interpretation.

Iodinated contrast media can induce contrast-
induced nephropathy in patients with decreased
renal function. However, the 2018 AHA/ASA
guideline for the early management of patients
with acute ischemic stroke describes that it is
reasonable to perform CTA in patients with sus-
pected intracranial large vessel occlusion before
testing a serum creatinine concentration [50].
The recommendation is based on the observa-
tion that the risk of contrast-induced nephropa-
thy is relatively low secondary to CTA,
especially in patients without a history of renal
impairment [50].

CTA provides the anatomical information for
steno-occlusion primarily, which is similar to
contrast-enhanced MRA (CE-MRA), while TOF-
MRA offers the flow information primarily.
Therefore, CTA and CE-MRA have theoretical
advantages over TOF-MRA when blood flow is
changed in steno-occlusion or turbulent flow in a
tortuous arterial course or abruptly dilated arte-
rial segment [5].

Good collateral flow is a well-known marker
to correlate with better prognosis in acute isch-
emic stroke. Multiphase CTA, recently intro-
duced, gives us information on collateral flows
in the whole brain as well as steno-occlusion in
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Fig. 9.5 Three postprocessing techniques in CTA. Coronal MPR (a) and sagittal MPR (b), coronal MIP (c), and vol-
ume rendering (d)

the intracranial and neck arteries in a time-
resolved manner and quick acquisition [47],
which may have similar ability to predict tissue
fate in acute ischemic stroke compared with CT
perfusion [46].

Both CTA and CE-MRA are useful imaging
methods to evaluate steno-occlusion from extra-
cranial arteries to intracranial arteries, including
the vertebrobasilar artery system [9, 28, 51, 52].
In general, CTA, TOF-MRA, and CE-MRA show
similar accuracy with high sensitivity and speci-
ficity for the evaluation of intracranial arterial
steno-occlusion [53-57]. However, there may be
some differences depending on vascular loca-
tions or disease. Ultrasound is mostly used as a
screening method at bed-side level with inferior
diagnostic performance to CTA and MRA in the
vertebrobasilar artery system [9, 58-60]. The
specific comparisons among vascular imaging
modalities will be described in MRA.

CTA can provide detailed clot information
such as location, length, burden, and permea-
bility of the thrombus [61]. More proximal arte-
rial occlusion, longer length, higher burden,
and lower permeability in the thrombus can
result in a lower recanalization rate [61].
Residual flow or permeability within the throm-
bus indicates increased attenuation. The clot
with higher permeability is more likely to be
recanalized [62].

MRA

Magnetic resonance angiography (MRA), includ-
ing contrast-enhanced MRA (CE-MRA) and
time-of-flight MRA (TOF-MRA), is widely used
for assessing intracranial and cervical steno-
occlusion or aneurysm since the 1980s [63].
TOF-MRA is the most useful screening imaging
modality to evaluate intracranial vessels and can
cover neck vessels. TOF-MRA adopts a flow-
related enhancement phenomenon to generate the
images without an exogenous contrast agent at
saturated background tissue [64]. However, TOF-
MRA is susceptible to artifacts associated with
various flow phenomena and spatial anatomic
distortion, and thus it is likely to overestimate
steno-occlusion [64, 65] (Fig. 9.6). Recent TOF-
MRA is 3D imaging and adopts multiple overlap-
ping thin slab acquisition and tilted optimized
nonsaturation excitation to overcome slow flow-
related saturation artifact [64]. The saturation
artifact occurs with repeated excitation radiofre-
quency (RF) pulses and leads to signal loss. The
signal loss can cause artefactual steno-occlusion
and can overestimate the degree of stenosis [53,
66]. CE-MRA commonly covers from the intra-
cranial to the neck vessels with short scanning
time. CE-MRA often provides a poor spatial res-
olution of intracranial vessels owing to the large
coverage and has narrow time window for
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Fig. 9.6 A 43-year-old female was diagnosed as left ver-
tebral artery dissection. TOF-MRA poorly delineated
focal aneurysmal dilatation just distal to focal severe ste-
nosis in left vertebral artery with weak antegrade flow (a)
while CTA (b) and CE-MRA (c) depicted those well.

appropriate arterial phase enhancement relative
to TOF-MRA but is less likely to overestimate
the degree and extent in the stenosis [4, 67] and
can make small vessels more visible [68] in neck
vessels.

Khan et al. systematically reviewed vertebral
artery stenosis in 11 studies [59]. CTA showed the
highest sensitivity (100%) and specificity (95.2%)
for detecting >50% stenosis followed by CE-MRA
(sensitivity, 93.9%; specificity, 94.8%), TOF-
MRA (sensitivity, 71.4%; specificity, 95.1%), and
ultrasound (sensitivity, 70.2%; specificity, 97.7%)
[59]. Another study prospectively compared
CE-MRA, CTA, and ultrasound in the evaluation
of vertebral artery stenosis using DSA as a refer-
ence standard (n = 46) [60]. CE-MRA showed the
highest sensitivity of 83-89% followed by CTA
(58-68%) and ultrasound (44%), while CE-MRA
presented the lowest specificity of 87-91% fol-
lowed by CTA (92-93%) and ultrasound (95%)

Noncontrast CT (d) showed slightly increased attenuation
in left vertebral artery, whereas SWI (e) with phase infor-
mation (f) presented intramural hematoma in vertebral
artery dissection well

for detecting >50% stenosis in whole vertebral
artery. For detecting >50% stenosis in vertebral
artery origin, CE-MRA showed the highest sensi-
tivity of 82-91%, followed by CTA (82%) and
ultrasound (67%), but CE-MRA presented the
lowest specificity of 89-92%, followed by CTA
(93%) and ultrasound (98%) [60]. However,
Jumaa et al. postulated that CTA had higher sensi-
tivity (61.9%) and lower specificity (77.8%) rather
than MRA (sensitivity, 55%; specificity, 85.7%) in
spite of the lack of statistical significance [69].
CE-MRA is superior to TOF-MRA for detecting
and evaluating steno-occlusion or aneurysm in
vertebral arteries [28]. However, CE-MRA has a
limitation in the evaluation of vertebral artery ori-
gin steno-occlusion because of artifacts related
with aortic pulsation and breathing [27]. CTA may
provide better delineation of vertebral artery origin
rather than MRA. Both MRA and CTA can detect
vertebral artery dissection well, but MRA can
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present low specificity relative to CTA [9, 70].
CTA may delineate more wall information in the
dissection relative to MRA [71].

Both MRA and CTA are sufficient to depict
intracranial posterior circulation, including the
vertebrobasilar system and posterior cerebral
artery well [28]. The SONIA study (n = 407)
showed that the positive predictive value and
negative predictive value in TOF-MRA were
59% and 91%, respectively, for detecting >50%
stenosis in pooled intracranial artery while verte-
bral artery showed a positive predictive value of
61% and negative predictive value of 88% and
basilar artery showed a positive predictive value
of 60% and negative predictive value of 89%
[72]. Another study showed that TOF-MRA had
a sensitivity of 78-85%, a specificity of 95%, a
positive predictive value of 75-79%, and a nega-
tive predictive value of 95-97% for detecting
>50% stenosis in pooled intracranial artery using
DSA as the reference standard. In the study, dis-
cordant proportions between TOF-MRA and
DSA were 8.1% in internal carotid artery, 7.4%
in middle cerebral artery, and 4.1% in vertebro-
basilar artery, respectively [73]. Although TOF-
MRA can be dependable in the exclusion of
intracranial arterial steno-occlusion based on the
high negative predictive value, it may not be
enough to measure intracranial artery stenosis
accurately because of the low positive predictive
value. TOF-MRA can overestimate stenosis due
to the disadvantage of flow-related artifact.
However, the flow-related artifact can provide
hemodynamic information, which is not offered
by CE-MRA or CTA. In addition, TOF-MRA is
robust to evaluate stenosis due to calcified
plaques such as cavernous internal carotid artery
or intracranial vertebral artery, in which CTA can
overestimate the stenosis [65] (Fig. 9.7).

Vessel Wall MRI

Vessel wall MRI provides direct wall information
beyond indirect luminal imaging such as CTA,
MRA, and DSA. Vessel wall MRI has been widely
used for further investigation following luminal
imaging and clinically established one of imaging
modality for the evaluation of steno-occlusion.

Vessel wall MRI needs sufficient resolution,
perpendicular imaging planes to the arterial long
axis, and an appropriate imaging contrast [21, 74,
75]. Vessel wall MRI has to provide a resolution
of less than 0.7 mm? to present vessel wall infor-
mation even in intracranial arteries having small
diameters as well as extracranial arteries [76-78].
In particular, vertebrobasilar arteries have the
advantage of using vessel wall MRI because
those have larger diameter and are surrounded by
CSF space when compared with anterior circula-
tion. Vessel wall MRI can play an appropriate
role in 3-tesla machines [64, 74]. The perpendic-
ular imaging planes to the arterial long axis can
make vessel walls characterize most accurately,
in particular eccentricity or wall thickness.
Furthermore, the imaging planes are useful to
distinguish true lesions from pseudo-lesions such
as normal meninges or veins, which surround
vessel walls closely [79]. Therefore, the imaging
planes perpendicular to the arterial course have to
be able to obtain during the scanning or after
postprocessing along with other orthogonal
imaging planes. Accordingly, 3D acquisition of
vessel wall MRI has been preferred. The appro-
priate multicontrast imaging includes precontrast
and postcontrast T1-weighted imaging with suf-
ficient black-blood and black-CSF state.
According to the purpose or circumstances of the
study, T2-weighted imaging, proton-density
imaging, and susceptibility-weighted imaging
can be added in the vessel wall sequences.

The useful vessel wall MRI sequences are as
follows: precontrast and postcontrast T1-weighted
imaging, T2-weighted imaging, proton-density
imaging, and susceptibility-weighted imaging.
Precontrast T1-weighted imaging plays a crucial
role in the evaluation of vessel walls to provide
basic morphology and signal intensity.
Postcontrast T1-weighted imaging can present
the most remarkable finding. The vessel wall
enhancement is considered to be an indicator of
disease activity. Postcontrast TI1-weighted
imaging is acquired with injection of a contrast
agent based on gadolinium [64]. Proton-density
imaging offers vessel information having the
highest signal-to-noise ratio, which makes it use-
ful to demarcate outer arterial walls, in particular
intracranial vessels [80]. T2-weighted imaging
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Fig. 9.7 CTA shows focal severe stenosis in right verte-
bral artery on volume rendering images (a) with dense
calcified plaque on CTA source images (b, ¢). TOF-MRA

presents basic morphology and signal intensity in
vessel walls.

Susceptibility-weighted imaging gives us
helpful information in terms of hemorrhage or
calcification in vessel walls. Susceptibility-
weighted imaging is 3D high-resolution gradient-
echo sequence with phase information and flow
compensated state, which can provide higher per-
formance in the detection of hemorrhage or calci-
fication than conventional T2* gradient-echo
imaging [81]. Therefore, it can detect intramural
hematoma, intraplaque hemorrhage, or calcified
plaque even in small anatomic regions like vessel
walls [81, 82].

Black-blood techniques commonly include
methods to suppress luminal blood black and
surrounding CSF black to improve the contrast
of vessel walls [74, 75]. Their sequences are
based on the suppression of moving protons
like blood or CSF. Representative and widely
used black-blood techniques are double inver-

' 7

(d), CE-MRA (e), and DSA (f) present only focal mild
stenosis. CTA can have a demerit in the evaluation of the
degree of steno-occlusion with dense calcified plaques

sion recovery, motion-sensitized driven equilib-
rium (MSDE), or improved motion-sensitized
driven equilibrium (iMSDE) and delay alternat-
ing with nutation for tailored excitation
(DANTE). Double inversion recovery is less
likely to be used in the recent vessel wall MRI
because 2D imaging commonly adopts the
techniques [75]. MSDE or iMSDE suppresses
the signal from moving spins using preparation
radiofrequency pulses, which are made up of
flip angles of 90° and 180°. It has merits to
reduce preparation time and cover a larger
extent when compared with double inversion
recovery. Although it can reduce the signal and
provide insufficient black-blood and black-CSF
state and field inhomogeneity [74, 75, 83], it is
widely used with technological improvement.
DANTE is also a widely used black-blood tech-
nique, which adopts a chain of nonselective
pulses with low flip angles, which is interleaved
with gradient pulses with short repetition times.
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The pulse induces the attenuation of flowing
tissue signals, but DANTE is known to be less
than MSDE in the attenuation of static tissue
signal [84].

Simultaneous acquisition of intracranial and
neck vessel walls is useful to evaluate overall ath-
erosclerotic plaques or the extent of craniocervi-
cal dissection, which become clinically available
with large coverage and short scan time in recent
MR machines [85].

Atherosclerosis

Vessel wall MRI can give us useful information to
estimate the stroke mechanism as well as the etiol-
ogy of the steno-occlusion in posterior circulation
stroke and is helpful to differentiate the vascular
disease such as dissection, moyamoya disease, and
vasculitis, which can be confused with atheroscle-
rosis. In addition, vessel wall MRI is able to dem-
onstrate atherosclerotic plaques even in nonstenotic
lesion on luminal imaging [86, 87] (Fig. 9.8).

Fig. 9.8 DSA looks normal in left vertebral artery (a)
while vessel wall MRI shows eccentric wall thickening
with contrast enhancement on coronal and axial postcon-

trast T1-weighted imaging (b, ¢). Vessel wall MRI pro-

vides the direct wall information

luminography

beyond the
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Atherosclerotic plaques consist of lipid core,
fibrous tissue, intraplaque hemorrhage, and cal-
cium [88]. Vessel wall MRI can provide each
component in the plaques intracranial arteries as
well as extracranial carotid arteries. The plaque
analysis gives us useful information to differenti-
ate vulnerable plaques from stable plaques using
vessel wall MRI [88, 89].

Typical morphology of the atherosclerotic
plaque is asymmetric wall thickening, so-called
eccentricity, whereas vasculitis shows smooth
concentric wall thickening [90] (Fig. 9.9).
However, concentric wall thickening is also
reported in atherosclerotic plaques [91]. The
remodeling index, which is described in coronary
artery atherosclerosis, is also useful information

to characterize and differentiate intracranial and
cervical atherosclerotic plaques [92]. The remod-
eling index is calculated as follows: maximum
outer wall area/ ([proximal normal arterial
area + distal normal arterial area]/2). Positive
remodeling is defined as the index >1.0, while
negative remodeling is as <1.0 [92]. Positive
remodeling is more likely to be seen in symptom-
atic and/or vulnerable plaques [86, 93-95].
Plaques vulnerability is known to associate with
intraplaque hemorrhage, large lipid-rich necrotic
core with fissuring or rupture of the fibrotic cap,
and plaque enhancement on vessel wall MRI [88,
96, 97]. Intraplaque hemorrhage is commonly seen
as hyperintensity on T1-weighted imaging. It is
considered that the rupture of neovessels or plaque

Fig. 9.9 A 73-year-old female presented with left side
weakness. Acute infarct in right pons was seen on DWI
(a). TOF-MRA showed focal mild stenosis in upper to
mid basilar artery (b). Vessel wall MRI showed eccentric

wall thickening with contrast enhancement, indicating
atherosclerotic plaque, in right lateral wall of basilar
artery on axial precontrast T1-weighted imaging (c¢) and
postcontrast T1-weighted imaging (d)
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rupture causes intraplaque hemorrhage [97].
Intraplaque hemorrhage can present various signal
intensity depending on techniques used for
T1-weighted imaging [98] and the stage of hemor-
rhage [99]. Intramural hematoma in dissection can
also present similar signal intensity [100].
Therefore, intraplaque hemorrhage is necessary to
be interpreted cautiously, and T2-weighted or
susceptibility-weighted imaging can be helpful.
The fibrotic cap is a layer of fibrotic connective tis-
sue containing macrophages and smooth muscle
cells within a collagen—proteoglycan matrix and
separates lipid-rich necrotic core from the arterial
lumen. Larger lipid-rich necrotic core and thinner
or disrupted fibrotic cap were found to be associ-
ated with a risk of cerebrovascular event. The intact
thick fibrotic cap may represent low risk of plaque
rupture [97]. Lipid core is shown hypo- to isointen-
sity on T1- and T2-weighted imaging without con-
trast enhancement. The signal intensity is different
to subcutaneous fat showing hyperintensitiy on
T1- and T2-weighted imaging because the main
contributor to MR signal is not lipid but water pro-
tons and the main component is not triglycerides
(mainly in extravascular lipid) but cholesterol and
cholesteryl esters in lipid core [88, 96]. The fibrous
cap is shown as iso- to hyperintensity on T1- and
T2-weighted imaging with contrast enhancement.
Therefore, hyperintensity with enhancement and
hypointensity without enhancement in the vessel
walls can be seen from lumen to wall, representing
fibrous cap and lipid core, respectively [96, 101].
Calcification is shown as a dark signal across all
sequences [102].

Plaque enhancement is the most remarkable
finding among vessel wall MRI features. Plaque
enhancement is more likely to be seen in recent
and/or symptomatic ischemic stroke and may
indicate severe inflammatory activity [103-105].
The degree of enhancement in symptomatic
plaques is known to decrease over time [104].
Plaque enhancement is shown to be associated
with neovascularity, inflammatory activity, and/
or enhanced endothelial permeability [106, 107].
However, it is not specific for atherosclerotic
plaques since nonspecific inflammatory condi-
tions such as vasculitis can present vessel wall
enhancement [74].

Vessel wall MR1 is helpful in disclosing stroke
mechanism by delineating detailed plaque mor-
phology, composition, and distribution. In a
study, they showed that high-resolution 3D
proton-density imaging with 0.2 mm? can iden-
tify relevant culprit perforating arteries in lateral
pontine infarct [108].

Dissection

Dissection is one of the major vascular patholo-
gies in young patients with cerebral ischemic
stroke [109]. Therefore, dissection is a reason-
able differential diagnosis for the steno-occlu-
sion without a definite clue on luminal imaging
in ischemic stroke patients with minimal vascu-
lar risk factors. Vessel wall MRI is quite helpful
in depicting the dissecting pathology directly.
The direct radiological features include intimal
flap, double lumen, intramural hematoma, aneu-
rysmal dilatation, and subsequent geometric
change, which is delineated by vessel wall MRI
[110, 111]. Additionally, dissection can show
wall enhancement. The wall enhancement is
considered to be associated with inflammation
[112], sluggish blood flow via false lumens, or
vasa vasorum enhancement [113] even though
the pathology is not completely understood. A
study using positron emission tomography
(PET)-CT demonstrated pathological uptake at
the corresponding site of vessel wall enhance-
ment in the dissection, and the enhancement was
disappeared within weeks, which was thought to
be a generalized transient inflammatory arteri-
opathy [112].

Dissection shows a subsequent geometric
change from the occurrence to various chronic
stages [114—117]. Dissection begins with intimal
tear, and blood flow penetrates into arterial walls,
which is seen as intimal flap and double lumen.
Thrombus in the vessel walls is seen as intramu-
ral hematoma, which can make aneurysmal dila-
tation like positive remodeling in atherosclerotic
plaques. The radiological features in acute to
subacute stage change over time [110, 111, 117].
Vessel wall can show various chronic stages,
including occlusion, dissecting aneurysm,
incomplete normalization, and complete normal-
ization [118].
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Intramural hematoma can present similar
signal intensity to intraplaque hemorrhage on
vessel wall MRI [100]. The differentiation
between intramural hematoma and intraplaque
hemorrhage is sometimes difficult, which leads
to confusion between atherosclerosis and dis-
section. Therefore, the precise diagnosis may
rely on clinical features and brain parenchymal
and vascular imaging beyond target vessels,
and subsequent geometric change. Dissection
shows more clear and rapid subsequent geo-
metric change, including spontaneous normal-
ization relative to atherosclerotic plaques
[114]. In unruptured intracranial artery dissec-
tions, the subsequent change in geometry was
shown from 2 weeks to 2 months in 83.9%, and
among which, improvement and complete nor-
malization were shown in 61.5% and 18.3%,
respectively [114]. Spontaneous improvement
was seen in 37.4-75% of patients with unrup-
tured intracranial vertebral artery dissection
[119, 120]. The improvement rate iS more
likely to be higher in dissection rather than
intracranial atherosclerosis (<30%) [121, 122]
(Fig. 9.10).

Catheter Digital Subtraction
Angiography

Catheter digital subtraction angiography (DSA)
plays an important role as the gold standard in
vascular imaging, even though it is the oldest
technique since 1927 [123]. DSA is widely used
and is an advanced technique both in subtraction
and magnification as Seldinger introduces the
percutaneous catheterization in 1953 [124].
Modern DSA provides excellent spatial (less than
0.2 mm?) and contrast resolution. DSA is the
most invasive method among vascular imaging,
and available only at highly specialized centers
[125, 126]. DSA carries the risk of procedural
complications and exposure to the radiation and
contrast agent. A large population retrospective
research (n = 19,826) reported that neurological
decline, permanent disability, and death rate were
2.63%, 0.14%, and 0.06% in diagnostic DSA,
respectively [127]. In a meta-analysis study, per-
manent and transient neurologic complication
was higher in a group with transient ischemic
attack (TTA) and stroke (0.7% and 3.0%) com-
pared to a group with subarachnoid hemorrhage,

After 5 months

Fig. 9.10 A 25-year-old female was diagnosed as a dis-
section in left cervical vertebral artery. Vessel wall MRI
showed an intramural hematoma and aneurysmal dilata-
tion indicating dissection in the left cervical vertebral

artery on coronal precontrast T1-weighted imaging (a),
but CE-MRA showed severe stenosis in the corresponding
location (b). After 5 months, vessel wall MRI (¢) and CTA
(d) looked normal, indicating complete normalization
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cerebral aneurysm, and arteriovenous malforma-
tion (0.07% and 0.8%) when they experience
DSA [126]. Therefore, modern DSA is mainly
used when more detailed information is neces-
sary to guide therapies or about small vessels.
Use of DSA must be balanced between the
procedure-related risk and the risk of an incorrect
diagnosis [128, 129].

Although the degree of stenosis is one of the
oldest parameters, it is still the most important
in the evaluation of vascular lesions [128] and
DSA shows good agreements for measuring
intracranial artery stenosis [130]. The degree of
stenosis is defined as follows: percent steno-
sis = [(1 — (D(stenosis)/D(normal)))] x 100
[130].

Hemodynamic information is another impor-
tant advantage in DSA. The hemodynamic infor-
mation on vascular flow is poor in other vascular
imaging such as CTA, MRA, and vessel wall
MR. However, when contrast agent insufficiently
fills peripheral vessels to a stenosis, those cannot
be seen on DSA. Therefore, CTA can be better
than DSA to delineate the distal vessels because
CTA can concentrate contrast agent to distal ves-
sels beyond the stenosis [54]. However, CTA has
a demerit to DSA for the evaluation and measure-
ment of small arteries [131]. DSA needs multiple
intravascular injections of contrast media to each
artery, and bilateral vertebral arterial injection is
sometimes necessary for complete assessment of
posterior circulation stenosis.

In some cases, vascular imaging can be chal-
lenging to evaluate the vascular disease including
vertebrobasilar artery steno-occlusion because
each modality has merits and demerits depending
on techniques, postprocessing, and susceptible
artifact, and thus interpretation by a neuroradio-
logical expert is necessary.

Ultrasound

Ultrasound for patients with a suspicion of poste-
rior circulation stroke provides not only imaging
but also additional information on cerebral hemo-
dynamics. Ultrasound in parallel with other
modalities (CT, MRI) may offer further under-

standing on the pathophysiology of stroke. It can
also be a very quick, cheap, and noninvasive first-
line approach as well as an ideal follow-up
modality as it can be performed directly at the
bed-side. However, it has demerits in the limited
view and insufficient anatomic information rela-
tive to carotid arteries in posterior circulation.
The US examination of the posterior circulation
should include a complete examination of the
vertebrobasilar system. It encompasses innomi-
nate and subclavian arteries, both extra- and
intracranial vertebral artery segments, basilar
trunk, and posterior cerebral arteries along with a
documentation of cervical collateral pathways
[132].

Doppler Ultrasound

Several modes of ultrasound are now commonly
used in the posterior circulation. B-mode (bright-
ness mode) ultrasound uses 7.5-10 MHz emis-
sion frequencies to produce real-time
two-dimensional (2D) image of the vessels.
Doppler mode makes use of the Doppler effect to
measure and visualize blood flow. Pulsed-wave
(P-W) and continuous-wave (C-W) Doppler
present the flow velocity information of the arter-
ies on a timeline. In the P-W Doppler system, a
single transducer crystal emits pulses of short
bursts of ultrasound energy. Between the pulses,
the same crystal acts as the receiver of ultrasound
signals [133]. The P-W Doppler is most often
combined with B-mode images in a duplex sys-
tem. The duplex system improves the identifica-
tion of the artery and more reliably detects
abnormality [134]. On the other hand, the C-W
Doppler system consists of a double element
transducer, and it continuously transmits and
receives ultrasonic signals [133]. C-W Doppler is
helpful in determining the presence and direction
of flow in the interosseous (V2) and atlas loop
(V3) of the vertebral arteries [134]. Color
Doppler flow imaging (CDFI) provides real-time
information about blood flow, which is displayed
as color images superimposed on B-mode images
of the surrounding tissues [132]. CDFI allows
better visualization of the proximal vertebral
artery and the atlas loop than conventional duplex
ultrasonography [135]. Power Doppler imaging
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(PDI) uses a display of the amplitude of the
Doppler signal rather than the velocity and direc-
tion of the flow. It provides better visualization of
blood vessels lying in regions anatomically diffi-
cult for ultrasound imaging [136]. It also
improves the evaluation of the stenosis and visu-
alization of the intravascular surface and plaque
morphology [134]. PDI is useful in evaluating
vertebral artery as an adjunct to CDFI and P-W
Doppler imaging [137].

Transcranial Doppler

Transcranial Doppler (TCD) ultrasound, using a
pulsed Doppler system with low transmitter fre-
quency (1.5-2 MHz) to penetrate the skull, is
able to record blood flow velocities of the intra-
cranial vessels [138, 139]. Insonation through the
foramen magnum (transforminal window) from
the top of the neck below the occiput allows
detection of blood flow velocities in the basilar
artery and the intracranial segments of the verte-
bral arteries. Transtemporal window is found
between the angle of the eye and the pinna above
the zygomatic ridge and allows the study of flow
through the distal basilar artery, posterior cere-
bral arteries, and posterior communicating arter-
ies. In conventional TCD, grayscale images of
the vessel wall are not routinely obtained because
of its limited spatial resolution. The Doppler sig-
nal obtained is assigned to a specific artery based
on indirect parameters: the depth of the sample
volume, the position of the transducer, and the
flow direction [140]. Transcranial color duplex
ultrasonography, on the other hand, enables the
visualization of the intracranial posterior circula-
tion vessels by color-coding of blood flow veloc-
ity [141]. It allows the operator to identify the
target vessel more accurately and measure the
angle of insonation to correct the flow velocity
measurement [132, 134, 142]. More recently, the
advent of power motion-mode TCD (PMD-TCD)
has improved the ability to insonate and visualize
the posterior circulation arteries and provides
multi-gate flow information simultaneously in
power M-mode display [142, 143]. PMD-TCD
showed a satisfactory agreement (sensitivity
73%, specificity 96%) with digital subtraction
angiography (DSA) in evaluating the patients

with acute posterior cerebral ischemia [143].
PMD-TCD also has a role in depicting flow sig-
natures that are complementary to the standard
single-gate TCD spectral findings [143].
Microemboli in the posterior cerebral circulation
can also be visualized as high-intensity transient
signals (HITS), also called microembolic signals
(MES), superimposed on the background
Doppler spectra [138, 144, 145]. In one study,
13% of the acute posterior circulation cerebral
ischemia patients had MES on the TCD monitor-
ing at the basilar artery. The presence of MES can
suggest possible mechanisms of the stroke [144].

Application

The ultrasound evaluation of the posterior circu-
lation system should be initiated from the innom-
inate and subclavian arteries [132, 146]. A
microconvex array transducer using 3.5—
11.5 MHz provided a better visualization of the
proximal segments of the supra-aortic arteries
and the aortic arch. The cervical segments of the
subclavian arteries are usually well visualized by
duplex sonography and C-W Doppler [134].
Even though ultrasound imaging of the vertebral
arteries is more difficult and less often performed
than that of the carotid system, many studies
show the feasibility and usefulness of the ultra-
sound evaluation when performed by experi-
enced operators. The intraforaminal course (V2)
of the vertebral artery is the easiest to examine
because of the straight course of the artery; there-
fore, it is recommended to begin the examination
from this segment. It can be assessed with a probe
parallel to the carotid and angled laterally and
oriented to the direction of transverse processes.
The origin of the vertebral artery (VO) is a com-
mon site of atherosclerotic stenosis, which is
difficult to investigate. The insufficient visualiza-
tion of this segment is reported in 6—14% on the
right side and in 14-40% on the left side [147].
Following the artery from the V1/V2 segment
junction to the subclavian artery is a good way to
assess the origin. Examination of the atlas loop
(V3) is performed by placing the probe below the
mastoid process, lateral to the sternocleidomas-
toid muscle, and maintaining the probe directed
toward the contralateral orbit [148]. The distal V2
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and V3 segments, however, cannot always be sat-
isfactorily imaged.

For the vertebral system, just like a carotid
system, peak systolic velocity (PSV) increase can
be a good estimator for evaluating the stenosis. A
moderate stenosis (50-69%) will show a focal
PSV increase (>140 cm/s at the origin, or a ste-
notic/prestenotic PSV ratio > 2), while a severe
stenosis (>70%) will also show indirect hemody-
namic signs (prestenotic flow signal with a low
diastolic velocity and increased peripheral resis-
tance; post-stenotic flow signal with a delayed
systolic flow rise and dampened waveform), con-
tralateral vertebral artery compensation [88]. A
unique finding in the posterior circulation sys-
tem, which is not seen in the carotid system, is

Fig. 9.11 A 77-year-old male complained of recurrent
dizziness in whom acute embolic infarctions in the pons
were noted on diffusion MRI (not shown). Doppler ultra-
sonography demonstrated focal stenosis in the origin of
the left vertebral artery (VA), markedly increased in peak
systolic velocity (379.1 cm/s) and spectral broadening at
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the cervical collateral pathways. Distal vertebral
artery flow can be reconstituted via ascending
cervical artery (from thyrocervical trunk), deep
cervical artery (from costocervical trunk), and/or
occipital artery (from external carotid artery)
when the occlusion is located proximally.

Ultrasound also helps to identify the cause of
the stroke such as atherosclerotic plaques
(Fig. 9.11), typical sign of dissection (i.e., irregu-
lar stenosis or ectasia, an intramural hematoma, a
double lumen) (Fig. 9.12), arteritis, vasospasm,
Bow-Hunter’s syndrome, and subclavian steal
phenomenon.

In subclavian steal syndrome, the flow pattern
varies depending on the severity of the subcla-
vian artery stenosis and the collateral patterns.

-

the level of stenosis (a). Delayed systolic flow rise and
dampened waveform were noted in the intraforaminal
segment of the ipsilateral VA (b). Digital subtraction angi-
ography revealed focal severe stenosis at the VA ostium
with dense calcified plaques that also encircled the subcla-
vian artery (c)
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Fig. 9.12 A 59-year-old male presented with sudden
onset dizziness and truncal ataxia. Diffusion MRI showed
multiple embolic infarctions in the posterior circulation
area (not shown). Brightness mode of the Doppler ultraso-
nography demonstrated irregular focal stenosis in the
intraforaminal segment (V2) of the left vertebral artery
(VA) between C4 and C5 transverse processes. Intramural
hematoma with thickened irregular vessel wall was noted

Incomplete steal usually causes a decrease in sys-
tolic blood flow velocity, and in more severe
cases, bidirectional blood flow occurs in the ipsi-
lateral vertebral artery [138]. Complete flow
reversal is noted in cases of complete steal. TCD
can be used in conjunction with duplex vertebral
sonography in the diagnosis of this condition
[138, 148]. TCD findings may be potentiated by
exercise of the arm on the affected side or a
hyperemia test in which the brachial artery is
compressed and then released to accentuate sub-
clavian steal [138, 148] (Fig. 9.13).

Y.Song and S. C. Jung

—

at the stenosis (white arrow) (a). Prestenotic flow analysis
between C5 and C6 levels showed a high-resistance flow
pattern without a diastolic flow component (b). Left verte-
bral angiography revealed focal tapering stenosis (black
arrow) at the corresponding segment as well as near
occlusion of distal V3 segment, which was considered as
a tandem dissecting lesion (c)

After complete examination of the extracra-
nial vertebral arteries, insonation of the intracra-
nial arteries is performed using TCD through
transforaminal window. Both intracranial verte-
bral arteries are evaluated and then followed to
the basilar artery. Visualization of the distal basi-
lar artery and the posterior cerebral arteries is
difficult but often can be visualized via transtem-
poral window. According to a color-coded TCD
study [149], adequate quality insonation was
successfully achieved in the intracranial verte-
bral arteries (98%), basilar artery (92%), and P1
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Fig.9.13 A 61-year-old female complained of dizziness
and left arm discomfort. Spectral analysis of the left VA
(V2 segment) showed systolic flow reversal and antegrade
diastolic flow that suggests subclavian steal syndrome (a).
Contrast-enhanced MRA demonstrated occlusion of the
left proximal subclavian artery (arrow) (b). Right verte-
bral artery angiography showed prominent retrocorporeal
anastomosis at C2, C3, and C4 levels (arrows) and ante-
rior spinal artery (double arrow) to reconstitute left VA
flows (antegrade flow to the brain and retrograde flow to

segment of the posterior cerebral arteries (84%).
The Stroke Outcomes and Neuroimaging of
Intracranial ~Atherosclerosis (SONIA) Trial
found that TCD allows reliable exclusion with a
substantial negative predictive value (> 0.8) of
the presence of intracranial stenosis (50 to 99%)
when using mean velocity criteria of 110 cm/s
for vertebral artery and 130 cm/s for basilar
trunk [72].

Ultrasound has some limitations. First, ade-
quate visualization of the entire vertebral artery

the arm) (c¢). A typical retrograde left distal VA flow was
not visualized due to the hypoplastic right V4 segment.
Transcranial Doppler findings of the left intracranial VA
was performed during a hyperemic test. A delayed and
dampened systolic flow was noted on baseline examina-
tion (d). After the measurement, a cuff over the left bra-
chial artery was inflated with an affected arm exercised for
2 min. Rapid deflation of the cuff (circle) leads to a sud-
den decrease of the flow for a while (e, f). Recovery of the
baseline flow was demonstrated after 20 s (g)

cannot always be possible. The origin and the
V1 segment is sometimes not accessible because
of anatomical difficulties such as deep and pos-
terior origin of the vertebral arteries, direct ori-
gin from the aortic arch, tortuous course, or
short neck stature. Vertebral processes preclude
the whole assessment of the V2 segment; there-
fore, short segmental lesion can be missed.
Therefore, both direct and indirect signs of
steno-occlusive lesion must be interpreted
together to improve sensitivity and accuracy [4].
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Second, there are no established criteria for esti-
mating vertebral artery stenosis like the carotid
stenosis criteria of the Society of Radiologists
in Ultrasound [150]. Third, the quality of the
exam highly depends on the operator, so it is
recommended to be performed by well-trained
and experienced sonographers.

Perfusion Imaging
CTP

CTP is to provide rapid qualitative and quantita-
tive cerebral perfusion. CTP is obtained using con-
tinuous cine imaging for the contrast enhancement
during the first pass of an iodinated contrast media
bolus through cerebral vasculatures [151, 152].
The degree of contrast enhancement and concen-
tration of the contrast media show a linear relation-
ship with a transient hyperattenuation that is
directly proportional to the amount of the contrast
media in a given region [151, 152]. It commonly
takes 1 to 2-min scan time with a 35 to 50-mL con-
trast media and a 4 to 5-mL/s injection rate [47,
151, 152] using a tube voltage of 80 kV [153],
which differ on the detailed parameters such as a
coverage, section thickness, and inter-slice gap.
The radiation dose is generally lower to head and
neck CTA [47] or similar to noncontrast brain CT
[154, 155]. The images are acquired at every sec-
ond during the first 3045 s followed by every
2-3 s during the next 3045 s to generate accurate
early-phase concentration curves [153]. The poor
cardiac output, atrial fibrillation, and/or steno-
occlusive lesions could contribute to the delayed
cerebral tissue saturation [153]. Perfusion maps
such as CBV, CBF, MTT, and TTP are generated
through a postprocessing method, including non-
deconvolution-based or deconvolution-based
model of the time-attenuation curve [152, 156].
Tmax (time to the peak of the residual function)
can be derived from the deconvolution-based
model instead of TTP [157, 158]. CBV is defined
as the total volume of flowing blood in a given vol-
ume in the brain, with units of milliliters of blood
per 100 g of brain tissue. CBF is defined as the
volume of blood moving through a given volume

of brain per unit time, with units of milliliters of
blood per 100 g of brain tissue per minute. MTT is
defined as the average transit time of blood through
a given brain region, measured in seconds [156].
CTP showed additional diagnostic values in
acute ischemic posterior circulation stroke when
compared with noncontrast CT and/or CTA
[159, 160]. CTP combined to noncontrast CT
and CTA presented significant improved diag-
nostic performance with a sensitivity of 76.6%,
a specificity of 91.1%, a positive predictive
value of 95.4%, a negative predictive value of
62.1% [160], and an area under the curve of
0.86 (noncontrast CT, 0.64; noncontrast
CT + CTA source images, 0.68) [159]. A sys-
tematic review also demonstrated that CTP
(sensitivity, 76%; specificity, 93%) is better than
noncontrast CT (sensitivity, 23%; specificity,
97%) and similar to CTA (sensitivity, 42%;
specificity, 98%) in the diagnostic accuracy for
detection of acute posterior circulation stroke
[161]. The largest analysis (n = 436) for the
diagnostic performance of CTP in acute poste-
rior circulation stroke postulated that the extent
of focal hypoperfusion is independently associ-
ated with long-term outcome [162]. Infarct core
can be defined as decreased CBV and CBF with
severely delayed MTT, TTP, and Tmax, whereas
penumbra can be estimated by preserved CBV
and CBF with delayed MTT, TTP, and Tmax
roughly [157]. A decrease in CBF by 30-50%
[41, 42, 153, 157, 163] or CBV with less than
2-2.5 g/100 mL [8, 153, 164] relative to the nor-
mal cerebral hemisphere for the infarct core and
a delay in Tmax more than 6 s for the penumbra
[42, 165, 166] have been commonly used, but
the quantitative thresholds have been mainly
established in anterior circulation stroke.

MRP

Dynamic susceptibility contrast (DSC), dynamic
contrast-enhanced (DCE), and arterial spin
labeling (ASL) imaging have been widely and
clinically used as MR protocols for PWI. Most
of PWI in acute ischemic stroke indicates
DSC-PWL
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Arterial spin labeling (ASL) is perfusion
imaging that is able to provide quantitative CBF
values without contrast agent. ASL uses endoge-
nous blood tracer by magnetically labeling blood
at the cervical carotid artery levels instead of
gadolinium-based contrast media. The labeled
blood distributes in cerebral capillary beds, which
is acquired as quantitative CBF perfusion imag-
ing [167]. Hypoperfused regions on ASL-CBF
may represent the penumbra in patients of acute
ischemic stroke. ASL showed high agreement
with DSC-PWTI in the detection of the penumbra,
but it tends to overestimate the penumbra [167—
169]. However, ASL limits in the clinical use due
to the long scan time and poor availability and
has been used mainly in the research field.

DSC-PWI begins with intravenous injection
of a gadolinium-based paramagnetic contrast
agent. The first pass of the contrast media bolus
causes a nonlinear signal loss on T2* images,
which represents susceptibility artifact. The tis-
sue signal changes can generate a hemodynamic
time-to-signal intensity curve, which can be used
to generate CBV, CBF, TTP, MTT, and Tmax
[36, 170].

Hypoperfused cerebral tissue includes benign
oligemia and ischemic tissue, and the infarct core
and penumbra belong to the ischemic tissue
[171]. The infarct core is defined as brain tissue
likely to be irreversibly infarcted at the time of
imaging, and the penumbra is defined as at-risk
ischemic brain tissue likely to be infarcted in the
absence of early robust recanalization [3]. Both
DSC-PWI and CTP have been widely used to
delineate the penumbra region in real clinical or
research arena even though those can overesti-
mate ischemic tissue and tend to include benign
oligemic region, especially MTT, TTP, or Tmax
[171]. A threshold or definition for the penumbra
is still in debate even though a delay in Tmax
more than 6 s is used for the threshold in previous
trials [36].

CTP is based on the linear relationship
between contrast media and CT attenuation,
whereas DSC-PWI shows a nonlinear relation-
ship between the contrast agent and the MR sig-
nal. Therefore, the quantification is more easily
achieved in CTP, which is confirmed by compari-

son with positron emission tomography as a ref-
erence standard [3, 172]. The major advantage of
DSC-PWI can include other effective MR
sequences including DWI, FLAIR, or GRE to
evaluate various radiological features of ischemic
lesions when compared with CTP [3, 36]. The
major disadvantage of DSC-PWI over CTP is
that the parametric maps provide semiquantita-
tive values rather than absolute values [36]. CTP
has a demerit of the susceptibility to bone- or air-
related artifact in posterior fossa [23]. Both CTP
and DSC-PWI rely on similar basic tracer kinetic
concepts and challenges from the acquisition,
postprocessing, and interpretation of parametric
maps [3].

Although both CTP and DSC-PWTI are useful
methods to offer cerebral perfusion data including
infarct core and penumbra, perfusion imaging is
not essential in the assessment of acute ischemic
stroke patients. The 2018 AHA/ASA guideline
for the early management of patients with acute
ischemic stroke recommends that multimodal CT
and MRI including perfusion imaging should not
delay administration of IV alteplase, and perfu-
sion imaging is not recommended in patients with
less than 6 h for the evaluation of indication for
mechanical thrombectomy either. However, per-
fusion imaging is recommended to aid the selec-
tion of patients for mechanical thrombectomy
within 624 h of last known normal and large ves-
sel occlusion in anterior circulation [50].

Both CTP and DSC-PWI can present various
mismatch combined with the infarct core. The
mismatch can be divided into target mismatch
(PWI > DWI) (Fig. 9.14), no target mismatch
(PWI = DWI) (Fig. 9.15), and inverse mismatch
(PWI < DWI) (Fig. 9.16) [8]. Large artery occlu-
sion results in the target mismatch, in which a
growth of infarct core is expected if no revascu-
larization is achieved. An established infarct with
large artery occlusion or prevented further infarct
growth by sufficient collateral flows may belong
to the no target mismatch. Inverse mismatch can
be seen in early revascularization phase of large
vessel infarcts or lacunar infarcts. DWI lesions
without perfusion abnormalities can be seen in
transient ischemic attack or small cortical or per-
forator infarcts. Decreased PWI without DWI
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Fig.9.14 A 84-year-old male was admitted with drowsy
mentality. DWI showed small acute infarct in left poste-
rior pons (a), and GRE depicted a clot in upper basilar
artery (b). CE-MRA showed occlusion of upper basilar
artery and bilateral proximal posterior cerebral arteries
(c). Perfusion MR showed extensive delayed perfusion
area involving entire pons and bilateral cerebellar hemi-
spheres, and bilateral medial temporal lobes on Tmax (d),
TTP (e), and MTT (f) with preserved CBV (g) and CBF

lesions can be seen mainly in stroke mimickers
such as migraine, reversible cerebral vasocon-
striction syndrome, and posterior reversible
encephalopathy syndrome. Diffusion lesions
with increased PWI can be seen in ictal/postictal
seizure and migraine aura [8]. The quantitative
definition for infarct core to penumbra mismatch
on perfusion imaging is still challenging and in
debate. A mismatch with larger than 20% has
been used as eligibility criteria in some clinical

(h). Therefore, MRI showed a large DWI-PWI mismatch.
Preprocedural DSA showed occlusion of upper basilar
artey (i), and postprocedural DSA showed recanalization
of basilar artery and bilateral proximal posterior cerebral
arteries after mechanical thrombectomy (j). Follow-up
DWTI showed no more additional infarct compared to the
initial DWI (k), and follow-up TOF-MRA showed patent
flow in the posterior circulation (I)

trials [36, 42, 173, 174]. However, the DEFUSE
3 trial used a mismatch >1.8 [165] and the
DAWN trial used a mismatch between a clinical
deficit and infarct volume [163]. There is still a
limitation in the direct application of the perfu-
sion thresholds for infarct core and penumbra
because of heterogeneity due to poor standard-
ization with high variable imaging protocols and
algorithms for postprocessing, and low interob-
server reproducibility [8].
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Fig.9.15 A 61-year-old male presented with gait ataxia. MR also looked normal on Tmax (d), TTP (e), MTT (f),
DWI (a) and ADC (b) showed small acute infarct in right ~CBYV (g), and CBF (h). There was only DWI lesion with-
pons (arrows). TOF-MRA looked normal (c). Perfusion  out perfusion abnormality

Fig.9.16 A 78-year-old male presented with dizziness. ~match on Tmax (¢), TTP (d), MTT (e), CBV (f), and
DWI (a) and FLAIR (b) showed acute infarct in right ~CBF (g). CE-MRA showed severe stenosis at right intra-
cerebellar hemisphere representing posterior inferior — dural VA (h)

cerebellar artery territory. There was no DWI-PWI mis-
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Introduction

Posterior circulation stroke (PCS) accounts for
20—-40% of ischemic stroke [1-3] (see Chap. 3).
In a single-center National Cerebral and
Cardiovascular Center (NCVC) Stroke Registry
from Japan [4], 22% of patients with ischemic
stroke had posterior circulation stroke (PCS)
(14.7% only in the posterior circulation and 7.7%
both in the posterior and anterior circulations,
Table 10.1, Fig. 10.1).

Although the basic pathophysiology of stroke
appears to be the same, the optimal medical treat-
ment strategy may be different considering that
the stroke mechanisms and underlying character-
istics of PCS are somewhat different from those
of anterior circulation stroke (ACS), as discussed
in Chap. 3. However, we were able to find very
few appropriate articles on the treatment strate-
gies specific for PCS. Most clinical trials were
performed on patients with ACS and did not spe-
cifically include or exclude patients with
PCS. Thus, scientific evidence for medical treat-
ment has been principally established by using
data on ACS, whereas specific treatment strate-
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gies for PCS have not been based on appropri-
ately targeted clinical trials.

In this chapter, we first discuss the medical
management based on the recommendations for
overall stroke patients. We will then discuss the
special points that should be addressed in the
management of patients with PCS.

Critical Care in Acute Stroke

The first step of acute stroke care after recogni-
tion of stroke symptoms is a quick hospital visit
using emergency medical services. Earlier arrival
to stroke centers equipped for acute reperfusion
therapy, i.e., intravenous thrombolysis and
mechanical thrombectomy, increases the chance
of receiving appropriate therapy with a shorter
time delay; this, in turn, increases the chance to
obtain better clinical outcomes. To facilitate
quick hospital visits, public education regarding
stroke warning signs is strongly recommended.
“Act FAST” is a globally-known stroke
awareness-raising campaign—sudden onset of
face drooping, arm weakness, or speech diffi-
culty are introduced as typical signs suggesting
stroke [5]. These signs, mostly reflecting dys-
function of motor and speech systems, can
undoubtedly appear in patients with PCS; how-
ever, these patients often present with other
symptoms, such as vertigo, imbalance, double
vision, and nausea. These are less often recog-
nized as stroke symptoms by patients and even
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Table 10.1 Baseline characteristics and stroke features in acute ischemic patients according to infarct distribution:
National Cerebral and Cardiovascular Center (NCVC) Stroke Registry

Posterior circulation Anterior circulation
stroke (n = 662%) stroke (n =2301) P

Women 212 (32.0%) 958 (41.6%) <0.001
Age, years 72.9 +12.5 74.5+12.2 0.004
History of stroke 227 (34.3%) 703 (30.6%) 0.069
Ischemic heart disease 72 (10.9%) 263 (11.4%) 0.691
Atrial fibrillation 170 (25.7%) 869 (37.8%) <0.001
Hypertension 541 (81.7%) 1756 (76.3%) 0.003
Dyslipidemia 350 (52.9%) 1153 (50.1%) 0.210
Diabetes mellitus 205 (31.0%) 531 (23.1%) <0.001
Current smoking 121 (18.3%) 419 (18.2%) 0.968
Habitual drinking 272 (41.1%) 850 (36.9%) 0.053
Initial systolic blood pressure, mmHg 161.2 +28.9 159.8 +29.1 0.268
Initial diastolic blood pressure, mmHg 87.0+17.7 87.8 £ 18.1 0.339
Initial NIH stroke scale score 3 [2-6] 51[2-14] <0.001
Stroke subtype by TOAST classification <0.001

Cardioembolism 150 (22.7%) 881 (38.3%)

Large-artery atherosclerosis 98 (14.8%) 328 (14.2%)

Small vessel occlusion 137 (20.7%) 374 (16.3%)

Other 277 (41.8%) 718 (31.2%)
Receiving intravenous thrombolysis 39 (5.9%) 340 (14.8%) <0.001
Receiving acute endovascular therapy 26 (3.9%) 122 (5.3%) 0.142

Number (%), mean + standard deviation, or median [interquartile range]
Studied patients are the same as those in Ref. 4 (n = 2965), except for 2 patients whose infarct locations are unclear
Details of the NCVC Stroke Registry are introduced in Ref. 4
NIH: National Institutes of Health, TOAST: Trial of Org 10172 in Acute Stroke Treatment
Including 435 patients with infarcts only in the posterior circulation and 227 patients with infarcts both in the posterior

and anterior circulation

doctors, resulting in delaying a quick hospital
visit. Indeed, prehospital and intrahospital time
delays occur more often in patients with PCS
than in those with ACS [6, 7].

The National Institutes of Health Stroke Scale
(NIHSS) is an essential scoring system for quick
assessment of neurological severity in stroke
patients. The NIHSS is indispensable to stroke
teams for judging a patient’s eligibility for acute
reperfusion therapy and other stroke care strate-
gies. However, the scale is highly weighted
toward neurological deficits caused by ACS. In
407 patients with PCS registered in the New
England Medical Center posterior circulation
registry, the most frequent symptoms were dizzi-
ness (47%), unilateral limb weakness (41%),
dysarthria (31%), headache (28%), and nausea or
vomiting (27%) [8]. Three of these five major

symptoms are not included in the components of
the NIHSS. In a single-center comparison
between 101 patients with PCS and 209 patients
with ACS who did not undergo acute reperfusion
therapy, the optimal cutoff baseline NIHSS
scores for a modified Rankin Scale score of 0-2
at 3 months poststroke were <5 (sensitivity, 84%;
specificity, 81%) and <8 (sensitivity, 80%; speci-
ficity, 82%), respectively [9]. In 7178 minor
stroke patients (baseline NIHSS score of <4) reg-
istered in the Clinical Research Center for
Stroke-5th division registry in South Korea, PCS
with vertebrobasilar large vessel disease was
independently associated with a modified Rankin
Scale score of 2—6 at 3 months compared with
ACS [10]. Thus, for patients with PCS, we should
be careful about predicting chronic outcomes
based on their NIHSS scores.
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Fig. 10.1 Modified Rankin Scale scores at 3 months and
1 year after the onset of ischemic stroke according to
infarct distribution: NCVC Stroke Registry. NCVC

Evidence for intravenous thrombolysis and
mechanical thrombectomy was collected
based on trials that mainly included patients
with ACS. Therefore, mechanical thrombec-
tomy for PCS remains understudied as com-
pared to that for ACS. Nevertheless, most
centers perform mechanical thrombectomy in
appropriate PCA cases based on the trial
results on ACS. These issues are described in
Chap. 11. In an acute clinical setting for PCS,
we should be extremely careful about sudden
swelling and hemorrhagic transformation after
cerebellar infarction, because they compress
the brainstem and the fourth ventricle, subse-
quently resulting in hydrocephalus and brain-

National Cerebral and Cardiovascular Center. (Newly
analyzed using the dataset of Ref. 4)

stem  herniation  (malignant cerebellar
infarction) [3]. A large occipital infarction
may also produce massive edema and hydro-
cephalus. A decreased level of consciousness
is a reliable clinical symptom suggesting
increased intracranial pressure with brain
edema. Again, randomized trials for the effi-
cacy of early decompressive craniectomy were
performed in patients with ACS, but not in
those with PCS. Nevertheless, decompressive
craniectomy is being performed in patients
with PCS and has been considered to be effec-
tive, especially for relatively young patients
(e.g., <60 years in age) [11]. These surgical
therapies are described in Chap. 13.
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Antiplatelet Therapy

Antithrombotic therapy is an essential therapeu-
tic strategy at every stage of stroke management,
especially for secondary prevention. Antiplatelet
therapy should be considered over anticoagulation
for most patients with noncardioembolic stroke.
Recent major trials on antiplatelet therapy for
secondary stroke prevention seldom conducted
subgroup analysis for posterior versus anterior
circulation stroke. Nevertheless, it appears that
therapeutic ~strategies involving antiplatelet
agents are the same for patients with PCS and
those with ACS.

There are differences in the recommendation
of antiplatelet therapy between early after stroke
and late after stroke. Globally, aspirin, a cyclo-
oxygenase inhibitor, and clopidogrel, a thieno-
pyridine derivative, are the two most-widely used
oral antiplatelet agents. According to the guide-
lines set forth by American Heart Association/
American Stroke Association, the combination of
these two agents might be considered for initia-
tion within 24 h of a minor ischemic stroke or
transient ischemic attack (TIA) and continued for
21 days [12].

However, minor stroke can have diverse
underlying mechanisms, and previous large-scale
trials did not differentiate the detailed mecha-
nisms. In patients with large-artery disease, espe-
cially with artery-to-artery embolism or in situ
thrombotic occlusion, or in those who have sys-
temic atherosclerosis (e.g., coronary heart dis-
ease, peripheral limb atherosclerosis), dual
antiplatelets may be needed for a longer period of
time, because these patients have a high risk of
recurrent ischemic events. On the other hand, in
patients with small-artery disease without evi-
dence of atherosclerosis, dual antiplatelets may
have to be used for a shorter period of time,
because they are more susceptible to cerebral
hemorrhages and at less risk for future ischemic
stroke [13]. Thus, although the average period of
dual antiplatelet use was 21 days in the recent
CHANCE trial [14], the duration of administer-
ing dual antiplatelets may have to be adjusted
based on the risk of recurrent ischemic stroke and
hemorrhages in individual patients [15].

As compared to aspirin alone, cilostazol, a
phosphodiesterase 3 inhibitor, in combination
with aspirin attenuated the progression of intra-
cranial atherosclerosis 6 months after ischemic
stroke with stenosis of major intracranial arteries
in the Trial of cilOstazol in Symptomatic intra-
cranial arterial Stenosis (TOSS) [16]; of the 135
patients enrolled in the trial, 23 (17%) had basilar
artery stenosis, and the others had stenosis in the
M1 segment of the middle cerebral artery. In the
Cilostazol ~ Stroke Prevention Study for
Antiplatelet Combination (CSPS.com) trial, the
combination of cilostazol with aspirin or clopido-
grel had a lower risk of ischemic stroke recur-
rence and asimilarrisk of severe or life-threatening
bleeding compared to aspirin or clopidogrel
alone in patients with high-risk noncardioem-
bolic ischemic stroke [17]. Thus, the combination
of cilostazol and aspirin or clopidogrel seems to
be an effective and safe dual antiplatelet therapy
that could be used even in the chronic stage of
ischemic stroke. In the CSPS.com, 23%
(430/1879) of participants had infarcts only in the
posterior circulation. Subgroup analysis of the
main outcomes according to the infarct location
has not yet been performed.

Anticoagulation

Generally, the proportion of cardiac embolism is
smaller in PCS than in ACS patients (see Chap.
3). Nevertheless, in the New England Medical
Center Posterior Circulation registry, 40% of
PCS patients had embolic stroke, and 24% of
them were diagnosed with cardioembolism [18].
In South Korea, potential cardioembolic sources
were found only in 11% of 591 consecutive
patients with PCS in the Hallym Stroke Registry
[19]. In the NCVC Stroke Registry, cardioembo-
lism accounted for 23% of PCS and 38% of ACS
(Table 10.1).

For patients with cardioembolic stroke, anti-
coagulation is the first-choice antithrombotic
therapy, and anticoagulation therapeutic strate-
gies used for PCS are not different from those for
ACS. Vitamin K antagonists, typically warfarin,
had been the sole oral anticoagulants for half a
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century until 2010; a direct thrombin inhibitor,
dabigatran, and direct inhibitors of activated fac-
tor X, including rivaroxaban, apixaban, and
edoxaban, were approved for clinical use in non-
valvular atrial fibrillation (NVAF) based on the
evidence from randomized controlled trials
comparing them with warfarin. The four newer
anticoagulants are collectively named direct oral
anticoagulants (DOACs) or nonvitamin K antag-
onist oral anticoagulants (NOACs). Meta-
analyses of the randomized controlled trials
showed that NOACs are at least as effective as
warfarin for secondary stroke prevention in
NVAF patients, with around half the risk of intra-
cranial hemorrhage [20, 21]. The same trend was
reported for NOACs versus warfarin on subse-
quent events after stroke in the real-world clinical
setting, such as the Stroke Acute Management
with Urgent Risk-factor Assessment and
Improvement (SAMURAI)-NVAF study and a
meta-analysis including the SAMURAI-NVAF
[22, 23]. An interesting feature of the study and

meta-analysis was relatively early initiation of
NOACs, with a median of 4 days after stroke
onset in the SAMURAI-NVAF and 5 days in the
meta-analysis [23, 24].

Of the 1192 participants in the SAMURAI-
NVAF study, 175 had infarcts only in the poste-
rior circulation. Kaplan—-Meier curves for
ischemic and hemorrhagic endpoints in these 175
patients are shown in Fig. 10.2. Contrary to the
overall results described above, NOACs were
significantly more effective than warfarin in
reducing the risk of stroke or systemic embolism,
but NOACs and warfarin were similar regarding
the risk of intracranial hemorrhage. Note that the
analyses used data from a small number of
patients, and the results may have occurred by
chance. For using anticoagulation as secondary
prevention, there are no differences in guideline
recommendations regarding the doses and timing
of initiation between patients with PCS and those
with ACS. However, as huge cerebellar or occipi-
tal infarcts can be fatal, especially when hemor-
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Fig. 10.2 Kaplan—Meier curves for clinical events in
patients with posterior circulation stroke: SAMURAI-
NVAF study. (a) Stroke/systemic embolism. (b) Major
bleeding. (c¢) Ischemic events. (d) Ischemic stroke/TIA.
(e) Intracranial hemorrhage. (f) Mortality. *Days after
acute hospital discharge or 30 days after hospital admis-
sion, whichever occurred first. /R adjusted hazard ratio

Days after discharge

Days after discharge

(DOAC/warfarin) for sex, age, CHADS?2 after the index
stroke onset, admission National Institutes of Health
Stroke Scale score, and serum creatinine, DOAC direct
oral anticoagulant, NVAF nonvalvular atrial fibrillation,
SAMURAI Stroke Acute Management with Urgent Risk-
factor Assessment and Improvement (Newly analyzed
using the dataset of Ref. 22)
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rhagic transformation occurs, it would be better
to delay the initiation of oral anticoagulants in
these cases. Using a lower dose might be another
strategy in the risk period.

Anticoagulation may also play a role in the
prevention of ischemic stroke in patients without
NVAF. As discussed in Chap. 3, patent foramen
ovale (PFO)-related strokes appear to occur in
the PCS more often than in the ACS. Randomized
trials showed that PFO closure more effectively
reduces future ischemic strokes than using anti-
thrombotics alone in patients with high-risk PFO
(large amount of shunt, large shunt size, presence
of atrial septal aneurysm) [25-27]. However,
antithrombotics are still needed in patients who
do not undergo closure, e.g., those who are old,
those who are unwilling to undergo the closure
procedure, and those who have a low-risk PFO. A
meta-analysis combining data from previous
PFO closure studies showed that, in patients with
cryptogenic stroke and PFO, anticoagulation
(warfarin and NOACs combined) may be better
for preventing recurrent ischemic stroke than
aspirin (odds ratio, 0.48; 95% CI, 0.24-0.96;
P =0.04) [28]. Nevertheless, the current evidence
is not strong enough to support the use of NOACs
over aspirin in patients with PFO. Future trials
are needed to determine the role of anticoagu-
lants, especially NOACs or dual antiplatelets, in
patients with PFO.

Finally, vertebral artery stump syndrome is an
embolic stroke resulting from the occlusion of
the stump of the vertebral artery origin. Kawano
et al. [29] identified 12 (1.4%) patients with the
syndrome in 865 acute PCS patients; of these, all
three patients receiving antiplatelet therapy
developed recurrent PCS during the acute phase.
Therefore, anticoagulation may be needed in
these patients.

Risk Factor Management

Risk factors for patients with PCS are described
in Chap. 3. Patients with PCS should strictly con-
trol these risk factors for secondary stroke pre-
vention. In this chapter, appropriate controls of
blood pressure and lipid levels are described.

Blood Pressure Management

In the seventh report of the Joint National
Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC7)
guidelines, hypertension was defined as systolic
blood pressure (BP) >140 mmHg or dia-
stolic BP >90 mmHg, and antihypertensive
pharmacotherapy was recommended for stroke
survivors with BP >140/90 mmHg [30]. In con-
trast, newer guidelines by the American College
of Cardiology/American Heart Association advo-
cated changing the definition of hypertension to
systolic BP >130 mmHg or diastolic BP
>80 mmHg and described that a BP goal of
<130/80 mmHg may be reasonable for stroke
survivors [31] (Fig. 10.3). The results from the
Secondary Prevention of Small Subcortical
Strokes (SPS3) trial partly support the revised
recommendations; in the trial, a systolic BP goal
<130 mmHg tended to reduce the risk of any
stroke recurrence and significantly reduced a risk
of intracerebral hemorrhage in patients with
recent lacunar stroke [32]. A meta-analysis of 4
randomized controlled trials, including the SPS3,
Recurrent Stroke Prevention Clinical Outcome
(RESPECT), and others, showed that intensive
BP lowering to <130/80 mmHg significantly
reduced a risk of any stroke recurrence (relative
risk 0.78, 95% CI 0.64-0.96) and of hemorrhagic
stroke (relative risk 0.25, 95% CI 0.07-0.90)
[33]. As another supporting finding, the prospec-
tive, multicenter, observational Bleeding with
Antithrombotic Therapy (BAT) Study, which
involved 4009 patients taking oral antithrombotic
agents for cardiovascular or cerebrovascular dis-
eases, used receiver operating characteristic
curve analysis over a median follow-up of
19 months to show that the optimal cutoff BP
level for predicting the impending risk of intra-
cranial hemorrhage was >130/81 mmHg [34].
There are no clear differences in recommen-
dations on the timing for initiation of antihyper-
tensive therapy, the target BP, and the choice of
antihypertensive agents and other processes for
BP lowering between PSC and ACS. Although
hypertension is the leading risk factor for stroke
in general, it was reported to be a more important
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Acute (<72 h from symptom onset) ischemic|
stroke and elevated BP

Patient
qualifies for IV
thrombolysis
therapy

BP <220/110 mm Hg BP >220/110 mm Hg

Lower BP 15%
during first 24 h
(Class llb)

Initiating or reinitiating treatment of
hyprtension within the first 48-72
hours after an acute ischemic stroke is
ineffective to prevent death or
dependency
(Class ll: No Benefit)

For preexisting hypertension,

reinitiate antihypertensive drugs
after neurological stability
(Class lla)

Fig. 10.3 Management of hypertension in patients with
acute ischemic stroke (left) and those with a previous his-
tory of stroke (secondary stroke prevention, right). BP

risk factor in patients with PCS than those with
ACS in previous studies (see Chap. 3) including
NCVC Stroke Registry (82% vs. 76%, Table 10.1)
and in a Korean study that enrolled only the
patients with atherosclerotic  stroke [35].
Therefore, hypertension control may have to be
more strict in patients with PCS than in those
with ACS.

One exception would be patients in the acute
stage of stroke with elevated BP and an unstable
neurological status. In particular, BP should be
carefully managed in patients with hemody-
namic failure associated with severe stenosis or
occlusion of the vertebra-basilar arteries. These
patients may show a fluctuating or gradually
progressing neurological symptoms associated
with decreased BP. In these cases, BP should be
lowered cautiously until the neurological status
becomes stable. Some patients show discontinu-
ation of neurological progression or even
improvement of symptoms with transient, phar-
macologically induced hypertension [36].
Recent studies showed that this “induced phar-
macological hypertension” is safe and feasible

Stroke 272 h from symptom onset and stable
neurological status or TIA

Previous
diagnosed or treated
hypertension

Established
SBP >140 mm Hg or
DP 290 mm Hg

Established
SBO <140 mm Hg and
DBP <90 mm Hg

Aim for
BP <130/80 mm Hg
(Class llb)

Usefulness of starting
antihypertensive
treatment is not
well established

(Class Iib)

Aim for
BP <130/80 mm Hg
(Class Ib)

blood pressure, DBP diastolic blood pressure, /V intrave-
nous, SBP systolic blood pressure, 77A transient ischemic
attack. (Reprinted from Ref. 31)

in patients with acute stroke, especially in
patients with early neurological deterioration
secondary to large-artery or small-artery disease
[36, 37].

The potential benefit of induced hyperten-
sion has not been specifically examined in
patients with PCS. However, given the fact that
induced hypertension was done more fre-
quently in patients with noncardioembolic
stroke than in those with cardiogenic embolism
[36], induced hypertension might be more use-
ful in patients with PCS than in ACS patients.
It has also been shown that excessive BP low-
ering may be hazardous even in the subacute—
chronic stage if posterior fossa is hypoperfused
due to severe atherosclerotic vertebrobasilar
diseases. In this study, among patients with
recent stroke or TIA associated with >50% ste-
nosis of vertebral or basilar arteries, those with
both low blood flow and BP <140/90 mm Hg
had a significantly higher risk of subsequent
stroke (hazard ratio of 4.5 [confidence interval
1.3-16.0], P = 0.02), compared with the other
subgroups [38].



172

K.Toyoda and J. S. Kim

Lipid Management

Nowadays, it becomes easier to control low-
density lipoprotein (LDL) cholesterol level, as
pharmacotherapy has improved from classical
statins to strong statins and proprotein convertase
subtilisin/kexin type 9 (PCSK9) inhibitors.
Recent guidelines and consensus statements on
lipid control often use the terminology of athero-
sclerotic cardiovascular disease; the term usually
includes two major conditions: coronary artery
disease and ischemic stroke. Table 10.2 shows
the risk categories of atherosclerotic cardiovascu-

lar disease and the corresponding lipid-lowering
goals [39]. The strict goal of an LDL cholesterol
level of <70 mg/dL is recommended in the case
of recent hospitalization for carotid vascular dis-
ease and that of <55 mg/dL is recommended in
the case of progression of atherosclerotic cardio-
vascular disease after achieving an LDL choles-
terol level of <70 mg/dL. However, such
recommendations seem to be heavily influenced
by evidence from studies on coronary artery dis-
ease. New guidelines on lipid control based
purely on evidence from stroke research are
required.

Table 10.2 Risk categories for atherosclerotic cardiovascular disease and corresponding lipid level reduction goals

Treatment coals

Risk category

Risk factors¥/10-year risk®

LDL-C (mg/
dL)

Non-HDL-C
(mg/dL)

Apo B (mg/
dL)

Extreme risk

— Progressive ASCVD including unstable angina

<55

<80

<70

in patients after achieving an LDL-C < 70 mg/
dL

— Established clinical cardiovascular disease in
patients with DM, CKD 3/4, or HeFH

— History of premature ASCVD (<55 male, <65
female)

— Established or recent hospitalization for ACS,
coronary, carotid or peripheral vascular disease,
10-year risk >20%

— Diabetes or CKD 3/4 with 1 or more risk
factor(s)

— HeFH

— >2 risk factors and 10-year risk 10-20%

— Diabetes or CKD 3/4 with no other risk factors

<2 risk factors and 10-year risk <10%

Very high <70 <100 <80

risk

High risk <100 <130 <90

Moderate <100 <130 <90

risk

<130 <160 NR

Abbreviations: ACS acute coronary syndrome, ASCVD atherosclerotic cardiovascular disease, CKD chronic kidney
disease, DM diabetes mellitus, HDL-C high-density lipoprotein cholesterol, HeFH heterozygous familial hypercholes-
terolemia, LDL-C low-density lipoprotein cholesterol, MESA Multi-Ethnic Study of Atherosclerosis, NR not recom-
mended, UKPDS United Kingdom Prospective Diabetes Study

Reproduced with permission from Garber et al. Endocr Pract. 2017;23:207-238

Reprinted from Ref. 39

2Major independent risk factors are high LDL-C, polycystic ovary syndrome, cigarette smoking, hypertension (blood
pressure > 140/90 mm Hg or on hypertensive medication), low HDL-C (<40 mg/dL), family history of coronary artery
disease (in male, first-degree relative younger than 55 years; in female, first-degree relative younger than 65 years),
chronic renal disease (CKD) stage 3/4, evidence of coronary artery calcification and age (men >45; women >55 years),
Subtract 1 risk factor if the person has high HDL-C

®Framingham risk scoring is applied to determine 10-year risk

Low risk 0 risk factors
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In the recent multinational (French and
Korean) comparison of 70 mg/dL and 100 mg/dL
target LDL cholesterol levels after ischemic
stroke (TST) trial, investigators enrolled patients
who had a stroke in the previous 3 months or TIA
within the previous 15 days with evidence of
cerebrovascular or cardiac atherosclerosis.
Patients were randomly assigned to target LDL
cholesterol levels of less than 70 mg/dL or
100 = 10 mg/dL. Statin with or without ezetimibe
was used. The primary outcome was the compos-
ite of ischemic stroke, myocardial infarction, new
symptoms requiring urgent coronary or carotid
revascularization, and vascular death. A total of
2860 patients were enrolled, and follow-up was
for a median of 3.5 years. The mean achieved
LDL cholesterol levels were 65 and 96 mg/dL,
respectively. The primary composite endpoint
occurred in 121 (8.5%) and 156 (10.9%) patients,
respectively (adjusted hazard ratio, 0.77 [95%
CIL, 0.61-0.98; P = 0.035]). The incidence of
intracranial hemorrhages did not differ between
the groups [40].

The result showed that LDL cholesterol
<70 mg/dL, but not 100 mg/dL, should be the
appropriate target for patients with atheroscle-
rotic stroke. However, the difference was not evi-
dent when Korean patients were separately
analyzed. Although this may be attributed to the
smaller number of patients and shorter follow-up
period for Korean (versus French) patients, the
appropriate LDL target for Asian stroke patients
still remains unclear. The LDL target for nonath-
erosclerotic (e.g., small vessel disease) also
remains unknown. In the TST trial, the location
of atherosclerosis was precisely analyzed for
Korean patients, and it was found that there was
no significant difference in the occurrence of pri-
mary outcome between patients with ACS and
PCS (unpublished data).

Control for Other Risk Factors

In the previous studies (see Chap. 3), diabetes
was found to be the more important risk factor in
patients with PCS than in those with ACS
(Table 10.1). In a study that enrolled only the

patients with atherosclerotic stroke, diabetes
mellitus (45% vs. 32%) and metabolic syndrome
(34% vs. 28%) were more prevalent in patients
with PCS than in those with ACS [35]. Therefore,
PCS seems to be closely associated with meta-
bolic derangement, and maintaining a healthy
lifestyle such as a healthy diet, regular exercise,
and weight control may be even more important
in patients with PCS than in those with
ACS. Cessation of smoking and heavy alcohol
drinking should also be strongly recommended in
patients with stroke regardless of the location of
cerebral arterial diseases.
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Summary

Posterior circulation stroke (PCS) comprises a
minority of overall acute ischemic stroke (AIS)
cases; however, it is associated with a dispropor-
tionally higher level of morbidity and mortality.
Because its presenting symptoms may be ambig-
uous and insidious in onset, the diagnosis of PCS
may require a stronger clinical acumen compared
to that of anterior circulation stroke (ACS).
However, like ACS, once recognized, acute
reperfusion therapy such as thrombolytics or
mechanical thrombectomy (MT) must be initi-
ated immediately in eligible patients. Outcome
data are relatively sparse for systemic thromboly-
sis or MT in PCS treatment compared to ACS;
however, it is well established that in PCS due to
basilar artery occlusion (BAO), the constellation
of persistent vessel occlusion and moderate-to-
severe clinical deficit at presentation is uniformly
associated with death or severe disability.
Multiple case series and reviews have demon-
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strated systemic and intra-arterial thrombolysis
as promising recanalization methods for
PCS. Furthermore, the advent of recent class I
evidence of efficacy for MT in ACS, has estab-
lished endovascular therapy (with or without IV
thrombolysis depending on patient eligibility) as
the standard of care for PCS due to BAO in many
centers across the world. Just like in the case of
ACS, where current guidelines recommend the
recently expanded but still rigid time criteria for
treatment selection, a growing body of literature
suggests that time constraints should not limit
treatment for select patients with BAO given that
lack of treatment resulting in a uniformly poor
outcome. While time is increasingly less consid-
ered, the primordial factor for patient selection in
stroke populations, in each individual patient, the
earlier reperfusion occurs, the higher the chance
of a good outcome. Therefore, optimizing triage
and transport to appropriate centers remains criti-
cal to achieving sustained growth in the number
of eligible patients with better clinical outcomes.
In addition, new-generation MT devices and
adjunctive approaches to endovascular therapy,
including neuroprotection, will be the next fron-
tier in comprehensive acute PCS management.

Background
While posterior circulation stroke (PCS) accounts

for only 20-30% of all acute ischemic stroke
(AIS), it is associated with significant morbidity
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and mortality [1]. Stroke due to occlusion of
proximal large vessels in the posterior circula-
tion, involving the basilar artery (BA), both intra-
cranial vertebral arteries (VAs), or one intracranial
VA with atretic contralateral VA, carries a par-
ticularly poor prognosis. When all such untreated
patients are considered, nearly 65% of patients
can be left with severe deficits, and 40% will not
survive [2]. Furthermore, in patients presenting
with moderate-to-severe deficits, without reper-
fusion therapy, rates of good outcomes can be as
low as 2% [3]. While the National Institute of
Health Stroke Scale (NIHSS) is a less accurate
measure of the severity of the neurological deficit
in PCS compared to its ACS counterpart, an
NIHSS >10 is highly associated with death or
severe disability without reperfusion therapy [4].

Clinical Symptomatology and Clot
Location

Similar to ACS, prompt recognition and institu-
tion of treatment aimed to reperfuse the ischemic
brain is essential. Recognition of PCS symptoms,
however, may be more difficult given the more
complex nuances of patient’s presenting symp-
toms, particularly as the NIHSS is not as reliable
for these strokes [5—7]. Unlike an ACS that may
present with specific symptoms suggestive of
impairment of certain brain regions, such as
hemiparesis, hemisensory loss, hemifield cut,
aphasia, or neglect, the symptoms of a PCS can
be nonspecific with dizziness, headache, or slight
incoordination. These relatively ambiguous
symptoms may present as recurrent transient
ischemic attacks (TIAs), which represent the pro-
dromal symptoms of a full-blown BA occlusion
(BAO) syndrome in 25-60% of cases, when
untreated [8, 9].

The mode of symptom presentation may indi-
cate the pathophysiologic mechanism of
BAO. Typically, the prodromal, stuttering symp-
toms occur in patients with proximal BA occlu-
sions, which are more likely to be related with
atherothrombosis whereas the abrupt, sudden
symptoms associated with mid/distal BA occlu-
sion are more frequently associated with embolic

mechanisms [10-12]. These distal embolic occlu-
sions have higher recanalization rates compared
to their proximal, atherosclerotic counterparts [3,
13-15].

Thrombolytic Therapy
Historical Context

The potential benefit of thrombolytic therapy in
acute PCS was recognized as early as 1958. In
their series of 3 patients treated with intravenous
(IV) fibrinolysin, Sussman and Fitch made sev-
eral important observations. They understood that
time to treatment was essential, based on the find-
ing that angiographic proof of recanalization
within 6 hours correlated with a favorable progno-
sis. They also reported that while a surgical
approach can satisfactorily recanalize an occluded
vessel, by the time this is achieved, the tissue at
risk will likely be irreversibly damaged [16].

Despite numerous early case reports of suc-
cessful IV thrombolytic therapy for AIS, this
treatment became standard of care only after
1995 landmark National Institute of Neurological
Disorders and Stroke (NINDS) IV tissue plas-
minogen activator (t-PA) trial, which established
the benefit of t-PA in acute AIS when treated
within 3 h of last seen well (LSW) [17]. Later, the
use of IV t-PA was established out to 4.5 h from
LSW [18].

While IV thrombolysis remains the standard
of care for AIS, its utilization in BAO is low. It
has been reported that among all patients who
receive thrombolysis, only 5% have BAO [19].
Furthermore, the aforementioned pivotal t-PA tri-
als either had a low proportion of PCS (5% in
NINDS) or did not delineate how many PCS
were included (ECASS III). More recently,
single-arm studies have investigated outcomes in
PCS treated with IV t-PA. A retrospective study
of 116 patients treated with IV t-PA over 13 years
reported rates of recanalization of 65% with
trends toward favorable outcomes [15]. Another
retrospective study reported 53% recanalization
rates associated with 22% favorable outcomes
and 50% mortality [3]. Lastly, the prospective
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Basilar Artery International Cooperation Study
(BASICS) group captured data on 121 patients
treated with IV t-PA who achieved nearly 70%
recanalization rates with 16% mortality; how-
ever, it is worth noting that a third of these
patients received rescue intra-arterial (IA) throm-
bolysis [4]. Rates of symptomatic intracerebral
hemorrhage (sSICH) in these groups ranged from
6% to 16%, which is higher than that observed
with IV t-PA treatment in ACS. However, two
studies reported lower rates of sICH in PCS com-
pared to ACS [20, 21]. When comparing out-
comes with IV thrombolysis in PCS with ACS, a
large single-center study found a higher rate of
favorable outcomes in the former than in the lat-
ter [21]. Overall, despite the lack of evidence
from randomized control trials (RCTs) of IV
thrombolysis in stroke due to BAO, studies sug-
gest that IV t-PA is relatively safe and likely to be
efficacious for this subgroup of patients.

Intra-Arterial Thrombolysis

In addition to systemic thrombolysis, local TA
thrombolysis has been used to treat AIS with
thrombolytics such as streptokinase, urokinase,
or prourokinase. The first RCTs assessing the
feasibility of IA thrombolytic treatment were
Prolyse in Acute Cerebral Thromboembolism
(PROACT) and PROACT II. The latter included
patients with AIS due to occlusion of the M1 or
M2 MCA segment who could be treated within
6 hours of LSW. Investigators compared clinical
outcomes in patients treated with IA prouroki-
nase administered within the thrombus to stan-
dard medical therapy [22, 23]. Despite the
increased risk of sSICH, PROACT II found a sig-
nificant benefit in favor of IA therapy [23]. The
primary clinical outcome at 90 days (modified
Rankin Scale [mRS] score < 2) was achieved in
40% of the treatment group and 25% of the con-
trols, p = 0.043 [23]. The positive results of
PROACT II in the context of the particularly dis-
mal natural history of stroke due to BAO have led
to cessation of equipoise such that there have
been virtually no RCTs examining the benefit of
IA lytics for this type of stroke. One RCT of TA

streptokinase conducted in Australia enrolled
only 16 patients before being stopped due to slow
enrollment and lack of funding [24]. In this study,
4 of the 8 patients in the IA streptokinase group
achieved a favorable outcome (mRS 0-3), while
only one favorable outcome was observed in the
8 control patients. Since Zeumer et al. firstly
described IA streptokinase therapy for BAO in a
young woman in 1982 [25], several papers pub-
lished have attested to the feasibility, relative
safety, and higher than expected outcomes of this
approach compared to historical controls [3, 4,
26-31].

Mechanical (Nonpharmacological)
Endovascular Treatment

Evolution of Endovascular Treatment

Narrow time windows and the risk of hemor-
rhage associated with thrombolytic agents
prompted the design and application of mechani-
cal thrombectomy (MT) devices. Endovascular
clot retrieval provides the potential for rapid flow
restoration, with a decreased incidence of clot
fragmentation and distal embolism [32]. Catheter-
based, retrieval/aspiration systems began to be
used in AIS patients who were either ineligible
for or had failed IV t-PA administration; initially,
they were largely used in conjunction with throm-
bolytic infusion.

MERCI Device

The first device to receive U.S. Food and Drug
Administration (FDA) approval for clot retrieval
was the MERCI device [33]. Results from the
single-arm Mechanical Embolus Removal in
Cerebral Ischemia (MERCI) trial demonstrated
the efficacy of the MERCI system in restoring
the patency of occluded intracranial vessels
within 8 hours of AIS [34]; 48% of occluded
vessels were recanalized, a rate significantly
higher than that of the control arm in the
PROACT 1I trial (18%) [23, 32]. After adjuvant
therapy (IA t-PA, angioplasty, snare), the rate of
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recanalization reached to 60.3%. Furthermore,
successful revascularization was found to be an
independent predictor of decreased mortality
and favorable neurological outcome at 90 days
[34]. Similar results were noted in the Multi
MERCI trial, which included patients treated
with IV t-PA prior to MT and used a modified
version of the original MERCI device [35].
These trials are mainly of historical importance
as the MERCI device is no longer used in clini-
cal practice.

Penumbra Aspiration System

The Penumbra System (Penumbra Inc., Alameda,
CA) is an aspiration device through which the
thrombus can be retrieved from the occluded
vessel. The aspiration device is advanced coaxi-
ally to the level of the thrombus through a guide
catheter, and an aspiration pump or aspiration
syringe is connected to the reperfusion catheter.
Based on the results of the Penumbra Pivotal
trial demonstrating a recanalization rate of
thrombolysis in myocardial infarction (TIMI)
2-3 of 81.6% and rates of mRS 0-2 of 20%,
coupled with a rate of SICH of 11.2%, the
Penumbra device received FDA approval in
2008 [36]. Ever since, newer-generation reperfu-
sion catheters with an increasingly larger diam-
eter and improved navigability have been
designed, which have substantially improved
procedural results with this device [37].

Stentrievers

Retrievable stent thrombectomy devices (sten-
trievers) are self-expanding stent-like structures
attached to a microwire that are designed to cap-
ture the thrombus. These devices emerged as
favorable methods for MT in stroke after the first
two such devices (Solitaire and Trevo) showed
overwhelmingly superior rates of recanalization
and better clinical outcomes in a head-to-head
comparison against the MERCI device [38, 39].
Another technique, manual aspiration throm-
bectomy, has also been used in the treatment of

large vessel occlusion. This technique was ini-
tially described for use in the extracranial poste-
rior circulation and later in the BA [40-42].
Single-arm studies supported the use of manual
aspiration as part of a multimodality recanaliza-
tion strategy [43].

Early Evidence for Endovascular
Treatment

Many of the early trials on MT excluded PCS
[22, 23, 44-47]. MERCI and Multi MERCI
enrolled a total of 26 patients with BAO and 1
patient with VA plus bilateral posterior cerebral
artery occlusions [34, 35]. While lacking a con-
trol group, a consistent finding of all the early
MT trials was that favorable outcomes were
seen in significantly higher proportions in
patients who achieved recanalization compared
to those without [48]. The first large random-
ized endovascular stroke trial, the Endovascular
Therapy after Intravenous t-PA versus t-PA
Alone for Stroke (IMS III) trial, included only
4 patients with BAO. This trial was stopped
prior to completing enrollment of the planned
sample size due to futility [49]. In the Penumbra
Pivotal trial, only 11 patients with vertebrobasi-
lar occlusion were included [36]. As such, lim-
ited conclusions can be drawn regarding the
efficacy of MT with early-generation devices
from these small numbers of patients. A sum-
mary of various endovascular trials including
patients with posterior circulation stroke is
shown in Table 11.1.

BASICS represents an international, multi-
center prospective registry that enrolled patients
presenting with BAO confirmed by CTA or
MRA. Patients were treated with best medical
management, including IV t-PA (within 4.5 h of
the estimated time of BAO) or antithrombotics,
or best medical management plus IA therapy [4].
IA therapy had to be initiated within 6 h, and the
strategy used was at the discretion of the treating
neurointerventionalist, including IA thromboly-
sis (with urokinase) or IA stenting. Analysis of
the BASICS registry data revealed no statistically
significant difference in poor outcome (defined
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Table 11.1 Summary of trials including patients with posterior circulation large vessel occlusion

Mortality at
Trial Patients treated Time window Recanalization 90 days
MERCI 27 <8h 21 (78%) TIMI 11 or 12 (44%)
Multi MERCI more
Penumbra pivotal 11 <8h Unknown Unknown
SWIFT 2 (roll in) <8h Unknown Unknown
1 (SOLITAIRE)
1 (MERCIO
TREVO 2 7 (TREVO) <8 h Unknown Unknown
5 (MERCI)
IMS 111 4 Procedure start <5 h, | Unknown Unknown
end <7 h
BASICS 288 No limit 207 (72%) TIMI 1I or Unknown
more
ENDOSTROKE 148 No limit 111 (79%) TICI 2b-3 43 (35%)
registry
BEST 66 <8h 47 (71.4%) TICI 2b-3 22 (33.3%)

as mRS 4-6 at | month) between patients treated
with IV thrombolysis or antithrombotics alone
compared to intra-arterial therapy (55% of
patients) [4]. A portion of patients (10%) included
in the registry had no treatment, either because
symptoms were mild while already on antithrom-
botics or because further treatment was consid-
ered futile. Overall, 68% of patients had a poor
outcome, with a mortality rate of 36%. However,
successful recanalization with IA therapy was
associated with higher likelihood of favorable
outcomes. In this nonrandomized study, there
was also a suspected bias toward more aggressive
treatment in patients with a more severe presenta-
tion, which is a confounder of worse outcome
[4]. Another limitation of this registry is that
modern stentrievers were not available at the time
of the study.

Modern Endovascular Trials

In 2015, five prospective RCTs showed over-
whelming benefit for MT performed largely with
stentrievers in patients with AIS due to LVO pre-
senting in the early time window [50-54].
Another positive trial was published in 2016
[55]. However, none of these studies included
patients with BAO. Subsequent trials showing
arguably stronger benefit of MT than that

observed in the early time window trials were
seen in patients presenting from 6 to 24 h with
evidence of substantial areas of salvageable
brain on neuroimaging. However, these trials
also did not include BAO [56, 57].

Observational data from the Endovascular
Stroke Treatment Registry (ENDOSTROKE), an
international registry of patients aged 18 or older
who underwent attempted MT, showed that only
34% of patients with BAO and attempted MT had
a good clinical outcome at 3 months, despite 79%
recanalization rate of thrombolysis in cerebral
infarction (TICI) 2b-3 [58]. This confirms previ-
ously held beliefs that, at comparable recanaliza-
tion rates, clinical outcomes with MT for BAO
are poorer than those seen in ACS. Factors pre-
dictive of favorable outcomes included young
age and low NIHSS at presentation [58]. This
suggests that acute stroke due to BAO continues
to remain a formidable challenge requiring a
multifaceted approach as recanalization alone
may be insufficient in achieving a good
outcome.

There is limited randomized controlled data
on BAO treatment with MT (Table 11.1). Acute
Basilar  Artery  Occlusion:  Endovascular
Interventions versus Standard Medical Treatment
(BEST) was a RCT evaluating endovascular
treatment of BAO compared to standard care
(including I'V t-PA in eligible patients) within 8 h
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of estimated occlusion time [59]. The trial was
stopped early due to excessive crossovers and a
progressive drop in recruitment, underscoring
again the ethical challenges associated with
conducting BAO trials. The trial aimed to demon-
strate that MT for BAO (when performed within
8 h of estimated occlusion time) yields a higher
rate of favorable clinical outcomes expressed as
an mRS score of 0-3 compared to standard medi-
cal therapy. The study enrolled 131 patients, 66
allocated to intervention and 65 allocated to con-
trol, including patients treated with IV t-PA
(30%) as part of standard medical therapy. The
intention-to-treat analysis of BEST failed to
show a statistically significant benefit in favor of
MT (rates of mRS 0-3 in MT were 42.4% vs
32.3 in controls, p = 0.232, which was attributed
to the high number (21.5%) of crossovers from
medical therapy to MT in the medical group).
When analyzed “per protocol,” a significant dif-
ference in the primary outcome between MT and
control patients was found (44.4% vs 25.5%,
respectively, p = 0.036). A nonstatistically sig-
nificant increase in sICH was noted in the MT
group compared to the control group (7.9% com-
pared to 0%, p = 0.064). Despite lack of class I
evidence, due to the very poor likelihood of
favorable clinical outcomes in patients with BAO
without recanalization, MT is currently offered at
most endovascular centers as a part of routine
care protocols.

Selection Criteria for Endovascular
Treatment

Selection based on imaging played an important
role in the success of the landmark MT trials,
especially in those patients enrolled in the
extended time window. Just like with the ACS,
key questions that imaging aims to answer in
PCS are: is it an ischemic or hemorrhagic stroke?
is there a large vessel occlusion? what is the
extent of infarcted tissue? and what is the extent
of “at-risk” (penumbral) tissue? With regard to
MT for ACS, our understanding of imaging’s role
as a patient selection tool for MT has been con-
tinuously evolving. It has long been believed that

patients with large baseline infarcts should not be
treated because of futility or even harm in the
form of reperfusion injury, resulting in SICH or
malignant edema. However, data from a large
pooled analysis of nearly 1800 patients directly
contradicts this concept by showing that in the
early time window, even patients with large base-
line infarcts still stand to benefit from MT [60].
Furthermore, baseline infarct size, regardless of
imaging modalities through which it is being
measured, while a strong prognostic factor, is not
capable of identifying which patients benefit and
which patients do not benefit from MT. Whether
the same findings apply to BAO stroke remains to
be established.

Similar to the ACS, CTA is a reliable method
for identifying vascular occlusions in the PCS
[61]. However, detection of early ischemic
changes based on noncontrast CT is more diffi-
cult in the PCS compared to ACS. Using areas of
hypoattenuation on CTA source images improves
the accuracy of infarct size estimation [62]. The
posterior circulation Acute Stroke Prognosis
Early CT Score (pc-ASPECTS) allots 10 points
to the normal posterior circulation and deducts
one point for early region with early ischemic
changes on CTA source images [63]. One point is
subtracted for early ischemic changes in the right
or left thalamus, cerebellar hemispheres, or pos-
terior cerebral artery territory. Two points are
deducted for early ischemic changes in the mid-
brain or pons. Just like its anterior equivalent, pc-
ASPECTS appears to be a powerful prognostic
factor. In a case series of patients treated with
endovascular therapy for BAO, of patients with
recanalization of the BA, 70% of those with a pc-
ASPECTS score of >8 had a favorable outcome,
compared to those with scores <8 having 9%
favorable outcomes (RR 12.1; 95% CI 1.7 to
84.9) [63]. Because of the low rates of favorable
outcomes noted in patients with low pc-
ASPECTS, this score has been proposed as a way
to improve selection of patients for future trials.
However, the absence of a control group in the
case series describing the association of pre-
intervention pc-ASPECTS with clinical out-
comes does not rule out the possibility that
clinical benefit may still exist in patients with low
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pc-ASPECTS scores who undergo MT compared
to those who do not.

Another method of quantifying early ischemic
changes in the PCS is the Pons Midbrain Index
[64]. This system involves scoring each side of
the pons and midbrain from 0 to 2 on the CTA
source images; 0, no hypoattenuation; 1, equal or
less than 50% hypoattenuation; or 2, more than
50% hypoattenuation. A study conducted on
patients from the BASICS registry revealed that
those with a Pons Midbrain Index of <3 were less
likely to die and more likely to have a favorable
outcome compared to those patients with a com-
paratively higher index [65].

Multiple scoring systems for brainstem DWI
lesions on MRI have also been proposed to quan-
tify infarct burden in patients with BAO, includ-
ing using pc-ASPECTS with MRI [66, 67].
Regardless of the scoring system used, the
absence of extensive infarct on MRI is associ-
ated with a favorable outcome with mechanical
MT [68]. In addition to infarct volume, infarct
topography is of crucial importance with regard
to prognosis in these patients. Based on a retro-
spective review of patients treated with MT for
BAO who underwent a postprocedure MRI, one
group reported that the only significant predic-
tors of favorable outcome (mRS 0-2) were age
(OR 0.84, 95% CI 0.74-0.91, p = 0,018) and
infarct volume in the brainstem (OR 0.25, 95%
CI0.11-0.61, p =0,002) [69]. Time to treatment
and infarct volume were not associated with
clinical outcomes for strokes outside of the
brainstem. Another study also demonstrated a
lack of association between time to treatment
and clinical outcomes, specifically in patients
with BAO who underwent MT for BAO [70].
Identical to the rates of favorable (33%) out-
comes seen in a similarly large case series of
patients treated in earlier time window (median
time to treatment 300 min), rates of favorable
outcomes in the study conducted by Starr et al.
were 33% and time to treatment was not associ-
ated with the likelihood of a favorable outcome
[71]. Rangaraju et al. described the Pittsburgh
Outcomes in Thrombectomy for anterior circula-
tion stroke (POST) score as a prognostic tool
that aims to inform physicians and family mem-

bers of the likelihood of a favorable outcome
after MT for BAO and thus aid in the post-MT
care decision-making process [72]. However,
this score has been validated for patients with
ACS only.

Using strict time criteria as selection criteria
for treatment of BAO has been called into ques-
tion by multiple authors. The presentation of
BAO can be insidious and protean, making an
accurate determination of symptom onset timing
very challenging [8]. Studies have shown that
patients with BAO treated more than 24 h from
LSW can have clinical outcomes and rates of
sICH that are comparable to those seen in patients
treated early [70, 71]. The highly developed col-
lateral arterial network in the posterior circula-
tion, reverse filling of the BA, and a layer of
plasma flow between the clot and artery wall
have been proposed to maintain brainstem viabil-
ity for longer time after BAO compared to occlu-
sions in the anterior circulation [73]. On the
contrary, Grevik et al. analyzed a cohort of 619
patients with BAO from BASICS and found that
time to treatment is an independent predictor of
outcome, along with age, baseline NIHSS, hyper-
lipidemia, and minor prodromal stroke symp-
toms. Although the therapeutic time window may
be longer in BAO patients than in ACS patients,
the importance of prompt and active therapy to
save the penumbra area should also be empha-
sized in BAO treatment.

Technical Considerations

The anatomy of the vertebrobasilar circulation
can pose technical challenges in MT. The caliber
of the vessels in the posterior circulation is gener-
ally smaller than that of large arteries in the ante-
rior circulation, requiring careful consideration
when selecting catheters and devices [74]. There
are also a number of anatomical variations in the
posterior circulation, such as VA termination at
the posterior inferior cerebellar artery [75]. Some
anatomical characteristics may represent an
advantage. For example, the lesser tortuosity of
the VA compared to the internal carotid artery
makes direct thromboaspiration feasible in the
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Fig. 11.1 A middle-aged woman with a history of atrial
fibrillation on anticoagulation was admitted to the hospital
for workup of new-onset, recurrent seizures. During her
hospitalization, she was found to be unresponsive during
a routine nursing check, which prompted a stroke code
activation. NIHSS performed by the Stroke team was cal-

vertebrobasilar system [41-43]. An example is
demonstrated in Fig. 11.1.

A subgroup of patients with PCS has tandem
BAO and VA occlusions (intracranially or extra-
cranially), making access to the BAO more
challenging, especially when the contralateral
VA is hypoplastic or occluded. Access can be
through the patent VA, or the occluded VA, which
depending on the location and etiology of the
occlusion (e.g., atherosclerotic) may require
stenting or angioplasty. The choice of the
approach should be tailored to the individual ana-
tomic and clinical considerations [76, 77]. Some
studies suggest that once base catheter access is
achieved in the VA and the BA is accessed via
microcatheter, contralateral VA low flow, from
either an occlusion or hypoplasia, is associated
with better recanalization and lower risk of distal
embolization [75]. This may be due to the lack of
flow reversal when the contralateral VA is patent
during aspiration. When standard access is not
possible, for instance, if the VA ostium is
occluded and thus not visible, alternative
approaches to access the BA have been employed.
These approaches include obtaining retrograde
access through the posterior communicating
artery, using thyrocervical collaterals in a chroni-
cally occluded VA, or using a hypoplastic contra-
lateral VA access to pass a microwire retrograde

culated at 29. STAT CTA demonstrated a basilar tip occlu-
sion (a, arrow). She went for emergent endovascular
thrombectomy, where the first base catheter run demon-
strated the basilar tip occlusion (b, arrow). She underwent
thromboaspiration and achieved TICI 2B recanalization

()

through the occluded VA ostium to delineate its
location [78-80].

Treatment of VA ostium high-grade stenosis
or occlusion is also a consideration when the
occluded VA represents the only access site to the
BAO. Since occlusion of the VA results in a low
flow state, and because of the high propensity for
re-occlusion with angioplasty alone, stenting
should be the preferred choice. There are gener-
ally two approaches, consisting either of stenting
the vessel prior to accessing the distal lesion or
more commonly of placing a stent at the end of
the procedure after the distal reperfusion is com-
plete [76]. The former approach has the main
advantage of allowing intracranial access and is
required when access cannot be established oth-
erwise. It may also allow placement of larger
bore guide catheters that may not be able to be
navigated through a severe ostial stenosis [81].
The latter approach more rapidly restores flow to
the ischemic tissue, avoids the risk of dislodge-
ment of the stent with passage of a large sheath
through the stent, and can be done after the intra-
cranial work is complete [80]. Both approaches
require the use of dual antiplatelet therapy (peri-
procedurally, this can be in the form of IV GP
IIb/Illa inhibitors), which can be of concern,
especially in patients with large cerebellar
infarcts who may require open surgical decom-
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pressive surgery. Thus, if the likelihood of poste-
rior fossa decompression is deemed to be high,
VA angioplasty may be the best alternative.
Because of the relatively high incidence of ath-
erosclerotic lesions underlying the occlusion
compared to anterior circulation occlusions,
especially in the proximal segment of the BA,
consideration should be given to acute angio-
plasty or (preferably) stenting, especially when
MT yields either no recanalization or recanaliza-
tion with residual high-grade stenosis. This can
be accomplished with self-expanding stents,
balloon-mounted stents, or detachable stentriev-
ers (Solitaire AB) [82, 83]. This angioplasty with
or without stenting is often performed in Asian
countries where intracranial atherosclerotic
occlusion is relatively common [84]. An example
is demonstrated in Fig. 11.2.

Treatment for LVOs with balloon-mounted
stents as a second-line approach after MT in
patients with presumed intracranial atherosclero-
sis has been shown to have reperfusion rates and
clinical outcomes comparable to MT [82].

However, the rates of sSICH and mortality were
higher than those seen with traditional MT
devices in this cohort of high-risk patients, a sig-
nificant proportion of whom had BAO. While the
advent of modern intermediate catheters has
made delivery of balloon-mounted stents in the
BA feasible with high reliability, the need for
immediate antiplatelet agent administration to
prevent stent thrombosis, with their ensuing hem-
orrhagic risk, especially in those patients who
receive IV t-PA, is potential limitation of this
technology. Larger randomized studies are
needed to assess the safety and efficacy of this
treatment modality.

Future Directions

Ongoing clinical trials, including the Basilar
Artery Occlusion Chinese Endovascular Trial
(BAOCHE) and BASIC, hope to address some
of the gaps in evidence for endovascular treat-
ment of BAO [85, 86]. Trials examining neuro-

Fig. 11.2 A 65-year-old man with a history of hyperten-
sion and diabetes mellitus developed recurrent episodes of
dizziness for a few days, followed by sudden vertigo, dys-
arthria, and gait ataxia. Diffusion-weighted MRI showed
acute infarcts in the right pons, cerebellar peduncle, cere-
bellum, and occipital area (a). MR angiogram showed
bilateral steno-occlusion in the distal vertebral arteries
(VAs) (b). Initially, he was alert, but he became drowsy

and his symptoms progressed. He went for emergent
endovascular thrombectomy. Catheter angiogram showed
occlusion of the right distal VA (¢, arrow). Thrombectomy
was performed with a stentriever, and residual stenosis
was managed with angioplasty and intracranial stent
application (d) to maintain patency of the dominant left
vertebral artery (e). He became alert and was discharged
with mild dysarthria only
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protectants,  which  include the Field
Randomization of NA-1 Therapy in Early
Responders and No-NO, are also underway [87].
It is hoped that neuroprotectant drugs may result
in prolongation of the therapeutic time window
by transforming “fast progressors” into “slow
progressors.” Other potentially beneficial effects
of neuroprotectant agents include mitigation of
reperfusion injury and apoptosis and inflamma-
tion [88, 89]. Technological solutions are being
proposed to address the challenges of endovas-
cular treatment for PCS. For example, stentriev-
ers are being developed with the ability to detach
should the lesion require stenting. This could be
particularly useful for the PCS where there is a
higher likelihood of underlying intracranial ath-
erosclerotic disease [90]. Transporting patients
to the appropriate medical center is necessary to
facilitate timely treatment, particularly with PCS
where there is a higher rate of misdiagnosis [91].
Finally, improvement in systems of care is
needed to increase access to timely endovascular
treatment for patients with large vessel occlusion
including those with BAO.
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Angioplasty and Stenting
for Posterior Circulation Stroke

Hugh S. Markus

Approximately 20-40% of all ischaemic strokes
occur in the posterior circulation, and about a
quarter of these are caused by either vertebral or
basilar artery stenosis [1]. Despite its frequency,
the optimal management for vertebrobasilar ste-
nosis is not clear. This is in marked contrast to
carotid stenosis for which large randomised con-
trolled trials have provided robust evidence
showing that removal of the stenosis by carotid
endarterectomy improves outcome [2].

Prospective natural history studies have shown
that symptomatic vertebrobasilar stenosis is asso-
ciated with a high risk of early recurrent stroke,
particularly in the first few weeks, and that the
temporal pattern of recurrence is very similar to
that seen for carotid artery disease [3, 4]. The risk
is particularly high for intracranial disease for
which it was reported to be 33% in the first
90 days of follow-up, compared to 16% for extra-
cranial disease, in a pooled individual patient
analysis of two prospective follow-up studies in
patients presenting with posterior circulation TTA
or stroke who all had CTA or MRA to identify
stenosis [5]. This high early recurrent stroke risk
raises a question as to whether vertebral and basi-
lar stenosis should be treated with revascularisa-
tion in a similar fashion to carotid endarterectomy
for carotid stenosis.
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The vertebral artery is much less accessible
than the carotid artery, and therefore, although
surgical endarterectomy approaches have been
used, these have not been widely adopted [1]. In
contrast, angioplasty and stenting have been
widely used to treat vertebrobasilar stenoses.

Vertebral stenting has been shown to be tech-
nically feasible in many studies, largely small
case series. Systematic reviews data have reported
very low complication rates for extracranial ver-
tebral stenosis (as low as 1% or less for origin
stenosis), but higher rates of 5-10% for intracra-
nial vertebral stenosis [6, 7]. However, such case
series are open to selection and publication bias
and therefore do not provide robust data. This can
only be provided by randomised control trials.
Recently, a number of randomised control trials
have evaluated stenting in patients with symp-
tomatic vertebral artery stenosis, the largest of
which, the Vertebral Artery Ischaemia Trial
(VIST), was published in 2017 [8]. Data from a
number of these have been pooled in a recent
individual patient analysis [9]. In this review, the
results of these trials and the pooled analysis are
presented.

There is less data on stenting basilar artery
stenosis, but data from the Stenting and
Aggressive Management for the Prevention of
Recurrent stroke in Intracranial Stenosis
(SAMMPRIS) trial [10] and from individual case
reports have shown a much higher complication
rate. This is consistent with our experience, with
complications including both basilar artery
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rupture and stroke secondary to occlusion of per-
forating arteries arising from the basilar artery.
These results had led to much less enthusiasm for
basilar artery stenosis, and this was not included
in the recent trials, which were limited to verte-
bral stenosis.

Randomised Clinical Trials

Five randomised trials have assessed the effec-
tiveness of angioplasty and stenting in symptom-
atic vertebral artery stenosis. Two of these,
SAMMPRIS [10] and Vitesse Intracranial Stent
Study for Ischaemic Therapy (VISSIT), were
confined to intracranial stenosis [11]. They
included patients with intracranial vessel stenosis
in multiple arterial locations, and vertebral artery
stenosis made up a minority of the participants.
Two other recent trials, VIST [8] and Vertebral
Artery Stenting on Trial (VAST) [12], included
both intracranial and extracranial stenosis. One
trial (Carotid and Vertebral Artery Transluminal
Angioplasty Study (CAVATAS)), which was con-
ducted in the 1990s, recruited almost exclusively
patients with extracranial disease [13].

The natural history data showing a higher
recurrent stroke risk for intracranial, compared
with extracranial, vertebral stenosis [5] combined
with the reported higher peri-operative risk for
intracranial stenosis [7] suggest that the risk—
benefit ratio may differ for intra- and extracranial
stenosis. Therefore, it is important to not only
analyse the results of these trials for all vertebral
stenosis but also to determine whether there may
be specific treatment benefits for intracranial and
extracranial stenosis.

CAVATAS recruited 16 patients with symp-
tomatic vertebral stenosis (15 were extracranial
all of the origin of the vertebral artery and 1 intra-
cranial), of which 8 were randomised to angio-
plasty/stenting [13]. Because it was performed in
the 1990s, older equipment was used and most
patients randomised to endovascular therapy
received angioplasty alone (6 cases) rather than
with stenting (2 cases). The mean time between
symptoms and randomisation was long at 92 days
(range 5-376 days), and in those randomised to

angioplasty, there was a mean additional time
from randomisation to the procedure of 45 days
(range 7-148 days). This means that many
patients were treated after the acute period during
which there is a high risk of recurrent stroke.
Patients were followed for a mean of 4.5 years in
the endovascular group and 4.9 years in the medi-
cal group. There were no recurrent strokes in the
vertebrobasilar territory in either treatment arm
during the follow-up. There was 1 non-fatal and 1
fatal carotid territory stroke in the endovascular
treatment arm.

There were no further trials that included
patients with extracranial vertebral stenosis until
VAST and VIST, which were published in 2015
and 2017, respectively. VAST aimed for a sample
size of 180 but only recruited 115 of which 83%
had extracranial stenosis [12]; 57 patients were
assigned to stenting and 58 to medical treatment
alone with a median interval between most recent
symptoms and randomisation of 25 days. During
a median follow-up of 3 years, there were 7
strokes in the medical treatment group and 8
strokes in the stenting group. More early recur-
rent strokes (defined as within 30 days) occurred
in the stenting arm (3 versus 1) while more
strokes during longer-term follow-up occurred in
the medical arm (7 versus 4). Of the 3 early
strokes that occurred in the stenting arm, 2
occurred in 9 patients with intracranial stenosis
(22%) while only 1 occurred in the 48 patients
with extracranial stenosis (2%). The results of
VAST were underpowered to detect any treat-
ment difference between the two arms, and it pro-
vided a neutral result. Nevertheless, it did suggest
that the early stroke risk of stenting in patients
with intracranial stenosis was high, while the risk
for patients with extracranial stenosis was low.

VIST aimed to recruit 540 patients with 50%
or greater symptomatic vertebral stenosis [8].
However, recruitment was closed by the funder
NIHR HTA after 181 patients were enrolled due
to recruitment being slower than expected. In
retrospect, this was an unfortunate decision. It is
of note that the carotid endarterectomy trials
ECST and NASCET, which transformed the
management of symptomatic carotid stenosis,
took much longer to reach their sample size than
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expected, and without funding being continued
beyond the original planned deadline would not
have had their transformational effect on man-
agement of carotid artery disease [14, 15]. Three
patients in VIST did not contribute follow-up
data, which left 88 patients in the medical group
and 91 in the intervention group. Mean follow-
up was 3.5 years. As in VAST, stenosis was pre-
dominantly extracranial (78.7% versus 21.3%).
Similar to VAST, the peri-procedural stroke rate
was very low in extracranial stenosis (no compli-
cations), while it was much higher in intracranial
stenosis (2 strokes in 13 patients). The primary
endpoint of fatal or non-fatal stroke occurred in
5 patients in the stent group versus 12 patients in
the medical group (hazard ratio 0.40:95% CI
0.14-1.13, P =0.08). The absolute risk reduction
was 25 strokes per 1000 person-years. Therefore,
although there was an approximately 60% reduc-
tion in the rate of recurrent stroke in patients in
the stenting arm, this difference was not signifi-
cant. However, post hoc analyses did show a
suggestion of benefit. When the time from ran-
domisation was controlled (this was shorter in
the stenting arm), the hazard ratio for the pri-
mary endpoint was 0.34 (95% CI 0.12-0.98
P =0.046). A second post hoc analysis also try-
ing to take into account this difference in base-
line risk due to the stented arm being recruited
sooner after symptoms looked at patients who
had been randomised within 2 weeks after the
last symptoms. This revealed a hazard ratio for
the primary endpoint of 0.30 (95% CI 0.09-0.99,
P =0.048).

Therefore, although the results of VIST were
suggestive of a possible treatment effect, the pri-
mary endpoint was not significant. They do, how-
ever, suggest that if funding had been continued
to allow the planned sample size to be reached,
VIST may well have produced a definitive result.
Strengths of VIST were that no patients were lost
to follow-up. However, there are a number of
limitations. First, the planned sample size was
not reached. Second, a number of patients ran-
domised to stenting did not have greater than
50% stenosis at angiogram when the procedure
was due to be performed and therefore were
treated conservatively. This emphasises the need

for careful assessment of non-invasive imaging
(which in VIST was CT and MR angiography) in
any such trials. A further potential criticism is
that patients in the stenting arm were more likely
to receive dual antiplatelet therapy with aspirin
and clopidogrel than those in the medical treat-
ment alone arm. Some data suggest that this dual
antiplatelet therapy may be associated with less
recurrent stroke risk in patients with symptom-
atic large artery stenosis.

SAMMPRIS and VISSIT randomised only
patients  with  intracranial  stenosis. In
SAMMPRIS, 451 patients with a variety of large
vessel intracranial stenosis were randomised, of
which 60 (13%) had intracranial stenosis [10].
Another difference in SAMMPRIS was that all
patients in the medical arm were treated with a
very intensive management protocol, which com-
prised dual antiplatelet therapy with aspirin and
clopidogrel for the first 90 days, intensive man-
agement of risk factors including blood pressure
and cholesterol, and a focus on lifestyle modifi-
cation with advice on smoking cessation, weight
loss, and exercise. It is of note that the recurrent
stroke rate in the medical arm in SAMMPRIS
was much lower than had been expected, and this
may be a reflection of this intensive management
programme.

A criticism that has been labelled against
SAMMPRIS is the use of the Wingspan self-
extending stent. Since the study, it has been sug-
gested that this stent is associated with an
increased risk of peri-procedural complications.
However, a similar overall result was reported in
VISSIT, which used a different stent, a balloon-
expandable stent, and there was a similar high
risk of early complications. VISSIT randomised
112 patients with symptomatic intracranial steno-
sis in a variety of intracerebral arteries with a
median time to randomisation of 15 days in the
medical arm and 9 in the stenting arm [11]. There
was a similar overall outcome to SAMMPRIS
with 1-year stroke rates of 9.4% in the medical
arm and 34.5% in the stenting arm. Most strokes
in the stenting arm occurred in the peri-operative
period. A breakdown for those patients with ver-
tebrobasilar stenosis is not presented in the paper,
and it has not been possible to obtain further
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information from the corresponding authors.
Nevertheless, the overall results in VISSIT were
similar to those seen in SAMMPRIS.

trials would only be indicated for intracranial ste-
nosis if the peri-operative risk associated with
intracranial stenosis could be reduced [9].

What Do the Results of Randomised
Trials Tell Us?

Meta-analyses of the published data, including
SAMMPRIS, VAST, and VIST (similar analyses
could not be done with the VISSIT data due to
the inability to obtain vertebral artery specific
data), found no evidence of any treatment ben-
efit for intracranial stenosis [8]. Results were
largely neutral without any clear benefit for
medical therapy. Although results for extracra-
nial stenosis were not significant, they sug-
gested a possible benefit with a hazard ratio of
0.66 (95% CI 0.25-1.72) [8]. A more recent
analysis used individual patient data from the
three trials [9]. This approach allows a more
detailed assessment of treatment efficacy and
also enables effects in specific subgroups to be
studied. The pooled analysis included a total of
168 subjects randomised to medical treatment
(46 intracranial and 122 extracranial) and 186
randomised to stenting (64 intracranial and 122
extracranial). In those randomised to stenting,
the peri-procedural stroke or death rate was
higher for intracranial stenosis than for extra-
cranial  stenosis (15.6%  versus 0.8%,
P =0.00005). There was a total of 1036 years of
follow-up, and in the overall population, the
hazard ratio for any stroke in the stenting arm
compared with the medical arm was 0.81 (95%
CI 0.45-1.44). For extracranial stenosis alone, it
was 0.63 (0.27-1.46), and for intracranial steno-
sis alone, it was 1.06 (0.46-2.42).

Therefore, there was no benefit for stenting in
vertebral stenosis as a whole. The results in intra-
cranial stenosis confirmed a high peri-procedural
risk of stroke and also showed no evidence of any
long-term benefit with a hazard ratio at almost
unity. The hazard ratio of 0.63 for extracranial
stenosis would be consistent with a benefit but
could also be consistent with no benefit for stent-
ing. The conclusion was that further trials are
warranted for extracranial stenosis. In contrast,

How Should Current Data Influence
Clinical Practice?

The most definitive data come from the individ-
ual patient pooled analysis [9]. This does not pro-
vide a definitive answer as to whether stenting is
better than medical treatment but does provide
useful pointers to guide practice until more clini-
cal trial data are available.

For intracranial stenosis, the data suggest that
medical therapy is the treatment of choice, and
only if this fails, should stenting be considered.
For extracranial stenosis, because the peri-
procedural risk has been confirmed to be very
low, both best medical therapy and stenting do
represent reasonable treatment choices.

The trials have recruited patients with reason-
ably symptomatic stenosis, most of whom have
had a single TIA or minor stroke. It has been sug-
gested that there may be specific subgroups of
patients who may specifically benefit from verte-
bral stenting. This includes patients with recur-
rent events despite the best medical therapy and
patients in whom the stenosis results in haemo-
dynamic compromise: for example, those who
have a tight stenosis with an atretic or absent con-
tralateral vertebral stenosis [16]. Whether these
subgroups do particularly benefit from vertebral
revascularisation can only definitively be
answered with clinical trials.

Whether stenting or best medical treatment is
chosen, it is important that the best medical treat-
ment is intensive. The SAMMPRIS trial was con-
sistent with a marked benefit from intensive
secondary preventative therapy, and this fits with
recent data showing the benefits of intensive
treatment of cardiovascular risk factors.
Increasing evidence suggests that dual antiplate-
let therapy with aspirin and clopidogrel is more
effective than aspirin alone in preventing stroke
in patients with recent symptomatic large artery
stenosis, both extracranial and intracranial, par-
ticularly in the first few weeks after symptoms
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when the risk of recurrent stroke is highest. This
was initially suggested by a greater reduction of
asymptomatic emboli detected on transcranial
Doppler ultrasound in randomised trials in both
extracranial [17] and intracranial carotid stenosis
[18]. Recent trials randomising patients within
the first 24 hours after minor stroke or TIA
(CHANCE and POINT) have shown that aspirin
and clopidogrel dual therapy, compared with
aspirin alone, reduces early recurrent stroke risk
by about one third [19, 20]. Interestingly, in
CHANCE, the benefit seemed to be greatest in
patients with large artery stenosis [21], while
another trial SOCRATES showed no benefit for a
new antiplatelet agent ticagrelor against aspirin
when given to all patients with recent stroke and
TIA, but a subgroup analysis suggested that there
was a benefit in patients presenting with large
artery stenosis [22]. Therefore, our practice is to
treat all patients with large artery stenosis, includ-
ing those with both intra- and extracranial verte-
bral stenosis, with aspirin and clopidogrel for the
first 1-3 months after symptom onset after which
we switch them to clopidogrel alone. We would
also treat them with intensive statin therapy and
aim to reduce blood pressure to 130 mmHg sys-
tolic. SAMMPRIS also emphasised the impor-
tance of lifestyle medications such as smoking
cessation, a healthy diet, and exercise.

Does the Type of Stent Matter?

Both VIST and VAST used a variety of different
stents, the choice being left with the operator.
SAMMPRIS was criticised for using the
Wingspan stent because of its potentially higher
peri-operative risk [23]. As yet, it is uncertain
whether different stents may be safer. Because
the peri-operative stroke risk is very low for
extracranial stenosis with current stents, the need
for safer options is not pressing. However, stents
or other technical advances, which could reduce
the high peri-procedural stroke rate reported for
intracranial stenosis, might alter the risk—benefit
ratio for treating this disease.

Restenosis has been reported following stent-
ing, particularly for vertebral artery origin steno-

sis [24]. Data do suggest that drug-eluting stents
may be associated with a reduced risk [25]. A
meta-analysis of available data, largely from non-
randomised case series, reported a restenosis rate
of 33.6% with bare-metal stents and 15.5% with
drug-eluting stents [26]. Whether this translates
into clinical benefit remains uncertain. Most
restenoses remain asymptomatic and in VIST, in
which almost stents were non-drug eluting, the
long-term recurrent stroke rate in those receiving
stenting was low [8]. More trials are required in
this area.

It has been suggested that distal embolic pro-
tection devices might reduce the risk of peri-
procedural embolisation. In a randomised trial,
61 patients were randomised to a self-expanding
stent with an embolic protection device and 66
to bare-metal stents without embolic protection.
Diffusion-weighted lesions on MRI were less
frequent after the procedure in those receiving
embolic protection (3.3 v 18.6%) [27]. However,
the devices can themselves be associated with
increased risk as they have to be advanced
through the stenosis and can cause damage, and
further trials would be required to demonstrate
improved clinical outcome before their wide-
spread use could be recommended, particularly
for extracranial stenosis in which the peri-
operative risk is very low without the use of
such devices.

VIST also highlighted diagnostic challenges
that need to be incorporated into any future trials.
It relied on CT angiography and contrast-
enhanced MRA to screen for vertebral stenoses.
Although previous studies had shown good sensi-
tivity for both techniques in the detection of ver-
tebral stenosis compared with intra-arterial
digital subtraction angiography [28], in VIST 23
of the 91 patients randomised to stenting were
found not to have stenosis of more than 50% on
digital subtraction angiography performed at the
time of stenting [8]. Subsequent central review of
all pre-randomisation CTA and MRA imaging
revealed that in approximately half of these cases,
expert neuroradiological review would not have
confirmed stenoses on the non-invasive imaging,
while in the other half of the cases, central review
found entry imaging to be of insufficient quality
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to confirm stenosis. These data emphasise the

importance of non-invasive

imaging being

reviewed by expert neuroradiologists before any
decision is made on stenting. It also emphasises
the need for careful ongoing quality control in
any future studies with ongoing review of non-
invasive entry imaging, possibly with confirma-
tion of stenosis on central review prior to
randomisation.
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Introduction

Acute stroke in the posterior circulation, either
ischemic or hemorrhagic, can require urgent sur-
gical therapy for management of life-threatening
brainstem compression. Underlying atheroscle-
rotic or occlusive vertebrobasilar disease result-
ing in posterior circulation ischemic events can
also occasionally benefit from surgical revascu-
larization. This chapter will review the surgical
options for these situations.

Surgical Revascularization

A variety of extracranial and intracranial surgical
options can be utilized for revascularization of
the posterior fossa. Advances in endovascular
technology and technique, such as submaximal
angioplasty [1, 2], have reduced the need for sur-
gical approaches to neurovascular diseases
affecting the posterior circulation; nevertheless,
strategies for surgical interventions remain an
important tool in patient management.

Patients presenting with refractory vertebro-
basilar insufficiency (VBI) despite maximal
medical therapy [3] are potential candidates for
posterior circulation revascularization. Bypass
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for revascularization in the setting of posterior
fossa ischemia has been less studied than anterior
circulation ischemia [4, 5]. This is likely due to
the relative prevalence of the conditions [6, 7],
the availability and evolution of endovascular
techniques for treatment of vertebrobasilar steno-
sis [1-3], and the relatively higher morbidity and
technical complexity of posterior circulation
bypass. However, various extracranial-intracra-
nial (EC-IC) bypass options to the posterior cir-
culation are feasible, including occipital artery
(OA) to posterior inferior cerebellar artery
(PICA) (Fig. 13.1) and superficial temporal
artery (STA) to superior cerebellar artery (SCA)
or posterior cerebral artery (PCA) bypasses
(Fig. 13.2) [8, 9]. Additionally, a variety of surgi-
cal options for revascularization of the extracra-
nial vertebral artery are also available [10, 11].

Patient Evaluation and Selection

Athero-Occlusive Vertebrobasilar

Disease

As with other stroke syndromes, standard evalua-
tion for patients presenting with VBI includes
parenchymal brain imaging and vascular imag-
ing, typically performed initially with a combina-
tion of magnetic resonance imaging (MRI) and
magnetic resonance angiography (MRA). If ver-
tebrobasilar occlusive disease is evident, imaging
and clinical presentation can ascertain the etiol-
ogy as atherosclerotic (versus dissection or
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Posterior inferior

cerebellar artery

Fig. 13.1 Illustrations demonstrating occipital artery
(OA) to posterior inferior cerebellar artery (PICA) bypass.
(a) A hockey-stick-shaped incision is placed extending
from the mastoid to the midline and a retrosigmoid or far

1Y
o

Superficial temporal artery

Fig. 13.2 Illustrations demonstrating superficial tempo-
ral artery (STA) to posterior cerebral artery (PCA) bypass.
(a) An incision is placed overlying the STA, the STA dis-
sected, and a subtemporal craniotomy is performed. (b)

extrinsic compression). Flow compromise within
the vertebrobasilar system and distal arterial tree
is difficult to evaluate as imaging methods stan-
dardly used in evaluation of anterior circulation

Posterior cerebral artery

lateral craniotomy is performed. (b) The OA is dissected
and anastomosed to the tonsillomedullary loop of the
PICA

Superficial temporal artery

The PCA is exposed in the ambient cistern adjacent to the
oculomotor nerve and superior cerebellar artery (SCA)
and a STA-PCA bypass is created

ischemia are less useful in assessment of the pos-
terior circulation due to the more compact brain
territory and skull base artifacts. An alternative
method for assessing posterior circulation blood
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flow relies on large vessel flow measurement per-
formed using quantitative magnetic resonance
angiography (QMRA), a technique utilizing
phase-contrast MR to measure vessel-specific
volumetric flow rates. QMRA thus provides a
technique to directly measure posterior circula-
tion vessel flow [12]. The observational
Vertebrobasilar Flow Evaluation and Risk of
Transient Ischemic Attack and Stroke (VERITAS)
study demonstrated that patients with vertebro-
basilar occlusive disease with evidence of flow
compromise, as determined by QMRA, are at
higher risk of recurrent stroke [13, 14]. In
VERITAS, patients with VBI from steno-
occlusive vertebrobasilar disease with normal
flow in their distal intracranial vasculature had a
recurrent stroke-free survival rate of 96% and
87% at 12 and 24 months, respectively, while
those patients with low distal flow had stroke-
free survival rates of only 78% and 70%, respec-
tively [14]. Flow assessment with QMRA,
therefore, may be used to identify the subset of
patients with VBI who are most likely to benefit
from revascularization.

Presently, however, the indications for surgi-
cal revascularization are limited as no prospec-
tive or randomized studies have been performed
to assess the efficacy of surgical intervention, and
the procedures carry the risk of morbidity.
Overall, surgical revascularization of the poste-
rior circulation carries a higher risk and lower
patency rates than that seen with anterior circula-
tion bypass. Patency rates for OA-PICA bypass
range from 88% to 100%, with mortality rates
averaging 4% [15]. For STA-PCA and STA-SCA
bypass, a review of 86 bypasses compiled from
several series revealed patency rates in the
78-90% range, with mortality averaging 12%
[15, 16] and serious morbidity of 20%. Though
these series reported improvement in symptoms
in a subset of patients, the morbidity and mortal-
ity associated with such revascularization proce-
dures have introduced caution when entertaining
surgical bypass options, particularly for patients
with poor neurological condition or medical co-
morbidities. Nonetheless, more recent advances
in microsurgical and neuroanesthetic techniques,
as well as improvements in perioperative neuro-

intensive care management, do allow posterior
circulation revascularization to be successfully
undertaken in selected patients with no other
options for management.

Prior to surgical revascularization, the first
approach is to optimize all medical therapeutic
options, including maximizing antithrombotic
regimens, judicious blood pressure control,
aggressive lipid lowering with statins, glycemic
control, and smoking cessation. Anticoagulation
with warfarin has not shown benefit over anti-
platelet therapy and higher risk of complications
in patients with intracranial atherosclerotic intra-
cranial disease [17]. If the patient has recurrent
ischemia despite these measures, and the disease
is not amenable to endovascular therapy, then
bypass options will be considered, but only if co-
morbid cardiac or medical conditions are not pro-
hibitive for undergoing general anesthesia and
surgery with acceptable risk. Particular caution
should be used in considering bypass distal to a
high-grade vessel stenosis, for example, in the
case of distal bypass for severe basilar stenosis.
Distal bypass can create competing flow at the
location of disease, which has the potential to
promote thrombosis at the site of stenosis [18]
and causes perforator occlusion and local infarc-
tion with devastating consequence.

Vertebrobasilar Dissection

It is important to recognize the etiology of
VBI. Posterior circulation stroke due to vertebral
artery dissection is typically managed differently
from atherosclerotic disease, with surgical revas-
cularization considered only in cases of chronic
dissection or occlusion with associated hypoper-
fusion. For acute dissections, while the evidence
is incomplete, anticoagulation with heparin fol-
lowed by oral anticoagulation therapy for
3—6 months remains popular in many centers
[19]. This practice is supported by several small
case series demonstrating good outcome with
low complication rates in patients receiving anti-
coagulation [20, 21]. There are centers that pre-
fer dual antiplatelets to anticoagulation. There
are no randomized clinical trials that have
directly compared antiplatelet therapy to antico-
agulation [22]. Certain features, such as severe
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Fig. 13.3 (a) Anteroposterior and (b) lateral left verte-
bral artery angiograms demonstrating a dissecting verte-
bral artery aneurysm (arrow) in a patient presenting with
subarachnoid hemorrhage. (¢) The patient underwent

stenosis or intraluminal thrombus in association
with the dissection, tend to favor anticoagula-
tion, whereas a large associated infarction would
favor antiplatelets. Imaging is repeated after
3 months, and anticoagulation or antiplatelets
are continued if the pathology persists. Long-
term antiplatelets can be considered, especially
in the setting of persistent vessel abnormality or
risk factors such as a history of connective tissue
diseases or recurrent dissections. Oral anticoag-
ulation is contraindicated in intracranial dissec-
tions as these are prone to subarachnoid
hemorrhage and in the presence of a large infarct
with associated mass effect or intracranial exten-
sion of the dissection [21].

In rare patients with ischemic symptoms
refractory to medical management and in those
with expanding or ruptured dissecting aneu-
rysms, endovascular therapy may be indicated.
Endovascular therapy is the initial therapy of
choice when medical therapy fails or is contrain-
dicated [23, 24]. Procedures include balloon
angioplasty followed by placement of one or
more balloon-expandable or self-expanding
stents. Associated dissecting aneurysms may
require coil embolization or the deployment of a
covered stent [25]. Surgery remains an option of
final resort if medical therapy fails and endovas-
cular options are not feasible. Refractory isch-

occipital artery (OA—arrow) to posterior inferior cerebel-
lar artery (PICA—arrowhead) bypass with trapping of the
aneurysmal segment

emic symptoms related to hypoperfusion can be
addressed using bypass for flow augmentation,
while dissecting aneurysms typically require ves-
sel sacrifice and revascularization to obliterate
the aneurysm while preserving distal flow
(Fig. 13.3).

Preoperative Assessment

Patients who are considered for posterior circula-
tion bypass should undergo angiography to delin-
eate the intracranial vasculature with selective
external carotid injections to evaluate the caliber
and course of donor branches, such as the STA or
OA when needed. If there is concern regarding
the adequacy of the in situ donors, alternative
bypass strategies using interposition grafts
(saphenous vein or radial artery) can be enter-
tained. In patients with VBI, where atherosclero-
sis is the primary etiology for the vertebrobasilar
disease encountered in such patients, systemic
atherosclerotic disease is also often present.
Therefore, preoperative cardiac and medical
clearance, including echocardiography and stress
testing, for cardiac risk stratification is an impor-
tant element of preoperative assessment.

If interposition grafts are anticipated, saphe-
nous vein can be harvested in the calf or thigh
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following preoperative ultrasound mapping to
determine the suitability (size and length) of the
vein. For radial artery, the vessel is generally har-
vested from the nondominant arm after ensuring
adequate ulnar artery collaterals to the hand with
Allen’s test.

Perioperative and Anesthetic
Considerations

Patients should be placed on full dose (325 mg)
aspirin, ideally beginning a week prior to surgery
or at least the morning of surgery. Other anti-
platelet agents, such as clopidogrel, are generally
avoided due to bleeding risk, particularly in cases
involving intracranial surgery. For patients
requiring dual antiplatelets due to high throm-
botic risk, the second agent can be discontinued a
week prior to surgery and replaced with enoxapa-
rin or equivalent until the day prior to surgery.
Patients who are on warfarin anticoagulation are
converted to intravenous heparin, which is with-
held 6 h prior to surgery as antiplatelets are
administered.

Arterial line and central venous access is rou-
tinely obtained for surgery. Antibiotic prophy-
laxis is administered prior to skin incision and
maintained for 48 h postoperatively. Throughout
the surgery, normovolemia, normocapnia, and
normotension (based upon the patient’s baseline
blood pressure) are maintained. For tenuous
patients with VBI who are blood pressure depen-
dent, even extreme hypertension is maintained
throughout until the bypass has been completed.
Somatosensory evoked potential (SSEP) and
motor evoked potential (MEP) can also be used
for physiologic monitoring during the surgery
and can be useful in alerting the operative team to
inadequate blood pressure maintenance during
the case. Scalp electrodes for electroencephalo-
graphic (EEG) monitoring are placed outside the
surgical field, which are used to monitor induc-
tion of metabolic burst suppression during tem-
porary vessel occlusion for bypass. Inhalational
agents are preferentially used for burst suppres-
sion as they increase cerebral blood flow in com-
parison to barbiturates; intravenous anesthetics

for burst suppression may be required if SSEP
and MEP are also monitored, as evoked poten-
tials can also be suppressed otherwise.

For intracranial bypass operations, lumbar
drain for cerebrospinal fluid (CSF) drainage is
used preferentially for brain relaxation to avoid
the need for intravenous diuretics (furosemide),
hyperosmolar agents (mannitol), or hyperventila-
tion. Prior to cross-clamping of major vessels,
intravenous heparin is administered. For entirely
extracranial operations, full dosing with weight-
appropriate heparin (routine dose 5000 U) is per-
formed 5 min prior to initial vessel occlusion. For
intracranial operations, smaller doses (generally
2000 U) are administered prior to temporary ves-
sel occlusion. The heparin is not reversed postop-
eratively but rather allowed to wear off on its
own.

Postoperative Management

Patients are continued on aspirin 325 mg daily,
starting immediately postoperatively. Patients are
observed in the intensive care unit postopera-
tively and are kept well hydrated, with avoidance
of hypotension. Pressure over the location of the
bypass graft (by nasal oxygen cannula or glasses)
is avoided to prevent direct mechanical occlu-
sion. In patients with bypass for ischemia, it is
especially important to avoid hypertension given
the potential risk for hyperperfusion hemorrhage,
although this appears to occur less commonly in
the posterior circulation, and with STA or OA
grafts, than larger higher flow interposition grafts.
Potential postoperative complications include
epidural hematoma or wound infection and post-
operative graft occlusion. Patients are discharged
on daily aspirin.

Extracranial Surgical Options

Extracranial revascularization procedures focus on
vertebral artery disease. The pathologies involved
are primarily occlusive diseases, such as athero-
sclerotic stenosis or occlusion of the vertebral
artery, or direct external compression by bony cer-
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Fig. 13.4 (a) Right subclavian artery anteroposterior
angiogram demonstrating severe right vertebral origin ste-
nosis (arrow). (b) Following vertebral-carotid transposi-

vical osteophytes. The most commonly utilized
surgical options for treatment are vertebral-carotid
transposition, carotid-to-vertebral bypass, and
osteophyte foraminal decompression.

Vertebral-Carotid Transposition
Vertebral-carotid transposition (VCT) is per-

formed for treatment of vertebral artery origin
stenosis (Fig. 13.4). Although direct vertebral

tion, there is filling of the vertebral artery (arrow) via
injection of the common carotid artery

origin endarterectomy [10] through a subcla-
vian approach is also an option, it is seldom
used as VCT offers a more simple and effective
method of revascularization. The potential limi-
tation of VCT is the requirement for simultane-
ous occlusion of both carotid and vertebral
arteries; however, given the proximal location
of temporary occlusion on the common carotid
and proximal vertebral, cervical, and muscular
collaterals distally invariably prevent cerebral
ischemia. If the carotid artery is stenotic or oth-
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erwise compromised, transposition to another
location of the subclavian artery can be used.
Similarly, if transposition is not feasible
because of the inadequate length of the proxi-
mal vertebral artery, an interposition vein or
prosthetic graft bypass can be performed from
the subclavian with end-to-end anastomosis to
the vertebral artery [26, 27]. Although this pro-
cedure does not interrupt carotid blood flow, it
requires two anastomoses and is time consum-
ing. The proximal vertebral artery can also be
transposed from the subclavian artery to the
thyrocervical trunk [11, 27]. Occasionally,
obstruction at the vertebral origin is extrinsic,
caused by compression due to bands from the
tendon of the anterior scalene or the longus
colli muscle [10, 28]. These ligaments, mus-
cles, and bands overlying the artery can be
excised. In some cases, the sympathetic ganglia
or nerve fibers constrict the artery. If the gan-
glia are divided, a mild Horner’s syndrome will
develop. Segmental resection and end-to-end
anastomosis of the vessel can be used when
obstruction is caused by entrapment, but the
vertebral artery must be long and its diameter
adequate.

Sternocleidomastoid muscle

Vertebral artery

Fig. 13.5 Illustration demonstrating the extracranial
carotid-to-vertebral bypass. An incision is placed along
the medial border of the sternocleidomastoid and extended
posteriorly toward the mastoid; initial exposure through
the platysma, medial to the sternocleidomastoid reveals
the contents of the carotid sheath. The contents of the

Extracranial Carotid-to-Vertebral
Bypass

Vein grafts can be used to bypass disease at a
more proximal aspect of the vertebral artery by
connecting the distal vertebral to the carotid
(Fig. 13.5) [28, 29]. The V2 segment of the verte-
bral is partially encased in a bony channel as it
travels through the transverse foramina of the C1
through C6 cervical segments. Anatomically,
however, the vertebral has more redundancy and
is more easily accessible at the distal V2 segment
(between C1 and C2), where anastomosis is
favorable [28]. The graft can be attached to the
external carotid, or the external carotid itself can
be transposed onto the vertebral [29]. The advan-
tage of the external carotid as the donor supply is
that the proximal anastomosis does not interfere
with the cerebral circulation. Although vein
grafts to the mid-V2 segment can be performed
successfully [30] using an anterior approach to
expose both the vertebral artery and the carotid
artery, the CI1-C2 vertebral artery segment,
accessed via the anterolateral approach, is par-
ticularly amenable to bypass. In the C1-C2 inter-
space, a 2-cm segment of the vessel can be

C2 nerve (cut)

Vein graft

Carotid artery

carotid sheath are retracted medially to palpate the trans-
verse processes of C1 and C2; the overlying levator scapu-
lae muscle is divided, revealing the anterior ramus of the
C2 nerve, which is cut and retracted to expose the under-
lying VA. A vein graft is placed with anastomosis onto the
vertebral artery and the common carotid artery
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exposed without the need for bony removal and
unroofing of the vertebral canal necessary in the
mid-V2 segment.

Osteophyte Decompression

Endovascular treatment is typically the first
choice of treatment for intrinsic stenotic lesions
affecting the posterior circulation, but extrinsic
compression with osteoarthritic spurs in the cer-
vical region is associated with good results from
surgical decompression [31].

Various forms of local, nonforaminal verte-
bral artery compression have been described. If
a diagnosis of static or rotational vertebral
artery compression is established by dynamic
vertebral imaging, surgical treatment is recom-
mended. Conservative medical therapy consists
of anticoagulation or neck immobilization,
either by instructing the patient to refrain from
head turning or by the use of a collar. However,
conservative measures alone can be associated
with a stroke rate of approximately 50% [32].
Severe local obstruction of the distal vertebral
artery caused by compression from arterial
branches or neighboring nerves can be treated
by using the posterolateral approach with divi-
sion of the obstruction. Bow hunter’s syndrome
due to constriction of the distal segment of the
vertebral artery, with occlusion following lat-
eral head rotation, can also occur [33].
Traditionally, these patients have been fused
between the occiput, C1, and C2 to limit head
rotation and vertebral artery compression. In
younger patients, however, it is best to explore
the anatomy and remove the compressive
pathology.

Intracranial Surgical Options

The primary EC-IC bypass options for the poste-
rior fossa include the STA to PCA or SCA bypass
and the OA to PICA or anterior inferior cerebel-
lar artery (AICA) bypass [8, 9]. Other described
variants include the use of vein interposition
grafts to the SCA or PCA [34-36].

STA-PCA (or SCA) Bypass

A subtemporal approach is used to gain access to
the PCA or SCA (Fig. 13.2). The bypass is typi-
cally performed on the right side if possible so
that manipulation of the temporal lobe is on the
nondominant side. A Doppler is utilized to map
the STA starting at the level of the zygoma. The
skin incision is placed to overlie the STA trunk
just anterior to the tragus in the region of the
zygoma and extend along the course of the ves-
sel. The goal is to dissect at least 8—10 cm of STA
in order to have enough length to reach subtem-
porally to the PCA or SCA. A temporal craniot-
omy is performed. The zygomatic arch and
prominent elevations of the middle fossa floor are
drilled to create a flat plane of approach. The dura
is opened as a semicircular flap, which is retracted
inferiorly.

The microscope is utilized for all intradural
aspects of the procedure. The temporal lobe is
elevated, with coagulation of any small anterior
bridging veins as needed. Typically, the SCA will
come into view first at the edge of the tentorium,
although it is often necessary to cut the tentorium
to better visualize the lateral course of the vessel.
Further elevation of the temporal lobe will bring
the P2 segment of the PCA into view. The PCA
provides a substantially larger recipient vessel
than the SCA, which can therefore accommodate
a higher flow bypass; in cases when the STA is
inadequate and a radial artery or saphenous vein
interposition graft is necessary, donor—recipient
size mismatch precludes use of the SCA. When
using the PCA, however, greater temporal lobe
retraction is needed, and it can be more difficult
to identify a perforator-free zone along the P2
segment than along the lateral SCA. Perforators
in this region must be preserved, and if absolutely
necessary, should be occluded with temporary
clips during anastomosis rather than sacrificed.
Once the STA has been prepared, it is useful to
check the “cut flow” of the vessel to determine its
flow capacity and adequacy for the bypass [37].

The STA-PCA or SCA anastomosis is per-
formed in an end-to-side fashion. The STA is cut
at a slight bevel and can be fish-mouthed to
enlarge the opening. If an interposition vein or
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artery graft is used, it should be cut at a right
angle; otherwise, the opening will be too long.
After completion of the bypass, blood flow mea-
surement provides confirmation of the patency
and function of the bypass. The dura is loosely
tacked with a slit created for passage of the
STA. The bone is replaced, but the inferior open-
ing is enlarged to accommodate the graft avoid-
ing any kinking or pressure on the vessel. The
muscle is re-approximated loosely and left open
inferiorly to avoid pressure on the graft, and the
skin is closed with care.

OA-PICA (or AICA) Bypass

The OA-PICA bypass is traditionally performed
through a lateral suboccipital approach
(Fig. 13.1). The skin incision is planned as a
hockey-stick flap based over midline and toward
the side of interest, ending over the region of the
mastoid process. The occipital artery is identified
in the midpoint of the horizontal portion of the
incision, where it is transected, dissected, and
occluded with a temporary clip on the proximal
end after the suboccipital muscles have been ele-
vated. The skin and muscle flap are retracted lat-
erally and inferiorly. A lateral suboccipital
craniotomy is performed, and the dura is opened
in a hockey-stick fashion near the midline.

The microscope is utilized for all intradural
aspects of the procedure. The ipsilateral cerebel-
lar tonsil is elevated, bringing the tonsillomedul-
lary segment of the PICA into view. This is the
preferred location of anastomoses as a lengthy
perforator-free portion can be readily obtained,
and the loop of the vessel can be mobilized and
elevated to reduce the depth of the anastomosis.
If revascularization distal to the PICA is needed,
the AICA can also be used as a recipient, although
the PICA is much more easily accessible. Once
the PICA or AICA recipient has been prepared,
the “cut flow” of the donor OA vessel can be
checked to evaluate its flow capacity.

An end-to-side anastomosis of the OA-PICA
or AICA is performed. The OA is beveled and
fish-mouthed. Following completion of the anas-
tomosis, the flow in the OA graft is measured.

The dura is tacked loosely, and the dural opening
is covered. The superior portion of the bone can
be replaced, but with care to avoid pressure on
the graft. The lateral suboccipital musculature
sometimes needs to be trimmed to prevent pres-
sure on the exit point of the OA, and the midline
muscle closure is performed with care to avoid
kinking of the graft.

Stroke Decompression
Background and Indications

Cerebellar Infarction

Unlike for cerebral infarctions with malignant
edema, there are no large-scale and long-term
prospective studies evaluating the efficacy of
posterior fossa decompression after stroke.
However, the utility of suboccipital craniectomy
(SOC) with or without cerebellar resection or
ventricular drainage was first described in 1956
[38-40], and numerous single- and multi-
institutional reports indicate that SOC can reduce
mortality and improve long-term outcomes in
patients with space-occupying cerebellar infarcts
[41].

For patients with posterior fossa stroke, sev-
eral studies have identified a progressive decline
in consciousness as the primary indication for
surgical intervention [42—47]. Tsitsopoulos et al.
noted that long-term functional outcomes after
SOC were correlated with a patient’s immediate
preoperative level of consciousness and advo-
cated for decompression before or early in the
course of a patient’s decline. Important causes of
a reduced level of consciousness include brain-
stem compression and hydrocephalus. While the
treatment for brainstem compression from an
edematous cerebellum is decompression, some
authors advocate for ventriculostomy alone in the
setting of hydrocephalus without obvious brain-
stem compression [43]. In a study of 44 patients,
Raco et al. found that 88% of patients with acute
hydrocephalus requiring ventriculostomy made a
good recovery without SOC. However, Chen
et al. noted that ventricular drainage alone with-
out decompression increased the risk of upward
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transtentorial herniation [48]. Even when a ven-
tricular drain is placed, several authors have
noted that early SOC allows for earlier removal
of the drain (often within 72 h) by restoring cere-
brospinal fluid (CSF) pathways, which reduces
the risk of infection and need for permanent CSF
diversion [48, 49]. Cranial nerve involvement is
an early sign of brainstem involvement and
increased infratentorial pressure, and suboccipi-
tal decompression should be undertaken in
patients with these signs. In series by Jiittler et al.
and Pfefferkorn et al., 68% and >82%, respec-
tively, of patients who required SOC developed
cranial nerve palsies prior to intervention [44,
45]. While radiographic criteria have been devel-
oped to guide the neurosurgeon’s decision-
making process [42], it is generally agreed that
the patient’s clinical condition is the most impor-
tant factor in the management algorithm.

The timing of suboccipital decompression is
controversial, as no prospective, randomized
studies have been performed. Of the 84 patients
in a study by Jauss et al., 18% were awake/
drowsy, 35% were somnolent/stuporous, and
47% were comatose at the time of surgery.
Whereas 86% of the awake/drowsy patients
experienced a good functional outcome, only
76% and 47% of the somnolent/stuporous and
comatose patients, respectively, had a good out-
come [42]. In a similar fashion, Tsitsopoulos
et al. noted that patients with a better preopera-
tive neurological status did better than those with
neurological compromise [46]. While these data
indicate that a patient’s preoperative neurological
status is an important indicator of postoperative
outcome, these studies generally do not provide a
medical management cohort for comparative
purposes.

Cerebellar Hemorrhage

Multiple studies have attempted to evaluate the
indications for surgery in the setting of spontane-
ous cerebellar hemorrhage. A number of vari-
ables are relevant to surgical decision making.
There is general consensus that cerebellar hemor-
rhage patients who are comatose or deteriorate
neurologically warrant surgical hematoma evacu-

ation; typically, such patients present with large
hematomas. In patients who present with
Glasgow Coma Score (GCS) > 13, indications
for surgery have been less well defined but have
included various thresholds for hematoma sizes
ranging from >3 cm to >5 cm or presence of
marked effacement of the fourth ventricle.
Surgical indications for patients in very poor neu-
rological status at presentation are also contro-
versial. Some authors have recommended
conservative measures in the setting of deep
coma and acute hydrocephalus that does not
resolve with CSF diversion, absent brain stem
reflexes or tetraplegia, deep coma in combination
with >5 cm hemorrhage, and deep coma of more
than 2 h duration [50]. However, even deeply
comatose patients with minimal brainstem
reflexes have been reported to benefit from rapid
surgical evacuation of hematoma, favoring an
aggressive surgical approach.

Other variables in addition to the absolute
hematoma size and GCS have also been reported
to be relevant to decision making about surgical
intervention. A lower size threshold has been
proposed for vermian than cerebellar hemisphere
hemorrhage based on the anatomically closer
location of vermian hemorrhages to the brain
stem and the CSF pathways [51, 52]. The pres-
ence of a ‘tight’ posterior fossa, defined as
effaced posterior fossa basal cisterns and fourth
ventricle as well as enlarged third and lateral ven-
tricles, has also been proposed as an important
factor, with the notion that hematoma size thresh-
olds for surgery should be reduced by 1 cm in
such a context [52].

Recent guidelines for the management of
spontaneous intracerebral hemorrhage recom-
mend that cerebellar hemorrhages in patients
who are deteriorating clinically or who have evi-
dence of brainstem compression and/or
hydrocephalus warrant surgical evacuation [53].
With hemorrhages smaller than 3 cm with no
brainstem compression or hydrocephalus,
patients can be treated medically with favorable
outcomes; hematomas >3 cm are generally at
high risk for subsequent deterioration and war-
rant evacuation (Fig. 13.6).
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Fig. 13.6 Axial computed tomography scans showing (a) a large hemorrhage (arrow) in the left cerebellar hemisphere
before and (b) after suboccipital decompression and hematoma evacuation

Suboccipital Decompression
and Ventriculostomy

In the setting of infarction, the principal goal of
suboccipital craniectomy is to provide space for
the infarcted cerebellum to swell in order to
relieve pressure on the fourth ventricle and brain-
stem (Fig. 13.7). In general, a wide craniectomy,
at least 6 cm in width, is performed from the
transverse sinuses superiorly to the foramen
magnum inferiorly. The underlying dura is
opened widely, and while some authors advocate
for resection of the infarcted cerebellums [46, 47,
54], more recent evidence suggests that the area
of restricted diffusion on MRI may be reversible
[55]. Therefore, over-aggressive resection may in
fact hinder recovery and impair long-term func-
tional outcomes. The posterior arch of C1 may
also be removed to achieve further decompres-
sion. Duraplasty is performed to allow maximal
decompression. For cerebellar hemorrhage, the
goal is for hematoma evacuation. Typically, sub-
occipital craniotomy (with replacement of
the bone flap) rather than craniectomy can be per-

formed, if the posterior fossa contacts are well
decompressed with removal of the hematoma.
The role of ventriculostomy alone in acute
cerebellar infarction and hemorrhage is an
issue of debate. Some neurosurgeons advocate
for ventriculostomy alone in patients with cer-
ebellar infarctions who decline due to the
development of hydrocephalus [43]. In a series
by Jauss et al., however, 41% of somnolent/
stuporous and 50% of comatose patients expe-
rienced a good outcome after SOC compared
with only 27% and 33%, respectively, after
ventricular drainage alone. Ventriculostomy
alone carries the risk of upward transtentorial
herniation. Studied in the setting of cerebellar
hemorrhage, van Loon et al. noted this in 2 of
30 patients with space-occupying cerebellar
hemorrhages. Some authors endorse CSF
drainage only in the presence of small hemato-
mas, or alternatively draining judiciously
(either intermittently only for high intracranial
pressure, or continuously, but at a higher level
such as 15-20 c¢cmH,0), to reduce risk of
upward herniation. Ultimately, while some
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Fig. 13.7 Axial computed tomography scans showing
(a) a large left posterior inferior cerebellar artery territory
infarction (arrow) with (b) hydrocephalus. (¢) A suboc-

patients with malignant cerebellar edema from
stroke or cerebellar hemorrhage may improve
with ventricular drainage alone, suboccipital
decompression remains the most definitive
method of reducing posterior fossa intracranial

cipital decompression was performed with partial removal
of the infarcted cerebellum, and (d) an external ventricu-
lar drain (arrow) was placed for the hydrocephalus

pressure. Therefore, although ventricular
drainage can be necessary to relieve hydro-
cephalus, ventriculostomy alone without plans
for concomitant surgical evacuation is not gen-
erally recommended [53].
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Dissection
General Remark

Cervicocerebral artery dissections account for
1-2% of all ischemic strokes [1-3] and 10-25%
of ischemic strokes in young and middle-aged
patients [4, 5]. According to population-based
studies, the incidence of spontaneous arterial dis-
sections was 1.7-3.0/100,000 in the internal
carotid arteries (ICAs) and 1.0-1.5/100,000 in
the vertebral arteries (VAs) [1, 6, 7]. The preva-
lence is higher in man than in woman [8, 9], and
females are younger and more often have
migraine and multiple dissections [8].

Cervicocerebral artery dissections can result
from either primary intimal tear with secondary
dissection into the media layer or primary intra-
medial hemorrhage. An intimal tear will let circu-
lating blood to enter the wall of the arteries and to
form an intramural hematoma (false lumen). The
intramural hematoma is located within the medial
layer or near the intimal or adventitial layer. A
subintimal dissection leads to luminal stenosis
and obstruction, resulting in an ischemic event. A
subadventitial dissection may cause aneurysmal
formation (dissecting aneurysm) and subarach-
noid hemorrhage (SAH) when it ruptures.
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Dissection can be etiologically categorized
as traumatic and spontaneous (nontraumatic).
However, the definition of “traumatic” is diffi-
cult to make because physicians may not be sure
of the causality when very minor trauma or neck
rotation was described by the patient. Inherent
conditions predisposing spontaneous arterial
dissections include fibromuscular dysplasia,
cystic medial necrosis, al antitrypsin deficiency,
Ehlers—Danlos syndrome type IV, Marfan’s syn-
drome, autosomal dominant polycystic kidney
disease, tuberous sclerosis, migraine, and hyper-
homocysteinemia [3, 10]. However, dissection
usually occurs in isolation without definite evi-
dence of connective tissue  diseases.
Nevertheless, ultrastructural morphological
aberrations of dermal connective tissue were
found in more than half of patients with sponta-
neous cervical artery dissections [11]. It has
also been shown that patients with dissection
have increased vascular tortuosity than age/sex-
matched normal controls [12].

It has traditionally been recognized that intra-
cranial dissection is less frequent than extracra-
nial dissection [3]. However, the frequency of
intracranial dissections may have been underesti-
mated because the diagnosis of intracranial dis-
section is more difficult to make than that of the
extracranial counterpart. Extensive workup, such
as repeated angiogram studies [13], or additional
utilization of high-resolution vessel wall MRI
[14, 15], will increase the diagnostic rate of intra-
cranial dissection [16] (Fig. 14.1) (see also Chap. 9).
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Fig. 14.1 A 47-year-old, previously healthy man sud-
denly developed severe right occipito-nuchal headache.
MRI findings were normal. MRA (a) and conventional
angiogram (b) showed suspicious narrowing of the right

With advanced imaging, a recent study on dissec-
tions causing ischemic stroke or transient isch-
emic attack (TIA) [16] reported that intracranial
arterial dissection is two times more common
than extracranial arterial dissection. The most
frequent site was the distal VA.

In contrast to the extracranial cervical arter-
ies, the intracranial arteries lack external elastic
lamina and have only a thin adventitial layer.
Therefore, intracranial dissections more easily
lead to the development of dissecting aneurysm
and subsequent SAH [17, 18]. Pathological stud-
ies have shown that subadventitial dissections
are more frequent in the VA than in the middle
cerebral artery (MCA) [19, 20]. This could
explain the relatively low frequency of SAH in
patients with MCA dissection. Trauma, either
serious or minor one, seems to be more closely
associated with extracranial dissections than
intracranial dissections [3, 16, 18]. As in athero-
thrombotic infarction, arterial dissections pro-
duce stroke or TIA by way of artery-to-artery
embolism, in situ occlusion, branch occlusion,
or hypoperfusion [21].

Clinical Manifestations

Dissection in Anterior Circulation

In the anterior circulation, dissections most often
occur in the ICA followed by the proximal
MCA. Distal ICA dissection occasionally extends

distal vertebral artery (VA). Precontrast T1 weighted
high-resolution vessel wall MRI showed a high signal
intensity (¢, arrow) consistent with wall hematoma associ-
ated with VA dissection

to the MCA. Both ICA and MCA dissections
often produce cerebral infarction or TIA, while
SAH is uncommon [22]. Most patients show vas-
cular luminal stenosis, and a small number of
patients have aneurysmal dilatation or double
lumen. Symptoms are those with MCA ischemia
such as hemiparesis, aphasia, hemineglect, and
visual field defect. Rotational neck vessel injury
is a probable cause of ICA dissection while the
exact mechanism of MCA dissection is not clear.
Some suggested that the impact of the MCA
against the sphenoid ridge may cause an intimal
tear and dissection [23]. Congenital vessel wall
defects are often found in patients with anterior
circulation dissection [22]. In one study, RNF
gene polymorphism, a genetic variation associ-
ated with moyamoya disease, is found in about
one-third of patients with anterior circulation dis-
section [24]. Dissection may account for the fusi-
form aneurysms arising from the MCA [19].
Dissections occurring in the anterior cerebral
artery (ACA) is uncommon, but nowadays being
more easily detected by high-resolution vessel
wall imaging. In a study of 18 patients with non-
traumatic ACA dissections, 9 had ischemia, 5 had
SAH, and 4 patients had both [25].

Dissection in Posterior Circulation

In the posterior circulation, dissection most com-
monly develops in the VA. Although extracranial
VA dissection has been traditionally emphasized
[26, 27], recent reports from Asia showed that
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intracranial VA dissection is a more common
cause of ischemic stroke [28]. The VA dissection
is often associated with trauma associated with
rotating neck motion such as chiropractic proce-
dures or other neck manipulations [29]. Some
arise from very minor trauma that include heavy
coughing, falling on the back, and turning the
head back to a car. Many others, however, do not
have such a history [29-33]. The most common
symptom of VA dissection is pain in the posterior
head, posterior neck, or both. The posterior neck
pain may radiate to the shoulder. Headache and
neck pain may be the only complaint (Fig. 14.1).
Ischemic symptoms and signs may develop at the
same time as the pain or after a delay of hours to
a few days.

Extracranial VA dissection often results in
artery-to-artery embolism and produces isch-
emic strokes or TIA in the posterior fossa. When
the dissection extends to the intracranial VA, it
may produce ischemic stroke in the medulla and
cerebellum by way of branch occlusion.
Intracranial VA dissections most frequently

Fig. 14.2 A 35-year-old woman suddenly developed diz-
ziness, gait instability, and sensory deficits in the left
lower limb preceded by posterior neck pain for 3 days.
Diffusion-weighted MRI showed a right caudal lateral

involve the VA near the origin of the posterior
inferior cerebellar artery (PICA). The dissection
occasionally extends into the basilar artery (BA).
Intracranial VA dissection often produces isch-
emic stroke in the medulla (usually lateral
medulla) and the cerebellum by way of occlu-
sion of the VA perforators or PICA (branch
occlusion) (Fig. 14.2). Dissection may rupture
and produce SAH (Fig. 8.4 in Chap. 8). The dis-
section may act as a mass lesion compressing the
brainstem, cranial nerves, or vessels [34]. In a
study on 31 cases with intracranial VA dissec-
tions, 55% had headache, 48% had infarction
involving the brainstem or cerebellum, and 10%
presented with SAH [35].

BA dissections are uncommon and usually
carry a more grave prognosis than VA dissec-
tions. They often produce extensive, bilateral
pontine infarction clinically manifested as sud-
den altered consciousness and quadriparesis [36].
In areview of 38 cases with BA dissections, there
were brainstem ischemia in 27, SAH in 5, and
both in 6 patients. Thirty patients (79%) died

medullary infarction (arrow, left image). MRA showed
distal vertebral artery (VA) dissecting aneurysm (arrow,
right image). The infarction was probably caused by per-
forator occlusion associated with VA dissection
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Fig. 14.3 An 81-year-old woman presented with dysar-
thria and right hemiparesis. Diffusion-weighted MRI
shows left pontine infarction (arrow, left images). MRA
shows dissecting aneurysm in the basilar artery (arrow,

[37]. However, a more recent study showed that
unilateral pontine infarction with a favorable out-
come is actually more common [38] (Fig. 14.3).

Dissections occurring in the posterior cerebral
artery (PCA) are rare [39] and are often difficult
to diagnose unless high-resolution vessel wall
MRI s used (Fig. 14.4). In a review of 40 patients
with PCA dissections, 15 had ischemia, 15 had
SAH, and 6 had an aneurismal mass effect.
Precipitating factors were found in nearly half of
cases, including trauma, migraine, substance
abuse, migraine, and the postpartum status [40].
The symptoms of ischemic stroke include visual
field defect and hemisensory change.

Isolated dissections of the posterior inferior
cerebellar artery (PICA) without involvement of
the VA may present with cerebellar infarction,
medullary infarction, or SAH [41, 42]. One report
suggested that dissections occurring in the proxi-
mal PICA tend to produce ischemic symptoms,
while those in the distal portion tend to cause
SAH [43]. PICA dissection presenting with isch-
emic symptoms may have been underdiagnosed,
partly because cerebral angiography is often
omitted, and partly because it is difficult to assess
the PICA with MRA. A study [13] reported that
of 167 patients with isolated PICA territory

right image). (Modified from Kwon et al. Intracranial and
extracranial arterial dissection presenting with ischemic
stroke: Lesion location and stroke mechanism. Journal of
the Neurological Sciences 358 (2015) 371-376)

infarction, PICA dissection was the cause of
stroke in 10 patients (6%). In 6 of these 10
patients, PICA dissections had not been sus-
pected on initial MRA and were confirmed by
follow-up MRA or digital subtraction angiogra-
phy. Utilizing high-resolution vessel wall MRI
will definitely increase the diagnostic sensitivity
(Fig. 14.5). Thus, extensive workups are needed
to diagnose PICA dissection in suspected cases.
Dissections occurring in the anterior inferior cer-
ebellar artery (AICA) and SCA are rare and may
produce infarction or SAH [44] (Fig. 14.6).
Studies involving a large number of patients
with posterior circulation dissection are rare. In
a study from South Korea, among 159 symp-
tomatic dissections, there were dissections in
the VA in 77 (intracranial 39, extracranial 38),
BA in 12, PICA in 8, and PCA in 4. In a study
on 286 patients with posterior circulation stroke
from Taipei [45], 74 patients were determined to
be caused by dissection. The location of dissec-
tion was initiated in the VA (66.2%), BA
(27.0%), PICA (5.4%), and PCA (1.4%). In this
study, intracranial VA dissection was twice as
common as extracranial VA dissection. There
were 10% mortalities, and 30% of the patients
had poor functional outcomes (modified Rankin
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Fig. 14.4 A 65-year-old woman had head injury after
falling down. She had headache and dizziness and 5 days
later developed transient tingling sensation in the right
face and limb. Neurological examination was normal, and
brain MRI did not show any abnormality. MRA showed a
focal stenosis in the P2 portion of the left posterior cere-
bral artery (PCA) (arrow, a). High-resolution vessel wall

Scale > 4) at 3-month follow-up. NIHSS scores
>8 were independently associated with poor
functional outcome. Another study from South
Korea assessed 191 patients with symptomatic
unruptured intracranial vertebrobasilar dissec-
tion [46]. Clinical manifestations were ischemic
symptoms with headache (n = 97) or without
headache (n = 13) and headache without isch-
emic symptoms (n = 81). During the follow-up

MRI showed iso-intense signal on precontrast T1-weighted
image (arrow, b), strong enhancement on contrast T1
image (arrow, b), and dark signal on susceptibility-
weighted image (arrow, d) on the wall of the PCA, consis-
tent with intramural hematoma. The patient had transient
ischemic attack, probably due to PCA dissection caused
by head trauma

period (mean, 46 months), none developed hem-
orrhages, and all patients without ischemic pre-
sentation had favorable outcomes (modified
Rankin Scale, 0-1). Of the 102 patients with
ischemic presentation, outcomes were favorable
in 92 and unfavorable in 10 patients. Four
patients died, and only one died as a result of
BA dissection. Old age and BA involvement
were independent predictors of unfavorable



Fig. 14.5 A 46-year-old man without vascular risk fac-
tors suddenly developed vertigo, nausea, and gait instabil-
ity. Examination showed mild dysarthria and right limb
ataxia. Diffusion-weighted MRI showed left posterior
inferior cerebellar artery (PICA) territory infarction (a, b).
TOF-MRA shows left PICA occlusion (c¢). Axial precon-
trast T1-weighted image (high signal, d) and susceptibility-

weighted image (dark signal, e) and sagittal contrast
T1-weighted image (enhancement, f) show intramural
hematoma in left PICA. One month later, TOF-MRA
shows normalization of left PICA (g). Axial precontrast
T1-weighted image (h) and susceptibility-weighted image
(i) and sagittal contrast T1-weighted image (j) show com-
plete normalization of the previous left PICA dissection
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Fig. 14.6 A 63-year-old man developed dizziness and
gait instability. Examination showed left facial palsy,
hearing difficulty, dysarthria, and left limb ataxia.
Diffusion-weighted MRI showed an infarction in the left
anterior inferior cerebellar artery (AICA) territory (left

outcomes in these patients. These results sug-
gest that clinical outcomes for nonhemorrhagic
posterior circulation dissection are generally
favorable, but old age, BA involvement, and ini-
tial severe neurological deficits may predict
poor outcome.

Fusiform (Dolichoectatic) Dilatation

With the advent of imaging techniques, fusiform,
tortuous, elongated, ectatic arteries (dolichoecta-
sia) are increasingly recognized. They are most
often observed in the BA [47]. The intracranial
VA may also be affected. Occurrence in the distal
ICA and MCA is rare. In some, the arterial abnor-
malities are widespread and affect other vessels
such as the abdominal aorta [47, 48]. The etiolo-
gies of fusiform arterial dilatation remain unclear
but may involve degenerative processes under
genetic influences that lead to structural arterial
defects characterized by fibrous dysplasia, inter-
nal elastic lamina degeneration, and fibrous and
collagen replacement of the media [49]. In adults,

image). Angiogram showed luminal narrowing with prox-
imal dilataion and distal occlusion of AICA, consistent
with dissection (long arrow, right image). An aneurysmal
dilatation in the proximal portion of the PICA was also
observed (short arrow, right image)

atherosclerotic changes in the vessels may inter-
act with congenital structural defects to augment
fusiform dilatation. A genetic deficiency in
a-glucosidase was found in patients with fusi-
form BA aneurysms [50].

In the dilated vessel, blood flow is slowed,
which predisposes to thrombus formation.
Artery -to-artery embolism or branch occlusion
may lead to infarction [51-53]. One study
reported that vertebrobasilar dolichoectasia was
present in 6.4% of patients with cerebral infarc-
tion [54]. Symptoms may occur due to compres-
sion and traction on posterior fossa structures
[52, 55]. Occipital-nuchal pain may develop, and
cranial nerve palsies, hemifacial spasms, tinnitus,
deafness, vertigo, and trigeminal pain have been
reported [48, 56, 57]. Large BA aneurysms can
compress the cerebral peduncle leading to hydro-
cephalus [58] or may manifest as cerebellopon-
tine angle masses [59]. Dolichoectasia should be
differentiated from  dissecting aneurysm.
Intracranial dolichoectatic VAs may compress
the medulla resulting in hemiparesis and other
neurological deficits [60].
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Arterial Compression

Spondylitic osteophytes that project from the
vertebral joints adjacent to the transverse fora-
men can compress the VA, usually at C1,2 level
on neck rotation, and lead to recurrent TIAs or
even strokes. In many cases, the contralateral VA
is hypoplastic, ends at PICA or previously
occluded, rendering the compressed VA the main
supply to the structures in the posterior fossa
[61-66]. Symptoms are precipitated by turning or
rotation of the neck, during which the VA may
become temporarily occluded. According to the
series of 21 patients with this “rotational VA
occlusion” syndrome, all patients developed ver-
tigo accompanied by tinnitus (38%), fainting
(24%), or blurred vision (19%) [67]. The induced
nystagmus was mostly downbeat with horizontal
and torsional components beating toward the
compressed vertebral artery side. Although
artery-to-artery embolism arising from stenosed
VA was proposed [66], more recent studies sug-
gest that symptoms are attributed to asymmetri-
cal excitation of the labyrinth induced by transient
ischemia [67, 68]. The prognosis is benign than
previously thought, and conservative treatment is
usually sufficient.

Posterior fossa ischemic strokes may occur
during or after surgical or interventional proce-
dures, such as aneurysm clipping, stenting, or
surgical removal of tumors. In patients with
aneurysms, blockage of the orifice of tributary
vessels secondary to clot within the aneurysm
[69] may be responsible for ischemic stroke.
Surgical operation or endovascular intervention
on the posterior communicating artery or BA
aneurysm may result in occlusion of the PCA,
SCA, or thalamic perforators [70] (Fig. 14.7).
Other mechanisms include (1) dissection or inti-
mal tear due to forceful retraction of the artery or
interventional procedure, (2) sudden decompres-
sion of the artery by tumor removal, which had
been encased for a long time, resulting in turbu-
lent blood flow and subsequent thrombus forma-
tion [71], and (3) vasospasm due to localized
SAH secondary to vessel injury.

In addition, PCA infarction may develop at
the time of transtentorial brain herniation. The

J.S.Kim

Fig. 14.7 A 56-year-old, previously healthy man devel-
oped dysarthria and left ataxia 1 day after coil emboliza-
tion for basilar tip aneurysm. Diffusion-weighted MRI
showed infarcts in the right superior cerebellar artery and
posterior cerebral artery territories, which were probably
related with the therapeutic procedure

PCA is usually compressed in its course around
the midbrain between the herniated temporal
lobe medially and the tentorium laterally [72,
73]. Compression may also occur contralateral
to the herniation because of lateral displacement
of the brainstem against the contralateral
tentorium.

Fibromuscular Dysplasia

Fibromuscular dysplasia (FMD) is a vasculopa-
thy of unknown cause characterized by hyper-
plasia of the intima and media of arteries,
adventitial sclerosis, and breakdown of normal
elastic tissue, without inflammation. Thickened
septa and ridges protrude into the lumen [74].
The most common angiogram findings are a
“string of beads” appearance: segments of con-
striction alternating with normal or dilated seg-
ments. Renal arteries and proximal carotid
arteries are the two most commonly involved
sites.

Extracranial VA involvement has been
reported in 12-43% of affected patients. Majority
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of FMD are asymptomatic and found incidentally,
but patients may develop ischemic stroke or TIA
via artery-to-artery embolism, hemodynamic
insufficiency, or their combination [75]. Branch
occlusion can be the stroke mechanism when
extracranial FMD extends to intracranial arteries
[76] (Fig. 14.8). Hypertension secondary to renal
involvement also contributes to the development
of stroke in patients with FMD. FMD occurring
in the intracranial arteries such as BA [77-79] or
PCA [80] are rare and may result in TIA [78] and
infarctions [77, 80]. In addition, some patients
develop complications such as arterial dissection
[81], aneurysms [82], and carotid-cavernous fis-
tulas [83]. FMD may be associated with the
moyamoya syndrome [84].

Moyamoya Disease

Moyamoya disease is characterized by progres-
sive occlusion of the distal ICA or proximal
MCA, with the development of fine meshworks
of basal collateral vessels. Cerebral hypoperfu-
sion is the predominant stroke mechanism in
these patients, and repeated TIAs are observed
when patients are dehydrated or hyperventilating.
Less often, cerebral infarction due to thrombotic
occlusion is encountered [85].

Posterior circulation stroke has been consid-
ered uncommon and appears in the late stage of
moyamoya disease associated with more wide-
spread vascular lesions including PCA involve-
ment [86]. A study examining both pediatric and
adult moyamoya disease patients showed that
PCA involvement is present in 29% and 17%,
respectively, suggesting that PCA involvement
may be more common in young patients with
moyamoya disease than previously recognized
[87]. The occipital infarcts are the most com-
mon clinical presentation of posterior circula-
tion moyamoya disease. The infarcts often
include a part of the posterior MCA territory,
probably because vascular collaterals from the
PCA had supplied a part of the MCA territory in
these patients with severe ICA steno-occlusive
disease.

Migraine

Previous studies have described migraine as a
cause of PCA infarction in 3-14% of the cases
[88-90]. In the Lausanne Stroke Registry,
migraine was the most common, usual cause of
posterior circulation stroke [2]. However, there
have been arguments as to the migraine as a real
cause of PCA infarction. Angiograms in patients
with migrainous stroke often show thrombotic
arterial occlusion [88, 91], and more extensive
investigations occasionally reveal hidden embolic
sources such as patent foramen ovale (PFO) [92].
As discussed in Chap. 3, posterior fossa is a pre-
diction side of embolism in patients with
PFO. Therefore, the diagnosis of migraine stroke
should be made cautiously, and thorough etio-
logical workup should be performed even when
infarcts develop along with migraine attack.

Reversible Cerebral Vasoconstriction
Syndrome

Reversible cerebral vasoconstriction syndrome
(RCVS) is characterized by the association of
severe headaches with or without additional neuro-
logical symptoms and a “string and beads” appear-
ance on cerebral arteries, which resolves
spontaneously in 1-3 months [93]. Cerebral infarc-
tion occurs in 4-31% of the cases, usually later
than hemorrhagic events (e.g., during the second
week) [93]. The spasm usually involves both ante-
rior and posterior circulations, and ischemic and
hemorrhagic strokes are more often observed in the
anterior circulation. However, it may predomi-
nantly occur in the posterior circulation and present
with strokes in the PCA territory (Fig. 14.9).

Mitochondrial Disease

Mitochondrial encephalomyopathy, lactic acidosis,
and stroke-like episodes (MELAS) present with
infarction-like lesion most frequently in the occipi-
tal area [94, 95]. In one study [96], among 38
young (<45 year old) patients who presented with
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Fig. 14.8 A 56-year-old woman developed right lateral ~ segment (b, arrows) and left VA distal cervical segment (c,
medullary infarction (a, arrow). MRA showed beaded arrow). These findings are consistent with fibromuscular
appearance of right proximal vertebral artery (VA) and V3 dysplasia
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Fig. 14.9 A 65-year-old woman developed sudden
severe, generalized headache. Diffusion-weighted MRI
showed a small, asymptomatic infarct in the right hippo-
campal area (a, arrow). MRA showed multiple stenosis

occipital infarction, 4 patients (10%) had clinical or
molecular diagnosis of mitochondrial disorder; two
of them had mitochondrial DNA mutation,
A3243G. Therefore, MELAS should be consid-
ered an etiology of young age occipital infarction.
The pathogenesis of stroke-like lesions seems to be
related with endothelial damage of small arteries
associated with mitochondrial dysfunction [97]
and metabolic derangement [98] rather than large
artery occlusion. Therefore, the stroke-like lesion
often does not exactly conform to the usual PCA
territory [99, 100]. Patients generally have other
features of MELAS such as short stature, hearing
impairment, seizures, and maternal family history.

Takayasu’s Disease

Takayasu’s disease primarily involves the aorta
and its branches, such as the innominate artery,
subclavian arteries, and common carotid arteries.
It mainly occurs in young (10—49 year) women
(female: male, 7:1) in East Asia such as Korea
and Japan. Pathologically, there are granuloma-
tous inflammation, intimal proliferation, and
scarring of adventitia that lead to vascular steno-
sis. Destruction of muscular media may lead to
aneurysmal dilatation. Systemic symptoms
include low-grade fever, fatigue, weight loss,
arthralgia, and myalgia. Vascular symptoms
include cool, painful extremities, limb claudica-
tion, dizziness, syncope, headache, and visual
impairment. TIA or ischemic stroke is usually

(b, arrows) and sausage-like dilation in both posterior
cerebral arteries, which improved 1 month later (c). These
findings are consistent with reversible cerebral vasocon-
striction syndrome

attributed to common carotid artery involvement
and perfusion impairment (Fig. 14.10). Ischemic
or hemorrhagic stroke may be attributed to con-
comitant renovascular hypertension.

Because VAs do not directly branch out from
the aorta, the VA involvement is uncommon.
Rather, intact VAs often play a role in supplying
cerebral blood flow in the presence of bilateral
occlusion of carotid arteries. Nevertheless, asymp-
tomatic (Fig. 14.10) or symptomatic [101, 102]
extracranial VA involvement is often observed.

Giant Cell (Temporal) Arteritis

Giant cell arteritis is a systemic vasculitis charac-
terized by subacute granulomatous inflammation
of the aorta and its major branches (large and
medium vessels) with particular tropism for the
extracranial carotid artery branches. Headache
and visual loss, the most common clinical mani-
festations, are caused by involvement of the
superficial temporal arteries and ophthalmic
branches/central retinal arteries, respectively.
Stroke is a rare complication of giant cell arteritis,
occurring in about 3% of patients [103, 104].
Giant cell arteritis may involve extracranial VA
and produce TIAs or brainstem/cerebellar infarc-
tions [105-107]. Occasionally, the subclavian
arteries become occluded. Because this condition
is treatable, and the prognosis is poor if untreated,
this possibility should be suspected in old patients
with extensive VA steno-occlusive disease when
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Fig. 14.10 A 39-year-old woman without vascular risk
factors developed global aphasia and right hemiparesis.
DWI showed left middle cerebral artery (MCA) territory
infarction (upper left). Perfusion MRI showed decreased
perfusion in the whole left MCA territory (upper right).

MRA showed steno-occlusion of the left subclavian and
common carotid artery, which was responsible for the
present infarction. In addition, asymptomatic, proximal
vertebral artery occlusion was found. The patient was
treated under the diagnosis of Takayasu’s arteritis
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they have prolonged unexplained fever, headache,
malaise, anemia, and ESR and/or CRP elevation.

Other Infectious or Immunologic
Vasculitis

Vasculitis may be caused by infectious (e.g., bac-
terial, tuberculosis, spirochetal, fungal, viral) and
immunologic (e.g., lupus, polyarteritis nodosa)
disorders. Vasculitis more often involves the
anterior circulation, but involvement of posterior
circulation is not an exception [108].

Cerebral Autosomal Dominant
Arteriopathy with Subcortical
Infarcts and Leukoencephalopathy
(CADASIL)

Cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy
(CADASIL) is a monogenetic stroke syndrome.
The main pathological finding is the deposition
of granular osmophilic material (GOM) in the
small penetrating cerebral arteries, and clinical
manifestations are characterized by recurrent
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small vessel infarcts that ultimately lead to
dementia and depression [109]. Small vessel dis-
eases occur in both anterior and posterior circula-
tion. Recently, involvement of large cerebral
arteries has been reported in CADASIL patients
[110, 111], suggesting that pathologic involve-
ment may occur beyond the small cerebral ves-
sels. One study described two patients with AICA
territory infarction associated with AICA occlu-
sion [111].

Persistent Anastomotic Links

A persistent trigeminal artery (PTA) is the most
common embryonic carotid-basilar anastomo-
sis, occurring in 0.1-1.0% of the general popu-
lation. It usually forms a connection between
the cavernous part of the ICA and the upper
third of the BA [112]. A high incidence (85%)
of VA hypoplasia or atresia is associated.
Although the majority of the cases remain
asymptomatic, the severe VA hypoplasia may
lead to vertebrobasilar ischemic symptoms
when collaterals are insufficient. In addition,
brainstem TIA or infarction may occur due to
emboli that originate from an ICA plaque [113]
or diseased heart [114] and migrate through the
PTA (Fig. 14.11).

Fig. 14.11 A 70-year-old man with atrial fibrillation
developed dysarthria and right hemiparesis. Brain CT did
not show hemorrhages. While he received intravenous
rt-PA, diffusion-weighted MRI and MRA were performed
that showed a left pontine infarction (arrow, left image)
and embolic occlusion of the persistent trigeminal artery
(PTA) (arrow, middle image). Basilar artery (BA) and dis-
tal vertebral arteries (VAs) were not well visualized. His

neurological deficits rapidly improved, and CT angiogra-
phy 7 h after showed reperfused upper BA through the
PTA (arrow, right image). Lower BA and VAs were con-
sidered hypoplastic in this patient. (Modified from Kwon
et al. Brainstem Infarction Secondary to Persistent
Trigeminal Artery Occlusion: Successful Treatment with
Intravenous rt-PA. Eur Neurol 2010 2010;64:311)
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Introduction

Ischemic stroke (i.e., infarction) occurring as a
result of disorders affecting the vertebrobasilar
system, results in ischemic injury to the brain-
stem, the cerebellum, and/or the posterior por-
tions of the cerebral hemispheres [1]. Historically,
these types of cerebrovascular events account for
approximately 30% of all ischemic strokes [2].
The recognition of posterior circulation transient
ischemic attack or stroke is more difficult to
make compared to anterior circulation, mostly
because of the complexity of the vertebrobasilar
system. Current guidelines for the management
of posterior circulation are similar to anterior cir-
culation stroke, although several differences exist
in their presentations, disease mechanism, and
their outcomes [3—7]. The prognosis of posterior
circulation differs depending on stenosis/occlu-
sion, and vertebrobasilar stenosis, for example,
increases the risk by three times [8-10].
Moreover, the etiology of stroke also affects the
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functional outcomes, as shown by Chung et al.,
where large artery atherosclerosis and cardioem-
bolic etiologies carry worse functional outcome
at discharge and 3 months, respectively, in a pos-
terior circulation stroke [11].

Mechanism of Vertebrobasilar
Ischemic Stroke

The most common causes of posterior circulation
ischemia are cardioembolism, large artery ath-
erosclerosis, and small artery disease.
Atherosclerosis often occurs at or near the origin
of the vertebral artery [3]. Caplan et al. in 2004
proposed that the mechanism of ischemic stroke
in anterior and posterior circulation is different.
The conclusion was based on a study of 407
patients between 1988 and 1996 from New
England Medical Center-Posterior Circulation
Registry. Patients with posterior circulation isch-
emic events had a lower frequency of cardioem-
bolic etiology (24%) compared with large artery
disease (32%). In patients with anterior circula-
tion ischemic events, a higher frequency of car-
dioembolic etiology was detected (38%)
compared with large artery disease (9%) [2].
Posterior circulation ischemic stroke inci-
dence rates are different for asymptomatic and
symptomatic vertebrobasilar disease. In New
England Medical Center-Posterior Circulation
Registry, 9% of the 407 patients had complete
occlusion vertebral artery occlusion and 2.7%
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had bilateral vertebral artery occlusion [2].
Atherosclerotic stenosis >50% in either the ver-
tebral artery is found in approximately 25% of
the patients with vertebrobasilar transient isch-
emic attack or stroke. The stenosis is most fre-
quently located in the proximal vertebral artery
[10]. Patients with symptomatic vertebrobasilar
stenosis are at risk of stroke occurrence despite
the medical therapy occurring in 10-15% of the
patients in 2 years [12]. In one study, 7.6% of the
patients with asymptomatic vertebral artery ste-
nosis >50% were followed for mean 4.6 years;
posterior circulation stroke occurred in <0.1% of
the patients. The risk of stroke was higher for
patients with vertebral artery stenosis than in
patients without vertebral artery stenosis [5]. A
study from Taiwan analyzed 286 patients who
presented with posterior circulation stroke and
found that basilar artery branch occlusive dis-
ease (28%) and large artery dissection (25.9%)
were the two most common etiologies, followed
by large artery atherosclerotic stenosis or occlu-
sion (26%), cardioembolism (18.5%), and small
vessel disease (7%) [11].

Early Outcomes: First 90 Days
Recurrent Stroke

A meta-analysis published in 2003 demonstrated
a higher risk of recurrent ischemic strokes in the
posterior circulation in the first 7 days (acute
phase) in patients with vertebrobasilar stenosis
(odds ratio 1.47, 95% confidence interval (CI)
1.1-2.0, p = 0.014) [9]. Conversely, they also
found that the risk of recurrent stroke was low
(odds ratio 0.74, 95% confidence interval 0.7—
0.8) after the first 7 days. This was further con-
firmed in recent studies: Oxford Vascular Study
and 1 hospital register-based study (St. George’s
Study) [8]. Both studies demonstrated that verte-
brobasilar stenosis was a major predictor of
recurrent stroke, particularly in the first month. A
pooled individual patient analysis from the
Oxford Vascular Study and St. George’s Study
demonstrated that 90-day risk of stroke from the
first event was 24.6% in patients with vertebro-

basilar stenosis versus 7.2% in patients without
any stenosis. This was further supported by
another study that showed that risk of recurrence
stroke and the risk of any vertebrobasilar disease
recurrence (including both transient ischemic
stroke and stroke) at 90 days was up to 3 times
higher in patients with stenosis compared with
those without stenosis [12].

Schonewille et al. did a prospective, observa-
tional study from the “The Basilar Artery
International Cooperative Study” registry of 619
consecutive patients who presented with an acute
symptomatic and radiologically conformed basi-
lar artery occlusion [13]. Patients were divided
into three groups based on the treatment they
received: (1) antithrombotic treatment only,
which comprised antiplatelets or systemic antico-
agulation; (2) primary intravenous therapy
including subsequent intra-arterial thrombolysis;
and (3) intra-arterial therapy including thrombol-
ysis, mechanical thrombectomy, stenting, or a
combination of these approaches. The outcome
was assessed at 1 month, and poor outcome was
defined as a modified Rankin scale score of 4 or
5, or death. They reported that overall, 68%
(492/592) of analyzed patients had a poor out-
come at 30 days. They also showed that com-
pared to antiplatelet or anticoagulant therapy,
patients with a severe deficit had a lower risk of
poor outcomes when received intravenous ther-
apy (adjusted relative risk 0.88, confidence inter-
val 0.76-1.01) or when received intra-arterial
therapy (adjusted relative risk 0.94, confidence
interval 0.86-1.02).

A systematic analysis from Finland by
Lindsberg et al. looked at the outcome of basi-
lar artery occlusion patients treated with intra-
arterial thrombolysis or intravenous
thrombolysis. Modified Rankin scale score 0-2,
Barthel Index 95 to 100, or Glasgow Outcome
Scale 5 was considered as good outcomes [14].
Approximately 3-month outcome was pro-
vided. Of 420 patients, 76/420 were treated
with intravenous therapy and 344/420 were
treated with intra-arterial therapy. Death or
dependency was similar in both groups
(p = 0.82) reportedly in 78% (59/76) of patients
treated with intravenous therapy and 76%
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(260/344) of patients treated with intra-arterial
therapy. Even though recanalization rate was
higher in intra-arterial group (65%, 225/344)
compared to intravenous group (53%,40/76,
p =0.05), survival rates (50% vs 45%, p = 0.48)
were equal. A similar rate of good outcomes
(24% vs 22%, p = 0.82) was seen in both
groups. Without recanalization, the likelihood
of good outcome was close to 2%.

A systematic review and meta-analysis were
done by Schonewille et al. and colleagues to ana-
lyze the efficacy of different methods of acute
basilar artery occlusion. They reviewed 102 arti-
cles to analyze the treatment options. The
weighted pooled rate of mortality was 43.16%
(95% confidence interval 38.35-48.03%) in the
intravenous thrombolysis group, 45.56% (95%
confidence interval 39.88-51.28%) in the intra-
arterial thrombolysis group, and 31.40% (95%
confidence interval 28.31-34.56%) in the endo-
vascular thrombectomy group. The weighted
pooled rate of modified Rankin score 0-2 at
3 months was 31.40% (95% confidence interval
28.31-34.56%) in the intravenous thrombolysis
group, 28.29% (95% confidence interval 23.16—
33.69%) in the intra-arterial thrombolysis group,
and 35.22% (95% confidence interval 32.39—
38.09%) in the endovascular thrombectomy
group [13].

A study from Switzerland looked at the 106
patients treated between 1992 and 2010 with
intra-arterial thrombolysis. At 3 months, clinical
outcome was good (modified Rankin scale score,
0-2) in 33% of the patients and 11.3% had a
moderate outcome (modified Rankin scale score,
3). Mortality was 40.6% [14].

Death or Disability

A Korean study looked at 7718 patients for
minor anterior circulation and minor posterior
circulation stroke and disability at 3-month fol-
low-up. Disability (modified Rankin scale score
2-6) was seen in 32.3% of the patients with
minor posterior circulation stroke (compared to
30.3% of minor anterior circulation stroke,
p = 0.07) and death in 1.3% of the patients

(compared to 1.5% of minor anterior circulation
stroke, p = 0.82) [15].

Prospective data of 116 patients with posterior
circulation stroke who were admitted to a single
Qatar hospital were collected from 2005 through
2008 with mean duration from symptom onset to
presentation of 29 h reported the following: 71%
of the patients were discharged home while 10%
died, and modified Rankin scale score at dis-
charge was <2 in 53% and >4% in 13% of the
patients. The modified Rankin scale score was
<2 in 68% of the patients at 30-day follow-up.
Almost 90% of the patients were alive with a
modified Rankin scale score of <2 seen in 73%
of the patients [16].

Predictors of Outcome

Chung et al. looked at the etiologies of posterior
circulation stroke and their association with out-
come. They also suggested age >70 years,
National Institute of Health Stroke Scale >9, and
certain stroke etiologies (large artery atheroscle-
rosis and cardioembolism) as predictors of poor
functional outcomes (defined by modified Rankin
scale score >5), which are associated with poor
functional outcomes at the discharge and
3 months [11, 17].

Etiologies of posterior circulation stroke
affecting the outcomes were further supported in
a study by Glass et al., which found that out-
comes of posterior circulation stroke differed
depending on vascular occlusive lesion, brain
infarct location, and stroke mechanism [18].

Occlusion of the basilar artery led to the worst
outcome (>50% of the patients had poor out-
comes at 30 days, defined by death or severe dis-
ability) [18]. Basilar artery occlusive disease was
responsible for the greatest risk of mortality and
disability followed by intracranial vertebral,
extracranial vertebral, and posterior cerebral
artery. Schonewille et al. reported outcomes in
patients with posterior circulation stroke at
28 days: almost 80% of the basilar artery occlu-
sion patients had poor outcomes with a case fatal-
ity rate of 40%, and 65% of the survivors had
severe residual deficits. They also identified 3
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potential predictors of outcomes in patients
treated by conventional methods (antiplatelets or
anticoagulants or both): age (young vs old),
stroke severity, and presenting symptoms (fluctu-
ating vs maximum deficits from the onset) with
younger age (<60 years), less severe stroke and
fluctuating symptoms favoring better outcomes
[19]. One study looked at 87 patients with pre-
dominantly minor stroke and occlusive basilar
disease documented based on transcranial
Doppler, magnetic resonance angiography, or
conventional angiography and found an overall
case fatality rate of about 2.3%. The low case
fatality rate in this study could be due to a higher
number of patients with minor deficits being
diagnosed with vertebrobasilar disease [20].

A Chinese study combined the National
Institutes of Health stroke scale score and poste-
rior circulation Alberta stroke program early
computed tomography score through diffusion-
weighted imaging in 125 patients with posterior
circulation stroke. Patients with higher baseline
National Institutes of Health stroke scale score
(6.3+7.4) and lower posterior circulation Alberta
stroke program early computed tomography
score (<7) in the first 36 h of stroke onset had
unfavorable outcomes (modified Rankin scale
score at 90 days 3-6). Age >70 years and the
presence of diabetes mellitus were significant
predictors of unfavorable outcomes [21].

Tsao et al. looked at 21 consecutive patients
retrospectively who received either intravenous
or intra-arterial tissue plasminogen activator for
posterior circulation ischemic stroke at University
of California between 1993 and 2001. Results
showed that high presenting Glasgow coma scale
score > 9 was predictive of good patient outcome
(modified Rankin scale score at 3 months =/<2)
[22].

Another study looked at the correlation
between the severity of the neurologic deficit and
posterior circulation stroke. Almost 1200 patients
with anterior circulation stroke and 400 with pos-
terior circulation strokes were included with
median National Institutes of Health stroke scale
scores of 7 and 2, respectively. Of the patients
analyzed, 70% of the posterior circulation stroke
patients had National Institutes of Health stroke

scale score <4, and around 15% of them had a
poor prognosis [23]. Sato et al. in his study of 100
patients showed that the National Institutes of
Health stroke scale score appears to have limita-
tions in predicting outcomes in posterior circula-
tion stroke [24]. The cutoff score of the baseline
National Institutes of Health stroke scale score
for a favorable outcome was relatively low in
patients with posterior circulation stroke com-
pared to patients with anterior circulation stroke.
The National Institutes of Health stroke scale
score seems to be weighted toward anterior circu-
lation stroke and tends to underestimate the
severity of the posterior circulation stroke
[23-25].

Adaptation of the National Institutes of Health
stroke scale score for elements common to the
posterior circulation stroke, such as vertigo, diz-
ziness, or confusion, may increase its sensitivity
[26].

Another study of 88 patients in Switzerland
reported statistically significant association of
certain admission clinical characteristics with an
outcome in patients presenting with stroke or
transient ischemic attacks in the basilar artery
stenosis or occlusion. Dysarthria, pupillary disor-
ders, lower cranial nerve involvement, and con-
sciousness disorders at admission were strongly
(P < 0.001) associated with poor outcomes,
defined by severe disability or death. A multivari-
ate analysis showed that the outcome was poor in
100% of cases with either consciousness disor-
ders or other 3 clinical characteristics [27].
Interestingly, in the absence of these factors, a
poor outcome (severe disability or death) was
reported in only 11% of the patients.

Sommer et al. used propensity-score matching
to balance patient characteristics and stroke
severity between 4604 patients of posterior circu-
lation and 4604 patients of anterior circulation
stroke enrolled within the Austrian Stroke regis-
try [28]. A total of 477 (10.3%) patients within
the posterior circulation stroke group were treated
with tissue plasminogen activator compared to
4433 (~19%) of anterior circulation stroke
patients. Patients with posterior circulation stroke
had 19% higher odds of poor functional outcome
(p <0.0001) as assessed by the modified Rankin
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scale at 3 months. Patients who got tissue plas-
minogen activator did not show a significant dif-
ference in the functional outcome irrespective of
infarct localization. However, more deficits in the
posterior circulation stroke group were found to
be driven by patients who could not receive tissue
plasminogen activator and had presented after
4.5 h of the symptom onset. These patients had
34% odds of poor functional outcomes compared
to anterior circulation stroke patients. These
results were independent of stroke severity tissue
plasminogen activator treatment, demographic,
and vascular risk factors. This observation sup-
ported the findings of other few studies that
showed the effectiveness of tissue plasminogen
activator for stroke irrespective of localization
[29-31]. The effect of time delays on the thera-
peutic outcomes of tissue plasminogen activator
in posterior circulation stroke is further supported
by the retrospective study of 95 patients done in
China, which demonstrated that for patients with
an onset-to-treatment time of 0-90 min, the rate
of favorable outcome (defined by modified
Rankin Scale<2) was 100% as opposed to 73.7%
of favorable outcome for patients with an onset-
to-treatment time of 181-237 min [32].

Only a few studies have looked at the direct
relationship between the initial Glasgow coma
scale score and clinical outcomes in the patients
with posterior circulation stroke [33-35].
Schwarz et al. described 45 patients with poste-
rior circulation stroke and found that those who
had lower presenting Glasgow coma scale scores
had worse clinical outcomes [35]. A few studies
found tetraparesis and coma as independent pre-
dictors of poor outcomes [20, 36].

Late Outcomes: Beyond
the First Year

Qureshi et al. and the group did a cohort study
looking at the risk of recurrent stroke and death
associated with vertebrobasilar stenosis and
occlusion in 10,515 patients, diagnosed either by
computed tomography, magnetic resonance angi-
ography, or catheter angiogram [37]. Patients
were selected from the Taiwan Stroke registry.

They found 66% of the patients with none-to-
mild stenosis and 29.8% with moderate-to-severe
stenosis, and occlusion was identified in 3.8% of
the patients. There was a significantly higher risk
of recurrent stroke at 1 year (hazard ratio 1.21,
95% confidence interval 1.01-1.45) among the
patients with moderate-to-severe vertebrobasilar
stenosis. There was a nonsignificantly higher risk
of recurrent stroke (hazard ratio 1.49, 95% confi-
dence interval 0.99-2.22) and a significantly
higher risk of death (hazard ratio 2.21, 95% CI
1.72-2.83), among the patients with vertebrobas-
ilar occlusion.

Another retrospective study looked at 102
patients diagnosed with symptomatic vertebro-
basilar stenosis and followed up with them for
the development of stroke and disability/death
for 15+15.9 months (range 1-60 months).
Recurrent stroke and mortality were reported in
14% and 21% of the patients, respectively, during
the follow-up period.

Stroke-free survival was 76% and 48% at
12 months (95% confidence interval, 66—-83%)
and at 60 months (95% confidence interval,
27-65%), respectively. The risk of recurrent
stroke was 11% per year, and the risk of recurrent
stroke and/or death was 24% per year. Older
patients had decreased stroke-free survival.
Treatment with either antiplatelet agents in 41%
or coumadin in 32% improved stroke-free sur-
vival [38].

A study from Greece reported 10-year out-
comes in posterior circulation stroke patients,
and 185 patients were followed up during 1998—
2009. They divided their patients into pure poste-
rior cerebral artery infarction group (pure cortical
and combined cortical and deep posterior cere-
bral artery infarct) and posterior cerebral artery
infarction-plus group (including posterior cere-
bral artery stroke and > 1 concomitant infarction
outside posterior cerebral artery territory). Of
them, 56% of the patients of cortical-only infarct
had no or minor disability compared to 26-36%
in the posterior cerebral artery-plus group at
6-month follow-up. The 10-year probability of
death was 55% for the pure posterior cerebral
artery group vs 73% for posterior cerebral artery-
plus (p = 0.001), showing that posterior cerebral
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artery strokes with concomitant infarction out-
side the posterior cerebral artery territory was
associated with an increased risk of disability and
long-term mortality [39].

In another study of 51 patients with posterior
circulation stroke, 30-day and 3-year survival
rates were found to be 96% and 73% for top of
the basilar group vs 100% and 71% in the group
with involvement of either single penetrating or
branch artery involvement, respectively [40].

Ottomeyer et al. looked at the long-term func-
tional outcome and quality of life of patients who
presented with acute basilar artery occlusion and
got multimodal recanalization therapy. Ninety-
one patients were treated during December 2002
and December 2009 by such therapy that included
intravenous thrombolysis with consecutive on-
demand intra-arterial therapy or intra-arterial
therapy alone. The overall recanalization rate was
89%. Long-term survival (median follow-up for
4.2 years) was achieved in approximately 41% of
the patients. Among survivors, 74% of the patients
had a favorable functional long-term outcome
(defined as modified Rankin scale score < 3) [41].

Lindsberg et al. studied 50 consecutive
patients between 1995 and 2003 with proven bas-
ilar artery occlusion who were treated with intra-
venous thrombolysis with recombinant tissue
plasminogen activator. Recanalization was stud-
ied in 43 patients and was verified in 26 patients
(52%). In the first 3 months, 40% [20] of the
patients died and 11 patients had good outcomes
(modified Rankin scale score, 0-2); 12 (24%)
were independent of activities of daily living
(Barthel Index score, 95-100), and 6 (16%)
patients were severely disabled (Barthel Index
score, 0-50). After a median follow-up for
2.8 years, 15 (30%) patients reached good out-
comes (modified Rankin scale score, 0-2) while
23 (46%) patients died [42].

Jung et al. looked at 3-month and long-term
outcomes and their predictors in acute basilar
occlusion treated with intra-arterial thromboly-
sis. Between 3-month and long-term follow-up,
40.8% survivors showed clinical improvement of
at least 1 point on the modified Rankin scale
score, 53.7% were functionally unchanged, and
5.7% showed functional worsening (P < 0.0001).

Low baseline National Institutes of Health stroke
scale score was identified as a predictor of good
or moderate outcome (modified Rankin scale
score, 0-3, p < 0.0001) and survival (p = 0.001)
at 3 months. Younger age was identified as an
additional predictor of survival (p = 0.012). Age
was also an independent predictor (p = 0.018) for
long-term clinical outcome [43].

Cognitive and Functional Outcomes

The information regarding the neuropsychiatric
outcomes in patients with vertebrobasilar terri-
tory stroke is scarce, and patients with heteroge-
nous arterial lesions were included [44—46].

A case—control study from Brazil compared
the cognitive statuses of basilar artery occlusion
disease survivors (28 patients) and healthy con-
trols (27 patients). They also looked at the corre-
lation of functional capacity outcomes (modified
Rankin scale score) with the cognitive profiles of
basilar artery occlusion disease patients.
Functional capacity was moderately correlated
with the presence of cognitive impairment, indi-
cating that functional results were due to poorer
scores on cognitive tests. They found that 75% of
the patients (21/28) had no functional disability
(modified Rankin scale score of 0—1) at 4.2 years
after the stroke suggestive favorable outcomes.
Only 25% (7/28) of the patients had mild-to-
moderate functional disability (modified Rankin
scale score 2-3). Compared to controls, basilar
artery occlusion disease patients presented with
impairments in selective, sustained, and set-
shifting action, processing speed, visuospatial
skills, mental flexibility, and monitoring rules.
Significant deficits in verbal episodic memory
(immediate and delayed recall) and visuospatial
episodic memory (immediate and delayed recall
and recognition) were noted [47].

Patients with posterior circulation infarctions
were noted to have abnormal neuropsychiatric
profiles. The impairments were noted in execu-
tive function, attention, memory, visuospatial
ability, and language [17, 48, 49]. Neural links
connecting anterior and posterior regions of the
brain may be attributed [45, 46].
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