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   Foreword    

  Behavioral Consequences of Stroke  is the fi rst major textbook that has appeared on 
this topic. This volume comes very timely at a stage when the stroke fi eld is under-
going major changes in recognizing the true burden of cerebrovascular disease, in 
consolidating and putting into clinical practice what has been learned in the recent 
past, and in directing focus to several areas that have been neglected previously. The 
topic of behavioral consequences after stroke belongs to the latter category. 

 Until about a decade ago, the picture of the global burden of stroke was very 
incomplete with data mainly limited to high-income parts of the world. Since then, 
the true face of the scope of cerebrovascular disease has been disclosed, showing a 
situation that is much more grave than previously recognized. The core epidemio-
logical data are commonly cited in almost any publication dealing with stroke and 
have been iterated so many times that it may have a blunting effect. Nevertheless, 
the data are massive, and the challenge has not declined during the last decade. 

 As I write this foreword, I have the  Lancet  December 15, 2012 issue in front of 
me, devoted to the new round of global burden of disease data, which will serve as 
the new landmark references for several years to come. The world demographics are 
rapidly changing: life expectancy has increased throughout the world from an aver-
age of 56.4 years in 1970 to 67.5 years in 2010 for males and from 61.2 to 73.3 years 
for females. Worldwide, stroke remains the second commonest cause of death after 
ischemic heart disease and ahead of chronic obstructive pulmonary disease and the 
third commonest cause of years of life lost, behind both of these. Since the world 
population has both grown and become older, the total years lived with disability 
has increased by one third, and stroke remains in third place in the rank order of all 
diseases as per Disability Adjusted Life Years (DALYs) lost. 

 The need for global actions to prevent stroke as well as other non-communicable 
diseases (NCDs) have been recognized by the WHO and the UN, and prompted 
the important UN high-level meeting on prevention of NCDs in September 2011, the 
second time that a medical topic was addressed at the UN General Assembly. 
The New York declaration has now been followed by the fi rst-ever global monitoring 
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framework that comprises nine voluntary global targets and 25 indicators to prevent 
and control NCDs including stroke. The combat of stroke is not only a task for 
medical professionals; stroke has now clearly entered the global political agenda. 

 Despite progress in prevention, stroke will not be eradicated but will remain with 
us as long as we can foresee. When I started practicing, in the early 1970s we were 
convinced that there would never be any effective acute therapy for stroke; analo-
gous to cardiac arrest, the brain would suffer major irreversible damage within few 
minutes, and when the patients would arrive at hospital, treatment possibilities 
would have passed. Fortunately, this nihilistic approach of stroke (and cardiac 
arrest) was proven wrong. Within only a few decades, the treatment opportunities of 
stroke have changed dramatically, with stroke unit therapy and thrombolytic therapy 
as the diamonds in the crown, representing some of the most effective therapies in 
the acute medical fi eld overall and some of the most shining glories of evidence- 
based medicine. Establishment of well-functioning acute stroke services is now a 
prioritized task in all regions. 

 Even with improvements in acute treatments, a majority of patients with stroke 
will not be completely cured but will have residual symptoms and disabilities. 
Globally more than 30 million persons live with effects after a stroke; almost half of 
these have moderate to severe disability, and almost one half are within the age of 
working life. Rehabilitation services and effi cient long-term follow-up after stroke 
has emerged as fi elds in need of much strengthening, following an era when much 
attention has been paid to the acute phase. Just as the concept of organized stroke 
care has emerged for acute services, we now need to establish organized post-acute 
stroke services—a task of considerable challenge. 

 In the measurement of outcomes after stroke, clinical trials and observational 
studies have usually focused on death, recurrent stroke, and disability measured as 
dependence/need of support from others. However, the focus has gradually moved 
to other areas—the behavioral consequences of stroke. Had we listened more care-
fully to the voice of patients and caregivers in the past, these areas might have been 
better explored today. Patients and caregivers have repeatedly highlighted the less 
obvious non-motor consequences after stroke: diffi culties in communication, exec-
utive functions, fatigue, depression, personality changes, and much more subtle 
neuropsychological changes. It has also come as some surprise that such effects 
may be profound even after apparently mild strokes. It took some time before we 
listened, and it has taken some time for this fi eld to develop scientifi cally. 

 The present book on  Behavioral Consequences of Stroke  therefore appears 
most timely. Tom Schweizer and Loch Macdonald, both well-recognized leaders 
in this fi eld, have gathered a strong international team of researchers to summa-
rize the current state-of-the art and provide guidance how to incorporate current 
knowledge into clinical practice. The book broadly covers neurocognitive aspects 
of ischemic and hemorrhagic stroke, including the clinical manifestations, basic 

Foreword 
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science background, diagnostic and testing issues, imaging aspects, and implications 
for practice. 

 I warmly recommend this book to scientists as well as clinicians in this important 
fi eld of stroke. Let it be closely read, with pages and binding worn out by use, and let 
the wisdom written be transformed into reality to the benefi t of patient and caregivers.  

   Lund University ,   Lund ,  Sweden       Bo     Norrving      

Foreword 
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  Pref ace   

 Stroke remains the fourth most common cause of death in North America and an 
increasingly common cause in low- and middle-income countries. As death from 
some types declines due to improved care, the burden of disability increases. Much 
attention is paid to paralysis and the more obvious physical disabilities these patients 
incur, but we are becoming increasingly aware that the cognitive and neurobehav-
ioral complications are important contributors to stroke morbidity and even to func-
tional neurological recovery. Physicians and health care providers have been more 
focused on saving lives as well, but as mortality declines, the details and quality of 
life of the survivor are becoming more important. Furthermore, these defi cits actu-
ally overshadow focal neurological impairment in some types of stroke such as 
subarachnoid hemorrhage. 

 I am a neurosurgeon and my coeditor is a cognitive neuroscientist. This book was 
conceived when we began working together and fi nding that we were teaching each 
other about our respective understandings of disability after stroke. We noted that 
there was no book that covered the broad general topic of neurobehavioral and cog-
nitive function after stroke that would be appropriate for the wide range of health 
care professionals that need to know something about this fi eld. To that end, we 
have assembled an up-to-date overview of the cognitive and neurobehavioral conse-
quences of stroke. 

 Who needs to know about these defi cits? Everyone who cares for patients with 
stroke should be aware of and have some understanding of these effects of stroke, 
and for good reason. As we learn from this book, early treatment of depression 
and recognition of posttraumatic stress disorder are key to understanding disabil-
ity and recovery after stroke. There are many other reasons that await the reader 
of this book. 

 Given its increasing importance, and the broad audience including neurologists, 
neurosurgeons, physiatrists, and other medical doctors, as well as physical, speech and 
occupational therapists, nurses, and psychologists to name a few, a broad summary of 
the key issues was needed. The goal of this book is to provide a current understanding 
of each of the major cognitive/neurobehavioral effects of stroke. It is not meant to 
delve into excessive detail but to give the reader a broad and up-to-date understanding 
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of the fi eld. Because we hope our readers will be from varied disciplines, we include 
chapters on the epidemiology, general treatment, imaging, and an update on some 
stroke clinical trials. We solicited authors who were leaders in their respective fi elds 
and who can provide the current state of the particular topic of their chapter. 

 We both learned a lot by reading this book. We hope you will also, and will fi nd 
it useful. 

 Toronto, ON, Canada Tom A. Schweizer, Ph.D. 
  R. Loch Macdonald, M.D., Ph.D.  

Preface
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           Introduction: Historical Perspective 

   … it is a disease in which the functions of relation are suspended, while those of organic life 
continue. A fi t of apoplexy, it has been observed, resembles in many respects, profound 
sleep. There is the same insensibility to external impressions, the same unconsciousness of 
everything that is passing around; the action of the heart and respiration go on in both 
instances, but the individual is shut out from the world, sight, hearing, smell, touch and taste 
being abolished for the time [ 1 ]. 

   Throughout the ages various theories and beliefs prevailed conceptualizing 
 physician and lay perceptions of the entity of stroke. The term “apoplexy” (from the 
Greek word  apoplexia , meaning striking or hitting away) emerged in the time of 
Hippocrates and was used into the early part of the twentieth century [ 2 ]. Initial 
theories centered around the concept of blood being one of four crucial humors 
necessary for survival and a vital spirit. Apoplexy would result when its motion was 
interrupted. Galen (129–c. 200  ce ) expanded on these theories, which were accepted 
for many centuries. In this time, apoplexy carried a grim prognosis and patients 
were usually advised as such. Supernatural phenomena were also a popular belief 
through the ages, with stroke seen as a punitive judgment at the hand of God. 

 In the eighteenth century, the theory of the “apoplectic habitus” was put 
forward: 

 “Those Persons, above all others, are in danger of sudden deaths, that are of an 
unwieldy, corpulent Body; that have short Necks, strait Chests, and are subject to 
hitch in their Breathing; great, large heads, with a very sanguine or pale Countenance, 

    Chapter 1   
 Stroke Epidemiology, Etiology, 
and Background 

                           Deven     Reddy       and     Robert     G.     Hart    

        D.   Reddy ,  M.B.Ch.B., M.Sc., C.C.F.P.      (*) 
  Division of Neurosurgery, Department of Surgery ,  McMaster University, 
Hamilton General Hospital ,   Hamilton ,  ON ,  Canada   
 e-mail: vesh@sympatico.ca   

    R.  G.   Hart ,  M.D.    
  Department of Medicine (Neurology) ,  Hamilton General Hospital ,   Hamilton ,  ON ,  Canada    
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if they indulge in a luxurious Manner of Living, seldom escape a sudden, fatal 
stroke” [ 3 ]. Overindulgence and a lack of moderation were regarded as key causes 
of stroke in the eighteenth and nineteenth centuries and people thought to be at risk 
were encouraged to lead a life of balance and moderation. 

 Bloodletting as a treatment for stroke was popularized in the seventeenth  century, 
this as well as purges and enemas were primary treatment modalities until the early 
twentieth century. Bloodletting continued despite statistical evidence gathered in 
the nineteenth century that found it harmful, though it fi nally fell out of favor when 
the 1935 edition of Osler’s  Principles and Practice of Medicine  concluded that it 
was not useful in the treatment of apoplexy. The importance of this historical con-
text of stroke allows us to recognize that current practices are not necessarily the 
truth but simply refl ect present-day understanding of this disease process and of the 
mechanisms at play as we transition to future preventative and therapeutic treatment 
interventions. It is conceivable that at least some of what we do now and how we 
conceptualize stroke may be regarded in an unfavorable light in the future, the 
knowledge of which should serve to temper our enthusiasm to cast our predeces-
sors’ efforts and beliefs in a negative light.  

    Epidemiology 

 The second half of the twentieth century saw phenomenal gains in our understand-
ing of the pathophysiology of stroke and the care of stroke patients. The establish-
ment of stroke care units has allowed the growth of multidisciplinary teams with a 
focus on stroke and has helped advance stroke research. Stroke prevention and man-
agement remains a formidable healthcare challenge. It is the second most common 
cause of death after ischemic heart disease and accounts for 9 % of deaths world-
wide [ 4 ]. 

 In developed countries, where there are more healthcare resources, 10–12 % of 
all deaths are attributed to stroke and the consequences of stroke, and of these 
deaths, 12 % occur in patients younger than 65 years of age [ 5 ]. It is estimated that 
there are 5 million stroke deaths per year, two-thirds of which occur in developing 
countries [ 6 ]. The incidence of stroke decreased 42 % from 163 in 1970–1979 to 94 
per 100,000 person-years in 2000–2008 in high income countries [ 7 ]. In low to 
middle income countries the stroke incidence rate doubled from 52 to 117 per 
100,000 person-years over the same time. The decline in stroke in high income 
countries was driven by an 11 % decrease in ischemic stroke with no change in the 
incidence of intracerebral or subarachnoid hemorrhage. There is limited data on 
stroke subtypes in low to middle income countries, but the data show a similar inci-
dence of ischemic stroke (70 and 67 per 100,000 in high and low to middle income 
countries, respectively) with almost twice the incidence of intracerebral hemor-
rhage in these countries compared to high income countries. 

 Age-adjusted stroke mortality rates demonstrate signifi cant geographic varia-
tion. Globally the stroke mortality rate averages at 100/100,000 people/year. 

D. Reddy and R.G. Hart
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Early stroke mortality rates declined 1.1 % per year between 1970 and 2008 in high 
income and 0.6 % per year in low to middle income countries. There is, however, a 
wide variation from country to country with Canada at 25.7/100,000 people/year 
and Russia at 228/100,000 people/year [ 8 ]. A number of reasons have been postu-
lated to explain the geographic variation including differences in stroke care, risk 
factor exposure, and various genetic factors. Case fatality rates in high and low to 
middle income countries were similar for ischemic stroke (13–23 %) but higher in 
low to middle income countries for intracerebral hemorrhage (30–48 % compared 
to 25–35 % in high income countries) and subarachnoid hemorrhage (40–48 % 
compared to 25–35 %) [ 7 ]. The reasons for these variations are likely multifactorial. 
What is apparent though, is that poorer, developing countries have considerably 
higher mortality rates than developed countries (Table  1.1 ; Fig.  1.1 ) [ 9 ].

    Estimates suggest that stroke consumes 2–4 % of the total healthcare costs glob-
ally. In developed nations this proportion exceeds 4 % of healthcare costs [ 10 ]. In 
the United States, the estimated cost of stroke in 2008 was $34.3 billion; this 
includes direct medical costs of $18.8 billion [ 11 ]. 

 United States data estimates the annual stroke incidence to be 795,000, of which 
approximately 610,000 are fi rst-time strokes [ 12 ]. In the United States, stroke as a 
cause of death declined by 19 % from 1998 to 2008 so that it is now the fourth most 
common cause of death. The lifetime risk of stroke is greater for women than for 
men, and women are generally older at stroke onset. Racial differences have also 
been observed with African- and Mexican-Americans having a higher incidence of 
stroke than Caucasian-Americans [ 12 ]. 

 Whilst cardio-embolic stroke and ischemic stroke incidence rates in general have 
been relatively stable or declining over the past few decades, the incidence of intra-
cerebral hemorrhage has not changed and anticoagulant-associated intracerebral 
hemorrhage has been increasing. This trend will likely continue in developed coun-
tries as the average age of the population increases and there is increasing use of 

   Table 1.1    World Health Organization 2004 estimated age 
standardized death rate for cerebrovascular disease [ 8 ]   

 Country 
 Age-adjusted mortality rate 
per 100,000 per year 

 Canada  25.7 
 USA  30.4 
 Australia  32.6 
 United Kingdom  45.6 
 Kyrgyzstan  249.4 
 India  108 
 China  156.5 
 Russian Federation  228 
 South Africa  141.1 
 Nigeria  152.8 
 Brazil  91.1 
 Pakistan  117.9 

1 Stroke Epidemiology, Etiology, and Background
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anticoagulants. Whether new oral direct thrombin inhibitors such as dabigatran and 
oral factor Xa inhibitors such as apixaban and rivaroxaban, which may be associ-
ated with lower rates of intracranial hemorrhage, will prevent this is unclear [ 13 ].  

    Etiology 

 Stroke—by defi nition a loss of brain function due to disturbance in blood supply to 
the brain—has been classifi ed based on the duration of symptoms, clinical presenta-
tion, etiology, vascular or anatomical area of the brain affected, and by syndrome. 
About 80–85 % of strokes are ischemic and 15–20 % are hemorrhagic. The caus-
ative mechanism may be related to local intracranial vascular pathologies such as 
atherosclerosis, a more distant source of pathology such as emboli from extracranial 
artery disease or the heart, or reduced cerebral perfusion in the setting of circulatory 
failure. These categories are further subdivided based on the causative process 
(Fig.  1.2 ).

   Ischemic stroke may be caused by large artery thrombosis, cardio-embolism, 
small vessel occlusion, venous infarction, or other determined or undetermined 
causes. Hemorrhagic stroke may be caused by hypertension, vascular malforma-
tions, amyloid angiopathy, an infarct with secondary hemorrhage, spontaneous sub-
arachnoid hemorrhage usually due to aneurysm rupture, anticoagulants or 
antiplatelet drugs, coagulation and platelet disorders, and a small proportion of 
them are of undetermined etiologies. 

 Large vessel disease encompasses pathology involving the extracranial carotid 
vessels and the intracranial arteries including the proximal branches of the Circle of 
Willis. Pathological processes affecting large arteries include atherosclerosis, arte-
rial dissection, infl ammatory arteritis, vasculitis, fi bromuscular dysplasia, 
Moyamoya disease, and cerebral angiographic vasospasm after subarachnoid hem-
orrhage. Atherosclerosis is the predominant cause of large vessel disease. Thrombi 
can form on atherosclerotic plaques or spontaneously in the setting of an underlying 

  Fig. 1.2    Stroke etiologies       
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coagulopathy. Identifi cation of the specifi c underlying vascular pathology and its 
extent is integral to determining the potential value of subsequent surgical and med-
ical interventions. 

 Transient ischemic attacks (TIAs) are “a falsely benign form of brain attack” 
[ 14 ] with about 1 in 20 suffering a stroke within the subsequent 48 h, presenting a 
golden opportunity for prevention of further brain ischemia [ 15 ]. The 2009 American 
Heart Association (AHA) scientifi c statement on the defi nition and evaluation of 
TIA adopted an imaging-based defi nition [ 16 ]; a change from the prior temporal- 
based defi nition. The statement formally defi nes TIA as “a transient episode of neu-
rological dysfunction caused by focal brain, spinal cord, or retinal ischemia, without 
acute infarction.” The change in the defi nition was required because up to 50 % of 
TIAs diagnosed by the former defi nition have evidence of infarction on magnetic 
resonance imaging (MRI) (diffusion-weighted). TIA Class 1 recommendations of 
the AHA include imaging within 24 h, either MRI with diffusion weighting or com-
puted tomography (CT)—though MRI is preferred. The proposed change in defi ni-
tion from time-based to imaging-based has implications for international clinical 
trials involving countries in which urgent MRI is not routinely available. Noninvasive 
imaging of the extracranial carotid arteries and intracranial cerebral vessels is also 
recommended. 

 Silent brain infarcts are a category of stroke in which stroke is evident on imag-
ing studies in the absence of a history of TIA or stroke. The reported prevalence of 
silent brain infarcts is 8–28 % of patients in eight population-based studies [ 17 ]. 
Despite the lack of a history of TIA or stroke, these patients have been found to have 
neurological defi cits including cognitive impairment, depression, visual fi eld defi -
cits, limb dysfunction, frailty, and physical decline. Thus, it has been suggested that 
they be referred to as “covert strokes.” Their prevalence is up to 5 times that of 
stroke and increases with age [ 17 ]. Covert brain infarcts detected by imaging are 
thus not necessarily asymptomatic. They are also not benign. Once detected, man-
agement implications are unclear and they are an important issue for ongoing stroke 
prevention research. Subclinical brain ischemia is potentially preventable, though 
there are no proven interventions to date. Defi nitive randomized controlled trials of 
current secondary preventive treatments are required to demonstrate the benefi t of 
treatment in this patient population. 

 Clinically recognized strokes therefore represent the tip of the iceberg of 
vascular- mediated injury to the brain. A recently published prospective cohort study 
of the timing of onset of cognitive decline followed 10,308 British civil servants, 
performing tests of memory, reasoning, vocabulary, and semantic fl uency; assessed 
3 times over 10 years and found cognitive decline evident at ages 45–49 [ 18 ]. The 
Honolulu-Asia Aging study of 3,735 Japanese-American men showed that every 
10 mmHg increase in midlife systolic pressure increased cognitive impairment by 
7 % [ 19 ]. Whilst blood pressure lowering has not been shown to reduce vascular 
cognitive decline, there may be several reasons why this may be the case, including 
outcome measures that lack the sensitivity to detect appreciable differences when 
they are present. 

 Cardio-embolic stroke constitutes approximately 20 % of ischemic stroke and this 
proportion has remained relatively stable over the past few decades. This subtype of 
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stroke is diagnosed when the probable cause of the stroke is presumed to be a conse-
quence of embolism arising from the heart. The clinical diagnosis of cardio- embolic 
stroke can be made using the criteria outlined in Table  1.2 .

   Examples of major-risk sources include atrial fi brillation, intracardiac thrombus, 
atrial myxomas, and infective endocarditis. Minor-risk sources include calcifi c aor-
tic stenosis, patent foramen ovale, mitral valve prolapse with myxomatous valves, 
and left ventricular systolic dysfunction with no associated thrombus (Figs.  1.3  and 
 1.4 ; Table  1.3 ).

     Cerebral small vessel disease can be defi ned as pathology of small perforating 
arteries and arterioles that supply subcortical structures and result in distinctive 
clinical, radiological, and pathological changes [ 20 ]. 

 Radiological manifestations include subcortical deep brain infarcts, cerebral 
white matter lesions, and subcortical hemorrhages. Subcortical infarcts include 
lacunar infarcts and range in size from 3 to 20 mm on CT or MRI imaging. Broadly, 
it includes sporadic small vessel disease and cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopathy (CADASIL). Sporadic 
small vessel disease is an expansive category that includes “deep brain infarcts, 

  Table 1.2    Criteria for the 
clinical diagnosis of 
cardio-embolic stroke  

 Identifi cation of potential cardio- embolic 
source (stratifi ed as major-risk vs. 
minor-risk) 

 Absence of other likely causes of stroke 
 Neurological features 
 Demonstration of embolic occlusion 

(i.e., vanishing occlusions) 

  Fig. 1.3    Diagnosis of cardio-embolic stroke       
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age-related white matter lesions, deep intracerebral hemorrhages and cerebral 
microbleeds” [ 20 ]. Clinically, patients may be categorized as symptomatic or 
asymptomatic. Symptomatic subcortical/deep brain infarcts comprise 20–30 % of 
all strokes and are associated with a mortality of 2.4–10 % at 1 year [ 21 ,  22 ]. 
Histopathology demonstrates irregular cavities circumscribed by an area of glio-
sis, fragmented blood vessels, and lipid and hemosiderin laden macrophages [ 17 ]. 
Generally, acute deep brain infarcts have better short-term functional outcomes 
than cardio-embolic strokes [ 21 ,  22 ], though they have a higher risk of recurrence 
and a greater risk of neurocognitive and functional impairment in the long term 
[ 17 ,  23 ,  24 ]. 

 An individual with extensive white matter lesions can manifest with profound 
neurocognitive disability. The prevalence of white matter lesions in Caucasian- 
Americans over the age of 60 years is 80 % and is found in more than 60 % of 
patients with dementia [ 25 ,  26 ]. 

    Risk Factors 

 Potentially modifi able risk factors for stroke include cigarette smoking, hyperten-
sion, diabetes mellitus, dyslipidemia, atrial fi brillation, carotid artery stenosis, post-
menopausal hormone replacement therapy, oral contraceptive use, physical 
inactivity, obesity, coronary heart disease, heart failure, and peripheral arterial 

  Fig. 1.4    Embolic stroke 
mechanisms. Reprinted with 
permission from Robert G. 
Hart, M.D.       
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disease. Identifi ed stroke risk factors account for 60 % of attributable risk, com-
pared to 90 % of attributable risk accounted for by risk factors in ischemic heart 
disease [ 27 ,  28 ]. 

 The benefi t of early initiation of secondary prevention strategies after the onset 
of a TIA has been demonstrated by the EXPRESS study [ 27 ] and the SOS-TIA 
study [ 28 ]. The EXPRESS study was a prospective observational study, nested 
within a larger study. It demonstrated an 80 % reduction in the 90-day risk of stroke 
in patients that were assessed within a day at the study clinic with early initiation of 
medical treatment. The SOS-TIA study, published the same year in 2007, affi rmed 
the fi ndings of the EXPRESS study. It found a 90-day stroke rate of 1.24 % with 
early clinic assessment and treatment initiation, compared to an ABCD score 

   Table 1.3    Sources of cardiogenic brain embolism   

 Valvular diseases 
 Rheumatic mitral stenosis 
 Prosthetic valves 
 Calcifi c aortic stenosis 
 Mitral annulus calcifi cation 
 Marantic endocarditic and other prothrombotic states (e.g., antiphospholipid antibodies, diffuse 

intravascular coagulation, Wegener’s granulomatosis) causing valve thrombi 
 Infective endocarditis 
 Infl ammatory valvulitis: Libman-Sacks endocarditis, Behcet’s disease, syphilitic 
 Myxomatous mitral valvulopathy 

 Left ventricular thrombi 
 Due to ischemic heart disease: acute myocardial infarct, ventricular akinesis, or aneurysm 
 Due to nonischemic, dilating cardiomyopathies: hypertrophic, amyloid, rheumatic myocarditis, 

neuromuscular disorders, catecholamine induced   , doxorubicin, idiopathic, viral, peripartum, 
contusion, hypereosinophilic,    sarcoid, alcoholic, Chaga’s disease, crack cocaine use, 
oxalosis, echinococcosis 

 Left atrial thrombi without mitral valve disease 
 Due to primary arrhythmias: atrial fi brillation, sick-sinus syndrome/atrial asystole, atrial fl utter 
 Due to other structural disease: atrial septal aneurysm, Chiari network 

 Cardiac tumors 
 Atrial myxoma 
 Cardiac sarcoma 
 Papillary fi broelastoma 
 Metastatic 

 Paradoxical emboli (trans-cardiac embolism) 
 Atrial septal defects 
 Patent foramen ovale 
 Ventricular septal defects 
 Pulmonary arteriovenous fi stulas 

 Miscellaneous 
 Postcardiac catheterization 
 Postvalvuloplasty 
 Esophageal-atrial fi stula 
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(based on fi ve parameters: age, blood pressure, clinical features, duration of TIA, 
and presence of diabetes) predicted stroke rate of 5.96 %. 

 Carotid endarterectomy has been shown to be effective as a secondary prevention 
strategy when performed within 2 weeks of the onset of a TIA or minor completed 
stroke in patients with high-grade internal carotid artery stenosis. The safety of the 
intervention when performed in the fi rst 48 h is unclear [ 29 ,  30 ]. Carotid artery 
stenting produced similar results to carotid endarterectomy and is also an option for 
similar patients [ 31 ]. 

 Whilst it is recognized that primary prevention will have the most profound 
effect on reducing the burden of disease, at present there is no effective method of 
identifying patients at risk with a high degree of certainty. The focus of clinical 
research over the past few decades has centered on secondary prevention with a 
number of key interventions as outlined in Table  1.4 . The evidence-based mainstays 
of medical treatment for secondary stroke prevention are blood pressure reduction 
(current recommendation is systolic blood pressure <130 mmHg), antiplatelet ther-
apy, and administration of HMG-CoA reductase inhibitors (statins). These interven-
tions have become the standard of care in developed countries, though it is less clear 
whether they are consistently applied in developing countries, which likely contrib-
utes to the high stroke mortality rates in some regions (Table  1.4 ).

       Pathophysiology 

 Brain tissue dies within minutes of arterial occlusion, the time depending on the 
severity and duration of the blood fl ow reduction. In the minutes to hours following 
cerebral vessel occlusion in an ischemic infarct, the central core of the infarct is sur-
rounded by an area of structurally intact but functionally impaired tissue at risk of 

    Table 1.4    Key interventions and timelines that have had a signifi cant effect on risk reduction in 
secondary prevention of ischemic stroke   

 No.  Year  Intervention 

 1.  1978  ASA 
 2.  1991  Carotid endarterectomy 
 3.  1993  Warfarin for atrial fi brillation 
 4.  1996  Clopidogrel 
 5.  1996  ASA and dipyridamole 
 6.  2001  Antihypertensive therapy with ACE inhibitors (ramipril, perindopril) 
 7.  2004  Lipid lowering with simvastatin 
 8.  2006  Lipid lowering with atorvastatin 
 9.  2008  Early assessment and initiation of secondary prevention in transient ischemic 

attacks 
 10.  2010  Carotid stenting/angioplasty 

      Note : The year is when convincing phase III randomized controlled trials validated the benefi t of 
the intervention  
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further injury known as the ischemic penumbra. A sequence of events follows 
including energy depletion, calcium channel disruption, glutamate and free radical 
release, cell membrane and ion homeostasis disruption, and infl ammation [ 32 ]. 
These changes can result in further tissue damage and research efforts have been 
directed to develop neuroprotective drugs to interrupt this sequence of events and 
protect the tissue at risk in the zone of the ischemic penumbra, to prevent further 
extension of the infarct. So far the more successful approach has been to administer 
thrombolytic drugs such as tissue plasminogen activator (tPA) within 3–4.5 h of the 
ischemic stroke in order to restore blood fl ow.  

    Clinical Presentation 

 The clinical presentation of stroke depends on several factors including the nature 
of the underlying pathological process and the extent and location of the infarct or 
hemorrhage. Typically the onset is acute and the neurological defi cits are overt. 
Motor defi cits, speech defi cits, and impaired level of consciousness are generally 
fairly straightforward to detect. Cognitive defi cits and subtle behavioral changes are 
more challenging to detect and require a more detailed patient evaluation. TIAs may 
precede an acute ischemic stroke and efforts are being made to identify and initiate 
treatment early in this patient group.  

    Complications 

 Complications of acute ischemic stroke include cerebral and cerebellar edema, 
hemorrhagic transformation, raised intracranial pressure, delirium, recurrent stroke, 
central post-stroke pain, headache, and sleep disorders including sleep disordered 
breathing. Complications of hemorrhagic stroke include hematoma expansion, peri- 
hematoma edema, intraventricular extension of hemorrhage, hydrocephalus, hyper-
glycemia, elevated blood pressure, and seizures. Patients are also at risk of various 
medical complications including venous thromboembolism. Specifi c therapeutic 
interventions such as cerebrospinal fl uid diversion and surgical intervention can be 
considered based on the clinical scenario.  

    Imaging Investigations 

 Non-contrast CT is the initial investigation of choice and allows for the early 
 differentiation of ischemic and hemorrhagic stroke. CT perfusion and MRI can 
 provide additional information that may be helpful in initial management, though 
accessibility to these investigations may be limited in some centers. MRI technology 
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has progressed rapidly in recent times, with gradient echo and  susceptibility 
weighted imaging sequences being quite sensitive in detecting very small hemor-
rhages. Diffusion-weighted imaging is helpful in acute ischemic stroke. Newer MRI 
modalities that measure the integrity of the white matter fi ber tracts in the brain such 
as diffusion tensor imaging continue to be investigated. Carotid artery ultrasound 
and echocardiography supplement the imaging investigations, especially when an 
extracranial embolic source is suspected (see Chap.   14     for more detailed informa-
tion on imaging techniques in stroke).  

    Management 

 In the acute presentation of an ischemic stroke the care of patients in stroke units, 
early thrombolysis, treatment with aspirin and decompressive craniectomy (in 
patients with malignant infarction) are interventions that have been proven to be 
benefi cial [ 33 ]. Patients managed in stroke care units have lower mortality rates, 
improved functional and behavioral outcomes. The precise components of care in a 
stroke unit that account for these improvements are uncertain, however compliance 
with best practice and a dedicated team approach contribute signifi cantly. 

 Scores of clinical trials have tested various neuroprotective agents based on effi -
cacy in pre-clinical stroke models, but to date none have been shown to be benefi -
cial. Administration of tPA within 3–4.5 h of ischemic stroke onset is to date the 
main approved intervention. In selected patients in tertiary stroke care centers, intra- 
arterial interventions including selective injections of tPA and clot extraction within 
6 h of stroke onset appear to improve outcomes. 

 Beyond the acute phase of treatment the process of recovery is complex and a 
multidisciplinary team best facilitates stroke rehabilitation. A high level of patient 
and family motivation correlates with improved outcomes. Comprehensive, inte-
grated, and coordinated stroke rehabilitation is costly and resource intensive, though 
it does have the ability to improve patient outcomes and reduce the burden of 
disease.   

    Summary 

 The recognition and management of cognitive defi cits and the psychological conse-
quences of stroke is gaining increased attention as a potential opportunity to improve 
patient outcomes. Depression and anxiety occur commonly following stroke. Early 
recognition and effective treatment can infl uence the long-term success of rehabili-
tation. More importantly, it reasserts the importance of comprehensive patient care 
and goes beyond simply addressing acute medical issues of a disease that can have 
devastating consequences.     
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           Introduction 

 Stroke is defi ned by the World Health Organization (WHO) as “rapidly developing 
clinical signs of focal (or global) disturbance of cerebral function, with symptoms 
lasting 24 h or longer or leading to death, with no apparent cause other than that of 
vascular origin” [ 1 ]. Therefore, stroke may be the result of an ischemic or hemor-
rhagic etiology. In either case there is a “core” area of immediate cell death related 
to the primary insult surrounded by a zone of viable but at-risk tissue. In the case of 
ischemic stroke the core is defi ned as a severely hypoperfused region with blood 
fl ow estimated to be less than 8 mL/100 g tissue/min [ 2 ]. The core is surrounded by 
a zone of tissue that suffers from critically low blood fl ow estimated to be between 
8 and 20 mL/100 g tissue/min known as the “penumbra.” With continued ischemia 
the penumbra goes on to die [ 2 ]. In the case of hemorrhagic stroke, the core area 
comprises tissue that is destroyed immediately by shear force and mass effect relat-
ing to the hemorrhage [ 3 ]. The surrounding tissue probably does not have impaired 
blood fl ow as in ischemic stroke [ 4 ], but is at risk of further damage if the hematoma 
expands or re-bleeds and creates further shear force or mass effect [ 5 ]. 

 The common aim of stroke treatment is the protection of tissue at risk. This is 
generally achieved by restoring blood fl ow in ischemic stroke or by preventing 
hematoma expansion from re-bleeding or swelling in hemorrhagic stroke. Therefore, 
the treatment employed in stroke cases varies widely between ischemic and hemor-
rhagic etiologies and will be discussed separately in this chapter.  

    Chapter 2   
 Treatment of Stroke 
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    Treatment of Ischemic Stroke 

 Ischemic stroke results from a lack of blood fl ow to brain tissue secondary to severe 
hypoperfusion in a vascular territory due to proximal occlusion of a cerebral artery 
or complete occlusion of an end artery [ 6 ]. Common causes for arterial occlusion 
include emboli originating from proximal in the arterial system as in carotid artery 
stenosis, atrial fi brillation, and valvular heart disease; cerebral arterial thrombosis 
due to arterial dissections, critical stenoses and atherosclerotic plaque rupture or 
hypercoagulable state; and from infl ammatory or idiopathic processes that lead 
to vessel occlusion such as moyamoya disease and central nervous system 
vasculitides. 

 As previously discussed, ischemic stroke results in the formation of core and 
penumbral regions that represent dead and at-risk tissue, respectively. If untreated, 
the penumbral zone progresses to tissue death, becoming core tissue. Therefore, 
there is a positive correlation between time to reperfusion, tissue salvaged by 
 reperfusion therapy, and patient outcome. Saver quantifi ed the “Time is Brain” 
 concept, noting that for a typical large artery stroke, 1.9 million neurons die each 
minute, emphasizing the urgency to achieve recanalization and reperfusion after 
stroke onset [ 7 ]. The time window for recanalization varies based on the methodol-
ogy utilized (intravenous or intra-arterial thrombolysis, mechanical thrombectomy, 
or combination thereof), the vascular distribution involved, and etiology of the 
occlusion. 

    Acute Medical Management of Ischemic Stroke 

 The early management of stroke has been reviewed and summarized in the American 
Heart Association (AHA) guidelines on the early management of acute ischemic 
stroke [ 8 ]. In the acute phase, the guidelines focus on the evaluation and optimiza-
tion of airway and ventilation, blood pressure, blood sugar, and avoidance of hyper-
thermia. In patients who are obtunded and are at risk of airway obstruction or in 
patients with lower cranial nerve defi cits that elevate the risk of obstruction or aspi-
ration, endotracheal intubation may be required to protect the airway and avoid 
hypoxia. The requirement for intubation must be weighed against the risk of venti-
lator acquired pneumonia, a complication estimated to occur in 21 % of intubated 
stroke patients and associated with higher mortality and worsened functional out-
come [ 9 ]. The AHA guidelines recommend the avoidance of hypoxia in all stroke 
patients by maintaining an oxygen saturation ≥92 % with supplemental oxygen as 
required. 

 Both hypotension and hypertension during the early management of ischemic 
stroke are independent predictors of worsened neurological outcome [ 10 ,  11 ]. 
Hypertension is associated with an increased risk of hemorrhagic conversion that is 
further elevated with thrombolysis [ 12 ]. The AHA guidelines suggest a cautious 
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approach to the treatment of hypertension in patients not proceeding to recanaliza-
tion therapies, recommending that hypertension be treated in patients with other 
medical indications for treatment or a reduction of 15 % in patients who present 
with systolic pressure >220 mmHg or diastolic pressure >120 mmHg. In patients 
proceeding to intravenous thrombolysis or other recanalization therapies, the guide-
lines recommend treating hypertension to reduce systolic pressure to ≤185 mmHg 
or diastolic pressure ≤110 mmHg before initiating thrombolysis. 

 Systemic hypotension results in a decline in cerebral perfusion pressure and the-
oretically results in decreased collateral perfusion and increased core volume during 
ischemic stroke [ 13 ]. The AHA guidelines recommend investigations to identify the 
cause of hypotension where baseline systolic blood pressure is <100 mmHg or dia-
stolic pressure is <70 mmHg. The correction of hypotension due to hypovolemia 
and cardiac arrhythmia using volume expansion and or vasopressors is recom-
mended; however, induced hypertension or hypervolemia as a form of treatment are 
not suggested. 

 Fever is an independent predictor of worsened neurological outcome following 
stroke probably related to increased metabolic demands and depleted energy stores 
[ 14 ]. Reduction of fever should be achieved by treating the source of fever and by 
administering antipyretic drugs such as acetaminophen. While hypothermia has 
been shown to improve stroke outcome in animal models, active cooling of stroke 
patients has not proven effective in clinical trials and is not recommended outside of 
study protocols [ 15 ]. 

 Both hypoglycemia and hyperglycemia should be avoided in the acute manage-
ment of stroke. Hypoglycemia may result in neurologic fi ndings that mimic stroke 
or in some cases result in medical complications such as seizures that are deleteri-
ous to outcome following stroke [ 16 ]. Prolonged hyperglycemia after the onset of 
stroke results in worsened functional outcome [ 17 ]. The AHA guidelines recom-
mend treatment of hyperglycemia with insulin to achieve a blood sugar of 140–
185 mg/dL. 

 Early imaging in acute ischemic stroke is critical to drive treatment decisions 
(see Chap.   14     for more detail). A plain computed tomography (CT) scan is recom-
mended prior to initiating therapy, especially thrombolytics, to rule out hemorrhage 
or tumor. Additional imaging to visualize vessel patency or to estimate tissue perfu-
sion can be obtained in the acute phase of stroke management and may have prog-
nostic signifi cance [ 18 ,  19 ]. Perfusion imaging may be obtained with dynamic 
contrast-enhanced CT or magnetic resonance imaging (MRI) scanning and can be 
used to approximate cerebral blood fl ow, mean transit time, and time to peak that 
can be used to estimate the relative size of the stroke core and penumbra within the 
perfusion defi cit. MRI diffusion-weighted imaging (DWI) can be used to identify 
completed stroke and for the identifi cation of penumbra as the zone of tissue in the 
perfusion–diffusion mismatch. However, additional imaging should not delay the 
administration of thrombolytics.  
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    Intravenous Thrombolysis 

 Intravenous thrombolysis for acute ischemic stroke has become standard practice in 
select cases (Fig.  2.1 ). The National Institute of Neurological Disorders and Stroke 
(NINDS) trial, in which 624 patients with acute ischemic stroke presenting to hos-
pital within 3 h of stroke onset were randomized to 0.9 mg/kg (maximum dose 90 mg) 

  Fig. 2.1    Intravenous recombinant tissue plasminogen activator (rtPA) for acute ischemic stroke. 
This 58-year-old man presented to the emergency department 3.5 h after the acute onset left hemi-
plegia. ( a ) Initial computed tomography (CT) scan was interpreted as having no hemorrhage and 
evidence of early right middle cerebral artery (MCA) distribution ischemic changes. Intravenous 
rtPA was administered without neurologic improvement. ( b ) Eight hours after administration of 
rtPA the patient had a decreased level of consciousness and underwent repeat CT scan demonstrat-
ing early hemorrhage in the putamen ipsilateral to the stroke. ( c ) CT angiography obtained at that 
revealed a patent right M2 branch with absent fl ow in the lenticulostriate arteries on the right side 
( asterisk ). ( d ) Twenty-four hours after presentation, a plain CT was obtained that demonstrated 
extension of hemorrhage and increased stroke and peri-hematoma edema resulting in midline shift       

 

D.J. Cook and M. Tymianski



19

intravenous recombinant tissue plasminogen activator (rtPA) vs. placebo, was the 
fi rst to show a benefi t of thrombolysis for stroke [ 20 ]. This study demonstrated that 
rtPA administration resulted in favorable functional outcomes being reached in 
31–50 % of rtPA-treated patients compared to 20–38 % of placebo- treated patients 
at 90 days following stroke and persisting at 1 year [ 20 ,  21 ]. The mortality rate 
between groups was not signifi cantly different (17 % vs. 20 % at 90 days); however, 
the rate of symptomatic hemorrhagic conversion was greater in the rtPA group 
(0.6 % vs. 6.4 %), (Fig.  2.1b, d ). Close monitoring of neurological conditions and 
vital signs is required after administration of rtPA in order to detect hemorrhagic 
complications, reactive angioedema, and airway compromise.

   Given the short window in which rtPA therapy is initiated, there are a limited 
number of cases that meet the inclusion criteria for thrombolytic therapy. The number 
of cases that are eligible for rtPA therapy is further diminished by contraindications 
as rtPA cannot be used in cases with evidence of intracranial hemorrhage, clinical 
evidence of subarachnoid hemorrhage (SAH), active internal bleeding, known 
bleeding diathesis with elevated prothrombin time or international normalized ratio 
(INR), intracranial surgery within 3 months of presentation, uncontrolled hyperten-
sion (systolic >185 mmHg, diastolic >110 mmHg), history of intracranial hemor-
rhage, and/or known aneurysm or arteriovenous malformation. 

 The use of rtPA between 3 and 4.5 h after stroke onset was studied by the 
European Cooperative Acute Stroke Study using the same dosing regimen as in the 
NINDS trial [ 22 ]. This trial demonstrated a modest but signifi cant improvement in 
functional outcomes with a signifi cant associated increase in symptomatic intracra-
nial hemorrhage in rtPA-treated patients; however, there was no difference in mor-
tality between treatment groups. This evidence supports the extension of the 
therapeutic window to initiate intravenous thrombolytic therapy to 4.5 h following 
stroke onset. 

 Other promising pharmacological thrombolytic therapies are currently being 
explored for stroke thombolysis. Desmoteplase is a fi brin-specifi c thrombolytic 
agent based on the anti-hemostatic component of the saliva of the vampire bat. 
The Desmoteplase in Acute Stroke trial part 2 (DIAS-2) utilized this thrombolytic 
agent in patients between 3 and 9 h following stroke onset with a demonstrated 
ischemic penumbra depicted by a diffusion–perfusion-weighted imaging mis-
match on MRI [ 23 ]. This study demonstrated neither an improvement in func-
tional status nor an increase in treatment-related hemorrhage or mortality; although 
there was an increase in delayed and non-neurological deaths in the treatment arm. 
Desmoteplase will be further studied in two subsequent trials (DIAS-3 and DIAS-
4) initiated in 2009. Tenecteplase is a promising thrombolytic agent based on rtPA 
with modifi cations in the rtPA amino acid sequence that increase fi brin selectivity, 
increase half- life, and decrease the risk of hemorrhage [ 24 ]. Tenecteplase has 
undergone early investigation in safety and dose fi nding studies and is presently 
being evaluated in a Phase II trial comparing it against alteplase (rtPA) for acute 
ischemic stroke administered within 4.5 h of stroke onset (ATTEST trial, 
NCT01472926) [ 25 ].  
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    Intra-arterial Thrombolysis and Mechanical 
Thrombolysis/Thrombectomy 

 Intra-arterial thrombolysis is delivered through an endovascular catheter proximal 
to the site of arterial occlusion or from within the thrombus (Fig.  2.2 ). The main 
advantage of intra-arterial thrombolysis is that an elevated dose of thrombolytic 
agent can be delivered at the site of occlusion while reducing the systemic dose of 
drug compared to intravenous therapy. Intra-arterial therapy was effective when 
delivered up to 6 h following stroke onset, hence it may be utilized in patients who 
present outside of the 4.5-h window for intravenous rtPA therapy. However, this 
technique requires an interventional neuroradiology team to place the catheter in the 
occluded arterial branch prior to thrombolysis, potentially delaying therapy onset. 
No trial has directly compared intravenous and intra-arterial therapy to date.

   The evidence supporting intra-arterial therapy includes two Phase III randomized 
controlled trials, the North American Prolyse in Acute Cerebral Thromboembolism 
study part II (PROACT-II) and the Japanese Middle Cerebral Artery Embolism 
Local Fibrinolytic Intervention Trial (MELT) [ 26 ,  27 ]. PROACT-II utilized 9 mg of 
recombinant pro-urokinase or heparin (control group) given as an intra-arterial infu-
sion over 2 h in cases of middle cerebral artery (MCA) occlusion presenting less 
than 6 h following stroke onset [ 26 ]. In this study, 40 % of treatment patients reached 
a modifi ed Rankin score (mRS) of <2 % vs. 25 % of control patients. Recanalization 
rates were 66 % in the treatment group vs. 18 % in controls. Symptomatic intracra-
nial hemorrhage was higher in the treatment group at 10 % vs. 2 % for controls; 
however, mortality was equal in the two groups. The MELT trial utilized urokinase 
delivered in bolus doses every 5 min until recanalization was achieved in cases of 
MCA occlusion presenting within 6 h of stroke onset [ 27 ]. The control arm of the 
MELT trial received standard medical therapy that did not include intravenous rtPA 
as it was not approved in Japan during the trial. The MELT trial was halted early 
when intravenous rtPA was approved for use in acute ischemic stroke in Japan. The 
subsequent analysis of the truncated dataset was promising but did not reach signifi -
cance for the primary endpoint, mRS 0–2 at 90 days, where 49 % of the treatment 
arm reached this endpoint vs. 39 % in the control group. However, secondary analy-
ses were signifi cantly improved including excellent outcome (mRS 0–1 at 90 days) 
achieved in 42 % of treatment patients vs. 23 % of controls and a National Institutes 
of Health Stroke Scale (NIHSS) score of 0–1 at 90 days was 5.3 % in the treatment 
arm and 3.5 % in the control arm ( P  = 0.017). Rates of intracerebral hemorrhage 
(ICH) were 9 % in treatment patients and 2 % in controls. 

 No thrombolytic therapy has received regulatory approval for intra-arterial use in 
the United States. Therefore, the use of intra-arterial thrombolytics is considered off 
label [ 28 ]. Furthermore, pro-urokinase is not clinically available in the United States 
and urokinase has not been approved for use in acute ischemic stroke, leaving rtPA 
as the thrombolytic of choice for intra-arterial thrombolysis in most centers. The 
American College of Chest Physicians has included intra-arterial rtPA as an option 
for acute ischemic stroke <6 h in an MCA distribution or in the basilar distribution 
in centers with expertise in endovascular therapy [ 28 ]. 
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  Fig. 2.2    Intra-arterial and mechanical thrombolysis for acute stroke. This 36-year-old female pre-
sented 4 h after acute onset arm and facial weakness with dysarthria. ( a ) Initial CT scan demon-
strated early ischemic changes in the right MCA distribution. ( b ,  c ) CT perfusion demonstrated 
decreased cerebral blood fl ow ( b ) and elevated time to peak concentration ( c ) in the right MCA 
distribution. The patient received 0.6 mg/kg of rtPA and was taken to angiography. ( d ) Angiogram 
revealed an occlusion of the right internal carotid artery ( asterisk ). ( e ) A Penumbra device was 
used to aspirate clot from the internal carotid artery and achieve reperfusion. ( f ) Intra-arterial rtPA 
was infused through a microcatheter (catheter tip at  black arrow ) to achieve recanalization of the 
MCA. ( g – i ) The patient did not have neurological recovery following recanalization and went on 
to have a completed stroke in the right MCA distribution as demonstrated by hypodensity on plain 
CT 24 h after rtPA. Early uncal herniation ( g ) and midline shift ( h ) were evident       
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 Combination therapy with intravenous rtPA followed by intra-arterial thrombol-
ysis is a strategy that provides the benefi t of early intravenous thrombolytic dosing 
followed by intra-arterial administration of thrombolytic drug directly to the throm-
bus [ 29 ]. This strategy has been studied in the Interventional Management of Stroke 
(IMS) II trial comparing reduced dose (0.6 mg/kg) rtPA intravenous followed by 
intra-arterial rtPA (maximum dose 22 mg) to historical controls from the NINDS 
study [ 30 ]. IMS II patients had a mortality of 16 % vs. 24 % in the NINDS placebo 
arm. Furthermore, all functional measures were improved in IMS II patients com-
pared to NINDS placebo patients and the rate of intracerebral hematoma was not 
different between the IMS II cohort and the intravenous rtPA arm of NINDS. 
Combination strategies utilizing various dosing of intravenous and intra-arterial 
thrombolytics have been reported in noncontrolled studies with promising results 
[ 31 – 34 ]. A Phase III trial (IMS III) comparing standard intravenous rtPA treatment 
vs. reduced dose intravenous rtPA followed by intra-arterial rtPA for patients pre-
senting within 3 h of stroke onset is ongoing (NCT00359424, Clinicaltrials.gov). 

 Mechanical thrombolysis and embolectomy are strategies that employ an intra- 
arterial device to either physically break down or secure and retrieve a clot from the 
occluded artery (Figs.  2.2  and  2.3 ) [ 35 ,  36 ]. These therapies may be combined with 
stenting to maintain recanalization after embolectomy [ 37 ]. Generally, these thera-
pies are combined with intravenous and/or intra-arterial thrombolytics if the stroke 
presents within 4.5 h of onset or without pharmacologic thrombolysis in later pre-
sentations. The techniques employed in mechanical thrombolysis include clot dis-
ruption with an endovascular wire or sonothrombolysis where ultrasound pulses 
are delivered with thrombolytics at the tip of the catheter [ 38 ]. Embolectomy can 
be achieved with wire loops to capture emboli, retrievable stent strategies (Fig.  2.3e ) 
or aspiration catheters that suction clot from the vessel (Fig.  2.2e ) [ 38 ]. Devices to 
achieve vessel recanalization have largely been approved based on safety and 
recanalization results in large animal models and in small human studies, limiting 
functional outcome measures in support of these strategies. The Mechanical 
Embolectomy in Acute Ischemic Stroke (MERCI) trial is the main evidence sup-
porting mechanical clot retrieval [ 39 ,  40 ]. The MERCI device is an intra-arterial 
coiled wire that is “corkscrewed” around or into the clot to trap it and then used to 
physically retrieve the clot by pulling it from the parent artery. In the MERCI trial 
patients presenting within 3 h of stroke onset in any vascular distribution were 
given intravenous rtPA at standard doses. If the occlusion did not resolve on fol-
low-up angiography, then the MERCI device was utilized. The device resulted in a 
57 % recanalization rate that increased to 70 % with additional intra-arterial rtPA. 
An mRS outcome of 0–2 was achieved in 36 % of patients, the mortality rate was 
34 % and the risk of procedure-related morbidity was 5.5 %. In summary, mechani-
cal means of recanalization show promise in early clinical trials and warrant fur-
ther study.

   In vascular distributions other than the MCA, there is less evidence to guide the 
use of intra-arterial thrombolytic therapy and/or mechanical thrombolysis. In mul-
tiple case series of intra-arterial therapy for basilar artery occlusion, a potentially 
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  Fig. 2.3    This 42-year-old patient presented 3 h after acute onset aphasia and right arm and leg 
hemiparesis. ( a – c ) Early CT perfusion demonstrated an elevated time to peak concentration ( a ) 
with minimal defi cit in cerebral blood fl ow ( b ) or cerebral blood volume ( c ) suggesting good col-
lateralization in the MCA territory. ( d ) Plain CT demonstrates early stroke in left insular cortex. 
The patient received 0.6 mg/kg of rtPA and was taken to the angiography suite. ( e ) A retrievable 
stent was deployed in the occluded M2 branch of the MCA ( asterisk ) and clot was retrieved. 
( f ) Angiogram prior to stent retrieval shows M2 occlusion ( arrow ). ( g ) Angiogram following clot 
retrieval shows recanalization of the occluded M2 branch ( arrow ). ( h ) Nine hours after the proce-
dure the patient declined with worsening weakness and decreased level of consciousness and was 
found to have an intracerebral hematoma in the distribution of the stroke. The patient went on to 
surgery to evacuate this clot without major clinical improvements postoperatively       
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positive effect has been demonstrated when recanalization is achieved [ 41 – 44 ]. 
Stent-assisted recanalization of basilar occlusion has been reviewed in case series 
and has been shown to achieve improved recanalization rates with an acceptable 
risk profi le up to 8 h after stroke onset [ 45 ,  46 ]. Randomized controlled trials for 
basilar occlusion might clarify the role for these treatments in this indication; how-
ever, such a trial would be diffi cult to execute given the poor outcomes experienced 
by these patients, the relatively infrequent presentation of these cases, and the lack 
of a standard therapy to act as a control.  

    Decompressive Craniectomy 

 In cases where reperfusion fails to reverse the evolution of stroke or where stroke 
progresses despite recanalization, there is a risk for malignant edema and elevated 
intracranial pressure (ICP) that may be life threatening (Fig.  2.4 ). Mortality in this 
cohort of patients has been as high as 78 % [ 47 ]. In severe cases there is a role for 
decompressive craniectomy to relieve brain shift, herniation, elevated ICP, and 
death. For malignant MCA stroke, the procedure generally includes a large craniec-
tomy, durotomy, and subtemporal decompression (Fig.  2.4e, f ). Results for decom-
pressive craniectomy in case series and randomized trials demonstrate a signifi cant 
decrease in mortality after this procedure [ 48 ,  49 ]. Patient age is the only defi nitive 
predictive factor of outcome after decompressive hemicraniectomy for stroke, 
where younger patients have better functional outcomes [ 50 ]. Other factors includ-
ing timing of surgery, side of stroke, and the presence of herniation have not proven 
to be signifi cant predictors of outcome. A potential downside of decompressive 
craniectomy for stroke is that the procedure saves lives but leaves patients in severely 
disabled or persistent vegetative states [ 51 ,  52 ]. Both the benefi ts and potential 
harms of this procedure must be considered carefully in the context of a specifi c 
case before treatment is undertaken.

   In the case of cerebellar infarction, there is a risk of direct brainstem compres-
sion and hydrocephalus if swelling occurs (Fig.  2.5 ) [ 53 ]. Suboccipital craniectomy, 
in addition to expansion duroplasty, can be used to accommodate cerebellar swell-
ing. In severe cases of cerebellar edema, infarcted tissue can be excised to provide 
more room for swelling (Fig.  2.5e, f ). Early craniectomy in these cases may be justi-
fi ed to prevent impending herniation or brainstem compression.

        Treatment of Hemorrhagic Stroke 

 Hemorrhagic stroke is broadly organized into ICH that involves bleeding into the 
parenchyma of the brain (Fig.  2.6 ), SAH that involves bleeding in the subarachnoid 
space from a ruptured vessel and intraventricular hemorrhage (IVH) where bleeding 
occurs into the ventricular system. All three can be caused by trauma, but 
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  Fig. 2.4    Decompressive craniectomy for malignant MCA stroke. This 48-year-old female experi-
enced left hemiparesis following a cardiac procedure on cardiorespiratory bypass. ( a ) A hyper-
dense right MCA sign was observed ( arrow ) with MCA stroke. ( b ) The entire right MCA 
distribution was involved with diffuse hypodensity. The next day the patient had an acute loss of 
consciousness with a Cushing’s response and dilated right pupil. ( c ,  d ) Urgent CT scan revealed 
malignant edema with midline shift ( c ) and uncal herniation ( d ). ( e ,  f ) Emergent decompressive 
craniectomy, subtemporal decompression, and duroplasty were undertaken to allow external her-
niation of edematous brain       
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spontaneous cases are classifi ed as strokes. In all three cases the acute management 
relates to the avoidance of secondary deterioration to preserve neurological function 
remaining after the primary injury. The common etiologies of spontaneous ICH 
include hypertensive hemorrhages, amyloid angiopathy, coagulopathy or anticoagu-
lation therapy-related hemorrhages, bleeding into ischemic stroke, bleeding from 
ruptured vascular malformations, and bleeding from tumors. As discussed in the 
introduction there is no convincing evidence for an ischemic penumbra surrounding 
an ICH, although there may be a metabolic penumbra that promotes cell death in the 
subacute phase [ 54 ]. Generally, secondary deterioration in ICH relates to enlarge-
ment of the clot and compression of adjacent structures. Therefore the central tenet 
of treatment of ICH is prevention of clot expansion and treatment of the underlying 

  Fig. 2.5    Cerebellar stroke may lead to edema and obstructive hydrocephalus. This 27-year-old 
man with a history of an intracardiac arteriovenous shunt presented with a 4-h history of headache, 
nausea, and vomiting and decreased level of consciousness. He presented in extremis with bilateral 
fi xed pupils and no motor response. ( a ,  b ) A posterior inferior cerebellar artery infarct was diag-
nosed with complete obliteration of the fourth ventricle ( a ) and acute hydrocephalus ( b ). ( c ,  d ) An 
emergent extraventricular drain was inserted followed by magnetic resonance imaging (MRI) 
diffusion- weighted imaging ( c ) and T2 imaging ( d ) that confi rmed a completed stroke as hyperin-
tensity in the vascular distribution. ( e ,  f ) The patient was taken for posterior fossa decompression 
and expansion duroplasty. Edematous, infracted tissue was resected from the cerebellum during 
the procedure to facilitate closure. The fourth ventricle was patent after the case ( f ). The patient 
went on to make a full neurological recovery       
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source of bleeding and/or decompression of the hematoma in cases where ICP is 
elevated.

   Spontaneous SAH is generally related to ruptured brain aneurysms (about 85 % 
of cases), a group of idiopathic cases (about two-thirds being benign perimesence-
phalic SAH) and occasionally from arteriovenous or other brain vascular malforma-
tions. In aneurysmal SAH, there is a risk of re-hemorrhage with clot expansion and 
a risk of delayed cerebral ischemia during which time there is an increased risk of 
stroke [ 55 ]. Hence, treatment of SAH involves rapid diagnosis and treatment of the 
source of bleeding and treatment of aneurysmal SAH involves prevention and treat-
ment of angiographic vasospasm, which is the main cause of delayed cerebral 
ischemia. 

  Fig. 2.6    Intracerebral hemorrhage requiring surgical evacuation. This 37-year-old male presented 
with acute onset headache, nausea and vomiting, aphasia, and progressive right hemiparesis. ( a ,  b ) 
CT revealed a left putamenal hemorrhage with heterogeneous densities of blood. The hematoma 
was found to come within 1 cm of the cortical surface ( a ) and was deemed a surgical lesion. 
( c ) Emergent craniotomy was performed and the entire hematoma was removed. ( d – f ) The patient 
had no clinical improvement following surgery. Delayed MRI revealed persistent edema in tissue 
adjacent to the hematoma cavity with hyperintensity in the posterior limb of the internal capsule 
( arrow ). Diffusion-weighted imaging ( e ) and apparent diffusion coeffi cient map ( f ) confi rmed the 
stroke ( arrow  ( e ) and ( f ))       
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 IVH is generally related to a preexisting ICH or SAH with extension into the 
ventricles and is associated with worse outcome in the case of ICH [ 56 ]. In IVH, 
deterioration relates to obstructive or communicating hydrocephalus and elevated 
ICP necessitating cerebral spinal fl uid diversion [ 57 ]. The rest of the chapter will 
focus on the treatment of ICH. 

    Acute Medical Management 

 Principles of acute medical management for ICH are similar to those discussed for 
acute ischemic stroke with the exception of major differences in blood pressure 
management and the addition of managing anticoagulant reversal in the acute phase. 
Evidence-based guidelines for the management of ICH have been assembled and 
endorsed by the AHA and collaborating groups [ 58 ]. 

 Acute blood pressure management is important in avoiding early re-hemorrhage 
in hypertensive ICH. The AHA guidelines recommend reduction of the blood pres-
sure as follows: aggressive reduction of blood pressure if systolic >200 mmHg or 
mean arterial pressure >150 mmHg, reducing blood pressure to target a cerebral 
perfusion pressure of >60–80 mmHg in cases where systolic pressure is >180 mmHg 
or mean arterial pressure >130 mmHg and there is evidence of elevated ICP, and 
reduce blood pressure modestly to systolic ~160 mmHg and mean arterial pressure 
~110 mmHg in cases where systolic pressure is >180 mmHg or mean arterial pres-
sure is >130 mmHg and there is no evidence of raised ICP. There are several intra-
venous, oral, and transdermal agents that can be used for acute lowering of blood 
pressure including beta-blockers like labetalol or metoprolol, calcium channel 
blockers like nicardipine, and smooth muscle relaxants like hydralazine or nitrates. 

 For patients presenting with anticoagulant or fi brinolytic therapy-related hemor-
rhage, urgent reversal of the underlying therapy is necessary to prevent rebleeding. 
Patients treated with warfarin are defi cient in vitamin K dependent clotting factors, 
therefore urgent replacement of these factors is required to reverse the elevated INR 
associated with warfarin. Vitamin K can be administered with fresh frozen plasma 
or with one of several different prothrombin complex concentrate products [ 59 ]. 
Patients on heparin receive protamine reversal. Antiplatelet therapy is associated 
with worsened outcomes following ICH [ 60 ]. Replacement of platelets does not 
seem to change outcome in these patients [ 60 ]. However, platelet replacement may 
be considered before, during, and after surgical procedures to avoid bleeding in 
these cases. Patients who have undergone fi brinolysis and subsequently suffer an 
ICH are at an elevated risk for mortality and poor neurologic outcome. Replacement 
of defi cient coagulation factors is recommended in these cases but there is little 
evidence to guide management. Administration of recombinant factor VIIa is no 
longer recommended for the treatment of ICH due to a lack of improvement in 
functional outcome and an elevated risk of thromboembolic complications in the 
randomized controlled trial in ICH [ 61 ].  
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    Surgical Treatment of Intracerebral Hemorrhage 

 Surgery for ICH involves removal of the hematoma with or without treatment of the 
primary source of bleeding. Several approaches to hematoma evacuation have been 
studied including open approaches via craniotomy (Fig.  2.6 ) [ 62 ], endoscopic 
approaches [ 63 ], and stereotactic needle aspiration with or without thrombolytic 
infusion into the hematoma [ 64 – 67 ]. Superiority of one technique compared to 
another has not been shown. Hematoma evacuation can be achieved with excellent 
results using each approach; however, re-accumulation of hematoma or re-bleeding 
is a common postoperative complication and is associated with further neurological 
decline [ 68 ]. 

 Timing of surgery for ICH is a controversial topic as surgery has been proposed 
in the ultra-early timeframe (<7 h) out to 72 h following the ictus. In a randomized 
trial of ultra-early ICH evacuation, craniotomy performed <4 h from the onset of 
symptoms demonstrated no signifi cant difference between surgery and conservative 
management with a trend towards higher mortality in surgery than conservative 
arms related to re-bleeding in the surgical arm [ 68 ]. Therefore, ultra-early evacua-
tion must be done with the recognition that re-bleeding is a common and potentially 
detrimental complication. For surgery in the 8–12 h timeframe, a randomized con-
trolled trial of 20 patients treated with surgery or conservative therapy following 
ICH showed no difference in mortality and a minor improvement in functional sta-
tus for surgical patients in secondary analyses [ 69 ]. Surgery at later time points has 
not shown an advantage over conservative therapy in controlled studies [ 70 ,  71 ]. 
The International Surgical Trial in Intracerebral Haemorrhage (STICH) trial was a 
randomized trial comparing surgical evacuation within 24 h of randomization with 
initial conservative management [ 72 ]. Surgery occurred at a mean of 30 h after 
symptom onset in the initial surgery arm. In the conservative management arm, 
26 % of patients went on to surgery at a mean time of 60 h following symptom 
onset. There was no overall difference in outcome between the two groups; how-
ever, in subgroup analysis, there was a benefi t for patients with hemorrhage that 
presented less than 1 cm from the cortical surface. Further clinical trials will be 
required to establish defi nitive evidence to support this fi nding. Analysis of indi-
vidual patient data from eight trials of surgery for ICH suggested that patients oper-
ated within 8 h of ictus, with hematoma volumes between 20 and 50 mL, Glasgow 
Coma Scores of 9–12 or age between 50 and 69, might benefi t from surgery [ 73 ]. 
ICH location plays a key role in decision-making [ 74 ]. Approximately 80 % of 
hemorrhages occur in the supratentorial compartment and 20 % in the infratentorial 
compartment with site-specifi c incidence estimated to be 34 % in the putamen, 
33 % in the thalamus, 14 % in lobar locations, 9 % in the brainstem, 7 % in the 
cerebellum, and 2 % in the caudate nucleus [ 74 ]. Surgery for supratentorial ICH is 
discussed above. Spontaneous hemorrhage in the brainstem carries a high risk of 
mortality and has no proven benefi t from surgical evacuation in the acute phase [ 74 , 
 75 ]. Cerebellar hemorrhages are unique because there is a high risk of brainstem 
compression, hydrocephalus, and hemorrhage in this location, carrying a relatively 
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high mortality rate [ 76 ,  77 ]. A retrospective review of patients presenting with 
 cerebellar hematoma, where cases were separated by ventricular compression and 
hydrocephalus, concluded that there may have been a benefi t favoring surgery in 
cases where the fourth ventricle was compressed or obliterated and there was evi-
dence of hydrocephalus [ 75 ]. Hematoma size >3 cm was a predictive factor for poor 
outcome in all cases of cerebellar hemorrhage regardless of presenting neurological 
status; whereas hematoma size <3 cm in patients with Glasgow Coma Scale (GCS) 
13–15 was not a predictor of poor outcome [ 78 ]. Kobayashi and colleagues pro-
posed a management protocol for cerebellar hemorrhage based on a retrospective 
review of 101 patients where patients were managed with conservative therapy 
when GCS was 13–15 and hematoma <40 mm, surgery for patients with GCS <13 
and/or hematoma >40 mm and palliation for patients lacking brainstem refl exes 
[ 79 ]. This protocol was tested on 49 prospectively collected patients by the same 
group and emulated in another prospective case series from Italy and demonstrated 
acceptable outcomes [ 79 ,  80 ]. Data from these studies and other noncontrolled stud-
ies have been applied to the AHA guidelines that recommend surgical evacuation of 
cerebellar hematomas >3 cm or in cases with hydrocephalus or brainstem 
compression.   

    Summary 

 Treatment of ischemic stroke currently is limited to rtPA and decompressive crani-
ectomy in selected cases and to supportive medical care. Hemorrhagic strokes are 
surgically evacuated in some cases, and the offending aneurysm or source of hemor-
rhage obliterated. Outcomes overall remain suboptimal (see Chap.   1    ). Stroke 
remains among the leading causes of disability. Reducing this likely requires 
addressing underlying risk factors as well as developing better acute treatments than 
those reviewed here and understanding and developing better rehabilitation strate-
gies, as discussed in Chap.   16    .     
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           Introduction 

 Approximately two-thirds of stroke survivors have residual neurological defi cits 
that impair function and approximately 50 % are left with disabilities that render 
them dependent on others for activities of daily living. While the economic burden 
of stroke on the health care system is substantial (approximately $2.7 billion and 
3 million hospital days annually) [ 1 ], the human cost to stroke survivors, and their 
families is incalculable. Despite improvements in acute stroke care, understanding 
of recovery processes is still relatively underdeveloped and there is a need for new 
innovative approaches to improve rehabilitation, promote recovery, lessen disabil-
ity, and prevent subsequent stroke. 

 The types of sensorimotor impairments that occur after stroke are heterogeneous 
and vary with the particular regions of the central nervous system (CNS) that have 
sustained damage. Among the more common are physical impairments in upper 
limb use and in walking. Upper limb dysfunction remains an important problem for 
many stroke survivors. Only 5 % of adult stroke survivors regain full function of the 
upper limb and 20 % regain no functional use [ 2 ]. Advances in therapeutic 
approaches based on motor relearning principles (such as Constraint Induced 
Movement Therapy) have revealed the capacity to improve recovery in the subacute 
and chronic phases after stroke [ 3 ,  4 ]. However, further understanding of fundamen-
tal motor control mechanisms is critical to advancing the development of evidence- 
based, patient-specifi c intervention strategies. 

 It is clear that the integrity of the somatosensory system is important to motor 
recovery following stroke [ 5 ]. Previous work has revealed the importance of effec-
tive task-related sensory modulation for recovery of sensorimotor behavior follow-
ing stroke-related brain injury [ 6 ]. The integration of structural and functional 

    Chapter 3   
 Sensorimotor Control After Stroke 

                           W.     Richard     Staines      ,     David     A.    E.     Bolton     , and     William     E.     McIlroy    

        W.  R.   Staines ,  Ph.D. (*) •         D.  A.  E.   Bolton ,  Ph.D. •       W.  E.   McIlroy ,  Ph.D.   
  Department of Kinesiology ,  University of Waterloo ,   Waterloo ,  ON ,  Canada   
 e-mail: rstaines@uwaterloo.ca  



38

neuroimaging techniques with electrophysiological and behavioral measurement is 
providing support for the hypothesis that it is not simply loss of sensory representa-
tion that leads to sensorimotor impairments but the much more subtle impairment in 
the ability to effectively regulate sensory information. The specifi c mechanisms and 
regions responsible for such modulation are not yet fully known. Traditionally, clin-
ical determination of sensory status involves testing perceptual thresholds [ 7 ,  8 ] to 
peripheral stimuli. While such approaches reveal evidence of primary sensory loss, 
they typically do not reveal the capacity of the CNS to modulate afferent informa-
tion. To achieve normal interaction with our environment, relevant sensory informa-
tion must be identifi ed and extracted from a vast array of concurrent inputs. Inability 
to do this will infl uence sensorimotor or perceptual ability, even if the primary sen-
sory representation is intact. In the somatosensory system, such extraction of sen-
sory information is achieved through highly selective mechanisms involving both 
inhibition of ascending afferent paths carrying task-irrelevant information—a phe-
nomenon often termed “sensory gating”—and facilitation of task-relevant informa-
tion [ 9 – 11 ]. Although the precise mechanisms remain unclear, interactions between 
the prefrontal cortex (PFC), thalamus, and primary sensory cortex appear to play an 
important role in this process [ 12 – 14 ]. 

 There are reports in the literature describing sensory defi cits following thalamic 
lesions [ 15 ,  16 ]. However, relatively few investigate alterations in cortical represen-
tation after thalamic stroke in humans. Remy and colleagues [ 17 ] reported seven 
patients with stroke in the ventroposterior thalamic nuclei. Positron emission 
tomography (PET) demonstrated resting hypoperfusion in the ipsilateral primary 
somatosensory cortex (SI), although SI was activated normally during vibration of 
the hand [ 17 ]. This characterizes primary representation but not the ability to modu-
late sensory inputs evident in tasks featuring multiple inputs as discussed 
previously. 

 We have shown that stroke-induced lesions involving the thalamus have a spe-
cifi c infl uence on the capacity to extract and gate sensory information [ 6 ]. Figure  3.1  
shows data from an individual with a right thalamic lacunar infarction in the ventro-
posterolateral (VPL) nucleus that presented with mild left hemisensory loss, with-
out evidence of clinical tactile extinction to light touch, and transient left 
homonymous hemianopia. Figure  3.1b  illustrates two important observations 
regarding perceptual thresholds tested on the stroke-affected side. At 2 weeks post- 
stroke, the patient was equally able to perceive vibratory stimuli applied to either 
thumb on the affected or unaffected limb. However, with the stroke-affected hand 
there was a signifi cant increase in threshold detection with contralateral competing 

Fig. 3.1 (continued) in the presence of contralateral vibration. ( c ) Median nerve SEPs from CP3 in 
the absence ( thick line ) and presence of vibration of the contralateral hand ( thin line ) at 2 weeks post-
stroke. The arrow indicates stimulus onset. ( d ) N20-P27 amplitudes with contralateral vibration dur-
ing recovery expressed as a percentage of the resting amplitude. The  grey horizontal bar  represents 
the 95 % CI surrounding the mean task-related N20-P27 amplitude difference in controls ( n  = 15). 
Reprinted with permission from Staines WR, Black SE, Graham SJ, McIlroy WE. Somatosensory 
gating and recovery from stroke involving the thalamus.  Stroke , 2002, 33, 2642–2651       
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  Fig. 3.1    Patient 1 ( a ) T1-weighted MRI scan illustrating the lesion location ( white arrow ) in the 
right ventroposterolateral (VPL) nucleus, 3 months post-stroke. Image location is 5 mm above the 
line adjoining the anterior and posterior commissures (AC-PC line).  R  right,  L  left. ( b ) Perceptual 
thresholds (PTs) to vibratory stimuli applied to the pad of the thumb in the absence ( open bars ) or 
presence ( fi lled bars ) of competing vibratory stimulation applied to the contralateral (CL) hand. 
Asterisks represent PTs exceeding the 95 % confi dence interval (CI) for PTs of the unaffected hand 
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  Fig. 3.2       Patient 1 fMRI scans (Talairach space, 47 mm above the AC-PC line) during tactile 
stimulation of the index fi nger on the right hand alone (Unaffected, R), the stroke-affected left 
hand alone (Affected, L) or both hands simultaneously (Bilateral). Each column represents repeats 
of the same scans at different times post-stroke: ( i ) 2 weeks, ( ii ) 3 months, and ( iii ) 6 months. 
 Yellow arrows  indicate the presence and  blue arrows  the absence of signifi cant BOLD response in 
the area of SI. Reprinted with permission from Staines WR, Black SE, Graham SJ, McIlroy WE. 
Somatosensory gating and recovery from stroke involving the thalamus.  Stroke , 2002, 33, 
2642–2651       

stimulation that improved markedly with recovery at 6 months post-stroke. 
Electrophysiological and functional neuroimaging measures paralleled these behav-
ioral defi cits. At 2 weeks post-stroke, N20-P27 somatosensory evoked potential 
(SEP) amplitude, representing the fi rst reception of the somatosensory stimuli at the 
primary somatosensory cortex (S1) in response to median nerve stimulation, was 
attenuated in the presence of contralateral vibration compared to rest (Fig.  3.1c , thin 
vs. thick line). Similar to perceptual threshold differences under conditions of 
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competing stimulation, task-related SEP amplitude differences resolved with recov-
ery (Fig.  3.1 ).

   This was also evident using functional magnetic resonance imaging (fMRI) con-
ducted at similar time points (Fig.  3.2 ). At 2 weeks, unilateral stimulation of the 
stroke-affected hand signifi cantly activated voxels in the area of contralateral SI 
(top panel). However, during bilateral stimulation there was no signifi cant activation 
in the ipsilesional SI. As recovery progressed, signifi cant activation within the same 
spatial regions of the ipsilesional SI was observed during both unilateral and bilat-
eral stimulation. We showed that effi cient task-related modulation of sensory inputs 
is an important factor contributing to recovery from thalamic stroke. Specifi cally, 
defi cits in the ability to detect contralesional tactile stimuli when presented bilater-
ally are refl ected by defi ciencies in sensory gating mechanisms measured at the 
level of SI. The impact that disrupted modulation has on sensorimotor control and 
recovery after stroke is not clear, but has the potential to be substantial (Fig.  3.2 ).

       Importance of PFC 

 The PFC infl uences distributed neural networks and is critically involved in the 
 top- down modulation of sensory signals both at the unimodal sensory processing 
level, and in higher order association regions [ 12 ,  18 ]. This modulation has been 
demonstrated across different sensory modalities including visual, auditory, and 
somatosensory processing [ 12 ]. Numerous lines of evidence, including lesion stud-
ies in humans [ 19 ,  20 ] and imaging work [ 21 ] have established clear links between 
prefrontal activity, the suppression of distracting sensory information, and subse-
quent cognitive performance. In patients with frontal lesions for example, the loss 
of normal PFC function is associated with an impaired ability to fi lter out irrelevant 
distractor sensory information, and a loss of excitatory control over sensory path-
ways carrying task-relevant information even at early modality-specifi c cortical 
processing stages [ 12 ]. Such clinical fi ndings relate to the extensive anatomical 
 connections between prefrontal regions and distributed neural networks including 
sensory processing sites [ 22 ]. Indeed, PFC acts to suppress irrelevant information 
early in the processing stream, including at the earliest cortical stages of sensory 
processing and even at the thalamus prior to cortical entry [ 23 – 26 ]. Due to this 
capacity to gate out irrelevant sensory information, the PFC has a critical role in 
providing resistance to distraction and in sparing limited cognitive resources from 
becoming overwhelmed by a surplus of sensory input. 

 In animal models, cryogenic blockade of PFC results in larger sensory evoked 
responses at SI revealing tonic PFC inhibition over early somatosensory processing 
[ 27 ]. Additionally, studies in rats [ 23 ] and non-human primates [ 28 ] indicate that PFC 
modulates somatosensory signals via thalamic connections. Furthermore, evidence 
from humans with selective frontal lesions suggests inhibitory modulation of incom-
ing somatosensory signals through direct fronto-parietal connections [ 25 ]. Such regu-
latory connections make the PFC an ideal candidate for gating irrelevant and boosting 
relevant information across all sensory modalities, including somatic sensation. 
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 Temporary suppression of cortical target regions can be induced experimentally 
using repetitive transcranial magnetic stimulation (TMS). For instance, the effect of 
suppressing prefrontal activity on somatosensory or other sensory cortical process-
ing can be addressed. In one study, TMS and electroencephalography (EEG) were 
combined to investigate the role of the dorsolateral prefrontal cortex (DLPFC) in 
regulating attention-based modulation of somatosensory signal processing [ 13 ]. 
Following the application of continuous theta burst stimulation over the right 
DLPFC, it was noted that attention-based modulation for an early modality-specifi c 
component of the EEG (P100) was signifi cantly attenuated. This suggested that the 
DLPFC contributes to fi ltering irrelevant somatosensory information at early corti-
cal processing stages, with the P100 most likely being generated in the secondary 
somatosensory cortex [ 29 ]. Moreover, the source of this attenuation resulted specifi -
cally from the loss of suppression of non-attended stimuli suggesting that the 
DLPFC contributed to sensory gating during this task to suppress irrelevant distrac-
tor information. 

 The impact of prefrontal regions on suppressing irrelevant distractor inputs has 
been corroborated by another TMS study. Hannula and colleagues noted that single- 
pulse TMS applied to the middle frontal gyrus at a specifi c time-point in the reten-
tion phase of a tactile working memory task resulted in signifi cantly improved 
performance, particularly in the midst of tactile distractor stimuli [ 30 ]. Notably, 
these authors observed that this single pulse was associated with a reduction in SEP 
amplitude from the tactile distractor stimuli, which they proposed as support for the 
notion that the major mechanism for performance improvement in this paradigm 
was the suppression of irrelevant data. Interestingly, this group investigated the 
specifi city of this link between the middle frontal gyrus to the SI by also having the 
tactile working memory task with visual interference. The TMS stimulation did not 
improve performance in this case suggesting that the inhibitory interference control 
was specifi c to somatosensory inputs [ 31 ]. Overall, damage to the PFC can impact 
sensory-related activity at modality-specifi c cortical areas and demonstrate a behav-
ioral consequence.  

    What Factors Affect Sensorimotor Recovery? 

 Following a cerebral insult, such as a stroke, the CNS undergoes reorganization or 
plasticity during the process of functional recovery. However, the degree of recov-
ery is variable [ 32 ] and the processes subserving this recovery are incompletely 
understood. Neurophysiological changes associated with recovery often begin very 
early after the onset of stroke (within 1–2 weeks) and may plateau between 2 and 3 
months later, depending on the specifi c neurologic defi cit. Historically, the recovery 
over the fi rst 3 months is believed to be the most rapid. However, functional recov-
ery has been shown to progress even years after the stroke event, albeit at a much 
slower rate. Several factors infl uence the rate and extent of recovery, most notably 
the initial severity of the stroke, which is typically quantifi ed clinically or 
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functionally, and the size and location of the lesion. Recovery can also be infl uenced 
by individual characteristics, particularly age, comorbidities, and activity patterns 
of the individual, specifi cally their participation in formal rehabilitation training. 
Questions remain about the mechanisms by which such improvement is mediated, 
however, rehabilitation training may be critical in shaping reorganization within 
the CNS. 

 In both the healthy and injured CNS, the development and training of motor 
skills leads to rapid cortical adaptation characterized by shifts in central representa-
tion to meet new task demands [ 5 ,  33 – 38 ]. During sensorimotor recovery from 
stroke, these normal training-related cortical adaptations can interact with and infl u-
ence cortical reorganization associated with spontaneous recovery. 
Electrophysiological and functional imaging techniques, such as TMS, event- 
related cortical potentials, and fMRI allow for the sensitive quantifi cation of CNS 
state and provide important experimental opportunities to reveal treatment-related 
short-term changes as a foundation for long-term stroke recovery. 

 For many defi cits, the key to minimizing disability following stroke is rehabilita-
tion to retrain patients to improve capacity. The range of these approaches is largely 
distinguished on the basis of the specifi c defi cit and severity, which can be quite 
heterogeneous. While research continues to establish specifi c characteristics of the 
most effective rehabilitation techniques, the common thread among the more suc-
cessful approaches is a requirement for patients to practice “use” of the affected 
body part [ 39 ,  40 ]. In addition, the use needs to feature increased challenges that are 
task-related (as opposed to simple movement repetition) [ 41 ]. In the last decade, 
studies have shown that such task-related motor retraining may lead to improved 
recovery by facilitating brain repair. Such brain repair may also be augmented by 
specifi c neuropharmacological agents, the use of factors to stimulate cell growth 
and/or cell replacement therapies whereby endogenous stem cells are stimulated to 
migrate to the injury site [ 37 ,  42 ,  43 ]. These approaches are still largely at the exper-
imental stage in animal models. One of the challenges in translating these fi ndings 
to humans is to understand why and with whom to use a specifi c therapeutic 
approach in order to maximize recovery. 

 Neurophysiological effects occur both in the injured and uninjured hemispheres 
following brain injury due to stroke, illustrating the potential importance of the 
interaction between the two for motor recovery. Of a variety of treatment strategies, 
bimanual movement training (BMT) of the upper limbs has specifi cally shown 
potential to promote behavioral and functional improvement in both the subacute 
and chronic phases of stroke recovery [ 44 – 49 ]. Although there is some evidence 
that bimanual movement, involving both the damaged and intact hemispheres, may 
enhance motor-related brain activity in the stroke-hemisphere in some patients [ 50 , 
 51 ], the neurophysiological mechanisms that contribute to the benefi ts of BMT are 
not yet clear. More specifi cally, few studies have reported on the cortical changes 
that underlie observed behavioral improvements following BMT in stroke patients 
[ 52 ]. The fi ndings, however, have been consistent with reports in healthy individu-
als, and have shown a facilitation of primary motor cortical (M1) excitability during 
movements that involve activation of the contralateral homologous muscle repre-
sentations [ 52 – 56 ]. 
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 Changes in the balance between local intracortical inhibition and excitation 
occur in both the affected and unaffected hemispheres following stroke [ 57 – 59 ]. In 
the subacute stage, complex changes in the function of local GABAergic interneu-
rons (i.e., inhibitory interneurons) occur in both hemispheres. M1 lesions in animal 
models induce a decrease in GABA A  receptor expression both in the areas immedi-
ately adjacent to the lesion and in structurally intact but connected regions, includ-
ing contralesional M1 [ 59 ]. Using TMS in human stroke patients, there is evidence 
for both increases and decreases of cortical inhibition  in the same patients  [ 57 ], 
suggesting the presence of distinct, independent inhibitory interneuronal circuits. 
Importantly, the amount of cortical disinhibition appears to be correlated with the 
degree of hemiparesis, being more pronounced with less severe hemiparesis. 

 Cortical activity is enhanced in both hemispheres in damaged and healthy M1 
when homologous muscles are activated together [ 50 ,  51 ]. It is thought that transcal-
losal neural activity of homologous representations in M1 act to excite and/or release 
inhibition from the contralateral hemisphere [ 60 ], which may contribute to M1 plas-
ticity. Intracortical inhibition is decreased in M1 when the two upper limbs co-acti-
vate the homologous muscles simultaneously, but inhibition remains when they are 
not activated simultaneously [ 60 ]. Premotor cortical areas, such as the dorsal premo-
tor cortex (PMd), have extensive reciprocal neuronal projections with M1 [ 61 ,  62 ] 
and have the potential to infl uence motor cortical excitability. In-phase bimanual 
training, in which homologous muscles are activated simultaneously in the two 
limbs, increases fMRI activity in the lateral premotor cortical areas, including PMd 
[ 63 ]. Also, short-term in-phase bimanual training, particularly involving visual cues, 
has been associated with increases in lateral premotor cortical activity [ 33 ,  34 ]. 
Contralesional PMd activity has been shown to infl uence ipsilesional sensorimotor 
regions, which could provide a mechanism to contribute to recovery of motor func-
tion post-stroke [ 64 ,  65 ]. Therefore, the liberation of inhibition due to homologous 
M1 extensor carpi radialis representations activated together, along with this activity 
engaging areas in PMd that could further facilitate muscle representations in M1, 
may have implications for enhancing motor function following stroke. 

 There now remains no debate about the importance of aerobic training after stroke. 
It has been shown to positively infl uence both stroke-related outcomes and risk fac-
tors for recurrent stroke. There exists convincing evidence of the benefi ts of aerobic 
training as refl ected by improved cardiovascular function, reduced neurological 
impairment, enhanced sensorimotor function and endurance, and as a stimulus to 
promote neuroplasticity [ 66 – 72 ]. The evidence is so compelling that physical exer-
cise, specifi cally aerobic training, is an important element of stroke management and 
promotes post-stroke recovery; it is part of the best-practice recommendations [ 73 ]. 

 It is important to recognize that focused, patient-specifi c therapy is an important 
element in minimizing post-stroke disability. Determinants of the relative success of 
such therapy, beyond the specifi c techniques applied, include the intensity of ther-
apy, patient motivation/participation in the program, and the timing of the therapy. 
It is becoming clear that more time directed at retraining following stroke, including 
patient-appropriate practice beyond the clinical setting, can enhance recovery. 
Within the fi rst month after stroke, the standard discipline-specifi c therapy occurs 
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on average 3 times a week for 30–60 min per session. While intensifying the routine 
at this stage of recovery may improve outcomes, there is growing evidence that a 
lack of long-term opportunities for rehabilitation services will, in many patients, 
result in progressive worsening of outcomes. For example, persisting disability in 
some patients leads to further disuse and musculoskeletal disorders that can further 
limit the ability of the individual to participate in activities of daily life, decrease 
their aerobic capacity, and compromise their physical activity. Objectively tracking 
functional status over time may help to document changes and screen for and estab-
lish the need for continuing therapy to offset the consequences of persisting disabil-
ity. It should also be reinforced that prescribed physical activity training, both 
aerobic and strength training, is essential to the rehabilitation process. The diffi culty 
in training for stroke patients can be the suitability and/or safety of the exercise 
activity selected. While a walking program may seem right for some people, they 
must be able to walk safely and rapidly enough to achieve target heart rates. For 
those unable to walk quickly enough or unable to walk at all, a recumbent cycle 
ergometer or stepper is an effective modality of training; it has been successfully 
used in the subacute and chronic stages after stroke and can help counter the decon-
ditioning that occurs after a stroke [ 72 ,  74 – 76 ]. The concern for compliance can be 
evaluated and even motivated by monitoring activity logs using wearable activity 
monitors [ 77 – 79 ]. Cardiac rehabilitation, an established model of care for individu-
als with cardiac disease, may also be adapted to serve as an effective approach for 
those who have had a stroke [ 80 ,  81 ]. The next step in treatment is to couple the 
benefi ts of aerobic training with task-specifi c retraining in order to maximize senso-
rimotor recovery after stroke.  

    Summary 

 Here we have briefl y discussed two classes of functional impairments that can occur 
following stroke: hemiparesis in the upper limbs and changes in the modulation of 
somatosensory information—more specifi cally, the inability to effi ciently fi lter 
non-task relevant information. We have discussed what effect this can have on sen-
sorimotor function, as well as some advances in knowledge on recovery and treat-
ment following stroke. Although the etiology of these may differ, the 
neurophysiological substrates for recovery are similar. For example, Kautz and col-
leagues have shown limited benefi ts to the control of walking associated with an 
aerobic pedaling program, despite improvements in walking velocity [ 82 ]. They 
concluded that to achieve gains in the control of walking, “task-specifi c intervention 
may be required to improve coordination, consistent with principles of use- 
dependent plasticity.” In this way the substrates for recovery between the differing 
levels of impairment converge. The underpinning of functional recovery may be 
training-related adaptation in the CNS that is maximized with use of the paretic 
limb in challenging, skilled tasks [ 83 ]. Optimally, this could be combined with 
physical activity or aerobic training to achieve the cardiovascular benefi ts associ-
ated with decreased risk factors for recurrent stroke.     
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           Introduction 

 Apraxia is a neurological disorder of learned movements that cannot be explained 
on the basis of defi cits in basic sensory or motor functions, verbal comprehension, 
or recognition of tools or objects [ 1 ]. While apraxia frequently arises in concert with 
other impairments such as ataxia, aphasia, and dementia in conditions such as stroke 
and Alzheimer’s disease, apraxia can be dissociated from these defi cits. Apraxia 
most often arises from left hemisphere damage (LHD) but can also occur with right 
hemisphere damage (RHD), with incidences ranging between 28–57 % for LHD 
and 0–34 % for RHD [ 2 ]. 

 This chapter begins with an examination of classifi cations of limb apraxia, 
including a characterization of the types of errors. Discussion will then turn to a 
consideration of the neural correlates of apraxia both from work with stroke patients 
as well as studies of functional neuroimaging in healthy adults. Finally, we will 
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briefl y examine models of apraxia focusing on our model and its implications for 
the clinical assessment of apraxia, as well as for how apraxia may impact on func-
tion in daily living.  

    Classifi cation of Apraxia 

 The term apraxia was originally coined by Steinthal in 1871 [ 3 ]. The traditional 
classifi cation of apraxia owes its roots to Liepmann in the early 1900s [ 3 ,  4 ]. Three 
traditional types of apraxia have been described. These apraxias have been defi ned 
on the basis of the task and input modality. With regard to task, the distinction has 
been made between the performance of a single gesture and a sequence of gestures. 
In the context of producing single gestures, several tasks have been of interest. In 
one task, termed  pantomime , the patient is asked to produce the gesture from mem-
ory (e.g., showing how to pound a nail with a hammer). Here neither the tool (ham-
mer) nor the object (nail) is present. The other task examined is termed  object use  
where the patient performs the gesture from memory, as in pantomime, but here the 
tool is held and manipulated when demonstrating the gesture. The third single- 
gesture task examined is  imitation . Here the examiner demonstrates or models a 
gesture and the patient is required to imitate or copy it. The second major task in the 
assessment for apraxia is one that involves a sequence of gestures often involving 
multiple tools/objects at the various steps in the sequence. Here the patient is 
required to perform the sequence in the correct order using the appropriate tools/
objects correctly at each step. 

 The traditional types of apraxia were originally defi ned by Liepmann [ 4 ]. These 
are ideational, ideomotor, and limb-kinetic apraxia. Ideational apraxia has been 
defi ned in two ways. The fi rst is with respect to single-gesture performance. In this 
context ideational apraxia is one in which the patient is impaired in both pantomime 
and object use conditions but improves when imitating gestures [ 3 ,  5 ]. Often patients 
with ideational apraxia are not aware of what the to-be-performed gestures should 
look like, suggesting some impairment in the idea or concept of the gesture. The 
other defi nition of ideational apraxia pertains to movement sequences in which the 
patient is impaired in performing a sequence of movements/gestures. The patient 
may perform the constituent gestures incorrectly or may omit constituent gestures 
or perform them in the wrong order (e.g., [ 6 ]). 

 Ideomotor apraxia (IMA) is defi ned with respect to single-gesture performance 
and involves impairment in both pantomime and imitation, with some improvement 
when actually holding and using the tool (tool-use condition). In contrast to ide-
ational apraxics these patients often know what the gesture should look like, sug-
gesting no impairment in the conceptualization of the gesture [ 5 ]. Heilman et al. [ 7 ], 
however, did report two forms of IMA, one involving a more posterior lesion in the 
left hemisphere that was associated with an impairment in gesture recognition and 
another that involved a more anterior lesion and which did not have an accompany-
ing defi cit in gesture recognition. 
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 Limb-kinetic apraxia is defi ned as a loss of control of fi ne fi nger movements, 
such as in fl ipping a coin [ 8 – 10 ]. There is considerable controversy as to whether 
this is a true apraxia. First, unlike ideational and IMA, it is seen in only one hand as 
opposed to both hands as is the case with the former apraxias. Secondly, this apraxia 
is seen in the limb contralateral to the damaged hemisphere in the context of stroke 
and so it may be diffi cult to distinguish from weakness and loss of motor control 
seen in hemiparesis. Finally, limb-kinetic apraxia is independent of the task or 
modality such as pantomime or imitation [ 10 ]. 

 Another type of apraxia, which like limb-kinetic apraxia affects only one hand, 
is termed  callosal apraxia  and was described by Liepmann [ 3 ] and others (e.g., 
[ 11 ]). Unlike limb-kinetic apraxia, this apraxia was affected by the input modality 
such that it primarily affected the left hand and was seen in pantomime to verbal 
command. The apraxia here was thought to arise from damage to the corpus callo-
sum, which disconnected the language processing areas in the left hemisphere from 
the areas in the right hemisphere controlling movement of the left hand. 

 While one factor in understanding apraxia relates to the tasks or modalities 
assessed (pantomime, imitation, or object use), another pertains to the type of ges-
ture. One dissociation is whether the gestures are representational or nonrepresenta-
tional. Representational gestures hold some meaning and have representations in 
semantics. There are two types of representational gestures: transitive or tool-use 
gestures, such as demonstrating how to use a spoon to eat soup, and intransitive or 
communicative gestures, such as waving goodbye, which do not involve tools. 
Given their representation in semantics, these gestures can be elicited through pan-
tomime. This task typically involves responding to a verbal command. In the case 
of transitive gestures, visual input in the form of a picture of the tool or the actual 
tool itself has also been used. Some research has shown that these input modalities 
are dissociable. For example, Humphreys and colleagues reported a stroke patient 
who was unable to pantomime a gesture to verbal command but was able to do so 
based on the picture of the tool [ 12 ]. This dissociation led Humphreys to suggest 
two routes to action: one accessing semantics through the verbal command and the 
other involving a more direct link between the visual features of the tool and the 
motor program involved in producing the gesture. 

 This notion of a link between the visual features of tools and their associated 
actions refl ects something of the affordances of the tools; that is, what functions and 
actions the tools may subserve [ 13 ,  14 ]. One type of apraxia, which appears to rep-
resent a disruption in this link, is conceptual apraxia (e.g., [ 15 ]). Here the patient is 
required to complete a task such as eating soup. Several tools are placed on the table 
and the patient is asked to select and use the appropriate tool for the task. Patients 
with this apraxia will often select the wrong tool to complete the task yet perform 
the action fl awlessly [ 16 ]. They will also be unable to show which action is appro-
priate for the tool, despite often knowing what the tool is used for. The fact that the 
action itself is performed well indicates that this disorder is dissociable from IMA. 
Some though have likened it to ideational apraxia given the apparent conceptual 
defi cit, but this position is not widely accepted [ 5 ]. 
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 Turning now to nonrepresentational gestures, these are meaningless or novel 
gestures that have no representation in semantics. Meaningless gestures were ini-
tially included in the assessment of apraxia in order to avoid the infl uence of famil-
iarity and semantics on gesture production. These studies necessarily involved 
imitation and many showed that patients who were impaired at imitation of mean-
ingless gestures were also impaired at pantomime and imitation of meaningful ges-
tures. These fi ndings suggested that apraxia is a motor defi cit that cuts across tasks 
or modalities and does not necessarily involve a disruption to semantics. Studies by 
Rumiati and colleagues [ 17 – 19 ], however, show that imitation of meaningful ges-
tures is more accurate than that for meaningless gestures, suggesting that access to 
semantics facilitates performance. As was seen for the effect of input modality on 
transitive gestures, so here this dissociation suggests that there are two routes to 
imitation, direct and indirect, and that the latter enjoys an advantage. 

 This idea of dissociable routes to action in the context of imitation is also seen in 
cases where the patient shows a selective impairment to imitation. This disorder is 
seen as akin to conduction aphasia where the patient is unable to repeat words yet is 
not impaired in speech production or comprehension of language. As such this dis-
order has been termed  conduction apraxia . These patients know what the gesture 
should look like and are able to pantomime the gesture accurately but are not able 
to imitate gestures modeled by the examiner [ 20 ,  21 ]. 

 In order to identify apraxia, there are a number of errors in performance that are 
characteristic of apraxia. Generally these errors can be categorized as content and 
production errors. Content errors involve using the wrong tool to perform a gesture 
(e.g., using a knife rather than a spoon to eat soup) while performing the action (e.g., 
eating soup from a bowl) correctly [ 16 ,  22 ]. Production errors involve impairments 
in the performance of an action and may be seen in single actions or in a sequence. 
Errors in performing single actions may involve an inability to perform the gesture 
at all. Here the patient may look quizzically at their hand and make some movement 
in an apparent attempt to perform the gesture, but the movement bears little resem-
blance to any identifi able gesture. Single-gesture production errors may involve the 
patient performing a gesture but one that involves aberrations in hand posture, in 
spatial characteristics of the gesture (e.g., plane of movement, location of hand, 
orientation of the hand) or action features of the gesture (e.g., performing a sawing 
action in the sagittal plane rather than a hammering action in the coronal plane when 
asked to demonstrate how to use a hammer to drive a nail). Other errors include 
temporal errors, augmentation errors, fragmentation errors, substitutive errors, and 
associative errors where the correct gesture is replaced with one that shares one 
feature. One of the most well-known hand posture errors is termed a body-part-as- 
tool error where the fi ngers are confi gured in a way to take on the features of the 
tool; for example, when asked to demonstrate using a toothbrush to clean the teeth, 
the patient extends the index fi nger in a fi st-like posture and uses the fi nger as the 
toothbrush. Since these errors can arise in healthy adults when pantomiming tool 
use, one key feature in identifying this error relates to re-instruction. When healthy 
adults are re-instructed to pretend holding the tool, they immediately correct the 
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posture error. Apraxic patients, however, do not correct their hand posture on 
re-instruction. 

 A number of studies have attempted to identify the neural correlates of these 
errors in apraxia. Spatial errors, for example, have been associated only with more 
posterior lesions, while errors in producing internal hand positions were seen with 
both anterior and posterior lesions [ 23 – 25 ]. One interesting recent study by Manuel 
et al. has examined the link between errors in tool-use pantomime and lesion local-
ization in a large group of left and right hemisphere patients ( N  = 150) using voxel- 
based lesion-symptom mapping [ 26 ]. They compared confi gural-spatial errors and 
body-part-as-tool errors (see Fig.  4.1 ). Their fi ndings confi rmed the importance of 
the left hemisphere in apraxia in that both errors were seen with damage to the left 
inferior frontal area. Interestingly, they found that confi gural-spatial errors were 
linked to damage in the left temporal parietal area, while body-part-as-tool errors 
were associated with lesions in the left inferior frontal area. They concluded that 
“…pantomime is subserved by a distributed, left-lateralized, frontoparietal network 
and that lesions to subparts of this network induce distinct error types” [ 26 ].

   Errors in the context of a movement sequence such as demonstrating how to 
make a cup of instant coffee may involve omission of actions in the sequence or 
performance of the actions in the wrong order. Individual actions in the sequence 
may be performed incorrectly with errors similar to those described for single ges-
tures. In some cases these aberrations in the individual actions may arise from per-
severations, that is, repetition of the preceding action or some feature of it. Errors in 
a sequence have been described in the Naturalistic Action Test [ 27 ]. 

 In summary, several types of apraxia have been defi ned on the basis of the input 
modality, pantomime, imitation, or tool/object use, whether the task involves a sin-
gle gesture or a sequence of gestures, and in the case of single gestures whether the 
gesture is meaningful (transitive versus intransitive) or meaningless, and fi nally 
whether the apraxia affects both hands or not.  

    Neural Correlates of Apraxia 

 Apraxia occurs more often in patients with left as opposed to RHD and damage to 
the left hemisphere also results in a more severe apraxia [ 10 ,  28 ]. Nevertheless 
apraxia has been found after stroke to the right hemisphere, suggesting that the right 
hemisphere may also play a role in praxis [ 29 ,  30 ]. This observation may reveal the 
basis for sparing of some praxis tasks, such as intransitive gestures and recognition 
of gestures in cases of LHD. Interestingly, support for right hemisphere involve-
ment in praxis was seen in an electroencephalogram (EEG) study of patients with 
apraxia associated with LHD that examined activation associated with practice of a 
tool-use gesture. The analysis showed a greater activation of a right frontoparietal 
network relative to controls, suggesting that training on a tool-use gesture in the 
face of LHD led to recruitment of the right hemisphere [ 10 ,  31 ]. 
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 While much work on the neural correlates of apraxia has focused on hemispheric 
asymmetries, considerable research has examined for evidence of localization 
within the left hemisphere. A number of studies have not been able to show a reli-
able association between lesion locus and apraxia severity (e.g., [ 32 ,  33 ]). Many 

  Fig. 4.1    Focus of interest is on the voxel-based lesion—symptom mapping on the stroke patients 
showing the relationship between brain lesions and pantomime performance. Confi gural-spatial 
errors were linked to lesions in a network involving left inferior and temporal lobe areas ( b ), while 
body-part-as-object errors were associated with lesions to left middle and inferior gyri of the fron-
tal lobe and the underlying white matter particularly the superior longitudinal fasciculus ( c ) 
(Reprinted with permission Manuel AL, Radman N, Mesot D, Chouiter L, Clarke S, Annoni JM, 
et al. Inter- and intrahemispheric dissociations in ideomotor apraxia: a large-scale lesion-symptom 
mapping study in subacute brain-damaged patients. Cereb Cortex. 2012 Sep 17   )       
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others though have associated IMA with damage to the parietal (left inferior  parietal) 
and frontal (left dorsolateral frontal) cortices [ 23 ,  34 ] as well as the white matter 
tracts connecting these areas. A number of studies have linked damage in the  angular 
and supramarginal gyri of the inferior parietal lobe to IMA [ 35 ,  36 ] and impair-
ments in imitation [ 37 ]. Others have observed an association between damage in the 
superior parietal lobe and the ability to integrate visual and somatosensory informa-
tion in gesture production [ 35 ,  38 ]. Lesions in the frontal and premotor areas have 
also been linked to apraxia [ 24 ,  35 ,  39 ]. Interestingly, it has been diffi cult to dissoci-
ate between lesions in the parietal and frontal lobes since lesions in these areas have 
been linked to similar defi cits [ 23 ,  35 ]. Spatial errors, for example, have been asso-
ciated only with more posterior lesions [ 23 ,  24 ,  27 ]. Errors in producing internal 
hand positions were seen with both anterior and posterior lesions, while defi cits in 
gesture recognition and discrimination have been found with posterior but not ante-
rior lesions [ 24 ,  40 ]. This connection between structure and function has largely 
been reported based on studies of patients with focal lesions such as those seen in 
stroke or in neurodegenerative conditions, such as corticobasal syndrome, which 
affect frontoparietal areas [ 41 – 43 ]. Apraxia may also be seen arising from damage 
in brain regions other than frontal and parietal areas such as temporal, occipital, and 
subcortical areas [ 44 – 46 ]. Anterior callosal lesions have also been associated with 
apraxia. In this case the apraxia would be more unilateral, affecting just the left hand 
and is attributed to a disconnection of the premotor and motor cortices in the right 
hemisphere from praxis control exerted by the left hemisphere. Damage to the basal 
ganglia has also been implicated in the expression of apraxia. Apraxia has been seen 
in various movement disorders such as corticobasal syndrome (CBS) [ 41 – 43 ], 
Parkinson’s disease [ 47 ], and Huntington’s disease [ 48 ]. The basal ganglia are 
thought to contribute to praxis through the control of sequencing, selection of 
appropriate motor programs, and performance of overlearned movements. There is 
some question as to whether damage isolated to the basal ganglia causes marked 
apraxia in that the majority of the cases involve surrounding white matter tracts and 
frontoparietal areas. 

 In 2012, Hong et al. reported a case of a 67-year-old man with a stroke affecting 
the left frontal anterior part of the precentral gyrus and prefrontal cortex, as well as 
the centrum semiovale [ 49 ]. This case is interesting because of its use of multiple 
brain imaging techniques to investigate the neural correlates of apraxia.    In this case, 
structural magnetic resonance imaging (sMRI) and functional magnetic resonance 
imaging (fMRI) along with diffusion tensor imaging (DTI) were used. On apraxia 
assessment the patient was determined to have both ideomotor and limb-kinetic 
apraxia. The IMA was linked with damage to the superior portion of the superior 
longitudinal fasciculus in the left hemisphere while the limb-kinetic apraxia was 
linked with a thinning of the fi ber tracts from the premotor and supplementary areas 
in the left hemisphere. Interestingly, the fi bers through the corticospinal tract were 
unaffected, indicating that the corticospinal pathways subserving movement were 
intact as one might expect in cases of apraxia (see Fig.  4.2  for details of imaging).

   Evidence for left hemisphere dominance for praxis has also come from neuroim-
aging studies of healthy adults. Left hemisphere activation has been found when 
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  Fig. 4.2    Shows T2-weighted MR images ( a ) and diffusion tensor tractography ( c ), which shows 
disruption to the superior longitudinal fasciculus and fi bers from the premotor cortex and the sup-
plementary motor area but intact corticospinal tract on the affected left hemisphere. Note as well 
the reduced amplitude of the motor-evoked potential from the abductor pollicis brevis on the right 
hand (left hemisphere) (Reprinted from Hong JH, Lee J, Cho YW, Byun WM, Cho HK, Son SM, 
et al. Limb apraxia in a patient with cerebral infarct: Diffusion tensor tractography study. 
NeuroRehabilitation. 2012;30:255–259, with permission from IOS Press)       
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performing gestures with either hand [ 50 ,  51 ]. These neuroimaging studies have 
also revealed a network of brain areas subserving praxis. EEG coherence analysis 
revealed two networks: one involving the parietal, supplementary motor and motor 
areas, and the other parietal, lateral premotor and motor areas [ 31 ]. Using fMRI, 
Frey also identifi ed a network associated with tool-use and communicative gestures 
(see Fig.  4.3 ) [ 50 ,  52 ]. Retrieving and planning transitive gestures for production 
using either hand was associated with increased activation in the left parietal, dorsal 
premotor, posterior temporal, and middle frontal areas. Interestingly, the same areas 
were activated when planning intransitive, communicative gestures. Frey argued 
that the network recruited might be task and context-dependent [ 53 ]. The parietal 
cortex is seen as playing an important role in selecting and producing actions based 
on the integration of sources of information from brain areas distributed throughout 
the cortex. The particular computations, and so the distributed brain areas involved, 
are dependent on the task demands. Pantomime of tool-use gestures involves access-
ing conceptual knowledge of tools in terms of their function and manipulation. The 
posterior temporal area appears to subserve the representation of this information. 

  Fig. 4.3    Functional magnetic resonance imaging (fMRI) scans showing activations associated 
with planning and executing hand gestures. ( a ) Shows activation associated with planning tool-use 
gestures compared to random hand movements. Note major left hemisphere focused activations in 
the posterior parietal cortex, posterior temporal cortex, and dorsolateral prefrontal cortex. Gesture 
execution ( b ) recruits similar areas in addition to other regions associated with sensory and motor 
processes in both hemispheres (Reprinted with permission from Johnson-Frey SH, Newman- 
Norlund R, Grafton ST. A distributed left hemisphere network during planning of everyday tool 
use skills. Cereb Cortex. 2005;15 (6):681–695)       
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Pantomime to verbal cues may engage the dorsal premotor and middle frontal areas, 
while cues to pantomime involving visual tool information appear to engage the 
fusiform gyrus in the temporal lobe.

   In contemplating knowledge of tools, Buxbaum found that patients with apraxia 
were impaired with regard to knowing how to manipulate tools but they were not 
impaired with regard to tool function [ 54 ]. Using fMRI in healthy adults, Buxbaum 
demonstrated activation in overlapping areas when making either manipulation or 
function judgments about tools [ 55 ]. These areas included regions of the left dorso-
lateral and ventrolateral frontal and prefrontal areas as well as posterior temporal 
and inferior parietal areas. There was, however, much greater activation in the left 
inferior parietal area bordering on intraparietal sulcus in the manipulation condi-
tion. These fi ndings reinforce the context- and task-dependent nature of activation 
in tool-use gestures in the healthy brain as well as in the expression of apraxic defi -
cits seen in neuropathologic conditions such as stroke.  

    Model of Apraxia 

 Several models have been proposed to understand the disruptions at various stages 
in gesture production thought to underlay apraxia [ 1 ,  56 – 58 ]. One model devel-
oped by Roy and colleagues proposes that there are three processing systems 
involved in praxis, i.e., the sensory-perceptual, conceptual, and production systems 
[ 42 ,  58 – 61 ]. The sensory-perceptual system receives and analyzes input informa-
tion from the environment. This information serves as the fi rst stage in identifying 
tools and actions based on their structural features. In addition, this system is 
involved in the analysis of visual-gestural information of a modeled gesture that is 
to be imitated. The conceptual system is a storage area for action-based knowl-
edge. Within this system, three aspects of knowledge are incorporated: the knowl-
edge of objects and tools and their functions, knowledge of actions independent of 
tools, and knowledge of action sequences. Selection of appropriate tools and 
actions in response to environmental demands is believed to be dependent on the 
integrity of this knowledge base. 

 The production system is thought to involve four stages. The fi rst stage, response 
selection, involves the selection of the appropriate movement from secondary mem-
ory based on the information received from the sensory-perceptual and conceptual 
systems. The second (image generation) stage involves generating an image of the 
action to be performed, which encompasses both visual and kinesthetic information. 
This stage is thought to play a role in organizing movement and in controlling 
movement by pre-tuning the motor system to perform the selected action and to 
provide information on the expected visual and kinesthetic feedback. This image 
also incorporates information about the tool and object to enable the patient to con-
fi gure the hand and fi ngers to accommodate to the features (e.g., size and shape) of 
the tool. This image is then encoded in working memory, the third stage. Working 
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memory is critical for the maintenance of the temporarily stored movement and tool 
and object information. The fi nal stage involves response organization and control. 

 This model is thought to encompass three routes to action: the pantomime route 
and two imitation routes—concurrent and delayed imitation. The pantomime route 
involves producing the gesture from memory and may involve two sources of input 
through the sensory-perceptual system: speech-language input if performing to a 
verbal command or visual tool information if performing in response to a picture of 
a tool or the actual tool. This information is fed through the conceptual system 
where contact is made with the components of knowledge related to the gesture and 
tool. This information is then fed into the production system where the appropriate 
response is selected and the image of the action is generated. This image is then 
stored in working memory and then fed into the fi nal stage of the production system 
to execute the action. 

 Imitation of gestures is seen to involve two routes. Both depend on analysis of 
the visual-gestural information in the modeled gesture. In concurrent imitation the 
examiner models the gesture while at the same time the patient attempts to imitate 
it. In this condition the product of the visual-gestural analysis is fed directly to the 
late stage of the production system for execution of the gesture. In delayed imitation 
the examiner models the gesture and then stops. Once the examiner has completed 
the demonstration the patient attempts imitation. In this condition the product of the 
visual-gestural analysis is encoded into and stored in working memory. From here 
this information is fed into the production system for execution of the imitated 
gesture. 

 These three routes to action are seen to give rise to eight patterns of apraxia, 
which refl ect breakdowns at various stages in gesture production (see [ 58 ] for 
details). Our recent work with a large group of stroke patients has provided strong 
support for our model using a comprehensive apraxia battery [ 58 ]. These fi ndings 
have implications for the clinical assessment of apraxia as well as for examining 
how apraxia may affect performance of activities involved in daily living.  

    Implications for Clinical Assessment of Apraxia 

 The model-based approach to understanding apraxia has important implications for 
the clinical assessment of apraxia. This approach identifi es disruptions at different 
stages of gesture production and so demands the use of a comprehensive battery, 
which examines both the conceptual and motor components of gesture production. 

 The clinical assessment for apraxia, then, should include a comprehensive bat-
tery of tests, which tap into sensory-perceptual, conceptual, and production aspects 
of gesture. Some of these aspects of praxis are assessed in order to rule out several 
exclusion criteria. Assessment of some of the sensory-perceptual and production 
aspects of praxis involves looking for evidence of verbal comprehension defi cits 
and visual object agnosia. The presence of these defi cits from the input side would 
tend to rule out a diagnosis of apraxia. By the same token from the output side one 

4 Limb Apraxia: Types, Neural Correlates, and Implications for Clinical Assessment…



62

needs to look for evidence of a basic motor defi cit such as a hemiparesis. In such 
cases the presence of a hemiparesis would not rule out apraxia per se. Rather, the 
expression of apraxia in the affected limb would be diffi cult to dissociate from the 
weakness and sensory loss associated with the hemiparesis, and the patient would 
demonstrate apraxia in the limb not affected by the hemiparesis.  

    The Relationship of Apraxia to Functional Performance 

 The model-based approach to apraxia also has implications for how apraxia is 
related to the performance of activities of daily living (ADL). This relationship has 
been addressed through observation of function in daily living as well as examining 
the correlation between performance on tests of apraxia and function. 

 From an observational perspective, the problem of apraxia is sometimes quite 
evident in daily living when a person presents with unusual handling of objects or 
with improper sequencing of task steps. For example, obvious apraxic errors are 
seen in a woman with ideational apraxia (IA) performing her morning routine by 
combing her hair with a toothbrush rather than a hairbrush or attempting to use her 
hairbrush in an awkward spatial position as in IMA. There are many observable 
conceptual, sequencing, and production errors that have been presented earlier that 
might possibly emerge in functional performance. What is challenging in identify-
ing this problem through observation alone is that the presentation of apraxic errors 
can be quite variable [ 62 – 64 ]. That is, they can occur in some situations and not in 
others depending on the attentional state of the person, familiarity of the environ-
ment and tools, and the competing demands on the person. Also complicating the 
identifi cation of apraxic errors is that people with apraxia often achieve the goal of 
the task, but if carefully observed they take longer and are also sidetracked by 
unnecessary objects in the task environment [ 65 ]. Just as observation alone is unre-
liable in identifi cation of apraxia in daily function, identifi cation of apraxia through 
clinical testing does not necessarily indicate that functional performance will be 
compromised. 

 The studies examining the relationship to function in ADL differ in their meth-
ods of testing apraxia and how functional dependency is measured. For example, the 
earliest study by Bjorneby and Reinvang [ 66 ] examined 120 stroke patients on their 
level of function at admission by rating functions identifi ed in the occupational 
therapy notes as independent or dependent and at 6 months after discharge based on 
a 25-item questionnaire. IMA was assessed through pantomime to command and 
imitation of meaningful and nonmeaningful gestures and ideational apraxia through 
object use and picture sequencing. Limb-kinetic and constructional apraxias were 
also assessed. The relationship between ADL function and apraxia was found to be 
stronger in the 6-month post-discharge period than on admission. In 1988, Sundet 
et al. [ 67 ] repeated this study with 145 stroke patients at 6-months post discharge 
using a questionnaire similar to that used in the Bjorneby and Reinvang study. Age, 
sex, hemianopia, and hemiplegia explained 22 % of the variance in dependence at 
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6 months post discharge. IMA as measured by imitative fi nger positioning and hand 
movement accounted for an additional 12 % of the variance in ADL function. 
Nonverbal memory, constructional apraxia, aphasia, and nonverbal intelligence 
explained the remaining 8 % of the total variance. Similarly, in 1999, Giaquinto 
et al. [ 68 ] found that IMA was also part of a predictive model for the discharge 
Functional Independence Measure (FIM™) [ 69 – 72 ] of 248 subjects with stroke. 
IMA, measured by De Renzi’s test of gesture imitation [ 73 ], along with the cogni-
tive and sphincter sub-items of the FIM admission scores and neglect measures of 
these patients, explained 72 % of the variance on the FIM™. Variables not contrib-
uting to the model included sex, lesion side, depression, comorbidities, body mass 
index, FIM™ motor sub-items, and aphasia [ 73 ]. 

 Hanna-Pladdy et al. [ 74 ] found a strong relationship between apraxia severity as 
measured by the Florida Assessment Battery [ 75 ] and performance on the Physical 
Self-Maintenance Scale [ 76 ]. Apraxia severity and independence in ADL were cor-
related signifi cantly ( r  = 0.664,  p  = 0.0001). Interestingly while functional perfor-
mance was strongly correlated with gesture production, impairments in the 
conceptual system as refl ected in gesture comprehension were not correlated with 
functional performance. This study was, however, quite small and involved only ten 
stroke patients and ten controls. 

 In one of the largest studies examining apraxia and functioning in daily living, 
Pedersen et al. [ 77 ] examined 618 persons with stroke to determine the relationship 
between the Barthel Index (BI) [ 78 ] and a test of manual apraxia. While apraxia had 
a weak association with the BI at discharge, a relationship was suggested that per-
sons without manual apraxia were more likely to be discharged to an independent 
living environment. This study tested apraxia in a very superfi cial fashion—a three- 
item transitive pantomime test that was done either by pantomime for nonaphasic or 
imitation for aphasic participants. This raises the question as to how best to select 
measures to most clearly determine the extent of this relationship. 

 Indeed current literature and theory would suggest that the selection of tests to 
measure apraxia and functional performance needs to be done carefully. For exam-
ple, mixing transitive and intransitive assessments as measures of apraxia or using 
them exclusively, as in the Pederson et al. [ 77 ] study, affects the ability to detect 
severity of apraxia, as it is generally known that intransitive tests are performed bet-
ter than transitive tests [ 79 – 83 ]. Such a difference in severity would affect the poten-
tial for fi nding a relationship between apraxia and function in daily living. 

 This factor of severity is seen in a 2002 study by Butler who examined the per-
formance of 17 patients with stroke on four test batteries of apraxia [ 64 ]. Three of 
the batteries were purported to measure IMA and the fourth ideational apraxia. 
Functional independence was also evaluated on the BI. The severity of apraxia var-
ied for each patient based on which battery was the focus of the assessment. Further, 
while performance on these tests of apraxia was not signifi cantly correlated with the 
measure of function in daily living, the BI, the correlations varied from  r  = 0.25 to 
 r  = 0.46 indicating that the different batteries present a very different picture of the 
relationship between apraxia and function in daily living. 
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 Studies examining functional performance after intervention for apraxia have 
also revealed that how performance is measured is critical in examining this rela-
tionship. Indices of performance such as the BI are not well predicted by apraxia 
tests whereas observational measures such as the ADL Observation test do demon-
strate a relation to apraxia performance [ 84 ,  85 ]. 

 We examined the apraxia and function relationship in an attempt to address the 
limitations of the aforementioned studies. In this study, praxis function was consid-
ered broadly by utilizing measures from the Waterloo-Sunnybrook Apraxia Battery 
[ 86 ], which involve tests of the conceptual system and a battery of transitive tests, 
which have been shown to refl ect disruptions at different stages in gesture produc-
tion. These tests included pantomime to command, pantomime to picture, concur-
rent imitation, delayed imitation, and object use. Functional performance was 
measured in three ways. First, the FIM™ [ 69 – 72 ] was used as a measure of a broad 
range of functional skills. The second test selected was the Assessment of Motor 
and Process Skills (AMPS) [ 87 ], a well-established and psychometrically sound 
observational measure that considers both motor and process (e.g., planning strat-
egy) skills on a number of ADL tasks. Finally a behavioral checklist (Apraxia 
Behavioral Checklist—or ABCL) was devised to capture any behavior characteris-
tic of apraxia that the participants had demonstrated the preceding week [ 88 ]. 
It included items that were sensory-motor in nature (e.g., appears to have problems 
paying attention to objects presented visually), conceptual (e.g., sometimes unable 
to decide what to do with an object or tool), sequencing (e.g., sometimes mixes up 
the order in which she/he does a task), or production (e.g., sometimes uses an object 
on the wrong part of the body) behaviors. This checklist was fi lled out by the 
 occupational therapists that were treating the patients. Thirty people with left brain 
damage due to stroke were given the battery of tests noted above. Time since stroke, 
motor function, mental status, aphasia severity, sensation, visual function, and 
 auditory function were examined to determine if these factors contributed to perfor-
mance of items on the tests. 

 The conceptual system was tested using several tool and action naming and iden-
tifi cation tests, as well as tests of gesture matching and error recognition. Correlation 
analysis showed that the ABCL was signifi cantly related to four tests: the tool name 
by action test (i.e., name the tool associated with pantomimed action demonstrated 
by the examiner), the action identifi cation by tool test (i.e., point to a target panto-
mimed action based on a tool presented from four videotaped actions), the alterna-
tive tool test (i.e., point to the tool that you might be able to use instead of the 
normal tool for a function), and the gesture recognition test (i.e., point to the action 
matching one demonstrated by the examiner). The FIM was related only to the tool 
identifi cation by function test (i.e., point to the tool used to do a particular function). 
The AMPS process score was related to the tool name by action test. The AMPS 
motor score was not signifi cantly correlated with any of the conceptual tests. These 
analyses reveal that functioning in daily living is related to disruptions in conceptual 
functions in apraxia, particularly those involving action knowledge or tool-action 
relationships. This relationship appears most strongly in the observational measure 
of daily function, the ABCL. 
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 Turning now to the measures of gesture production, the ABCL was correlated to 
all of the tests of apraxia (pantomime, pantomime by picture, tool/object use, 
delayed imitation, and concurrent imitation). Neither the FIM™ scores nor the 
AMPS scores were found to be related to any of the tests of apraxia. This fi nding 
was surprising, as one would have expected some correlation of gesture perfor-
mance with the AMPS process score, given that this process score was correlated 
with action knowledge. When, however, an analysis of variance was performed 
comparing mild, moderate, and severe apraxic patients on their AMPS process and 
motor scores on each test of apraxia, a signifi cant effect between groups on the 
AMPS process scores for the pantomime by picture and a trend for the tool-/object- 
use test emerged. This analysis did not reveal any signifi cant differences for the 
FIM™. 

 Taken together these fi ndings suggest that apraxia is related to defi cits in func-
tion in daily living. The nature and strength of this relationship, however, appears to 
depend on the measures of apraxia and functional performance. Defi cits in the con-
ceptual system particularly refl ected in knowledge of action and tool-action rela-
tionships are predictive of impairments in some measures of function (the ABCL, 
AMPS process scores, and the FIM) but not others (the AMPS motor scores). 
Similarly, defi cits in gesture performance are associated with impairments on some 
tests of function (the ABCL and AMPS process score) but not others (AMPS motor 
score and the FIM™). The ABCL was the most highly correlated with apraxic func-
tioning suggesting that observing the impact of an impairment on function might be 
best done by designing an observation measure with items that capture expected 
behavioral impairments. The variability in the expression of different apraxic 
impairments in functional daily living speaks to the importance of breaking down 
the problem of apraxia into component parts for the purpose of identifying potential 
areas to consider in intervention.  

    Summary 

 In summary, apraxia is a neurological disorder affecting the performance of learned 
purposive movements that cannot be explained on the basis of defi cits of elemental 
motor or sensory systems, comprehension, or object or tool recognition. There are 
various types of apraxia that are defi ned based on the input modality (e.g., panto-
mime from memory or imitation), whether the memory representation of the ges-
ture is impaired and whether one or both hands are affected. The nature of apraxia 
is also defi ned on the basis of the types of errors, which involve aberrations of vari-
ous features (e.g., spatial, postural, or action) of the to-be-performed gesture. While 
apraxia most commonly occurs with LHD, there are studies examining the neural 
correlates of apraxia within the left hemisphere both in stroke patients and in the 
healthy brain using functional neuroimaging. Many of these studies have associated 
apraxia with damage to the parietal (left inferior parietal) and frontal (left dorsolat-
eral frontal) cortices as well as the white matter tracts connecting these areas. 
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A number of other studies have linked damage in the angular and supramarginal 
gyri of the inferior parietal lobe to apraxia. In order to gain a better understanding 
of the underlying nature of apraxia, a number of groups have developed models that 
describe the disruptions at different stages of gestures production. This model-based 
approach to apraxia has implications for how to assess for the disorder but also what 
effect apraxia may have on function in daily living. With regard to clinical assess-
ment, this approach argues for the use of a comprehensive battery examining for the 
integrity of both the conceptual and cognitive-motor stages of gesture production. 
Turning to the implications for function in daily living, this approach provides a 
framework within which to examine how apraxia may affect function in daily liv-
ing. That is, does apraxia affect the conceptual aspects (e.g., knowing what to do 
with a tool) as well as the motor aspects (e.g., selecting and correctly executing the 
appropriate response) of daily living functions? Evidence suggests that both of 
these may be affected by apraxia.     
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           Introduction 

 A common consequence of right-sided brain damage is the syndrome of spatial 
neglect, which is seen in 40–90 % of patients in the acute phase after stroke [ 1 – 4 ]. 
The disorder is a debilitating one in which patients fail to attend to stimuli in con-
tralesional, left space [ 5 – 8 ]. Patients with neglect typically require assistance with 
most activities of daily living and often fail to dress or groom the left side of their 
body, leave food uneaten on the left side of a plate, and bump into obstacles on their 
left. In this chapter I fi rst describe the “classic” case of neglect before describing 
recent work painting a more complicated picture of the constellation of defi cits 
making up the syndrome. I will then review the recent debate regarding the critical 
lesion site for neglect before discussing recent rehabilitation attempts. The past few 
decades of research has shown that neglect can no longer be characterized simply as 
a disorder of attention. 

    The “Classic” Case of Spatial Neglect 

 Damage to right inferior parietal or superior temporal cortex often leads to the 
neglect syndrome, which can best be described as a disorder of consciousness in 
which the patient’s mental model of the world is constricted to include only the right 
side of space. In other words, the patient behaves as if left space has simply van-
ished [ 6 – 8 ]. In most of these cases, and in examples provided in this chapter, the 
etiology of the brain damage is ischemic stroke, which is one of the most common 
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causes of neglect. Neglect can be observed for right space following left parietal 
damage; however, this occurs less frequently and symptoms are both less severe 
than those of left spatial neglect patients and tend to resolve more fully [ 1 ,  2 ,  9 ,  10 ]. 
Neglect is demonstrated via a range of bedside pencil-and-paper tests [ 11 ], the three 
most common of which are line bisection, fi gure copying, and cancellation (Fig.  5.1 ). 
For line bisection the patient is shown a (set of) horizontal line(s) at their body mid-
line and must place a mark to indicate where the center is. Neglect patients typically 
place their mark to the right of true center. For fi gure copying, patients must produce 
a copy of line drawings of common objects with left-sided details distorted or omit-
ted by neglect patients. For cancellation tasks patients are shown an array of targets 
(e.g., stars) and must place a mark (i.e., to “cancel”) through all the targets, with 
neglect patients failing to cancel left-sided targets. These tasks represent only the 
most common tests of neglect with a wide range of tasks commonly used including 
free drawing, clock drawing, tactile search, and arranging objects on a surface (i.e., 
the baking tray task) (Fig.  5.1 ).

   A related disorder known as extinction is also assessed at the bedside [ 12 ,  13 ] by 
having patients fi xate on the examiner’s nose while attending to the examiner’s left 
and right index fi ngers held out in the periphery. The patient must detect movement 
in the fi ngers with the examiner moving either the left or right fi nger alone (i.e., 
single stimulation) or both fi ngers together (i.e., double simultaneous stimulation). 
Patients with extinction can detect single events in left or right space, but “extin-
guish” the contralesional event in simultaneous stimulation trials. Neglect and 
extinction do co-occur; however, extinction can be evident in the absence of neglect 
and is equally common following left or right brain damage [ 12 ,  13 ]. Extinction and 
neglect also have distinct lesion foci [ 12 ,  14 ]. 

 Although neglect is most prevalent for vision, it is commonly observed for audi-
tory and tactile stimuli [ 5 ,  7 ,  8 ]. In addition, neglect is independent of low-level 
perceptual defi cits and is best characterized not as a primary motor or perceptual 
defi cit, but as a representational impairment. Perhaps the most famous demonstra-
tion of this comes from two patients tested by Bisiach and Luzzatti [ 15 ]. The patients 
were asked to imagine standing in a square in Milan and to report details they “saw” 
in their mind’s eye. When the patients were asked to imagine standing in the south, 
facing north, they reported details of the square from the right (east) and neglected 
details on the left (west). Conversely, when asked to imagine standing at the north, 
facing south, the patients now reported details from the previously neglected west 
and neglected details that they had initially reported from the east [ 15 ]. Similar 
demonstrations of what some have called “imaginal” neglect have been shown in 
other patients, including two with right hemisphere ischemic strokes [ 16 ,  17 ]. What 
this shows is that neglect patients have no defi cit in recalling the details of mental 
representations. Instead, their mental representations are impoverished, containing 
only the right half of egocentric space. 

 As any clinician familiar with neglect can attest to, few patients fi t the classic 
case. Neglect varies in terms of the reference frame within which symptoms pre-
dominate (e.g., personal versus extra-personal space) [ 18 – 23 ]. While most patients 
show neglect for stimuli defi ned strictly by spatial location, some show neglect for 
the left half of objects regardless of location [ 24 ,  25 ]. Finally, a plethora of 
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“sub- syndromes” of neglect symptoms abound. For example, neglect dyslexia, in 
which patients fail to read the left half of words, is present in a handful of patients 
[ 26 – 28 ]. Although neglect was initially described some 60 years ago [ 29 – 31 ], the 
development of a conclusive theoretical account of the syndrome has proven elu-
sive, in part due to the heterogeneity of symptoms.  

  Fig. 5.1    Examples of performance on clinical tests of neglect (patient’s performance is in  red  
throughout). ( a ) Figure copying from the Behavioral Inattention Test [ 11 ] and clock drawing. 
( b ) Line bisection performance with true center marked by the  dashed line  ( note , this detail is 
absent in the actual test). ( c ) Two forms of cancellation task; star cancellation to the  left  and 
Albert’s lines to the  right        
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    Neglect as a Disorder of Spatial Attention 

 Traditional models of neglect stress the spatial nature of defi cits [ 5 – 8 ,  32 ,  33 ]. 
In addition, given that neglect is more common after right-sided stroke or other 
brain damage, some suggest that the right parietal cortex is specialized for spatial 
attention [ 8 ,  34 – 37 ]. There are two component defi cits to attention-based models of 
neglect: fi rst, attention is captured strongly by right-sided stimuli. Second, patients 
have diffi culty redirecting attention towards left space once attention is captured by 
right-sided stimuli. In other words, patients have diffi culty disengaging attention 
from the right (i.e., a disengage defi cit) [ 38 ,  39 ] (Fig.  5.2 ).

   Attentional capture for right-sided events can be seen in many perceptual biases 
in neglect. One such bias is evident on the chimeric faces task in which two verti-
cally aligned chimerics (faces smiling on one side and neutral on the other) are 
shown with the patient indicating which appears to be happier. Controls choose the 
face shown as smiling on the left, refl ective of right hemisphere dominance for 
emotional processing [ 40 – 42 ]. Neglect patients show a strong bias for choosing the 
face shown as smiling on the right [ 43 ]. Such biases are not unique to faces. When 
shown two rectangles that change in intensity from light to dark, patients choose the 
rectangle with the darkest end on the right as appearing darker—the opposite bias to 
that of controls [ 43 ]. Similar biases in intensity judgments can be seen for a broad 
range of stimuli, including numbers [ 44 – 47 ]. What these biases suggest is that for 
neglect patients, their attention is robustly captured by stimulus properties on the 
right [ 24 ]. Under some circumstances these biases actually confer a benefi t to 
neglect patients, such that manual or saccadic reaction times are faster (relative to 
controls) for targets presented to restricted regions of right-sided space [ 48 – 51 ]. 

 The second attentional impairment invoked in neglect models is the so-called 
disengage defi cit. Best characterized as a diffi culty in  reorienting  attention, Posner 
and colleagues [ 38 ,  39 ] showed that when patients with parietal lesions were cued 
to attend to ipsilesional space, their ability to detect contralesional targets was 
slowed (Fig.  5.2 ). Although evident after both left and right parietal damage and in 
patients with and without neglect, the impairment is most severe in neglect [ 52 ,  53 ]. 
In traditional models of neglect then, it is the combination of rightward attentional 
capture and a reorienting impairment (i.e., the disengage defi cit) that determines the 
failure to respond to events in left space.   

    Defi cits of Spatial Attention Fail to Capture 
the Full Syndrome of Neglect 

 It has become increasingly evident that attentional models of neglect do not capture 
the full gamut of symptoms evident in the syndrome. This has led to the suggestion 
that neglect is due to a constellation of symptoms that make it diffi cult for the patient 
to create and make use of a full and accurate representation of their surroundings 
[ 5 ]. Several of these components are discussed as follows. 
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  Fig. 5.2    ( a ) Schematic representation of trial sequences in the covert orienting of visual attention 
task [ 38 ,  39 ]. Patients fi xate a central cross throughout while covertly attending to landmarks to the 
 left  and  right . One landmark is cued ( sun symbol  in fi gure) drawing covert attention ( dotted line ) 
to that location. Targets can then appear at the cued (valid trial) or uncued (invalid trial) location 
with reaction times (RTs) faster on valid trials. ( b ) Performance of a neglect patient with a right 
inferior parietal lobule (IPL) lesion arising from a middle cerebral artery stroke. RTs are slowest to 
contralesional ( left ) targets appearing after an ipsilesional ( right ) cue (i.e., an invalid trial with the 
target appearing on the  left )       

    Defi cits in Nonspatial Sustained Attention 

 Robertson and colleagues [ 54 ,  55 ] fi rst demonstrated sustained attention defi cits in 
neglect using a simple task—the “Elevator Counting Task” [ 56 ,  57 ]. Patients were 
given between 3 and 14 tones separated by 3–5 s and had to report the number of 
tones presented. Neglect patients performed poorly on this task when compared 
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with right brain-damaged patients without neglect [ 54 ]. Moreover, poor sustained 
attention correlated with neglect severity [ 54 ,  55 ]. The authors [ 54 ] suggest that 
poor sustained attention represents a critical marker of neglect and acts to exacer-
bate the more obvious spatial symptoms of the disorder [ 58 – 60 ]. Support for this 
notion comes from attempts to rehabilitate patients with neglect, which relies on 
modulating arousal levels [ 54 ,  55 ,  60 ,  61 ]. That is, when neglect patients are given 
brief loud tones intended to induce a  phasic  change to arousal, there is a concomi-
tant improvement in some of the spatial symptoms of the disorder [ 61 ]. 

 The ability to allocate attention over time is also impaired in neglect [ 62 ]. In the 
attentional blink task used to index this, patients attend to a stream of alpha-numeric 
stimuli and detect two targets embedded in the stream, with different temporal 
 distances between the fi rst and second targets [ 63 ,  64 ]. Controls show a diminished 
ability for discriminating target two when it is presented in close temporal proximity 
to target one (although there is spared capacity at the briefest lag) [ 65 ]. That is, once 
resources are allocated to target one, there is a refractory period—the attentional 
blink—during which those resources cannot be fully marshaled to discriminate tar-
get two. Neglect patients show an attentional blink almost 3 times longer than that 
observed in controls [ 62 ]. It should be noted that research shows an increased atten-
tional blink with lesions of the left or right superior temporal gyrus (STG) [ 66 ], 
frontal cortex [ 67 ], and even cerebellum [ 68 ]. Given that impaired temporal alloca-
tion of attention is not unique to neglect, many suggest that this, and related defi cits, 
refl ect a disruption to  tonic  arousal levels that arise as a consequence of any neural 
insult. As such, impaired nonspatial sustained attention and poor temporal alloca-
tion of attention are thought to represent exacerbating symptoms that worsen the 
cardinal feature of neglect—an inability to consciously represent left space [ 59 ].  

    Spatial Working Memory 

 Two aspects of cancellation performance hint at problems with spatial working 
memory (SWM) in neglect that are not limited to left space. First, patients often fail 
to cancel targets in right space, suggesting they have a faulty representation of the 
spatial layout of the environment even for stimuli appearing in “good” or non- 
neglected space [ 5 ,  69 ]. Second, patients often place multiple cancellation marks on 
a single target, treating already processed or “old” items as if they are “new” (see 
Fig.  5.3 ). The tendency to treat old items as if they were new is especially evident 
when the patient’s cancellation marks are hidden from view [ 70 ,  71 ]. Conversely, 
revisiting behavior can be  reduced  when the salience of targets is reduced (or the 
target is removed) once cancelled by the patient [ 72 ].

   Cancellation tasks are essentially a test of visual search performance, involve 
complex stimuli, and are reliant on multiple factors (e.g., perceptual discrimination, 
reorienting attention) to achieve good performance. Failure on such tasks could be 
due to impairments on any one or a combination of those factors. To address this, 
we (and others) have explored SWM in neglect [ 69 ,  73 ]. We asked patients to keep 
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in mind over a short delay three vertically aligned targets. After the delay a probe 
appeared, with the patient indicating whether the probe appeared in one of the previ-
ous target locations (Fig.  5.3 ). A group of four neglect patients showed a severe 
defi cit on this task even when the information to be remembered was presented to 
right, non-neglected, space [ 69 ]. This was in contrast to their normal ability to main-
tain alphanumeric stimuli over an identical delay [ 69 ]. This highlights that neglect 
patients do not have a generalized working memory defi cit, but have a specifi c dif-
fi culty in maintaining  spatial  information over short periods of time. The fact that 
these defi cits are not restricted to left, neglected space, but are instead evident for 
both central and right space [ 69 ,  73 ], makes it diffi cult to explain in the context of 
impaired allocation of spatial attention.  

    Impaired Perception of Time 

 Impoverished perception of time is another key defi cit evident in neglect that defi es 
explanation in terms of disrupted spatial or sustained attention [ 74 – 77 ]. Basso and 
colleagues [ 74 ] showed in one neglect patient that stimuli presented in the leftmost 
positions of an array (all items were presented in right, non-neglected space) were 
overestimated, whereas rightmost stimuli were underestimated. Harrington and col-
leagues [ 78 ] showed that patients with right frontoparietal lesions were unable to 
discriminate sub-second temporal durations. Finally, we showed that neglect 
patients dramatically underestimated multi-second durations [ 75 ]. Patients attended 
to an illusory motion stimulus for between 5 and 60 s and reported aloud the appear-
ance of single digits presented at random temporal intervals (to prevent internal 
counting of durations). Interestingly, many patients failed to report several of these 
digits, mirroring the results of the aforementioned Elevator Counting and Attentional 
Blink tasks (although on different time scales). Each patient massively underesti-
mated the elapsed time, never making estimates of greater than 10 s for what was 
actually a 60-s interval [ 75 ]. In another patient, we showed that this defi cit was 
evident for visual, verbal, and nonverbal auditory stimuli, suggesting that impaired 
time perception is multimodal in neglect [ 76 ]. Finally, we tested two right medial 
temporal lobectomy patients on the visual time estimation task. Despite demon-
strable memory defi cits, these patients produced temporal estimates that were well 
within the range of healthy controls (Locklin and Danckert, unpublished data). This 
indicates that accurate time perception does not rely heavily on working memory 
processes, which were defi cient in these patients (Fig.  5.4 ).

   An inability to accurately represent time in and of itself cannot explain, nor be 
explained by the  spatial  nature of neglect. What this kind of defi cit represents is a 
diffi culty in accounting for a key component of an ever-changing environment—the 
temporal dynamics of those changes. For a neglect patient who is already biased to 
attend only to right space, an inability to time stamp changes to incoming informa-
tion will compound this defi cit, making it more diffi cult to represent changes in the 
environment, particularly when they occur in left space.  
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  Fig. 5.3    ( a ) Spatial working memory (SWM) defi cits on clinical tests of neglect—cancellation 
tasks. To the  left  is performance on the star cancellation task with targets missed on the  right  side 
of the array highlighted by  red circles . To the  right  is performance on Albert’s lines task with targets 
that were revisited (i.e., “old” targets treated as if they were “new”) highlighted by  red circles . ( b ) 
Performance of two neglect patients on a SWM and verbal working memory (VWM) task. For the 
SWM task, patients were presented with three vertically aligned targets and kept these locations in 
mind over a delay. A circle probe then appeared with the patient indicating whether the probe was 
presented in one of the previous target locations. For the VWM task patients were presented with 
three numbers to keep in mind over a delay and had to indicate whether a probe number presented 
after the delay was among one of the target group. To the right is accuracy (hits—false alarms) for 
both the SWM ( white bars ) and VWM ( black bars ) for two neglect patients. Adapted from [ 69 ]       
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    Representational Updating in Neglect 

 As discussed earlier, neglect has been considered a disorder of mental representa-
tions [ 15 ]. In other words, neglect represents an inability to create or appropriately 
make use of mental models of the environment. Many of the spatial and nonspatial 
defi cits (or at the very least non-spatially lateralized defi cits—cf. SWM) in neglect 
can be parsimoniously characterized as defi cits in mental model building and updat-
ing. Mental models have been shown to subserve a wide variety of functions 

  Fig. 5.4    ( a ) Schematic representation of the visual time estimation task. Patients saw an illusory 
motion stimulus for between 5 and 60 s and reported aloud numerals presented at random temporal 
intervals (to prevent internal counting of durations). ( b ) Mean estimates for healthy controls ( black 
circles ; SE represented by the  gray bar ) and one neglect patient ( asterisk ; see [ 75 ] for data from 
eight neglect patients and right brain-damaged patients without neglect). ( c ) Data from two patients 
who had undergone right temporal lobectomies (RTL) as treatment for medication resistant epi-
lepsy. Both patients show adequate temporal estimations despite substantial working memory defi -
ciencies indicating that for neglect patients, disordered time estimation is unlikely to be related to 
memory capacity       
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including inferring intention (i.e., theory of mind) [ 79 ], predicting the sensory 
 consequences of actions (a capacity impaired after parietal damage) [ 80 – 83 ], and 
learning new skills based on prior experiences [ 84 ]. 

 Recent theories have suggested that neglect is best characterized as a combi-
nation of defi cits in spatial attention and diffi culties in remapping space [ 85 ]. 
The task used to test spatial remapping is known as the double-step saccade task, 
in which two targets for successive eye movements are presented in rapid succes-
sion [ 86 ]. Programming both saccades based on retinal signals leads to an erro-
neous saccade to target two. Instead, we remap our model of space based on the 
anticipated outcome of the saccade to target one. Spatial remapping is clearly 
defi cient after parietal lobe injury, due in the cited cases to aneurysmal subarach-
noid hemorrhage, ischemic stroke, and brain tumor surgery [ 86 ,  87 ]. Nevertheless, 
defi cits in spatial remapping still fail to account for many of the symptoms dis-
cussed previously including poor SWM, which is not restricted to any particular 
region of space and impaired perception of time [ 69 ,  75 ,  76 ]. In addition, recent 
work employing prisms to rehabilitate neglect (see section “Recovery from 
Neglect”) has shown that while some spatial symptoms can be improved, many 
other aspects, including perceptual biases, SWM, and time perception defi cits, 
remain unchanged [ 88 ,  89 ]. This suggests there are dissociable components to 
the neglect syndrome, only some of which are ameliorated via attentional 
training. 

 One of the challenges in theorizing about neglect arises due to the heterogeneity 
of symptom profi les [ 5 ,  32 ]. What is suggested here is that neglect likely arises as a 
consequence of a  combination  of key impairments including poor spatial orienting 
and sustained attention and what could be characterized as a generalized impair-
ment in updating mental models. With respect to the latter, defi cits in saccadic 
remapping, SWM, motor imagery, time perception, and to some degree even spatial 
attention [ 90 ] are recast as impairments to the ability to generate and make use of 
mental models of the environment [ 91 ,  92 ]. 

 Mental models represent learned rules and expectations concerning the way in 
which the world operates and enable us to simplify the processing needed to con-
trol behavior in fl exible and optimal ways. Necessarily, these models require fre-
quent updating as new information indicates a change in environmental state. 
Such updating requires some form of comparison to determine whether new infor-
mation matches the rules and expectations of our model. When mismatches arise, 
the degree or type of mismatch determines whether the model needs updating. 
This kind of comparator process has been invoked to describe the role of parietal 
cortex in motor control and motor imagery [ 83 ,  93 – 95 ]. What is being proposed 
here is that a more generic kind of mental model updating process could be 
ascribed to the inferior parietal lobule that, when damaged, would explain many of 
the key symptoms of neglect—symptoms that defy a simple attentional explana-
tion. If the inferior parietal lobule is found to support the generation and updating 
of mental models, one would expect to see updating defi cits evident not only in 
spatial (e.g., impaired saccadic remapping, SWM) domains, but also in nonspatial 
domains. 
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 We examined whether neglect patients would show a defi cit in updating mental 
models in a nonspatial domain by having them play the children’s game “rock, 
paper, scissors” (Fig.  5.5 ) [ 96 ].

   Their computer opponent initially played a uniform strategy choosing one option 
on 33 % of trials (no strategy the patient could adopt will lead to more than 33 % 
wins). Later, the computer adopted a biased strategy choosing one option (“paper”) 
on 80 % of trials. The logic here is that an accurate model of your opponent’s play 
will allow you to adjust your own strategy to exploit that bias and maximize wins 
(e.g., choose “scissors” most often). Five of seven neglect patients failed to take 
advantage of the biased play of the computer opponent (Fig.  5.5 ) [ 96 ]. The two who 
did alter their play took more than 3 times as long as controls to do so and never 
reached the optimal levels of controls. We also observed impaired performance in 
some right brain-damaged patients without neglect, indicating that an updating defi -
cit is not unique to neglect. This is an all too common refrain in the neglect literature 
with even what is sometimes considered to be a cardinal defi cit (i.e., impaired ori-
enting to left space) showing up in right brain-damaged patients without neglect 
(note: the same is true for saccadic remapping and temporal defi cits, although 
impairments are consistently worst for neglect patients) [ 53 ,  66 ,  75 ,  87 ]. What this 
indicates is that no single defi cit alone is suffi cient to produce the full neglect syn-
drome. Instead, neglect arises as a consequence of a constellation of key impair-
ments, one of which is the inability to generate or update mental models of the 
environment across multiple domains and behaviors. 

 What the preceding sections emphasize is that a neglect patient already captured 
by events in right space will experience great diffi culty exploring the world beyond 
that region, given that his/her internal model of the environment either is poorly 
constructed in the fi rst instance or does not undergo appropriate updating relevant to 
changes in the environment in the second instance.   

    Anatomy of Neglect 

 As already mentioned, neglect is a heterogeneous syndrome. The precise array of 
defi cits evident in any patient will vary with lesion location and the extent to which 
white matter pathways are involved. This section outlines some of the recent work 
exploring the critical lesion site for neglect. 

    What Is the Critical Lesion for Neglect? 

 The earliest descriptions of neglect implicated damage to the supramarginal and 
angular gyri [ 30 ,  31 ]. Many early studies did not have the benefi t of imaging 
(although Paterson and Zangwill [ 30 ] did make use of X-rays) and often relied on 
autopsy, where available, to determine structure-function relationships. The fi rst 
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study to attempt to determine the  common  region involved in neglect used computed 
tomography (CT) scans and suggested the inferior parietal cortices were most com-
monly involved [ 97 ]. More recently some controversy has arisen concerning the 

  Fig. 5.5    ( a ) Representation of the rules governing the zero-sum children’s game “rock, paper, 
scissors.” ( b ) Schematic representation of the version of “rock, paper, scissors” played with neglect 
patients in [ 96 ]. The  top square  represents the computer’s play and this changed from  red  to  green  
when the computer had “locked in” its choice. Patients then made their choices and both were 
revealed to indicate the outcome for the patient (win, loss, tie; in the instance shown here, the 
patient wins). ( c ) Performance for the condition in which the computer adopted a strongly biased 
play strategy (i.e., choosing “paper” on 80 % of all trials). Participant choices are represented as a 
moving average ( n  = 20 trials) of the optimal choice (“scissors”). Controls ( dotted line ,  gray bar  
represents standard error) quickly discern the computer’s strategy and adopt the optimal choice 
around 75 % of the time (i.e., matching the computer’s play). A typical left brain-damaged (LBD) 
patient is shown in red. This patient quickly chose to exploit the biased play of the computer. 
Unlike controls, the patient maximized their response choices (i.e., choosing “scissors” 100 % of 
the time). This was a common strategy seen in 9 of 10 LBD patients. A typical right brain-damaged 
patient with neglect (RBD N+) is shown in blue. Clearly, this patient’s play did not deviate from 
random, a pattern that was observed in 5 of 7 neglect patients [ 96 ]       
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critical lesion for neglect (Table  5.1 ) [ 98 ,  99 ]. These studies variously claim that the 
STG or the angular gyrus of the inferior parietal lobule (IPL) represent the critical 
lesion site for neglect (Table  5.1  and Fig.  5.6 ) [ 98 ,  99 ].

       Table 5.1    Summary of studies exploring the anatomical basis of neglect   

 References  # Patients  Method  Critical region associated with neglect 

 Buxbaum et al. 
[ 101 ] 

 166 (80 neglect, 42 
acute, 38 chronic) 

 CT/MRI  Acute = BG, inf/mesial temp 
 Chronic = cingulate, OFC, IPL, IT, inf/

mesial temp, occ, sup/mid temp 
 Chechlacz et al. 

[ 102 ] 
 41 (21 RH patients; 19 

left neglect, 4 right 
neglect) 

 DTI, 
VLSM 

 IPS, TPJ, SLF, ILF, SFOF, IFOF, 
thalamic radiation, corona radiata 

 Allocentric neglect = pSTS, AG, mid 
temp, mid occ 

 Egocentric neglect = mid front, PCG, 
STG, SMG 

 Karnath et al. 
[ 98 ] 

 33 neglect patients (25 
w/o fi eld cuts) 

 MRI, 
VLSM 

 STG, ventral PCG, parietal operculum 

 Karnath et al. 
[ 132 ,  133 ] 

 140 RH (78 neglect)  MRI, 
VLSM 

 STG, insula, putamen, caudate, SLF, 
IFOF, SFOF, 

 Karnath et al. 
[ 134 ] 

 54 (24 neglect; 8 
chronic, 16 
recovered) 

 MRI, 
VLSM 

 STG, MTG, BG, IFOF, extreme capsule 
+ uncinate fasciculus in chronic 
patients 

 Mort et al. [ 99 ]  35 (24 MCA/14 
neglect; 11 PCA/5 

 MRI  MCA = AG, STG in 50 % 
 PCA = Parahippocampal 

 Ptak and 
Schnider 
[ 135 ] 

 30 RBD (20 neglect)  VLSM  TPJ, pIPS, MFG 

 Urbanski et al. 
[ 111 ] 

 4 (2 neglect)  DTI  IPL, IFOF 

 Urbanski et al. 
[ 110 ] 

 12 (6 neglect)  DTI  Perisylvian w.m., ant. limb of IC, w.m. 
underlying IFG (ant. segment of 
arcuate fasciculus) 

 Vallar and 
Perani [ 97 ] 

 110 (47 neglect, 29 
severe neglect) 

 CT  IPL, thalamus, BG 

 Verdon et al. 
[ 104 ] 

 80 (55 neglect, 16 
severe neglect) 

 MRI, 
VLSM 

 Visuospatial neglect = IPL 
 Motor neglect = DLPFC 
 Allocentric neglect = parahippocampal 

gyrus 

   CT  computerized tomography,  MRI  magnetic resonance imaging,  DTI  diffusion tensor imaging, 
 VLSM  voxel-wise lesion symptom mapping,  BG  basal ganglia,  OFC  orbitofrontal cortex,  IPL  infe-
rior parietal lobule,  IT  inferotemporal,  IPS  intraparietal sulcus,  TPJ  temporoparietal junction,  SLF  
superior longitudinal fasciculus,  ILF  inferior longitudinal fasciculus,  SFOF  superior frontal- 
occipital fasciculus,  IFOF  inferior frontal-occipital fasciculus,  STS  superior temporal sulcus,  AG  
angular gyrus,  PCG  precentral gyrus,  STG  superior temporal gyrus,  SMG  supramarginal gyrus, 
 MCA  middle cerebral artery territory,  PCA  posterior cerebral artery territory,  IFG  inferior frontal 
gyrus,  MFG  middle frontal gyrus,  IC  internal capsule,  DLPFC  dorsolateral prefrontal cortex,  inf  
inferior,  sup  superior,  occ  occipital,  temp  temporal,  front  frontal,  par  parietal,  mid  middle,  ant  
anterior,  w.m.  white matter,  RBD  right brain damaged  
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    The different cortical substrates put forth as a critical lesion site for neglect may, 
in part, refl ect different selection criteria or the presence or absence of hemianopia—a 
nontrivial factor given that opposing biases are expected for neglect and hemianopic 
patients on some tests [ 100 ]. Furthermore, some studies have shown distinct regions 
of cortical damage are associated with specifi c symptom profi les (Table  5.1 ) [ 101 –
 104 ]. Despite this controversy and the heterogeneity of fi ndings, the regions com-
monly associated with neglect [i.e., the IPL, the temporoparietal junction (TPJ), the 
STG] all represent multimodal association cortices that maintain reciprocal connec-
tions with primary sensory cortices, subcortical structures, and the frontal lobes.  

    Neglect as a Disconnection Syndrome 

 More controversial than the debate concerning the cortical lesion site for neglect is 
the notion that neglect be considered a disconnection syndrome [ 105 ]. Many of the 
previously discussed studies highlight commonly affected subcortical regions 
including the thalamus, caudate, putamen, and deep cortical structures such as the 
insula (Table  5.1 ). However, it is the consistent involvement of white matter path-
ways that has led some to suggest that the disorder should be characterized as a 
disconnection syndrome [ 105 ,  106 ]. This may go part of the way in explaining the 
heterogeneity of symptom profi les in neglect if one assumes that the range of 

  Fig. 5.6    Right hemisphere of the brain showing the critical cortical sites that produce neglect (see 
Table  5.1  for more details). The angular gyrus is shown in  green , the supramarginal gyrus in 
 magenta , and the superior temporal gyrus in  purple . The temporoparietal junction (TPJ) is indi-
cated by the  red circles  and  dotted line        
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defi cits evident in any given patient depends on a combination of the cortical regions 
involved and the connections disrupted between these regions and their normal pro-
jection sites. In particular, what may be most critical, both in terms of whether a 
right brain-damaged patient does or does not display neglect, as well as the particu-
lar symptom profi le evident, is the involvement of long-range white matter fi ber 
pathways connecting the frontal and parietal cortices [ 106 – 111 ]. The challenge this 
work poses for theories of neglect is to develop a comprehensive model of the syn-
drome that reliably associates specifi c symptoms profi les with specifi c brain  regions/
pathways.      

    Recovery from Neglect 

 Given the prevalence of neglect and the fact that neglect is an indicator of poor 
prognosis, there have been many attempts to rehabilitate the disorder [ 112 – 116 ]. 
Techniques such as neck muscle vibration and caloric stimulation lead to a tempo-
rary optokinetic nystagmus and temporarily improve some symptoms of neglect 
[ 113 – 116 ]. Similarly, limb restriction, in which the patient’s “good” arm is restricted 
to force use of their contralesional limb, also leads to temporary improvements but 
is untenable in the long term for obvious reasons [ 117 ]. More recently, the use of 
prisms has led to some broad, longer-term benefi ts to neglect patients [ 118 ,  119 ] 
(see [ 120 ,  121 ] for clinical trials with null results). 

    Prism Adaptation and Applications for Rehabilitation 

 Prism adaptation fi rst requires the patient to point to where they think straight ahead 
of their body midline is while blindfolded (i.e., a proprioceptive judgment of straight 
ahead) (Fig.  5.7 ).

   Patients often indicate a location to the right of true center. They then point to 
targets to the left and right of their midline while wearing prisms that shift visual 
input further to the right. Initial pointing movements show rightward errors due to 
perturbed input from the prisms. Patients then correct for these errors shifting their 
movements leftward to accommodate for the prism shift. After a brief exposure 
period (~5 min), patients repeat their judgments of straight ahead and show afteref-
fects such that movements are now to the left of pre-prism judgments (Fig.  5.7 ) 
[ 122 ,  123 ]. This shift in straight-ahead judgments shows that the patient success-
fully adapted to the prisms. More striking are the effects seen in a wide range of 
tasks including improved performance on clinical tasks, shifts in postural balance, 
visual imagery, tactile search, ocular explorations, and spatial reorienting [ 16 ,  17 , 
 124 – 126 ]. Many of the improvements seen after prisms are maximal at around 2-h 
postexposure [ 119 ], with multiple adaptation sessions leading to even longer-term 
changes in neglect symptoms [ 127 ]. 
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 We showed that prisms modifi ed the way in which spatial attention was oriented 
[ 126 ,  128 ], such that after prisms, right brain-damaged patients with signifi cant 
disengage defi cits were faster to respond to left-sided targets after having fi rst been 
cued to attend to right space (Fig.  5.8 ) [ 126 ,  129 ]. Critically, this work shows that 
one key aspect of neglect—defi cient spatial reorienting—can be ameliorated by 
prisms. The same cannot be said for all aspects of the disorder [ 88 ]. Our initial 
demonstration of this made use of chimeric faces to explore the infl uence of prisms 
on perception versus action [ 124 ]. As discussed previously, neglect patients show a 
characteristic bias such that they claim chimeric faces shown to be smiling on the 
right appear happier (the opposite of the bias seen in controls [ 40 ,  41 ]). We explored 
this bias while monitoring fi xations before and after prisms. Unsurprisingly, prior to 
prisms the patient fi xated the right half of faces. After prisms, he now explored the 
left half of those same faces (Fig.  5.8 ). When asked which face was happier, even 
after prisms the patient chose the face shown smiling on the right despite the fact 
that prisms had allowed him to now explore previously neglected left-sided features 
of those faces (Fig.  5.8 ). This dissociation between altered attentional shifts and 
unchanged perceptual biases is not unique to faces [ 89 ,  130 ].

  Fig. 5.7    Schematic representation of a typical prism adaptation procedure [ 119 ]. ( a ) Pre-exposure 
judgment of straight ahead while blindfolded. The typical patient will indicate a location to the 
right of true center. ( b ) Exposure period in which patients point to targets to the left and right of 
midline. Shown here is an initial pointing trial with a rightward error (i.e., in the direction of the 
prism shift). ( c ) Post-exposure judgments of straight ahead while blindfolded typically show an 
aftereffect in the direction opposite that of the prismatic shift, such that the patient now indicates a 
location closer to true center. ( d ) Pre- and postexposure cancellation performance. Note that while 
more targets are cancelled on the left after exposure to prisms, a concomitant number of right-sided 
targets are now omitted       
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  Fig. 5.8    ( a ) Improvement in the disengage defi cit post-prisms in one patient with neglect. 
( b ) Fixations made to chimeric faces prior to prisms (left face with  red circles ) and after prisms 
(right face with  green circles ).  Lower panel  shows the perceptual judgments of happiness (% of 
right smiling face chosen) before ( white bar ) and after ( black bar ) prisms. Note that while fi xations 
shifted leftwards, there were no changes in perceptual bias. ( c )  Left panel  shows time estimation 
performance in one neglect patient with a thalamic and parietal white matter lesion ( circles  on the 
CT scan show the lesions) before ( open circles ) and after prisms ( black squares ). The  right panel  
shows SWM performance in the same patient before ( white bar ) and after ( black bar ) prisms. Note 
there is no change in either behavior       
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   The failure of prisms to alter perceptual biases in neglect may refl ect the fact that 
prisms primarily infl uence processes controlled by superior parietal cortices—
prominent structures in the dorsal visual stream from V1 to posterior parietal cor-
tex, known to be important for the control of visually guided actions and reorienting 
attention [ 35 ,  131 ]. The dorsal stream is typically undamaged in neglect and 
changes in behaviors normally controlled by this stream are unlikely to affect per-
ceptual processing in the ventral pathway (V1 to inferotemporal cortex), especially 
given the fact that the two pathways are substantially disconnected from one 
another by IPL/STG lesions. Anecdotally, neglect patients continue to show many 
of the same problems in daily living (e.g., bumping into walls on their left) even 
after having shown improvements on clinical measures of the disorder following 
prisms. It may be the case that prisms alter exploratory motor behaviors and the 
ability to reorient attention, but do nothing to the impairments in generating and 
updating mental models (Fig.  5.5 ). In one patient we tested, we found no improve-
ment in SWM and temporal estimation following prisms (Fig.  5.8 ). As previously 
suggested, the full neglect syndrome probably represents a constellation of symp-
toms including defi cient spatial orienting of attention, impaired sustained attention, 
and a more generalized impairment in mental model creation and updating. Prisms 
may prove to be very effective in rehabilitating the former defi cits, while failing to 
improve the latter.   

    Summary 

 Neglect is a common consequence of right-sided brain damage and presents in the 
acute phase after stroke with a heterogeneous range of symptoms. Classic models 
of neglect that focus on impaired spatial attention are inadequate to explain the 
full range of symptoms. Instead, neglect is likely a consequence of a constellation 
of symptoms including defi cient spatial orienting, poor sustained attention, and 
impoverished use of mental models. Characterizing neglect defi cits as impaired 
construction, use, or updating of mental models represents a fruitful way of 
explaining a broad swath of observed defi cits. This does not suggest that defi cits 
in mental model building or updating are suffi cient to produce neglect. However, 
an inability to accurately create or update a representation of the environment and 
the rules that govern its operation would represent a severe impediment to fl uid 
control of behavior. When coupled with a strong bias towards attending to right 
space, this defi cit would explain many of the most prominent symptoms of neglect. 
It is likely that the degree to which updating defi cits are present in any given 
neglect patient will depend not only on the site of cortical or subcortical damage, 
but also on the degree to which those regions have been disconnected from their 
target projection sites.     
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           Introduction 

    Aphasia and Stroke 

 Aphasia is a generic term used to describe a range of impairments in language 
 function following acquired brain damage typically involving the left hemisphere 
[ 1 – 3 ]. Aphasia may affect all modes of expressive and receptive communication 
including speaking, understanding, writing, reading, and gesturing [ 1 – 3 ]. This 
defi nition seems superfi cial because it merely describes the surface behavioral defi -
cits of aphasia (e.g., word-fi nding diffi culty and reduced fl uency) and mentions 
nothing about the underlying source of functional impairments. Some scientists pre-
fer to describe aphasia as a multimodal impairment of the integral constituents of 
language, such as phonology, syntax, morphology, and lexical semantics [ 4 ]. 
Aphasia should not be regarded as a domain-specifi c language disorder because 
other cognitive skills (e.g., attention, learning, and memory and executive function) 
essential for normal processing of language are usually impaired as well. A growing 
body of evidence indicates that the adequate functioning of these nonlanguage cogni-
tive functions is crucial for the recovery of aphasia and communication defi cits [ 5 ]. 
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This would imply that formal assessment of aphasia should not be restricted to the 
language domain; rather it needs to be expanded to include other cognitive and 
behavioral domains (see later). A new conceptualization of aphasia as a “discrete 
acquired disorder with a variety of aetiologies but specifi c characteristics” has been 
proposed as it provides a more informative viewpoint that may be useful to enhance 
public awareness of this still under-recognized condition [ 6 ]. In this chapter, we 
present an overview of acute and chronic post-stroke aphasia (PSA) covering epide-
miology, pathophysiology, diagnosis, and treatment. 

 Aphasia is one of the most disabling cognitive defi cits of stroke since it causes 
substantial functional disability and high psychological distress [ 7 – 11 ]. In acute 
rehabilitation settings, aphasic patients have longer length of stay and show poorer 
functional improvement than stroke patients without aphasia [ 12 ]. Moreover, indi-
viduals with chronic aphasia participate in fewer activities and have worse quality 
of life than stroke patients without aphasia [ 7 ]. Aphasia is a very frequent disorder. 
The National Aphasia Association (January 2012) reports that in the United States, 
aphasia affects one million inhabitants (i.e., 1 in 250 people) [ 13 ]. An annual inci-
dence rate of 43–77.5 per 100,000 persons has been reported in cases of stroke 
[ 14 – 16 ] with an incidence of PSA following the fi rst-ever episode ranging between 
30 and 38 % in hospitalized patients [ 17 – 21 ]. These fi gures are even higher in the 
elderly population [ 14 ]. Despite its prevalence, PSA still remains an unknown con-
dition for most people [ 2 ]. 

 Aphasia is nearly always associated with left hemisphere lesions in right-handed 
individuals and in ~70 % of left-handers [ 1 ]. Right hemisphere damage can like-
wise provoke aphasia in left-handed subjects, but aphasia after right hemisphere 
involvement is exceptional in dextral subjects (crossed aphasia), except if they 
have left- handed relatives, personal history of developmental disorders (dyslexia, 
dysgraphia), or early acquired left hemisphere injury [ 22 ]. Acute aphasia due to 
ischemic stroke may be caused by atherothrombotic, hemodynamic, and cardioem-
bolic mechanisms in vascular territories of the internal carotid artery and the mid-
dle cerebral artery perfusing the perisylvian language cortex [ 23 ,  24 ]. Less 
commonly, acute aphasias are the consequence of infarctions in borderzones 
between two major arteries (e.g., anterior cerebral and middle cerebral artery) [ 25 , 
 26 ]. Infarction in these arterial territories is associated with different clinical types 
of aphasia [ 23 ,  24 ]. While ischemic infarctions are responsible for nearly 80 % of 
aphasic cases, hemorrhages are less frequent and their localization is not con-
strained by vascular territories [ 1 ]. Subcortical infarctions and hemorrhages involv-
ing the basal ganglia, internal capsule, or thalamus may also cause aphasia, yet the 
role of subcortical structures in language is poorly understood [ 23 ,  24 ,  27 – 30 ]. 
Various pathophysiological mechanisms have been suggested to account for sub-
cortical aphasia including cortical diaschisis, deafferentiation of distant cortical 
areas connected with damaged white matter pathways or nuclei, or mass effect on 
intracerebral circulation [ 23 ,  24 ,  27 – 30 ]. For instance, aphasia after striato-capsu-
lar infarctions has been ascribed to sustained low perfusion in the overlying cortex 
and concomitant cortical infarction not visible in structural imaging studies [ 28 ]. 
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Thalamic aphasia instead may result from direct damage to deep gray nuclei and 
white matter tracts, which interrupt fronto- thalamic neural networks implicated in 
attentional and lexical-semantic processing [ 23 ,  24 ,  27 – 30 ]. In light of the well-
known role of subcortical structures in speech, language, and prosody, another 
likely mechanism underlying subcortical aphasia is direct damage to deep gray 
nuclei and pathways [ 30 ]. Accumulating evidence indicates that stroke lesions 
involving the right cerebellum may also induce speech disorders (e.g., mutism and 
foreign accent), aphasic signs (e.g., agrammatism), and genuine aphasic syndromes 
(e.g., anomic and transcortical motor aphasia) [ 31 ,  32 ]. Functional imaging studies 
in this condition revealed cerebellum-cerebral diaschisis, refl ecting the functional 
inactivation of the language-dominant frontal lobe secondary to reduced input via 
cerebellum-cortical pathways [ 31 ].   

    Classifi cation of Aphasic Syndromes 

 The current outline of aphasic syndromes derives from the pioneering studies of 
Broca, Wernicke, Lichtheim, and their contemporaries in the cerebral localization 
of vascular and traumatic lesions responsible for language dysfunction [ 23 ,  24 ,  27 , 
 33 – 35 ]. Although these groundbreaking discoveries permitted the segregation of 
signs and symptoms into different syndromes (i.e., Broca’s aphasia and Wernicke’s 
aphasia) with reliable topographical correlates in acute cases (see next section) [ 33 –
 35 ], they did not receive unanimous acceptance [ 36 – 39 ]. Hence, other classifi ca-
tions of aphasic disorders appeared and new syndromes were discovered (e.g., 
dynamic aphasia) [ 38 ], and new labels were also assigned to already well-defi ned 
aphasic syndromes. In this regard, it is remarkable that a lively debate on the clas-
sifi cation and localization of aphasic syndromes remains 150 years after the publi-
cation of Broca’s treatise on the brain substrates of language [ 33 – 43 ]. We admit that 
controversy many times sheds light on unsolved neuroscientifi c dilemmas, but 
learning the myriad of labels used for relatively analogous aphasic syndromes is a 
diffi cult endeavor for clinicians and may be one of the several reasons why aphasia 
does not receive as much attention as it may deserve. Therefore, in this chapter, a 
more practical approach to classifying aphasic syndromes and their neural corre-
lates is adopted to help health professionals working in acute care settings to assist 
their patients. 

 Although some authors recommend against using taxonomic classifi cations of 
aphasic defi cits [ 43 ,  44 ], this approach remains useful for clinical purposes because 
it allows lesion-symptom mapping and may inform prognosis [ 23 ,  24 ,  41 ]. For 
example, the presence of anterior perisylvian aphasias (e.g., Broca’s aphasia) usu-
ally entails poorer prognosis for language recovery than anterior extrasylvian apha-
sias (e.g., transcortical motor aphasia) [ 22 ,  41 ]. Moreover, these distinct aphasic 
syndromes may have different pathophysiological mechanisms and complications. 
Classic Broca’s aphasia is nearly always secondary to territorial infarctions in the 
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middle cerebral artery branches, whereas transcortical motor aphasia frequently 
results from anterior borderzone infarctions, a mechanism that predispose to sei-
zures more than territorial infarctions [ 26 ,  45 ]. 

 Aphasic syndromes can be accurately established in more than two-thirds of 
cases with tasks tapping fl uency in spontaneous speech, auditory comprehension, 
and repetition [ 23 ,  27 ,  41 ]. Naming defi cits also need to be evaluated, but because 
word-fi nding diffi culties and impaired naming are constant features in PSA, this 
domain lacks discriminative power to distinguish clinical profi les [ 27 ]. Traditional 
classifi cations of aphasia used dichotomous approaches (e.g., fl uent versus nonfl u-
ent spontaneous speech and impaired versus spared auditory comprehension) [ 23 , 
 24 ,  27 ,  40 ,  41 ]. A similar way to classify aphasias from a clinical perspective is 
evaluating the ability to repeat language, because performance on this variable 
is typically dichotomized (i.e., impaired versus spared repetition) in most patients 
with acute PSA and patently refl ects the involvement or sparing of key cortical 
areas and white matter pathways (e.g., arcuate fasciculus) subserving  auditory-verbal 
transcoding [ 23 ,  24 ,  27 ,  40 ,  41 ]. Indeed, some view the loss or preservation of word 
and sentence repetition in patients with acute PSA as a quite robust clinical sign, 
because it can provide valuable information about the involvement or sparing of the 
left perisylvian language area [ 46 ]. Acute aphasias caused by lesions involving the 
perisylvian core all share the impairment of repetition, whereas aphasias associated 
with acute lesions sparing the perisylvian region are chiefl y characterized by the 
relative preservation of word and sentence repetition [ 24 ,  34 ]. Thus, the diagnosis 
of a specifi c acute aphasic syndrome may allow the prediction of the compromised 
vascular territory and is useful for clinical purposes [ 24 ,  47 ]. However, the clear-cut 
lesion-symptom mapping described in acute PSA is not applicable for patients with 
chronic aphasia, as the performance on language tasks in chronic PSA patients 
refl ects the interplay between the conjoint activity of incompletely damaged neural 
tissue and dynamic compensation and reorganization processes underpinned by 
new neural connections [ 46 – 48 ]. Figure  6.1  shows an algorithm of aphasia classifi -
cation based on repetition ability coupled with performance on fl uency in spontane-
ous speech and auditory comprehension.

   Six of the eight acute clinical aphasic syndromes can be broadly classifi ed in two 
groups. Features common to one such group, usually described as “classic” apha-
sias (e.g., Broca’s aphasia, Wernicke aphasia, and conduction aphasia), are  impaired  
repetition and cortical involvement of the perisylvian language region irrigated by 
the middle cerebral artery [ 23 ,  24 ,  27 ,  40 ,  41 ]. Features characteristic of the other 
group (e.g., transcortical aphasias) are  preserved  repetition and cortical damage at 
or beyond the boundaries of the perisylvian language region [ 23 ,  24 ,  27 ,  34 ,  40 ,  41 ]. 
The cortical areas residing outside the perisylvian cortex are perfused by the ante-
rior cerebral artery, the posterior cerebral artery, and the farthest end branches of 
two adjacent vascular territories [ 23 ,  24 ,  27 ,  34 ,  40 ,  41 ]. Of the remaining two 
aphasic syndromes, one (e.g., global aphasia) presents with  impaired  repetition, 
whereas repetition is  preserved  in the other (e.g., anomic aphasia). These two apha-
sias lack a consistent localizing value because they are associated with damage to 
different lesion sites [ 27 ]. 
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    Broca’s Aphasia 

 Broca’s aphasia is characterized by nonfl uent spontaneous speech, naming, and rep-
etition with relative sparing of auditory and reading comprehension except for syn-
tactically complex sentences [ 23 ,  24 ,  27 ,  40 ,  41 ]. Nonfl uent speech is characterized 
by reduced phrase length and word production (<50 words minute). Moreover, 
speech quality is also impaired by the presence of hesitant and effortful emissions, 
which contain abnormal rhythm, stress, and intonation. Grammar is impoverished 
(agrammatism) and many patients additionally display inconsistent articulation 
errors on repeated speech productions of the same utterance (apraxia of speech). 
Language comprehension is preserved for conversational, word-recognition tasks 
and simple commands, but understanding of syntactically complex sentences is 
abnormal. Repetition is impaired particularly for long words and short phrases, but 
sometimes is better than spontaneous speech. Naming is abnormal, but objects 
(nouns) are better named than actions (verbs). Oral reading and writing are grossly 
impaired. Patients with Broca’s aphasia usually display depression and catastrophic 
reactions (e.g., outbursts of frustration and anger when confronted with a task) [ 49 ,  50 ]. 

  Fig. 6.1    Algorithm for different types of aphasia based on repetition ability coupled with perfor-
mance on fl uency in spontaneous speech and auditory comprehension. Adapted from [ 61 ]       
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Lesions responsible for Broca’s aphasia are not restricted to the left frontal opercu-
lum; they usually exceed the boundaries of Broca’s area extending deeply to lower 
motor cortex, temporal cortex, anterior insula, basal ganglia, and internal capsule 
and other white matter tracts [ 42 ].  

    Wernicke’s Aphasia 

 Wernicke’s aphasia is characterized by fl uent speech with impaired comprehension 
and repetition [ 23 ,  24 ,  27 ,  40 ,  41 ]. Spontaneous speech is fl uent, well-articulated, 
and melodic, but marred by the presence of neologisms, phonemic, and, less fre-
quently, semantic paraphasias. Oral production may be abundant, copious, and 
sometimes adopt features of logorrhea (incoherent talkativeness) and pressure of 
speech, giving rise to an unintelligible jargon. Disinhibition of speech results, at 
least in part, from reduced self-monitoring of discourse, insight, and behavioral 
control (elation, irritability) [ 8 ,  49 ]. Repetition, naming, reading, and writing are 
grossly disrupted. Wernicke’s aphasia is associated with large posterior cortical 
lesions involving the posterior temporal gyrus and neighboring parietal or occipital 
cortical areas [ 42 ].  

    Conduction Aphasia 

 Conduction aphasia is characterized by a disproportionate defi cit in repetition in the 
context of fl uent paraphasic verbal output and relative sparing of auditory compre-
hension [ 23 ,  24 ,  27 ,  40 ,  41 ]. Two main types of conduction aphasia have been 
described— reproduction  and  repetition  [ 51 ]. The reproduction subtype is charac-
terized    by phonemic paraphasias in all verbal domains and recurrent production of 
sequential phonemic approximations to self-repair errors (conduite d’approche) 
[ 52 ,  53 ]. The reproduction conduction aphasia variety has been variously attributed 
to defi cits in verbal praxis [ 54 ], disrupted speech programming [ 55 ], poor output 
phonological encoding [ 55 ,  56 ], or a combination of abnormal sensory-motor inte-
gration and reduced phonological short-term memory [ 57 ,  58 ], which may result 
from cortical damage without necessary compromise of the arcuate fasciculus. The 
repetition subtype shows virtually isolated repetition defi cits that have been linked 
to a selective impairment in auditory-verbal short-term memory and cortical dam-
age that extend deeply to affect the arcuate fasciculus [ 52 ,  53 ,  56 ].  

    Global Aphasia 

 Global aphasia is a severe condition that combines the defi cits described in 
Broca’s and Wernicke’s aphasia [ 1 ,  23 ,  24 ,  27 ]. Thus, a grave reduction of 
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verbal fl uency (usually limited to word perseverations (e.g., “pa..pa..pa..pa”)) 
coexists with severely impaired comprehension. Repetition, naming, reading, 
and writing are also profoundly impaired. As previously mentioned, acute 
global aphasia does not have a consistent localizing value because, although it 
usually results from involvement of both Broca’s and Wernicke’s area, large 
acute ischemic or hemorrhagic lesions in either cortical area can also produce 
the syndrome [ 27 ].  

    Transcortical Aphasia 

 Transcortical aphasia is the term used for syndromes in which the ability to repeat 
language is relatively preserved despite marked disturbances in other linguistic 
domains [ 34 ]. The transcortical syndromes are relatively similar to those describe 
previously, except for the preservation of repetition performance and a tendency to 
repeat words and utterances spoken by another person (echolalia) [ 24 ,  34 ]. 
Repetition is relatively preserved in the face of defi cits in spontaneous speech 
(transcortical motor aphasia), auditory comprehension (transcortical sensory apha-
sia), or both (mixed transcortical aphasia) [ 34 ]. All clinical variants of transcortical 
aphasias have been attributed to lesions that spare the left perisylvian area and white 
matter tracts including the arcuate fasciculus. The most likely mechanism underpin-
ning transcortical syndromes is the so-called isolation of speech area, which pro-
poses that vascular lesions in watershed territories between major cerebral arteries 
or in the anterior cerebral artery and the posterior cerebral artery (extrasylvian corti-
cal areas) disrupt the connectivity between frontal areas responsible for speech ini-
tiation or posterior conceptual-semantic representation areas and the intact 
perisylvian language core and its underlying white matter fi ber pathways [ 23 ,  24 , 
 34 ,  40 ]. Anterior lesions in watershed territories or in the anterior cerebral artery 
territory cause the motor variant, posterior lesions are responsible for the sensory 
type, and damage to both anterior and posterior watershed territories are associated 
with the mixed form.  

    Anomic Aphasia 

 Anomic aphasia is characterized by the inability to produce names in spontaneous 
speech and visual confrontation naming [ 23 ,  27 ]. Anomia is present in all types of 
aphasias, to the extent that the diagnosis of aphasia is uncertain in language-impaired 
patients showing preserved naming ability. Acute anomic aphasia is rare and may 
indicate damage to the left temporal cortex, whereas in chronic stroke, anomic 
aphasia is commonly the fi nal classifi cation for patients evolving from more severe 
fl uent and nonfl uent aphasias [ 58 ,  59 ].   
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    Assessment: A Multidimensional Approach 

 A comprehensive evaluation of language defi cits in PSA is essential for establishing 
neuroscientifi cally based recommendations for clinical practice of aphasia rehabili-
tation [ 1 ,  60 ,  61 ]. The evaluation of language defi cits should be fl exible and adjusted 
to the general, neurological, and functional status of the aphasic patient over the 
different phases of stroke recovery. For instance, in the early stages (i.e., hyperacute 
and acute periods) bedside language testing is preferable because most aphasic 
patients do not tolerate lengthy evaluations, whereas more in-depth evaluations are 
feasible in chronic patients. One simple manner to identify aphasia in the emer-
gency room, particularly by clinicians unfamiliar with the assessment of language 
disorders, is testing spontaneous speech during an informal conversation or asking 
patients to write a sentence [ 61 ] (see Fig.  6.1 ). Aphasia is nearly always accompa-
nied by defi cits in spontaneous speech and writing, so that if the patient fails to do 
these simple tasks and commits a number of errors in both output modalities, the 
presence of aphasia is highly probable. Once the diagnosis of aphasia is established, 
it is necessary to assess the clinical profi le and severity of language defi cits for two 
important reasons. First, recent research has demonstrated that the initial aphasia 
severity is the best predictor of long-term outcome [ 62 ]. Second, data on aphasia 
type and severity are useful for managing recovery, devising tailor-made interven-
tions, and informing the patient and relatives about prognosis as well as therapeutic 
possibilities [ 1 ]. 

 An important aspect of the evaluation concerns the use of standardized aphasia 
tests. Figure  6.2  shows a diagram that can guide clinicians to determine the best 
assessment tools and timing for implementing different strategies of evaluation. 
In the acute PSA stage, testing of aphasic patients is often limited by short attention 
span, distractibility, fatigability, and lack of cooperation and other nonlanguage 
defi cits affecting executive function and visual perception [ 59 ,  63 – 65 ]. Therefore, a 
bedside screening of language defi cits using standardized scales (e.g., Mississippi 
Aphasia Screening Test, Frenchay Aphasia Screening Test) [ 66 ,  67 ] is recom-
mended. These screening tests are not time-consuming and can be applied even in 
severely impaired patients. In less affected patients or in more chronic patients, a 
comprehensive evaluation is required. This can be done with standardized batteries 
(e.g., Western Aphasia Battery and Boston Diagnostic Aphasia Examination) [ 41 , 
 68 ] that combine data from different language subtests (e.g., spontaneous, speech, 
auditory comprehension, repetition, and naming) to achieve a profi le of aphasia 
(i.e., Broca’s, Wernicke’s, and others) and composite scores of aphasia severity 
(e.g., Aphasia Quotient of the Western Aphasia Battery) [ 41 ]. The individual test 
scores and composite scores of these batteries are useful to estimate longitudinal 
changes in the pattern and overall severity of aphasia occurring spontaneously or 
promoted by speech-language therapy (SLT) and other therapeutic interventions 
[ 64 ,  65 ]. Nevertheless, to plan rational and individualized SLT interventions, a more 
in-depth language evaluation in the frame of the cognitive neuropsychological 
approach is necessary. Tests like the Psycholinguistic Assessment of Language 
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Processing in Aphasia (PALPA) [ 69 ] are particularly useful for identifying defi cits 
in discrete cognitive systems as well as residual areas of strength that can be useful 
in the service of language recovery.

   The aforementioned cognitive impairments in aphasic patients go beyond lan-
guage defi cits to affect other cognitive domains (e.g., attention, visuospatial work-
ing memory, processing speed, learning and memory, and executive function) 
essential for normal language functioning. Because the functioning of these nonlin-
guistic cognitive functions can predict recovery from language and communication 
defi cits in PSA [ 5 ,  70 ,  71 ], formal assessment of aphasia should be expanded to 
other cognitive and noncognitive domains (e.g., mood and motivation). The rational 
manner to implement this methodology is by using a multidimensional approach [ 1 ]. 

  Fig. 6.2    The diagram shows the different post-stroke aphasia stages and testing tools, which can 
guide clinicians to select the appropriate tool for a specifi c function.  NIHSS  National Institutes of 
Health Stroke Scale [ 13 ],  F-MS  Fugl-Meyer Scale [ 111 ],  MAST  Mississippi Aphasia Screening 
Test,  FAST  Frenchay Aphasia Screening Test [ 66 ,  67 ],  SAQOL-39  Aphasia Quality of Life Scale- 39 
[ 112 ],  SDAQ  stroke aphasic depression questionnaire [ 113 ],  SAS  Starkstein’s Apathy Scale [ 8 ,  9 ], 
 WAB  western aphasia battery [ 41 ],  BDAE  Boston Diagnostic Aphasia Examination [ 68 ],  PALPA  
Psycholinguistic Assessment of Language Processing in Aphasia [ 69 ],  CAL  communicative activ-
ity log [ 98 ],  SNAP  social network with aphasia profi le [ 114 ],  RMI  rivermead mobility index [ 115 ]. 
 Continuous lines  and  gray circles  indicate tasks that are preferentially administered in the period, 
whereas  dotted lines  and  turquoise circles  indicate tasks that may be administered in different 
aphasia periods       

 

6 Post-stroke Aphasia



104

In the past few years, the formal assessment of PSA has progressed from the 
 evaluation of language defi cits to a more comprehensive evaluation that includes 
testing of verbal and nonverbal communication, aphasia-related cognitive defi cits 
(e.g., attention, executive function, and memory), mood and motivation, activities of 
daily living, social interaction, and the impact of aphasia on relatives and careers 
(see Fig.  6.2 ).  

    Prognosis and Mechanisms of Recovery 

 Recovery is an ongoing process and most patients continue to make progress several 
years after PSA onset. The greatest spontaneous recovery occurs in the fi rst 2 or 3 
months [ 1 ]. Some studies have claimed that prognosis for full recovery in the hyper-
acute period is good (>70 % by 6 months) particularly for patients suffering mild 
strokes and when aphasia is not associated with other neurologic defi cits [ 72 ]. 
However, in some studies reporting good prognosis, language assessment carried 
out with testing tools (e.g., National Institutes of Health Stroke Scale) was unable to 
capture residual language defi cits [ 13 ,  72 ]. In the remaining patients, the amount of 
improvement was less detectable in the following months, and most of them reached 
a plateau after 1 year [ 1 ]. Around 40 % of PSA patients showed complete recovery 
within 1 year. The type of aphasia always evolves to a less severe form during the 
fi rst year and only certain aphasic patterns (i.e., anomic, Broca’s, and conduction) 
prevail in chronic phases [ 19 ,  73 ,  74 ]. Figure  6.3  shows the possible patterns of 
recovery in PSA evolving from acute global aphasia to less severe aphasic syn-
dromes. Similar patterns of recovery can also be observed in other acute aphasic 
syndromes (e.g., Wernicke’s aphasia evolving to less severe conduction aphasia). 
By contrast, sometimes PSA worsens, indicating the occurrence of a new lesion, the 
aggravation of previous cognitive failure, or the development of post-stroke demen-
tia in elderly patients [ 64 ,  75 ].

   The mechanisms underlying recovery from PSA include restoration of cerebral 
blood fl ow in the area of the ischemic penumbra (a highly vulnerable peri-infarct 
tissue that may survive or die), release of remote cortical and subcortical areas from 
initial inhibition (diaschisis), dynamic network changes, unmasking of preexisting 
connections, activity-dependent synaptic changes, and restoration of neurotransmit-
ter activity [ 76 – 78 ]. Restorative mechanisms may operate with different timetables, 
and their availability may depend upon the site and extent of the lesion as well as on 
the residual capacity of partially damaged and non-damaged neural tissue to ame-
liorate abnormal language functions [ 62 ,  79 – 82 ]. In this regard, the integrity of 
certain cortical areas (e.g., left hippocampus) [ 83 ] or white matter pathways (e.g., 
subcallosal fasciculus and arcuate fasciculus) [ 84 ,  85 ] seems to be crucial for recov-
ering speech production in patients with large infarctions in the left middle cerebral 
artery (Fig.  6.4 ). On the other hand, PSA cases associated with infarcts in arterial 
border-zone areas between the left middle cerebral artery and either the anterior 
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cerebral artery or the posterior cerebral artery territories sparing the perisylvian 
cortex show better long-term prognosis [ 86 ,  87 ]. Recovery also relies on the inter-
play between patient’s characteristics (i.e., age, gender, education, handedness, pre-
morbid representation of language, medical comorbidities, history of previous 
strokes, and regional atrophy in areas participating in recovery) and environmental 
contingencies (i.e., occupational and leisure activities and communication partners) 
[ 88 ]. Hence, it seems that individual differences on a number of factors accounts for 
the commonly observed heterogeneous patterns of spontaneous and therapy-induced 
recovery across aphasic individuals. Patients’ attitudes toward their aphasic syn-
dromes may infl uence the recovery process as well. For example, patients with 
Broca’s aphasia are fully aware of their language defi cits and, as a result, engage in 
more aphasia therapy than some Wernicke’s aphasic patients who, due to lack of 
insight of their language problems, are unwilling to participate in language training [ 89 ]. 
Therefore, the search for new and better factors predictive of PSA recovery is grow-
ing very rapidly. During the past decades, most experts have agreed that variability 

  Fig. 6.3    Possible patterns of recovery in PSA evolving from acute global aphasia to less severe 
aphasic syndromes.  Red lines  show the usual transitions from one aphasic to others less severe 
following a logical sequence of resolving language defi cits. For instance, improvement of auditory 
comprehension converts global aphasia in Broca’s aphasia, and further recovery of repetition trans-
forms Broca’s aphasia in TCMA (transcortical motor aphasia). By contrast,  green lines  show pos-
sible, but less frequent, evolution of aphasic syndromes. Acute aphasic syndromes showing rapid 
resolution, as take place in hemorrhages, often circumvent the logical sequence of aphasia resolu-
tion, thus rapidly converting a severe aphasia to a very less severe syndrome or to partial/complete 
recovery.  MTCA  mixed transcortical aphasia,  TCSA  transcortical sensory aphasia,  WFD  word- 
fi nding diffi culty       
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of language recovery after fi rst-ever stroke is a frequent phenomenon and that the 
fi nal outcome of aphasic defi cits cannot be reliably predicted at 3 months post-onset 
by traditional demographic variables (e.g., age, sex, and handedness) and/or lesion 
characteristics (e.g., location and volume) [ 62 ,  90 ]. This is an important issue 
because a deeper understanding of these factors may improve the prediction of out-
come in the acute stage and assist clinicians in the implementation of early thera-
peutic interventions [ 62 ,  90 ]. Some initiatives in this direction are emerging. 
Positron emission tomography and functional magnetic resonance imaging studies 
attempt to distinguish key regions of the brain that promote improvement of lan-
guage defi cits from others that may hinder full recovery through maladaptive reor-
ganization [ 80 ,  82 ,  91 ,  92 ]. In complimentary terms, diffusion tensor imaging (i.e., 
white matter fi ber tractography) reveals variability in the hemispheric lateralization 
of long white matter fi ber pathways (e.g., arcuate fasciculus) [ 93 ] that may play a 
role in the clinical profi le, prognosis, and recovery patterns of PSA [ 51 ]. Furthermore, 

  Fig. 6.4    Structural MRI of a patient with long-lasting (3 years) nonfl uent aphasia (spontaneous 
speech limited to single words and perseverations) showing a large infarction in the left middle 
cerebral artery territory. Axial and coronal 3T MRI slices show the full extension of the lesion 
involving the fronto-temporoparietal cortex and extending deeply to insula, basal ganglia, and 
white matter tracts. Despite intensive aphasia therapy and a trial of memantine (20 mg/day during 
3 months), no changes were noted in oral productive functions. Involvement of brain structures 
critical for recovery such as the hippocampus ( 1 ,  yellow circles  and  arrows ), subcallosum fascicu-
lus ( 2 ,  green circles  and  arrows ), and arcuate fasciculus ( 2 ,  blue circles  and  arrows ) most likely 
accounted for the lack of recovery of verbal output       
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tractography may also assist rehabilitation by identifying preserved structures par-
ticipating in recovery as well as structural changes in white matter pathways trig-
gered by intensive rehabilitation [ 94 ].

       Treatment Interventions 

    Speech-Language Therapy 

 In light of what is known about spontaneous recovery from PSA [ 95 ], it can be 
expected that most aphasic patients will require therapeutic interventions to push 
recovery further. Aphasia rehabilitation begins during the acute hospitalization, as 
soon as patients regain ability to take part in language training. Although drugs can 
also be used in this phase (see later), speech-language therapy (SLT) remains the 
mainstay intervention for aphasia [ 1 ,  95 ]. Improvement of language defi cits is 
highest in the initial 4 weeks after stroke [ 74 ], yet few studies of aphasia rehabili-
tation in the early post-stroke period have been performed. Several reasons can 
account for the paucity of rehabilitation trials in acute PSA. Recruitment of acute 
patients for early aphasia rehabilitation is not an easy enterprise, although a recent 
study demonstrated that randomized controlled intervention trials in acute PSA are 
feasible [ 96 ]. Reasons for exclusion or abandonment of SLT in acute PSA include 
medical complications (e.g., pneumonia and cardiac decompensation) or other 
factors inherent to the unstable neurological status including reduced alertness and 
attention span, aphasia severity, severe speech defi cits (e.g., dysarthria, hypopho-
nia, and apraxia of speech), lack of rehabilitation engagement due to fatigability, 
depression, apathy, aging (e.g., unwillingness to participate), or pre- and post-
stroke dementia. Despite these disadvantages, recent studies in acute PSA have 
shown that 2 h/week of SLT is effective, but intensive interventions (i.e., 4 h/week) 
provide similar outcomes than less intensive regimes (i.e., 2 h/week), and most 
acute patients do not tolerate demanding regimes (i.e., 4 h/week) [ 89 ]. Another 
recent randomized controlled pilot study revealed that very early PSA therapy 
(range: 0–10 days after stroke onset) improved aphasia severity and communica-
tion defi cits [ 97 ], but further studies are needed. The benefi ts provided by different 
aphasia therapies in patients with chronic PSA are undisputed, particularly when 
scientifi cally based interventions (e.g., constraint-induced aphasia therapy, error-
less learning, and computer- based aphasia therapy) are implemented [ 59 ,  65 ,  98 –
 100 ]. Most studies carried out in chronic PSA have demonstrated that aphasia 
therapy is effi cacious when it is administered in an intensive and prolonged way. 
The fact that language defi cits associated with PSA can be attenuated several years 
after onset demonstrates that the temporal window for aphasia recovery is much 
wider than previously estimated [ 59 ]. This new insight militates against the argu-
ment claiming that further benefi ts with aphasia rehabilitation cannot be expected 
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1 year after stroke onset. Figure  6.5  shows a diagram that will help clinicians and 
other health professionals (e.g., speech pathologists and neuropsychologists) to 
determine appropriate therapy options and timing for implementing different treat-
ment strategies.

       Pharmacotherapy and Other Biological Interventions 

 Although intensive SLT is effective, in the past few years efforts have been focused 
on developing complementary strategies to augment the gains provided by rehabili-
tation. Two main types of interventions have been used:  drugs  and  brain stimulation  
[ 59 ,  64 ,  65 ,  94 ]. Drug therapy is emerging as a promising option to enhance cogni-
tive function in healthy individuals and in brain-damaged patients [ 101 ], and a 
growing body of evidence also indicates that pharmacotherapy can signifi cantly 
augment benefi ts provided by conventional and intensive SLT therapy in patients 

  Fig. 6.5    The diagram shows various therapeutic strategies that can be implemented during the 
different evolution periods of post-stroke aphasia.  Continuous lines  and  gray circles  indicate inter-
ventions, which are preferentially used in the period, whereas  dotted lines  and  turquoise circles  
indicate interventions that may be implemented in different aphasia periods       

 

M.L. Berthier et al.



109

with acute and chronic PSA [ 59 ,  64 ,  65 ]. The motivation for using drugs to treat 
aphasia is to reestablish the activity of specifi c neurotransmitters in dysfunctional, 
but not irretrievably damaged brain areas and interconnecting networks [ 59 ,  64 ,  65 ]. 
Drugs acting on diverse neurotransmitters (i.e., glutamatergic, GABAergic, cholin-
ergic, dopaminergic, serotoninergic, and norepinephrinergic systems) have been 
used with variable results (Table  6.1 ). Although more research is needed, well- 
designed and controlled studies showed that drugs commonly used to treat 
Alzheimer’s disease and vascular dementia (e.g., donepezil and memantine) are safe 
and effective in patients with chronic PSA and that the obtained benefi ts are main-
tained at long-term follow-up [ 102 ,  103 ].

   The advent of novel noninvasive methods of brain stimulation has increased the 
interest in applying these neurophysiological techniques as potential adjuvant treat-
ments to language rehabilitation in PSA [ 94 ]. Repetitive transcranial magnetic stim-
ulation (rTMS) and transcranial direct current stimulation (tDCS) approaches 
induce prolonged functional changes in the cerebral cortex [ 104 – 110 ]. Depending 
upon the type of stimulation, it is possible to suppress the maladaptive activity of 
cortical regions interfering with recovery or instead enhance cortical excitability 
promoting improvement of language function. Several studies have been performed 
in chronic aphasic patients with rTMS and tDCS [ 94 ,  105 ]. Positive effects were 
found on naming performance in patients with chronic, nonfl uent [ 106 ], and fl uent 
aphasias [ 105 ]. A pilot study used invasive epidural stimulation of the ipsilesional 
premotor cortex in patients with chronic nonfl uent aphasia and extensive left hemi-
sphere infarcts to improve language performance [ 109 ,  110 ]. A small sample of 
patients with severe and long-lasting, nonfl uent PSA received a simultaneous treat-
ment with intensive SLT and epidural stimulation during 6 weeks (3 h/day) [ 109 , 
 110 ]. All treated patients showed signifi cant benefi ts on aphasia testing. Although 
further studies are needed, epidural cortical stimulation seems to be safe and may be 
a viable option to enhance the limited benefi ts provided by SLT in patients with 
severe nonfl uent aphasia [ 109 ,  110 ].   

    Summary 

 Aphasia after stroke is a frequent, but still neglected, condition. Like other neuro-
logic disorders (e.g., Parkinson disease and multiple sclerosis), aphasia deserves the 
right to occupy a better position according to its high incidence, morbidity, and 
negative impact on patients and relatives. The diagnosis and classifi cation of apha-
sic syndromes in acute stroke are easy to establish if three principal language 
domains (i.e., spontaneous speech, auditory comprehension and repetition) are 
examined. A correct initial diagnosis of aphasia type and severity is important to 
predict outcomes, implement rational interventions, and inform patients and rela-
tives about evolution and therapeutic options. Comprehensive examinations of lan-
guage defi cits and related cognitive alterations are more appropriate in subacute and 
chronic phases. Formal evaluations are crucial to unravel the underlying functional 
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language and other cognitive defi cits and devise individualized therapies. Speech- 
language therapy remains the most powerful therapeutic strategy for PSA in both 
acute and chronic phases. Gains obtained with aphasia therapy can be augmented 
with drugs and other new brain stimulation methods.     
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           Introduction 

 Emotions can be divided into at least three major domains: emotional experiences, 
emotional memories, and emotional behaviors. Stroke can induce changes in all 
three of these domains; however, in this chapter we will focus on emotional behav-
iors and primarily review the disorders of emotional communication that can be 
induced by stroke. There are several means by which emotions can be classifi ed or 
categorized, including  valence  (positive, neutral, negative),  arousal  (high, moder-
ate, low), and  activity  (approach, avoid, none) [ 1 ]. For example, fear would be an 
emotion characterized by negative valence, high arousal, and avoidance. Ross et al. 
[ 2 ] also divides emotions into primary (e.g., happy, sad, anger, fear) and social (e.g., 
embarrassed) categories. In this chapter, defi cits of emotional communication will 
mainly address the primary emotions, which include happiness, sadness, anger, fear, 
disgust, surprise, and neutrality. 

 Since emotions can be communicated by propositional speech and written lan-
guage, many patients with aphasia, alexia, and agraphia will have some problems 
with emotional communication. Aphasic disorders will not be fully discussed in this 
chapter as it is covered in Chap.   6     of this book. There are many other means by 
which emotions can be expressed including facial movements and postures as well 
as nonverbal speech such as prosody. These means of emotional expression are 
often the primary means by which we express emotions and these forms of com-
munication are often impaired in patients who have had a stroke. This review will 
be limited to these modalities of communication. For each of these forms of com-
munication, there are both receptive and expressive elements and each will be dis-
cussed independently.  

    Chapter 7   
 Disorders of Emotional Communication 
After Stroke 
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    Disorders of Emotional Speech 

    Comprehension of Emotional Speech Prosody 

 Almost all people who have been in a close relationship have heard their signifi cant 
other state, “It was not what you said, but how you said it.” When people speak, and 
when people hear other people speak to them, there are at least two sounds that 
people may hear. One is a sequence of speech sounds called  phonemes , which form 
words, and the other is  prosody , which includes the pitch of the voice, the amplitude 
or loudness, the speed and rhythm or tempo. When hearing someone speak, these 
elements of prosody may change. 

 When people speak, they also convey at least two types of messages: proposi-
tional messages and emotional messages. Propositions are messages that can either 
be correct or incorrect. Propositional messages are usually conveyed by a series of 
words, the comprehension of which requires hearing the phonemes that comprises 
the words, recognizing the sequence of phonemes that comprises a specifi c previ-
ously heard word (lexical processing), understanding the meaning of each of the 
words (semantic processing), and understanding how the sequence and relation-
ships between these words infl uence meaning (syntax) (e.g., “John hit Mary” versus 
“Mary hit John”). 

 Although prosody in English can be used to express a question, command, or 
statement, prosody is often used along with propositional speech to express emo-
tions [ 3 ]. About 40 years ago I saw a woman in the clinic who had a right hemi-
spheric temporal parietal lesion. Her husband was considering leaving her, because 
according to him, they no longer had a meaningful relationship. When I asked him 
to explain, he told me that his business was not doing well and that he was very 
depressed, but she did not appear to understand his mood. I tested her ability to 
understand emotions expressed by speech prosody and found that she was terribly 
impaired. Hence, we subsequently studied a group of patients that had either left or 
right-hemisphere strokes [ 4 ,  5 ]. These patients were asked to identify the emo-
tional tone of the speaker based not on what was said, but rather how it was said. 
We presented recorded sentences that had a neutral propositional content, but when 
these recorded sentences were played, each had one of four different emotional 
prosodies (happy, sad, angry, and neutral-indifferent). Although the patients with 
the left hemispheric strokes were aphasic, all had suffi cient comprehension to 
understand the task instructions. We found that the non-aphasic patients with right-
hemisphere strokes performed worse on this emotional prosody task than those 
with left- hemisphere lesions, suggesting that the right hemisphere is dominant in 
comprehending emotionally intonated speech [ 6 ]. Similar fi ndings were reported 
by Ross [ 7 ]. 

 As we mentioned, in English, speech prosody can also be used to label sentences 
as questions, commands, or statements. Weintraub et al. [ 8 ] reported that, relative to 
normal control participants, patients with right-hemisphere strokes were impaired 
in determining whether intoned sentences were statements, commands, or questions. 
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Based on these results, they suggested that the prosodic defi cit induced by 
 right-hemisphere damage (RHD) was not specifi c to emotions. Since a left- 
hemisphere damage (LHD) group was not tested by Weinstraub et al. [ 8 ], they could 
not determine if this defi cit was specifi c to RHD. Therefore, Heilman et al. [ 9 ] 
compared RHD and LHD patients for comprehension of emotional (happy, sad, 
angry, neutral) and nonemotional prosody (questions, commands, statements). We 
found that both the RHD and LHD subjects were equally impaired on the nonemo-
tional (syntactic-propositional) prosody comprehension task when compared to 
healthy participants. In contrast, in regard to comprehension of emotional prosody, 
the patients with RHD performed signifi cantly worse than the LHD and the normal 
control participants. This hemispheric dissociation between defi cits in propositional 
and emotional prosody suggests that the right hemisphere does indeed play a domi-
nant role in the comprehension of emotional prosody, although both hemispheres 
may be important in comprehending syntactic-propositional prosody. 

 Since these early studies, a large body of clinical research has shown that impair-
ments in the comprehension of emotional prosody is primarily associated with dam-
age to the right cerebral hemisphere [ 10 – 13 ]. Although these studies do reveal that 
patients with a right hemispheric stroke may have impairments in the comprehen-
sion of spoken emotional prosody, the neuropsychological mechanism or mecha-
nisms that may be responsible for this defi cit is not entirely known. Geschwind [ 14 ] 
noted that strokes of the right hemisphere can not only destroy portions of the cortex 
that store information and process stimuli, but these lesions can also involve the 
pathways that connect the right hemisphere’s cortex to the left-verbal cortex. Thus, 
patients with right hemispheric strokes may not be able to correctly name emotional 
intonations in addition to being unable to understand them, because this information 
cannot access the verbal left hemisphere. 

 An alternate hypothesis is that these patients’ right-hemisphere injuries induced 
a disorder that, in some respects, parallels Wernicke’s aphasia, which occurs due to 
left-hemisphere lesions, such that the patients cannot properly discriminate affec-
tive intonations in speech. To learn if patients with right-hemisphere lesions and a 
failure to comprehend emotional prosody could discriminate between affective into-
nations of speech without having to name or verbally denote these intonations, we 
had patients listen to recorded pairs of sentences [ 5 ]. Sometimes these two sen-
tences were spoken with the same emotional prosody and sometimes with different 
emotional prosodies. In this testing paradigm all the patients had to do was to indi-
cate to the examiner if the prosody in these two sentences were the same or differ-
ent. We found that the patients with right-hemisphere strokes performed more 
poorly on this task than did patients with left-hemisphere strokes. Based on these 
fi ndings, we posited that the posterior temporal-inferior parietal region in the right 
hemisphere contains representations of affective prosodic expressions and destruc-
tion of these representations or an inability to access them impairs both comprehen-
sion and discrimination of emotional prosody. 

 There is, however, another possible explanation for the emotional prosodic com-
prehension disturbance associated with right-hemisphere temporoparietal infarc-
tions. One of the reasons why the left hemisphere processes propositional speech 
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and the right-hemisphere emotional prosody is that having these two hemispheres 
analyze different forms of speech allows for parallel processing, so that we can hear 
what is said and how it is said at the same time. It is possible that the intact left 
hemisphere can comprehend emotional prosody, but like all cognitive systems it 
has a limited capacity, cannot simultaneous process incoming words together with 
emotional prosody, and has a preference for attending to words rather than emo-
tional prosody. To test this hypothesis, we tested RHD and LHD subjects with an 
emotional prosody task that varied in the degree of “confl ict” between the emo-
tional prosodic message and the message that was conveyed by the propositional 
content of the speech [ 15 ]. If this “left hemisphere distraction” hypothesis has 
merit, RHD stroke patients should be easily “distracted” by confl icting emotional 
propositional and prosodic content. Thus, their comprehension of emotional pros-
ody should be worse when the propositional content and prosody messages are 
strongly confl icting (i.e., “All the puppies are dead” said in a happy tone of voice) 
than when the there is less confl ict (e.g., “The boy walked to the store” said with a 
happy tone of voice). Analysis of our results revealed that the RHD group was more 
disrupted when the propositional and prosodic emotional messages were highly 
confl icting than when they were less confl icting. In contrast, LHD stroke patients 
were unaffected by increasing the discrepancy between the verbal and prosodic 
messages. The results of this study indicate that, to some degree, the defi cit RHD 
patients experience in comprehending emotional prosody is related to verbal 
 “distraction.” This verbal distraction hypothesis cannot entirely explain why right-
hemisphere injury patients are impaired in comprehending emotional prosody, 
since even when speech is altered by a fi ltering technique such that words become 
incomprehensible the patients with RHD are still impaired in comprehending emo-
tional prosody [ 15 ].  

    Comprehension of Verbal Stimuli 

 Patients with strokes of the left hemisphere who have  pure word deafness , Wernicke’s 
aphasia,  transcortical sensory aphasia ,  mixed transcortical aphasia , or  global 
aphasia  are impaired in comprehending spoken verbal stimuli, and patients with 
 alexia  are impaired in understanding written verbal stimuli. Although these LHD 
aphasic or word-deaf patients may have diffi culty comprehending propositional 
speech, several studies have revealed that some of these patients can still compre-
hend emotional intonations, and their comprehension of propositional speech may 
even be aided by these intonations [ 16 ,  17 ]. For example, I was examining a young 
woman with severe global aphasia from a left carotid artery dissection and during 
this examination her husband and children came to visit her, but were in the hallway 
where she could not see them. One of the children’s voice was very sad when she 
told her father that she was worried about crying when she saw her mother. The 
patient could hear her child’s voice and looked to the door and after hearing how sad 
the child sounded this young globally aphasic woman started to cry. 
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 There is also evidence that aphasic patients with comprehension  disorders can 
understand emotional words relatively better than words that do not express any 
emotions [ 18 – 20 ]. In addition, Landis et al. [ 19 ] reported that LHD stroke patients 
were able to read emotional words better than nonemotional words. A study of nor-
mal subjects supports the postulate that emotional words are more likely to be pro-
cessed by the right hemisphere and that this ability of the right hemisphere to 
comprehend emotional words may account for the preserved comprehension of 
words in patients with aphasia from left-hemisphere infarctions [ 21 ]. 

 If the right hemisphere were important for comprehending emotional words, 
would patients with strokes of the right hemisphere have impaired comprehension 
of these words? To test this hypothesis, Borod et al. [ 22 ] assessed participants with 
strokes in either their right or left hemisphere by presenting sentences and words 
with emotional and nonemotional content. They found that subjects with RHD were 
more impaired than those with LHD when attempting to understand these emotional 
sentences and words [ 22 ]. Other investigators such as Morris et al. [ 23 ] found no 
differences between RHD and LHD patients’ ability to comprehend the denotative 
or connotative meaning of emotional versus nonemotional words. In addition, 
Blonder et al. [ 24 ] presented sentences describing a situation that would induce an 
emotion in the person described in the sentence and asked patients with RHD what 
they thought was the emotion this person would experience. They found that patients 
with RHD were not impaired in their emotional comprehension. Although several 
investigators have found that some patients with RHD may be impaired in under-
standing the affective-emotional content of stories [ 25 ,  26 ], these problems do not 
appear to be specifi c to “emotion” per se. Instead, they are related to more general 
diffi culties that RHD patients have in drawing inferences, understanding fi gures of 
speech, metaphor, and logical reasoning [ 26 – 29 ].  

    Expression of Emotional Prosody 

 After learning that patients with right hemispheric strokes were impaired in com-
prehending emotional prosody, we wanted to learn if patients with right-hemisphere 
strokes were also impaired in expressing emotional speech prosody. In our fi rst 
study, patients with right hemispheric strokes were asked to produce semantically 
neutral sentences such as, “The boy went to the store,” intoned with different forms 
of emotional prosody such as sadness, happiness, anger, and neutrality [ 5 ]. The 
participants with right hemispheric strokes were not impaired when producing the 
words in these sentences, but were impaired when attempting to produce emotional 
prosody such that, when assessed by judges, almost all the sentences produced 
sounded neutral. Subsequently, Borod replicated our study [ 30 ], but in addition 
Ross and Mesulam [ 31 ] described two patients with right anterior hemispheric 
lesions who could also not express emotionally intoned speech prosody; however, 
these two patients were able to normally comprehend the emotion expressed by 
speech prosody. In addition, Ross [ 7 ] described patients who could not comprehend 
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the emotionally intoned prosody, but could nevertheless normally repeat  emotionally 
intoned speech. Based on these observations, he postulated that right- hemisphere 
lesions might disrupt the comprehension, repetition, or production of emotional 
prosody in a manner that is parallel to those patients with the aphasic syndromes 
(propositional speech disorders) associated with left hemispheric lesions. For 
example, just as there are patients who have non-fl uent verbal propositional speech, 
with impaired speech repetition (Broca’s aphasia) the patients reported by Ross and 
Mesulam had similar problems with emotional prosody. There are also patients 
with Wernicke’s aphasia who have a verbal comprehension defi cit with impaired 
word–sentence repetition and these are similar to the patients reported by Tucker 
et al. [ 5 ]. There are aphasic patients who cannot comprehend propositional speech, 
but who can repeat it normally. This disorder is called  transcortical sensory apha-
sia . Ross described a patient with a right-hemisphere stroke who was not aphasic, 
but who could not comprehend emotional prosody. This patient, however, could 
normally repeat the words and emotional prosody that they heard. Patients with 
left-hemisphere medial frontal lesions often have an impairment in producing spon-
taneous propositional speech but have intact repetition of propositional phrases and 
comprehension of propositional speech, a disorder called  transcortical motor apha-
sia . We have even described a patient with a right medial frontal lesion who was not 
aphasic and who could not express emotional prosody spontaneously, but could 
repeat this prosody and comprehend emotional prosody [ 32 ]. This patient appeared 
to have a prosodic defect that is parallel to transcortical motor aphasia, thereby 
providing support for the “parallel propositional-prosody speech hypothesis” pos-
ited by Ross. Acoustic analyses of the speech produced by patients with right hemi-
spheric strokes have also demonstrated prosodic abnormalities such as decreased 
variation in fundamental frequency [ 13 ,  33 – 36 ]. 

 Normally when people speak they combine their propositional message with 
their emotional prosodic message. Since propositional speech is primarily mediated 
by the left hemisphere and emotional prosody by the right hemisphere, when  normal 
people are speaking the two hemispheres would have to be interactive. Speedie et al. [ 37 ] 
studied stroke patients with LHD who were able to normally repeat propositional 
sentences. These patients’ imaging data demonstrated that their lesions interrupted 
the callosal pathways that interconnect the left-hemisphere speech areas with the 
right hemisphere. When attempting to repeat emotionally intoned sentences, these 
patients correctly repeated the propositional verbal message but without emotional 
intonations or prosody, thereby providing evidence that this propositional and affec-
tive prosodic mixing occurs inter-hemispherically.  

    Verbal Expression of Emotions 

 Since Paul Broca’s paper where he described a series of right-handed individuals 
who developed aphasia from left-hemisphere injury, it has repeatedly been 
 demonstrated that the left hemisphere is dominant for processing propositional 

K.M. Heilman



125

speech; however, in the last several decades investigators have provided some 
 evidence that patients with RHD have alterations when expressing emotions even 
when using propositional speech. For example, Cimino et al. [ 38 ] had RHD patients 
as well as matched controls produce emotional autobiographical memories. The 
judges that assessed these patients’ production rated the memories described by the 
RHD participants as less emotional than those of normal volunteers. Bloom et al. 
[ 39 ] reported that RHD patients used fewer words when denoting emotions in their 
spontaneous speech. Another study done by Borod et al. [ 40 ] had raters judge the 
emotionality of monologues produced by RHD, LHD, as well as normal volunteers 
and found that the monologues of the RHD patients were rated as signifi cantly less 
emotional than the monologues of normal controls. There was even a trend for RHD 
patients’ monologues to be rated as less emotional than LHD patients. In contrast, 
when interviewing patients Blonder et al. [ 41 ] found that RHD patients who had 
emotional aprosodic speech produced a greater percentage of emotion words rela-
tive to total words than did the aphasic LHD patients. The reason for these confl ict-
ing results remains to be determined, but perhaps these RHD participants were 
aware of their prosodic disability and attempted to verbally compensate. 

 Some patients with LHD and aphasia may have diffi culty expressing emotions 
when these emotions are expressed using a spoken or written propositional mes-
sage; however, some aphasics, and especially those who are non-fl uent, may become 
very fl uent when using expletives. In addition, Landis et al. [ 19 ] and Roeltgen et al. 
[ 42 ] demonstrated that aphasic patients with agraphia were able to write emotional 
words better than nonemotional words. This preserved ability may also be related to 
right-hemisphere function, but needs further investigation.   

    Disorders of Facial Emotional Communication 

    Comprehension of Facial Emotional Expressions 

 One of the most important means of communicating an emotion or a mood is by the 
display of facial expressions. Thus, in order to understand other people’s emotional 
responses and moods a person has to be able to perceive and comprehend other 
people’s emotional facial expressions. 

 More than 3 decades ago we wanted to learn if strokes could impair the ability of 
patients to understand facial emotional expressions and the location of strokes that 
could produce this defi cit. In our fi rst study, we assessed participants who had left- 
or right hemispheric strokes, as well as control subjects without hemispheric disor-
ders, for their ability to perceive, comprehend, and name emotional facial expressions 
[ 43 ]. In this study, the participants were shown pictures of people displaying emo-
tional faces and asked to name the emotions being expressed, or asked to point to 
faces expressing the specifi c emotions named by the examiner. These participants 
were also presented with a series of paired pictures—in which an actor’s face either 
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expressed the same emotion twice or two different emotions—and were asked if the 
emotions shown were the same or different. We found that the patients with right- 
hemisphere infarctions were impaired in naming emotional facial expressions, 
pointing to faces expressing an emotion named by the examiner, as well as deter-
mining whether two faces were expressing the same emotion or different emotions. 
This study revealed that right hemispheric strokes cause a loss of the ability for 
patients to perceive and understand emotional faces. 

 This study did not reveal if the defi cit was specifi c to emotions or if it was simply 
a disorder of facial recognition. Benton and Van Allen had demonstrated that 
patients with right-hemisphere strokes often have impaired visuospatial functions 
including facial recognition [ 44 ]. For example, when shown a series of pictures 
containing two faces—at times belonging to the same person, and at other times, 
belonging to different people—the RHD patients were impaired in determining 
whether the two pictures were of the same person or of different people. Thus, it is 
possible that the reason our patients with right-hemisphere strokes could not nor-
mally process emotional faces (nor name, point and match) was because their right- 
hemisphere strokes caused a visuospatial facial recognition defi cit. 

 When we covaried for neutral facial discrimination (a visuoperceptual, but non-
emotional facial recognition task), we no longer found that our RHD stroke subjects 
were more impaired in recognizing (naming and pointing) than the other subject 
groups [ 43 ]. However, when the RHD patients were compared to the other groups, 
they remained impaired in determining same and different emotional faces [ 43 ]. 
These results suggest that one of the primary disabilities of these RHD patients is a 
visuospatial facial perceptual disorder and it is this disability that might account for 
their inability to recognize and name emotional facial expressions. However, when 
we reviewed the performance of the individual participants, we found that about 
one-third of the patients with RHD performed poorly on both the neutral facial 
matching (same or different people) and all emotional faces tasks. Another one- 
third performed well on both. The remaining patients with RHD, however, per-
formed relatively well on the neutral facial discrimination task but poorly on the 
emotional faces tasks. This observation suggests that a visuospatial facial percep-
tual defi cit cannot account for the impairment in emotional facial recognition in all 
RHD patients and that some of these patients do have an impairment of processing 
emotional facial expressions. 

 After we completed the emotional facial recognition study, we became aware 
that there was a weakness in the design of the study performed by DeKosky et al. 
[ 43 ], such that the subjects could have accurately made same–different determina-
tions based on physiognomic/structural confi gurations, without any regard to emo-
tional expressions displayed on these faces. We performed a second study that 
corrected for these methodological problems and again assessed stroke patients 
with hemispheric lesions and control subjects using a series of “perceptual” and 
“associative” facial recognition and facial emotion tasks [ 45 ]. This revised tech-
nique allowed us to measure the participants’ visuospatial abilities and statistically 
equate for their visuoperceptual ability when analyzing their ability to recognize 
emotional faces. In this study we found that the RHD stroke group was impaired 
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in their ability to name, select (point), and discriminate (same/different) facial 
 emotional expressions even when accounting for their nonemotional facial recogni-
tion abilities. These results provided strong evidence that the RHD patients do in 
fact have impaired recognition of facial emotional expressions and that this recogni-
tion defi cit cannot be solely attributed to a general defi cit in visuoperceptual facial 
processing. In addition, these results also suggest that the right hemisphere’s domi-
nance for recognizing–comprehending facial emotional expressions is at least in 
part independent from its dominance in processing faces. Studies from other labo-
ratories have also reported that RHD stroke patients are more impaired than their 
LHD counterparts in recognizing or categorizing facial emotions [ 10 – 12 ,  24 ,  46 –
 53 ]. In a meta-analysis, Borod et al. [ 50 ] reported that 20 out of 23 published studies 
found that defi cits in facial affect recognition was associated with focal lesions in 
the right hemisphere. 

 Studies using different types of participants have provided further evidence for a 
right-hemisphere dominance in recognizing emotional facial expressions. For 
example, studies of patients undergoing Wada testing, studies of split brain patients, 
and even visual half fi eld studies in normal subjects provide evidence that the right 
hemisphere is dominant for the recognition of emotional facial expressions 
[ 54 – 59 ]. 

 Blonder et al. [ 24 ] presented RHD and LHD stroke patients with verbal descrip-
tions of nonverbal emotional gestures and found that the patients with right- 
hemisphere strokes were even impaired at recognizing the verbal descriptions of 
emotional gestures. In this study the poor performance of the RHD group could not 
be attributed to a visual–perceptual disturbance. These same participants were also 
given another task in which they had to make inferences about emotions that 
are linked to various situational contexts (e.g., “The children track dirt over your 
white carpet”). In this task the RHD stroke patients were not impaired in recogniz-
ing the emotions that these situations would induce. Thus, these results suggest that 
the impairment of these RHD subjects in recognizing emotional gestures is not 
conceptual. Based on these and other studies, we posited that the poor performance 
of the RHD patients in assigning an emotion to verbally described nonverbal signals 
is induced by a facial emotional gestural representational defi cit [ 24 ]. But how are 
these facial gestures represented? 

 We posited that the right hemisphere contains a store of facial emotional iconic 
representations [ 60 ]. Support for this iconic hypothesis, that the right hemisphere 
contains representations of species-specifi c typical emotional expressions, comes 
from a study we performed in which RHD and LHD patients were evaluated on two 
tasks where they were required to use visual imagery [ 61 ]. In one of these tasks the 
subjects were asked to imagine a target emotional face (i.e., a face expressing anger). 
The examiner then asked a series questions regarding the structural characteristics 
of the face (i.e., “Are the outer lips pulled down?”) and the participant had to supply 
yes or no answers. In the other task—the object imagery task—the subjects were 
asked to imagine common objects and were then asked questions about the visual 
characteristics of these objects and also had to provide yes or no answers. We found 
that the RHD group was more impaired in the emotional facial imagery task than in 
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the object imagery task and the LHD was more impaired in object imagery than in 
facial emotional imagery. These RHD patients were also more impaired at recogniz-
ing visible facial emotions than were the LHD group. These results suggest that the 
right hemisphere normally contains a store of typical facial emotional representa-
tions and that right-hemisphere strokes can damage these iconic representations. 
Bowers et al. [ 61 ] also described a patient with a ventral temporal-occipital lesion of 
the right hemisphere who was not impaired in recognizing emotional facial expres-
sions, but was impaired in imagining facial emotional expressions. This dissociation 
suggests that the emotional facial imagery generation is at least in part mediated by 
the posterior ventral area. However, the facial emotional representations may be 
stored in an anatomically distinct area. But where are these representations stored? 

 Harciarek and Heilman [ 52 ] compared facial affect recognition of patients with 
right-hemisphere strokes who had anterior versus posterior lesions and found that 
while both groups were impaired relative to normal controls, the patients with ante-
rior lesions performed signifi cantly worse than those with posterior lesions. Based 
on these observations, it is possible that mirroring the observed emotional facial 
expression with activation of the somatosensory cortex is crucial for the recognition 
of facial affect. Harciarek and Heilman’s report appears to support the fi ndings of 
Adolphs et al. [ 48 ] for the role of the somatosensory cortex in the recognition of 
facial expressions. This mirror-somatosensory hypothesis could also help explain 
the failure of RHD patients to correctly imagine facial emotional expressions [ 61 ], 
and to recognize the verbal description of emotional expressions [ 24 ].   

    Generating Facial Emotion 

    Expressions 

 One of the fi rst studies examining stroke patients’ ability to express facial emotions 
was performed by Buck and Duffy who had RHD and LHD stroke patients view 
slides of people with whom they were familiar and unpleasant scenes [ 62 ]. They 
reported that the RHD patients were less facially expressive than LHD patients 
when viewing these slides. These impairments of facial emotional expressions 
induced by right-hemisphere strokes have been replicated by other investigators 
[ 30 ,  35 ,  49 ,  63 ,  64 ]. 

 A reduction of facial emotional expressions has also been observed in more “nat-
uralistic” settings. Blonder et al. videotaped interviews they had with stroke patients 
and their spouses in their homes [ 41 ,  65 ]. These videotapes were then viewed by 
judges who were unaware of the patients’ clinical status and it was found that the 
judges rated patients with RHD as less facially expressive than LHD patients and 
normal controls. 

 Using the facial action scoring system (FACS) of Ekman and Friesen [ 66 ], 
 investigators have reported fi nding no differences in facial emotional expressiveness 
between RHD and LHD stroke patients [ 67 ,  68 ]. Other investigators have found that 

K.M. Heilman



129

intra-hemispheric lesion location rather than hemispheric laterality is critical for 
inducing this emotional facial expressive defi cit. According to these investigators, 
strokes that extend into the frontal lobes, regardless of laterality, induce a reduction 
of facial expression [ 69 ,  70 ]. 

 Whereas the basis for these discrepant fi ndings in studies of laterality remains 
unclear [ 71 ], in a meta-analysis of emotional processing defi cits in patients with 
unilateral brain damage, Borod and colleagues reported that 9 out of 13 studies of 
spontaneous facial expressions found patients with RHD to be more impaired than 
those with LHD [ 50 ]. In addition, several studies of normal subjects indicated that 
they express emotions more intensely on the left side of the face than on the right, 
providing evidence for right hemispheric dominance [ 58 ,  59 ,  72 ,  73 ]. However, 
Triggs and colleagues demonstrated that there is an asymmetry of corticobulbar 
projections to muscles of facial expression in the lower face, with the left having 
stronger connectivity than the right [ 74 ].   

    Summary 

 Humans have two hemispheres affording us the ability to perform parallel process-
ing. When we are communicating, it is important for us to comprehend and express 
not only propositional messages but also emotional messages. For more than 150 
years it has been known that in most people, it is the left hemisphere that is domi-
nant for mediating propositional communication. In the last several decades we 
have learned that it is the right hemisphere that appears to mediate many forms of 
emotional communication, including expressing and comprehending emotional 
facial expressions as well as expressing and understanding emotional speech pros-
ody. Thus, damage to the right hemisphere by stroke may cause impairments in 
emotional communication. Studies of aphasic patients have revealed that although 
left anterior hemispheric strokes are more likely to cause expressive defi cits, poste-
rior lesions are more likely to cause comprehension defi cits and this rule also 
appears to hold true for expressions of emotions such as emotional prosody. Whereas 
disorders of propositional communication are more often apparent to clinicians, 
disorders of emotional communication can cause profound disabilities more notice-
able to the general public. Patients should therefore be tested for these disorders and 
treated when able [ 75 – 77 ].     
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           Introduction 

 Disorders of executive functions represent a leading form of post-stroke cognitive 
impairment, regardless of stroke mechanism, and are important contributors to post- 
stroke disability. This chapter reviews executive functions and impairment of these 
functions and then discusses the main disorders observed in stroke and their 
assessment.  

    Executive Functions and Disorders 

 Based on Luria’s approach [ 1 ], the term “executive function” was coined by Lezak 
[ 2 ] and was initially defi ned as brain function related to goal setting, action initia-
tion, planning, shifting, and verifi cation. Baddeley et al. [ 3 ] coined the term “dys-
executive syndrome” to describe the disorders of executive function, especially 
marked in the behavioral domain, observed in a patient with bilateral frontal dam-
age. Recent aspects of social and emotional processes, theory of mind, attentional 
processes, strategic processes of episodic memory, and metacognition have been 
variably incorporated in the domain of executive functions. These somewhat 
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disparate defi nitions of executive disorders complicate clinical assessment and 
experimental studies, emphasizing the need for a consensus on diagnostic criteria. 
The Groupe de Réfl exion pour l’Evaluation des Fonctions EXécutives (GREFEX) 
study group has proposed [ 4 ] and validated criteria for dysexecutive syndrome [ 5 ]. 
Separate criteria for behavioral and cognitive dysexecutive syndromes have been 
proposed, as behavioral disorders (i.e., changes observed clinically or on a behav-
ior inventory) may be observed in patients without cognitive defi cit (i.e., defi cits 
observed on tests) and vice versa. The need for separate criteria was supported by 
results of the GREFEX study showing that dissociated disorders (i.e., behavioral 
disorders without test impairment and test defi cit without behavioral disorder) 
were more frequent than combined disorders affecting both behavioral and cogni-
tive domains [ 5 ]. Dysexecutive disorders (Table  8.1 ) include eight behavioral 
changes and nine cognitive disorders. The criteria were strictly defi ned and opera-
tionalized using well-defi ned performance indices. Recent studies have refi ned the 
criteria for impairment of strategic processes underlying episodic memory and 
response initiation (for review, see [ 6 ]). Frontal lobe damage has been shown to 
impair strategic processes involved in retrieval as shown by cueing benefi ts (i.e., 
impaired free recall and normal recall following cueing) [ 7 ] and memory selection, 

    Table 8.1    Main diagnostic criteria of behavioral and cognitive dysexecutive disorders   

 Behavioral disorders a   Cognitive disorders a  

 Indicated by reliable informant using validated 
inventory 

 Shown by validated performance index on 
normalized tests 

 Signifi cant changes compared to premorbid 
behavior 

 Not attributable to developmental disorder 

 Signifi cant changes in activities of daily living, 
social life, or work 

 Highly suggestive 
 Global hypoactivity with apathy and/or abulia  Response inhibition (e.g., Stroop test) 
 Global hyperactivity with distractibility and/or 

psychomotor instability and/or disinhibition 
 Rule deduction and generation (e.g., Card 

sorting test) 
 Shifting of sets (e.g., perseveration) 

 Stereotyped and perseverative behavior  Information generation and strategic search 
(e.g., fl uency tasks) 

 Supportive defi cits and developing areas 
 Disorders of emotional control (euphoria, 

emotional lability) 
 Planning (e.g., Tower of London test) 

 Disorders of social behavior including loss of 
empathy 

 Coordination of dual tasks (e.g., dual task) 

 Disorders of sexual, eating, and urinary behavior  Action initiation and sustained alertness 
(e.g., Simple Reaction Time test) 

 Spontaneous confabulations, reduplicative 
paramnesia 

 Episodic memory strategic processes 
(retrieval and memory selection) 

 Anosognosia, anosodiaphoria  Theory of mind and metacognitive processes 

   a To be considered as dysexecutive, the disorder should not be more readily explained by percep-
tuomotor, psychiatric (depression, manic state, or obsessive-compulsive disorder), sleep (hyper-
somnia) or other cognitive (language, memory, visuospatial) disturbances  
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as shown by false recognitions [ 8 ]. This profi le of episodic memory impairment 
was found to be  specifi c to a frontal location of the stroke [ 9 ,  10 ] and was also 
found to improve the prediction of frontal stroke compared to the use of conven-
tional executive tests only [ 10 ].

   Initiation has long been regarded as the rapidity to initiate action and is fre-
quently confounded with action speed. Impairment of action speed is a leading defi -
cit in stroke patients [ 11 – 13 ] and may be observed in the long term [ 14 ,  15 ]. It is 
frequently labeled “psychomotor slowing.” However, the term “action slowing” 
appears to be more appropriate, as it has been shown to involve, to varying degrees, 
perceptual, motor, and cognitive aspects of action speed [ 16 – 18 ]. In addition, these 
results indicate that action slowing cannot be attributed solely to an initiation defi cit, 
as it may also be due to perceptual or motor impairment. Initiation of action is espe-
cially involved in situations requiring repeated activation of a sequence of simple 
actions. This function is typically assessed by Reaction Time tests. Following 
experimental validation, Reaction Time [ 19 ] and benefi ts of a warning cue [ 20 ,  21 ] 
are now used as an index of initiation processes. This method shows that initiation 
depends on the activation of a thalamo-parieto-prefronto-cingulate network pre-
dominantly in the right hemisphere. Lesion studies indicate that the mediofrontal 
region is especially critical for initiation [ 17 ,  20 ]. These converging results indicate 
that initiation can be differentiated from action speed and other executive processes 
[ 20 ,  22 ]. In clinical practice, action speed is usually assessed by the simple condi-
tion of chronometric tests (such as part A of the Trail Making Test and naming and 
reading Stroop subtests) although this does not provide a pure index of initiation 
(Table  8.1 ). 

 The use of a comprehensive cognitive battery and behavioral inventory shows 
that impairment (usually mild) may be observed in one test or one behavioral 
domain in normal subjects. For this reason, it is essential to adjust criteria of impair-
ment according to the number of performance indices. In the GREFEX study, this 
adjustment was performed by differentiating dysexecutive disorder (i.e., impair-
ment in one test or one behavioral domain) from dysexecutive syndrome, which 
requires the association of several impairments on the behavioral inventory (behav-
ioral dysexecutive syndrome) or tests (cognitive dysexecutive syndrome). The use-
fulness of this approach is supported by the demonstration of a relationship between 
dysexecutive impairment and loss of autonomy in dysexecutive syndrome [ 5 ]. 

    Disorders of Executive Functions in Stroke 

 The present review will focus on studies of consecutive patients (hospital- or 
population- based studies) using a validated battery of tests assessing executive 
functions and reporting data with suffi cient details to determine the profi le of cogni-
tive impairment. Published studies provide a consistent picture of the high fre-
quency of executive defi cit across various types of stroke with about 35 % of patients 
suffering from action slowing and about 20 % of patients suffering from a defi cit of 
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rule deduction, abstract reasoning, or set shifting. Action slowing is assessed by 
various tests, such as the Digit-Symbol substitution subtest, Trail Making Test, 
naming and reading Stroop subtests, and more rarely, Reaction Time tests. Executive 
defi cits are reported with frequencies ranging from approximately 10 to 50 % [ 11 , 
 23 – 30 ]. On tests assessing abstract reasoning, such as the similarities subtest of the 
revised Wechsler Adult Intelligence Scale or Modifi ed Card Sorting Test, a defi cit 
was observed in 15–30 % of patients [ 11 ,  23 ,  27 ]. Verbal fl uency tests are reported 
to be impaired in 15–40 % of patients [ 11 ,  24 ,  25 ]. A study that used a global score 
of executive functions summarizing performance on verbal fl uency, Wisconsin Card 
Sorting, Stroop interference tests, and Part B of the Trail Making Test reported a 
defi cit in 41 % of patients [ 31 ]. These high prevalences of dysfunction tend to 
decrease on retesting performed 6 months to 4 years post-stroke, suggesting that the 
defi cits improve in about 25–30 % of patients [ 25 ,  27 ]. However, a defi cit in execu-
tive functions, motor speed, and episodic memory is still frequently observed in 
studies with long-term stroke survivors [ 14 ,  15 ], indicating that a large percentage 
of patients still suffer from attentional and executive disorders in the long term. The 
presence of dysexecutive disorders was associated, in several studies, with a poor 
functional outcome [ 13 ,  15 ,  27 ,  31 ,  32 ]. This has been shown for both behavioral 
[ 33 ] and cognitive disorders [ 5 ] (Table  8.2 ).

       Profi le of Executive Defi cits 

 Studies including consecutive patients usually have different test batteries and usu-
ally do not assess behavioral changes, and thus preclude a precise description for the 
profi le of dysexecutive disorders. In addition, most studies report crude test perfor-
mance results that fail to distinguish between defi cits due to true executive disorders 
or to associated cognitive impairment (e.g., fl uency test impairment may be due to 
language or executive disorders). The GREFEX study assessed 152 stroke patients 
(infarct:  n  = 47; complicated ruptured intracranial aneurysm:  n  = 76; cerebral venous 
thrombosis:  n  = 11) referred for cognitive assessment. This study design is not 
appropriate to determine the prevalence of a defi cit, but is useful to assess the rela-
tive frequencies of certain disorders. Behavioral and cognitive dysexecutive syn-
dromes were observed in 25 % and 29 % of patients, respectively [ 5 ], indicating that 
the failure to systematically assess behavioral changes results in an underestimation 
of dysexecutive disorders. The prominent behavioral changes were hypoactivity 
with apathy (observed in 20 % of patients) and anosognosia. Apathy without depres-
sion has been observed with a frequency ranging between 20 and 30 % in stroke 
patients [ 33 ,  34 ]. The prominent cognitive disorders involved information genera-
tion (i.e., fl uency tests), rule deduction (i.e., number of categories achieved on the 
Modifi ed Card Sorting Test and correct responses on the Brixton Test), and shifting 
(i.e., perseveration on Trail Making Test B and the Modifi ed Card Sorting Test) [ 5 ]. 
The specifi c dysexecutive impairment profi le has not yet been defi ned according to 
stroke type.  
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   Table 8.2    Summary of fi ndings concerning cognitive impairment after stroke   

 References  #Pts  Type of stroke 
 Time of assessment 
post-admission  Impairment in  % Impaired 

 [ 11 ]  227  Ischemic  3 Months  Abstract reasoning  16–20 
 Attention  20–39 
 Language  13–33 
 Memory  10–25 
 Visuospatial  17–25 

 [ 15 ]  307  Ischemic and 
hemorrhagic 

 5 Years  Executive function  33 
 Information processing  33 
 Language  24 
 Verbal memory   8 
 Visual memory   9 
 Visuospatial   3 

 [ 23 ]   37  Hemorrhagic  6 Months  Executive function  19 
 Memory  14 

 [ 24 ]  150  Unspecifi ed  >3 Months  Memory  26 
 Numerical working 

memory 
 43–47 

 Spatial working memory  14–21 
 [ 25 ]  196  Ischemic and 

hemorrhagic 
 1 Month  Attention  32 

 Executive function  32 
 Information processing  60 
 Language  35 
 Memory  24 
 Orientation  10 
 Visuospatial  37 

 [ 26 ]   47  Unspecifi ed  <10 Days  Executive function  61 
 [ 27 ]  111  Ischemic and 

hemorrhagic 
 <3 Weeks  Abstract reasoning  24 

 Executive function  30 
 Language  21 
 Verbal memory  21 
 Visual memory  16 
 Visuospatial  31 

 [ 28 ]   74  Hemorrhagic  20 Months  Episodic memory  42 
 Executive function  14 
 Language   5 
 Verbal memory  36 
 Visual memory  19 
 Visuospatial   5 
 Working memory   5 

 [ 29 ]   55  Ischemic and 
hemorrhagic 

 <3 Weeks  Executive function  46 
 Language  18 
 Long-term memory  26 
 Visuospatial  27 

 [ 30 ]   48  Hemorrhagic  40 Months  Episodic memory  52 
 Executive function  37 
 Language  35 
 Visuospatial  19 

 [ 31 ]  256  Ischemic  3 Months  Executive function  41 
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    Determinants of Dysexecutive Disorders 

 Stroke location is usually considered to be the main determinant of the type of 
 cognitive disorder. Executive functions are mainly supported by the frontal lobes, 
basal ganglia (especially the caudate nucleus, pallidum, anterior and median thala-
mus), and their connections (especially the anterior centrum semiovale, anterior 
limb, and genu of the internal capsule). Executive disorders are therefore essentially 
expected in strokes affecting these structures. This classical view has been chal-
lenged by many studies. Firstly, several studies have shown that anterior  and  poste-
rior strokes result in impaired performance on tests of executive functions [ 12 ,  35 ]. 
This probably accounts for the contrast between the high prevalence of dysexecu-
tive impairment and the lower frequency of anterior stroke. Secondly, stroke loca-
tion is not the sole determinant of dysexecutive disorders; white matter abnormalities 
[ 36 – 38 ], microbleeds [ 39 ], medial temporal atrophy [ 40 ], and pre-stroke cognitive 
disorders [ 41 ] also contribute to post-stroke executive impairments. White matter 
abnormalities are frequently correlated with executive test performance, especially 
on tests with time constraint and chronometric performance [ 42 ]. Accordingly, it 
has been demonstrated that the volume of white matter abnormalities is related to 
action slowing [ 43 ]. Cerebral microbleeds have been associated with defi cits on 
executive tests and action speed [ 39 ,  44 ,  45 ] independent of white matter abnormali-
ties [ 39 ,  44 ]. Additionally, patients with impaired executive tests had a greater num-
ber of microbleeds in frontal and basal ganglia regions [ 39 ,  44 ]. Pre-stroke cognitive 
defi cits are more frequent in patients after the age of 75 [ 41 ]. They may be caused 
by previous strokes or by nonvascular lesions, especially Alzheimer’s disease [ 41 ]. 
Preexisting dementia has been observed in patients with spontaneous cerebral hem-
orrhage with a prevalence similar to that reported in ischemic stroke patients [ 46 ]. 
It may be caused by previous vascular lesions (especially in subcortical hemor-
rhages) or by Alzheimer’s disease (especially in lobar hemorrhages) [ 46 ].  

    Dysexecutive Disorders According to Stroke Type and Location 

 The high frequency of executive disorders relative to other cognitive defi cits seems 
to concern all types of stroke, as it has been reported in ischemic [ 11 ,  13 ,  24 ,  27 ,  31 ], 
hemorrhagic [ 30 ], and mixed ischemic-hemorrhagic strokes [ 15 ,  25 ,  29 ]. The 
majority of studies determining the prevalence of dysexecutive disorders were per-
formed by focusing on the most frequent stroke type (cerebral infarction). They 
showed that action slowing is observed in about one-third of patients, and a cogni-
tive dysexecutive defi cit is observed in about one-fi fth of patients. The profi le of 
dysexecutive disorders has been assessed in patients with various infarct types and 
locations. 

 Infarcts involving the frontal lobes, basal ganglia, and their connections are 
mainly due to occlusions of the anterior/superior branch of the middle cerebral 
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artery and/or the deep perforating branches (lateral lenticulostriate arteries). Infarcts 
in the territory of the anterior cerebral artery are rare (accounting for 2–5 % of 
infarcts), but they can cause frontal (medial part) and deep (ventral part of caudate 
nucleus) cerebral infarctions. Finally, infarcts of the anterior part of the thalamus are 
mainly located in the territory of the tuberothalamic artery, a branch of the posterior 
communicating artery, and the anterior choroidal artery. Infarcts of the middle part 
of the thalamus are in the territory of the paramedian thalamic-subthalamic arteries, 
which originate from the fi rst segment of the posterior cerebral artery. 

  Infarcts in the territory of the anterior / superior branch of the middle cerebral 
artery  usually induce cognitive dysexecutive disorders that are reported to be espe-
cially marked on rule deduction, shifting of rules, information generation, and 
maintenance of information in working memory. Conversely, behavioral dysexecu-
tive changes are usually reported to be moderate and can even be absent. Global 
hypoactivity with abulia-apathy is the most frequent disorder. Dysexecutive disor-
ders are usually associated with other cognitive defi cits (aphasia in left-sided infarct 
and visuo-constructional disorders in right-sided infarct—see Chaps.   5     and   6     for 
more information). Pure unilateral lenticulostriate infarcts may induce dysexecutive 
disorders, although the defi cits are usually mild. In the behavioral domain, global 
hypoactivity with abulia-apathy or hyperactivity with distractibility-impulsivity 
may be observed [ 47 – 49 ]. Cognitive executive defi cits concern tests that assess 
response activation and suppression, information generation, and rule deduction 
[ 49 ,  50 ]. They are usually associated with memory disturbances [ 10 ,  51 ,  52 ] and, in 
left-sided infarcts, language disorders [ 10 ,  50 ,  53 ]. Bilateral striatal lesions may be 
observed in anoxia, which usually also causes lesions outside the striatal region. 
Such a condition may induce “loss of psychic autoactivation” [ 54 ] characterized by 
severe global hypoactivity with abulia-apathy (usually associated with “empty 
mind”), which is reversed by heteroactivation (usually following instructions from 
the examiner or the caregiver). This disorder has also been reported after bilateral 
thalamic infarction [ 55 ]. 

  In anterior cerebral artery infarcts , the profi le of dysexecutive disorders has 
been only partly documented. Akinetic mutism (which is an extreme form of global 
hypoactivity with apathy) may be as a result of bilateral infarcts followed by severe 
dysexecutive disorders persisting after the acute phase [ 56 ,  57 ]. Transient akinetic 
mutism and acute confusional states have been reported in patients following left- 
sided infarcts [ 56 – 58 ]. Acute action slowing has also been reported in patients after 
right-sided infarcts [ 56 – 58 ]. 

 Although  thalamic infarcts  in the territory of the tuberothalamic and paramedian 
arteries are frequently reported to cause executive defi cits, few studies have assessed 
patients using validated test batteries. Behavioral disorders are a classical compo-
nent of the clinical picture during the acute phase of stroke. In unilateral lesions, 
they are usually mild and mainly consist of global hypoactivity with abulia-apathy 
[ 59 – 61 ]. A bilateral paramedian infarct is associated with more severe clinical fea-
tures with impaired consciousness at the acute phase and presence of akinetic mut-
ism. After the acute stage, mild behavioral disorders may persist with more severe 
disorders in the case of bilateral lesions, which may induce “loss of psychic 
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auto-activation” [ 55 ]. In patients with global hypoactivity, the possible role of 
hypersomnia must be assessed, especially in bilateral paramedian infarcts. Cognitive 
dysexecutive disorders have been observed with a frequency ranging from one-half 
to one-third of patients according to a review by Van der Werf et al. [ 62 ]. Impairment 
of executive functions and response speed were found to depend on several struc-
tures including the mediodorsal nucleus and internal medullary lamina [ 60 ]. 
Executive disorders are usually associated with episodic memory defi cits and apha-
sia or hemineglect, all of which must be taken into account when interpreting test 
results. Follow-up examinations have shown that spectacular improvement is pos-
sible within a few months, even in patients with bilateral infarcts. However, bilateral 
infarcts causing persistent behavioral and cognitive disorders—thus satisfying the 
criteria of the so-called thalamic dementia—may be quite severe. 

 Patients with  lacunar infarcts  are frequently reported to have dysexecutive disor-
ders. This impairment has been supported by recent studies comparing subcortical 
ischemic vascular disease with either normal controls [ 63 ] or other stroke types 
[ 64 ]. The presence of cognitive dysexecutive defi cit in patients with lacunes has 
initially been attributed to their prominence in the basal ganglia and thalamus [ 40 , 
 65 ]. However, small vessel disease, the usual cause of lacunes, is also associated 
with other cerebral abnormalities, such as white matter signal hyperintensities, 
microbleeds, reduced volume of cortical gray matter, and medial temporal atrophy 
[ 66 ]. In subcortical ischemic vascular disease, white matter lesions and cerebral 
atrophy were found to be independent predictors of executive defi cits [ 37 ]. These 
results indicate that lacunes are a marker of a disease process responsible for vari-
ous lesions that contribute to executive impairments. 

 In  subarachnoid hemorrhage  (see Chap.   10    ), the frequency of executive defi cits 
varies considerably across studies. A review of 61 published studies assessing cog-
nitive outcome reported a frequency of executive defi cits ranging from 7 to 76 % 
[ 67 ]. This wide frequency range is likely due to the heterogeneity of assessment and 
patient selection. Studies assessing executive function in large samples of consecutive 
patients have reported dysexecutive defi cits in 18–51 % of patients [ 23 ,  68 – 73 ]. 
The profi le of cognitive dysfunction is usually only minimally infl uenced by 
 aneurysm location [ 23 ,  69 ] and seems more related to diffuse cerebral damage and 
cerebral edema [ 70 ,  71 ]. However, cognitive defi cits have been found to be more 
frequent in patients with left-sided lesions [ 71 ]. In addition, a few studies using a 
validated method of clinical-anatomical correlation analysis reported that lesion 
location infl uenced the profi le of cognitive defi cit [ 28 ,  74 ]. Assessment of executive 
disorders is especially important after rupture of anterior communicating artery 
aneurysms. The usual clinical presentation is comprised of prominent behavioral 
changes with mild cognitive dysexecutive impairment and memory defi cit [ 75 ], 
while perceptuomotor abilities and instrumental cognitive functions (e.g., language, 
visuospatial, and constructive abilities) are typically spared. Behavioral executive 
changes include hypoactivity with abulia-apathy, hyperactivity with distractibility- 
disinhibition, and, in more severe cases, stereotypy, anosognosia, disturbances of 
social behavior, confabulations, and reduplicative paramnesia. These disorders may 
be observed in the same patient. A common situation is the observation of 
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hypoactivity (and akinetic mutism in very severe cases) in the acute phase, followed 
by the progressive development of hyperactivity. Cognitive dysexecutive syndrome 
is usually mild (and may be absent) and mainly concerns action initiation and 
response suppression. A defi cit of episodic memory is usually observed, but may 
present with various patterns. Apart from the typical impairment of strategic pro-
cesses (see above), a mediotemporal profi le (characterized by impairment of free 
and cued recalls and recognition) and, very rarely, selective impairment of recogni-
tion have been reported [ 7 ,  9 ,  10 ,  76 ]. 

 Cognitive outcome after  intracerebral hemorrhage  (see Chap.   11    ) is the subject 
of several major ongoing studies. A cross-sectional study of intracerebral hemor-
rhage, with comprehensive neuropsychological assessment, revealed a picture simi-
lar to that of infarct, with impaired episodic memory in 52 % of patients, psychomotor 
speed in 44 % of patients, and executive functions in 37 % of patients [ 30 ]. A study 
in patients undergoing surgery for arteriovenous malformations reported the pres-
ence of attentional and executive defi cits during the fi rst year post-surgery [ 77 ]. 

 The cognitive outcome of cerebral venous thrombosis remains poorly examined 
[ 78 – 80 ]. A cross-sectional study of cerebral venous thrombosis, with comprehen-
sive neuropsychological assessment, showed an overall lower frequency of cogni-
tive impairment as compared to arterial stroke [ 81 ], in close keeping with the 
relatively good prognosis of this condition [ 82 ]. Cognitive impairment was promi-
nent in the domain of episodic memory, executive function, and action speed, a 
similar pattern to that observed in arterial stroke [ 81 ].   

    Clinical Implications 

    Assessment of Executive Disorders 

 Clinical examination is not very sensitive to dysexecutive disorders but is essential 
in analyzing associated defi cits in sensorimotor, cognitive (especially transcortical 
motor aphasia and hemineglect), and psychiatric (especially depression) domains, 
as they infl uence prognosis and the interpretation of neuropsychological assess-
ment. In the acute stage, clinical examination of stroke patients is usually based on 
the National Institutes of Health (NIH) stroke scale score, which includes a short 
assessment of orientation, language, and hemineglect. However, this scale misses 
mild defi cits and does not assess action speed, memory, and executive function. 
Clinical examination and interview of the patient and an informant should be con-
ducted to assess signifi cant changes in personality and behavior, as this information 
is very important for diagnosis. In patients without behavioral changes, dysexecu-
tive disorders should be suspected when an apparently good clinical outcome con-
trasts with persisting diffi culties in occupational activities or instrumental activities 
of daily living. These diffi culties are more frequently detected when a questionnaire 
is used to score the Rankin scale [ 83 ]. A careful search for depression as a symptom 
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is important considering its frequency in stroke patients [ 84 ] (see Chap.   12    ). Clinical 
examination looks for the presence of grasp and sucking refl exes, as well as abnor-
mal imitation and utilization of objects. Gaze “grasping” (i.e., the inability to avoid 
orienting one’s gaze toward salient stimuli) is the only gaze abnormality observed 
on routine clinical examination and is attributed to bilateral lesions of the frontal eye 
fi elds. Oppositional (increased tone in response to passive movement) and facilita-
tory (when the patient acts in the same direction as the passive movement) paratonia 
are due to frontal lobe damage and are especially observed in the context of diffuse 
pathology [ 85 ]. The examination of motor sequences (fi st-palm-edge), crossed tap-
ping (“tap once in response to a double tone and tap twice in response to a single 
tone”) or Go/No-go (“tap once in response to a double tone and do not respond to a 
single tone”), and verbal fl uency may be useful for diagnosis of executive disorders. 
Among the various screening tests, the Mini-Mental State Examination is not very 
sensitive to executive defi cit. The Frontal Assessment Battery [ 86 ] and Montréal 
Cognitive Assessment [ 87 ] include more subtests assessing executive functions, 
although their superiority to detect cognitive impairment in stroke patients remains 
questionable [ 29 ]. 

 In most cases, neuropsychological examination is necessary to diagnose a dysex-
ecutive syndrome. It should include a validated inventory of dysexecutive behav-
ioral changes and, when possible, a test battery. Several questionnaires examine 
behavioral changes in various brain-damaged populations and more or less specifi -
cally assess dysexecutive disorders. Personality changes can be assessed by the 
Neuropsychiatric Inventory (NPI) [ 88 ] and Frontal Lobe Personality Scale [ 89 ]. 
The Behavioral Assessment of the Dysexecutive Syndrome battery includes a ques-
tionnaire [ 90 ] and has been used in mixed pathologies [ 91 ]. The Frontal Behavioral 
Inventory [ 92 ] and Frontotemporal Behavioral Scale [ 93 ] have been especially used 
in dementia. The Inventory of Behavioral Dysexecutive Syndrome has been normal-
ized [ 94 ] and has been used in stroke patients [ 5 ]. 

 Cognitive assessment of executive disorders is based on a battery of several tests. 
Verbal fl uency, Trail Making, Stroop, and the Wisconsin Card Sorting tests are the 
most commonly used. However, this classic battery has shown certain limitations as 
compared with a more complete battery including the Six Elements test, Brixton 
test, and a dual-task test [ 94 ]. A verbal episodic memory test should be used to 
examine strategic encoding and retrieval processes [ 9 ,  10 ]. Action speed can be 
assessed with various tests such as the Digit-Symbol substitution subtest, Trail 
Making Test Part A, naming and reading Stroop subtests, and, more rarely, Reaction 
Time tests. Test interpretation should take into account sensorimotor defi cit and 
defi cit of instrumental functions and memory. However, these tests may fail to 
detect a selective or more subtle impairment. Additional tests may be used in these 
patients, especially to assess attention, emotional, and social behavior, as well as 
metacognitive processes. Defi cits of nonspatial attention observed in this context 
mainly involve problems in sustained alertness and monitoring of information. 
Sustained alertness, defi ned as the ability to maintain a high level of preparedness 
during a task [ 95 ], is close to our concept of initiation (see above) and can be 
assessed with Reaction Time tests using individual distributions of the results [ 19 ] 
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and examining the benefi t of warning cues [ 20 ,  21 ]. Sustained alertness is impaired 
in superomedial frontal damage [ 17 ,  20 ]. Monitoring of information is assessed by 
the reaction time advantage conferred by long intertrial intervals and has been found 
to be impaired following right lateral frontal damage [ 20 ]. Regulation of emotional 
and social behavior has been extensively investigated. It can be assessed by testing 
the identifi cation of facial emotion, using social questionnaires (e.g., Faux pas ques-
tionnaire [ 96 ]) and theory of mind tests (e.g., [ 97 ,  98 ]), all of which can be impaired 
after frontal damage. The ability to use emotional information to guide behavior can 
be assessed by a gambling task [ 99 ]. Assessment of metacognitive processes 
includes testing reactions to verbal and cartoon humor [ 100 ,  101 ] and comparing 
performance on the remember-know memory task [ 102 ].   

    Summary 

 Dysexecutive disorders are frequent in stroke and they contribute to disability. 
Although classically attributed to stroke involving the frontal lobe and basal gan-
glia, they may be observed in strokes affecting the cerebral hemispheres. 
Dysexecutive disorders are under-recognized due to the moderate sensitivity of 
usual screening tests for these disorders. Diagnosis may be improved by the system-
atic assessment of dysexecutive disorders examining both behavioral (using a vali-
dated questionnaire) and cognitive (using a validated battery of tests) components. 
Interpretation of performance on both questionnaire and cognitive tests needs to 
take into account elementary disorders, especially sensorimotor, depression, and 
cognitive disorders (especially transcortical motor aphasia and hemineglect). Test 
batteries should also assess action speed and episodic memory and provide vali-
dated indices to disentangle dysexecutive/strategic impairment from other defi cits. 
Selected patients with behavioral or cognitive dysexecutive disorders may be 
referred to rehabilitation programs; however, sophisticated randomized controlled 
trials assessing the effi cacy of pharmacological and rehabilitation-based treatments 
remain limited (see Chap.   16    ).     
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           Introduction 

 Memory loss is one of the most common types of cognitive impairment affecting 
patients recovering from stroke. Memory and related defi cits are most severe in the 
fi rst few weeks following stroke, but can persist for years after the episode [ 1 – 3 ]. 
The result is a reduction in quality of life, including decreased abilities in perform-
ing daily activities and in returning to the workplace [ 4 ,  5 ]. In one quarter of stroke 
survivors, impairments worsen and develop into dementia, a neurodegenerative 
condition marked by a range of cognitive defi cits [ 6 ,  7 ]. Recent data show that the 
risk of developing dementia after ischemic stroke is higher than age- and education- 
matched healthy controls, suggesting common risk factors or some underlying com-
mon pathophysiologic mechanisms. 

 Memory is not a unitary construct. There are many different types of memory, 
each serving a different purpose and each mediated by different cognitive processes 
and underlying brain systems. This means that post-stroke memory problems will 
vary with the nature of the stroke. Understanding the diversity of memory impair-
ments following stroke has important implications for the assessment of overall 
function as well as for developing effective rehabilitation for stroke survivors. 
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  Defi nitions of Memory Types 

     1.     Explicit Memory : the conscious recall of knowledge and experiences.

    (a)     Episodic : recalling events or experiences that occurred in a single time 
and place.

   (i)     Recollection : Specifi c recall of a past event. 
  Example: “I remember meeting Sarah at Victoria’s party on 
Friday night. We talked about politics while eating cheese 
fondue.”   

  (ii)     Familiarity : Knowledge that something is old. 
  Example: “I know I have met Sarah somewhere before. I have a 
feeling it was at a party.”    

      (b)     Semantic : Knowledge of general facts about the world or self. 
 Example: “Cheese fondue is a Swiss delicacy.”    

      2.     Implicit Memory : Remembering previously experienced information with-
out conscious awareness.

    (a)     Priming : bias of task performance by a previous experience without 
conscious awareness (not discussed in this chapter).   

   (b)     Procedural : remembering or learning procedures without conscious 
awareness. 
  Example: Knowing how to prepare cheese fondue without following a 
recipe or instructions.    

       This chapter reviews different subtypes of memory, but focuses specifi cally on 
episodic memory, the conscious recall and recognition of information. Processes 
underlying episodic memory and the neural regions that support them are particu-
larly vulnerable to stroke. In considering the relationship between stroke and epi-
sodic memory, we will review the impact of infarct location on the expression of 
impairment. Given the propensity of strokes to be associated with later development 
of dementia, we will appraise the relationship between stroke and dementia to illus-
trate vascular conditions and factors that promote the conversion of memory impair-
ment to dementia. We begin with a review of the different types of memory and the 
common methods for memory assessment. 

    Multiple Forms of Memory 

 A basic distinction in memory is between short-term and long-term memory. Short- 
term memory involves holding information in consciousness for a limited time, in 
the range of seconds to minutes; the permanent storage of this information is 
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 supported by long-term memory. The transition of information from short-term to 
long- term memory begins with successful encoding. After a memory is encoded it 
undergoes a process of consolidation during which it is represented in the brain as a 
stable and durable long-term memory. Later retrieval of a memory depends on how 
well it was encoded and consolidated and on the availability of suitable cues at 
retrieval. Without delving into the complexity of these processes, it is important to 
appreciate that impairment of any combination of encoding, consolidation, or 
retrieval of information can impair memory functioning.

   Within long-term memory, there are further divisions (see previous Defi nitions 
of Memory Types and Fig.  9.1  for how the distinctions in memory are made). 
Memories that can be consciously recalled, such as memories for specifi c events 
(“I remember my 18th birthday party”) and facts (“The CN tower is located in 
Toronto”) are called  declarative  or  explicit  memories. Within explicit memory, the 
distinction is made between  episodic  and  semantic  memory. Episodic memory 
refers to the conscious recollection of an experienced event and its associated con-
textual details, like the time and place that the event occurred. The retrieval of an 
episodic memory often entails a feeling of going back and reexperiencing the event 
that is being recalled. 

 In the clinic, episodic memory is measured with tasks that require one to learn a 
list of stimuli (e.g., words, objects) or more complex materials (e.g., short stories or 
fi gures) and, after a delay, recall or recognize as much information as possible (see 
Table  9.1  for examples of common neuropsychological tests used to examine epi-
sodic memory and other types of memory). These methods are useful for studying 

  Fig. 9.1    The distinctions in long-term memory that are relevant to stroke and the primary support-
ing neural structures       
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 anterograde memory , the ability to form new episodic memories.  Retrograde mem-
ory , the ability to remember previous events, can be reliably assessed with tests like 
the Autobiographical Memory Interview [ 8 ], which evaluate the number and type of 
details in older episodic memories.

   Whereas episodic memory entails the conscious recall of contextual events, 
semantic memory refers to general, context-independent knowledge. This includes 
memory for facts about the world (e.g., Paris is the capital of France) as well as 
general knowledge about ourselves (personal preference for spaghetti with tomato 
sauce versus alfredo sauce). Neuropsychological measures of semantic memory 
assess the ability to recover these factual details in formal tests (Table  9.1 ). For 
example, the category fl uency task requires the generation of many items that 
belong to specifi c categories (e.g., animals) in a limited time period. The Boston 
Naming Test requires one to name a series of pictured objects, beginning with com-
mon objects (e.g., canoe) and ending with less common objects (e.g., abacus). In 
general, semantic impairment following a stroke will present as defi cits in compre-
hension or retrieval of factual information, such as the name of an object, the presi-
dent of the United States, etc. Such impairment is typically seen following damage 
to the left prefrontal cortex or the left posterior temporal lobe and inferior parietal 
cortex [ 9 – 11 ] (Table  9.1 ).  

    Implicit Memory 

 Implicit memory is a form of memory that involves the expression of knowledge 
without conscious awareness of how that knowledge was acquired. Remembering 
acquired skills, habits, and rules, such as cooking techniques, riding a bicycle, or 
playing chess are examples of implicit or procedural memories. Strokes in regions 
such as the basal ganglia and the cerebellum can result in defi cits in remembering 
established procedural memories and in forming new ones [ 12 ]. For example, in the 
commonly used mirror-tracing task, an individual is asked to trace shapes using 
only visual feedback from a mirror. This task may be initially hard, but it becomes 
easier with practice. Stroke survivors with defi cits in implicit memory do not benefi t 
from practice when mirror tracing [ 13 – 15 ] (see Table  9.1  for other examples of 
measures of implicit memory). While all forms of memory are important, episodic 
memory processes and structures are the most likely to be affected by stroke [ 16 ]. 
Accordingly, the remainder of this chapter will focus on the effect of stroke on epi-
sodic memory.  

    Episodic Memory 

 Strokes causing damage to the neural network that supports episodic memory can 
impair the learning, storage, and retrieval of episodic memories. The nature of this 
impairment is dependent on where in the network damage occurs (Table  9.2 ).

   Using a number of different methodologies, neuropsychological investigations 
have determined that the core of the episodic memory neural network is the hippo-

S. Sheldon and G. Winocur



157

   Table 9.2    A brief summary of predicted memory impairments resulting from neuronal damage to 
regions of the episodic memory network   

 Neural damage  Vascular supply  Side  Process affected 

  Medial temporal : 
 Hippocampus  

 Posterior communicating artery; 
anterior choroidal artery 

 Left  Verbal memory; recall 
impaired more than 
recognition 

 Right  Nonverbal memory; 
recall impaired more 
than recognition 

  Medial temporal : 
 Hippocampus 
and 
Parahippocampal 
regions  

 Posterior communicating artery; 
anterior choroidal artery 

 Left  Verbal memory; recall 
impairment = recogni-
tion impairment 

 Right  Nonverbal memory; 
recall impair-
ment = recognition 
impairment 

  Thalamus :  Extended 
hippocampal 
system  

 Polar (tuberothalamic/premammil-
lary) artery; anterior choroidal 
artery 

 Left  Verbal memory; recall 
impaired more than 
recognition 

 Right  Nonverbal memory; 
recall impaired more 
than recognition 

  Thalamus :  Medio -
dorsal    - perirhinal   
circuit  

 Paramedian (thalamo-perforating) 
artery 

 Left  Recall impairment = rec-
ognition impairment; 
executive defi cits 

 Right  Recall impairment = rec-
ognition impairment; 
executive defi cits 

  Frontal : 
 Oribtofrontal 
cortex / basal 
forebrain  

 Perforating branches from anterior 
communicating artery, 
orbitofrontal artery branches 
of anterior (medial) and middle 
(lateral) cerebral arteries 

 Bilateral  Impaired source recall; 
context confusion; 
confabulation 

  Frontal :  Prefrontal 
cortex  

 Anterior cerebral artery  Left  Memory encoding and 
general impairment 
in strategic and 
organizational 
(executive) 
processing 

 Right  Memory retrieval and 
general impairment 
in strategic and 
organizational 
(executive) 
processing 

  Posterior association 
areas  

 Posterior cerebral artery, 
middle cerebral artery 

 Bilateral  Impairment in encoding 
and retrieving 
particular sensory/
perceptual details 
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campus [ 12 ,  17 ,  18 ]. Subcortical and cortical structures, including the thalamus, 
the prefrontal cortex and posterior cortical regions, maintain dense connections with 
the hippocampus and other medial temporal lobe (MTL) structures. These regions 
mediate specifi c processes, which, if affected by vascular damage, bias the presen-
tation of memory impairment in specifi c ways.   

    The Hippocampus and Episodic Memory 

 Appreciation of the central importance of the hippocampus (hippocampus proper, 
dentate gyrus, and subiculum) for episodic memory dates back to the pioneering 
work of Milner and her colleagues with the classic patient HM. HM suffered from 
intractable epilepsy and underwent bilateral MTL surgery to remove the hippocam-
pus, parahippocampus, and related regions. The surgery relieved his epilepsy but 
left him with profound anterograde and retrograde amnesia for episodic events. 
Signifi cantly, HM’s memory for semantic information and his implicit memory 
were intact [ 19 ,  20 ]. Since HM, considerable work has confi rmed the importance of 
the hippocampus in episodic memory [ 21 – 25 ]. 

 From these behavioral fi ndings, theoretical frameworks, such as the Multiple 
Trace Theory, have implicated the hippocampus in both the encoding and retrieval 
stages of episodic memory [ 17 ,  26 ]. At encoding, the hippocampus serves the criti-
cal role of binding all the relevant memory-related details into a coherent structure 
across multiple brain regions. Over time, episodic memories become represented in 
a distributed network of subcortical and cortical brain regions. During retrieval, hip-
pocampal neurons act as a pointer to these storage regions, initiating the process of 
bringing the memory into awareness. 

    The Hippocampus: Recollection Versus Familiarity 

 As indicated previously, the hippocampus is believed to be crucial for  conscious 
recollection , a process that entails the re-experiencing and recall of an event and 
its associated details. Clinically, recollection is crucial for tests such as free recall 
and those that require the retrieval of associative information, such as where and 
when an event was experienced. The hippocampus is not required for memory that 
is based solely on familiarity. In contrast to recollection,  familiarity - based memory  
is less detailed and usually involves remembering that an object or item has been 
encountered before, but without necessarily being able to recall anything else 
about it. Recognition tasks that require decisions based on matching memory to 
present information can be successfully completed with familiarity-based 
assessments. 

 Recollection impairments are present after stroke in the MTL due to, for exam-
ple, hemorrhage or occlusion of the vascular supply to the hippocampus (involving 
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the anterior and temporal artery, and to a lesser degree the anterior choroidal artery). 
Most strokes involving the hippocampus and MTL are ischemic; hemorrhages iso-
lated to the hippocampus are uncommon and those in the temporal lobe are usually 
more lateral. Typical causes would be amyloid angiopathy or rupture of a middle 
cerebral artery aneurysm into the adjacent temporal lobe. Ott and Saver [ 27 ] 
reported cases of hippocampal lesions from strokes that were suffi cient to induce 
amnesia (see Fig.  9.2  for a representative computed tomography [CT] scan of such 
a case).

   Other investigations [ 24 ] have examined memory performance of patients who 
suffered from mild hypoxic ischemic encephalopathy, which is a form of transient 
global brain injury. Although diffuse brain regions can be affected,  hypoxic isch-
emic encephalopathy  can also selectively damage the hippocampus. Compared to 
healthy control participants, these patients showed memory impairment on recall 
and recognition memory tests; however, their recall defi cit was signifi cantly 
greater than their recognition defi cit. Experimental measures designed to dissoci-
ate recollection from familiarity identifi ed a selective recollection defi cit in these 
patients [ 28 ,  29 ]. 

 In 2004, Mayes and colleagues [ 30 ] described patient YR, who suffered an isch-
emic stroke that selectively affected both hippocampi. Consistent with the previ-
ously mentioned fi ndings [ 28 ,  29 ], YR’s primary defi cit refl ected a loss of 
hippocampus-dependent memory. Her short-term, implicit and semantic memories, 
as well as familiarity-based recognition memory, were all spared. Her performance 
on tests that required recollection, such as free recall and paired-associate learning, 
however, was impaired. 

 Many of the studies that have reported anterograde amnesia after hippocampal 
damage also demonstrated defi cits in the patients’ ability to recall details from past 
personal experiences (e.g., describe the fi rst day of a job) [ 31 ]. These fi ndings 

  Fig. 9.2    A representative 
scan of one of the patients 
that presented with left 
hippocampal and 
parahippocampal gyrus 
damage. Reprinted with 
permission from Ott BR, 
Saver JL. Unilateral amnesic 
stroke. Six new cases and a 
review of the literature. 
Stroke. 1993 
Jul;24(7):1033–42       
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suggest that memory loss following hippocampal strokes extend to events of the 
distant past (retrograde amnesia). Further evidence of retrograde amnesia comes 
from a study that tested 20 patients with unilateral strokes, including patients who 
sustained damage to the hippocampus [ 32 ]. The patients were given tests of auto-
biographical memory in which they were asked to describe personal events from 
three remote time periods. They were also given tests of public events in which 
they answered questions about well-known events from different decades (e.g., 
“Who was the fi rst person to set foot on the moon?”). The patients with hippocam-
pal damage generated fewer details and had poorer recall of past personal events, 
particularly those from remote times. They also answered fewer correct responses 
to questions about well-known public events compared to their matched 
counterparts. 

 While recollection-specifi c defi cits are a cardinal feature of hippocampal 
damage due to stroke, for example, familiarity-based memory impairment can 
supplement these defi cits if the lesions are accompanied by damage to other 
MTL structures, namely the entorhinal, perirhinal, and the parahippocampal cor-
tices. In their review, Aggleton and Shaw [ 33 ] reported, that, while focal hippo-
campal lesions selectively disrupt free recall (recollection), damage that extends 
beyond the hippocampus into other MTL regions results in recall  and  recognition 
defi cits (also see [ 18 ]; but see [ 34 ] for a different view of recollection and 
familiarity).  

    The Hippocampus: Left Versus Right 

 Conventional laterality-specifi c functions are represented in the hippocampus. 
The left hippocampus is involved predominately in verbal episodic memory tasks 
whereas the right hippocampus is involved more in nonverbal episodic memory 
tasks, including the encoding and retrieval of spatial relations and location infor-
mation. For example, poor verbal memory, as measured by story recall and tests 
that assess memory for a previously learned list of unrelated words, is associated 
with left hemisphere strokes [ 35 ]. Patients with ischemic right posterior hippo-
campal lesions present with relatively intact verbal memory, but have a specifi c 
impairment in nonverbal and spatial memory [ 36 ]. Szabo and colleagues [ 29 ] 
studied more than 50 patients using a neuropsychological battery that included a 
list-learning task, an auditory learning task, and tests of nonverbal memory, such 
as the Rey-Osterreith complex fi gure test. Strokes affecting the left hippocampus 
resulted in worse performance on the verbal memory tests (e.g., list-learning test) 
when tested at both short and long delays, and better performance on nonverbal 
memory tests (e.g., the Rey- Osterreith complex fi gure test). In contrast, strokes 
affecting right hippocampal regions resulted in the opposite pattern: poorer non-
verbal than verbal memory.  
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    The Hippocampus: Summary 

 The hippocampus is integral for the formation and recall of episodic memories, 
irrespective of when they are acquired. When the hippocampus is damaged as part 
of stroke-induced pathology, both anterograde and retrograde amnesia are experi-
enced, as they are in other disease processes. If hippocampal lesions from stroke are 
accompanied by damage to additional regions of the MTL, familiarity-based recog-
nition memory is also likely to be affected. Finally, the pattern of impairment from 
hippocampal strokes is dependent on the side of damage. Left-sided damage results 
in verbal memory impairments and right-sided damage results in nonverbal 
impairments.   

    The Thalamus and Episodic Memory 

 The role of the thalamus in episodic memory is related to its multiple connections 
with the MTL (Fig.  9.3 ). Two main circuits connect the anterior and medial dorsal 
thalamic nuclei to the hippocampus and parahippocampus, respectively. The ante-
rior (and latero-dorsal) thalamic nuclei are densely connected to the hippocampus 
via the mammothalamic tract and the mammillary bodies forming the  extended hip-
pocampal system  [ 33 ,  37 ]. These structures are supplied by the tuberothalamic 
artery, a branch of the posterior communicating artery (which also supplies anterior 
regions of the thalamus, including the mammillary bodies and part of the mammil-
lothalamic tract) and the anterior choroidal arteries (the anterior nuclei complex). 
The medial dorsal thalamic nucleus is linked to the amygdala and the perirhinal 
cortex in the parahippocampal gyrus via connections that pass through the internal 
medullary lamina [ 38 ,  39 ] and also maintains reciprocal connections with the pre-
frontal cortices.  

 The thalamus is supplied by perforating arteries arising from the posterior com-
municating artery (polar, tuberothalamic, anterior internal optic, or premamillary 
artery), paramedian thalamic-subthalamic arteries from fi rst segment of the poste-
rior cerebral artery, inferolateral (thalamogeniculate) arteries from the second seg-
ment of the posterior cerebral artery and posterior (medial and lateral) choroidal 
arteries usually also from the second segment of the posterior cerebral artery. These 
are all derived from the vertebrobasilar arterial system, with the exception of the 
polar artery. Vascular supply to the medial dorsal thalamic nucleus also comes from 
the polar and paramedian arteries [ 40 ]. The thalamus is frequently damaged by 
stroke, including ischemic stroke with occlusion of the perforating arteries supply-
ing it due to hypertension. Intracerebral hemorrhage secondary to hypertension also 
is common in the thalamus (Fig.  9.3 ).
   A pattern of memory loss that is reminiscent of hippocampal amnesia occurs fol-
lowing damage to the extended hippocampal system, particularly if the damage 
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  Fig. 9.3    Pathways connecting the medial temporal lobe structures to the thalamus. The  top  sche-
matic represents the connections of the anterior thalamic nuclei. The  bottom  schematic represents 
the connections of the medio-dorsal nucleus of the thalamus (adapted from [ 33 ])       
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disconnects the thalamus from the hippocampus [ 39 ]. In one well-documented case, 
isolated injury to the left anterior thalamus following a polar thalamic infarct 
resulted in anterograde amnesia for episodic events, while short-term, semantic, and 
procedural memory as well as general intelligence remained intact [ 41 ]. As with 
hippocampal amnesia, in cases of thalamic stroke, there is a prominent dissociation 
on tests of episodic memory that is dependent on recollection and familiarity. For 
example, patients with thalamic stroke that damages the anterior thalamic nuclei 
and/or thalamic connections to the hippocampal system often present with defi cits 
in verbal recall (recollection) memory but spared verbal recognition (familiarity) 
memory as measured, for example, with the California Verbal Learning Test (CVLT) 
[ 42 ] (also see [ 43 – 45 ]). Carlesimo and colleagues [ 46 ] tested a thalamic stroke 
patient with damage that extended to the hippocampal system. Consistent with other 
reports, this patient was impaired only on the recollective aspects of episodic mem-
ory on tests of anterograde and retrograde memory. 

 These defi cits following thalamic stroke may be indistinguishable from those 
with hippocampal damage, yet the underlying causes of the impairment is differ-
ent. Hippocampal damage results in impairment in the binding or associative pro-
cesses of episodic memory at  encoding  and  retrieval . Thalamic damage that 
disturbs thalamic- hippocampal pathways appears to cause impairment primarily 
at the encoding stage [ 45 ] in that lesions to the anterior nuclei or their afferent 
tracts will impair encoding new stimuli. Under ordinary conditions, the thalamus 
acts as a relay between the hippocampus and cortical regions of the brain where 
long-term memories are stored. Without these contributions, the details of the 
encoded memories cannot be appropriately stored, resulting in post-encoding rec-
ollection defi cits [ 47 ]. 

 Thalamic strokes can also result in executive defi cits (e.g., attentional control, 
suppression of irrelevant information) similar to those associated with frontal-lobe 
damage (see Chap.   8    ). These defi cits are usually a result of damage to the medial 
dorsal nucleus-perirhinal pathway from paramedian occlusions [ 48 ]. In the nor-
mal, intact brain, the reciprocal connections between the medial dorsal nucleus 
and the prefrontal cortex help integrate executive processes with other nonexecu-
tive processes supported by connected brain regions. Damage to this circuit pro-
duces widespread impairment that can affect memory and a range of cognitive 
processes [ 49 ]. In terms of memory, patients with this pattern of damage have 
problems consciously remembering episodic information under conditions of high 
interference, often exhibiting intrusion errors and false recognitions during vari-
ous types of testing [ 50 ]. 

 The medial dorsal nucleus-perirhinal circuit appears also to be involved in 
familiarity- based episodic memory decisions. This is based on its connection to 
perirhinal cortex [ 33 ]. Supporting this notion are fi ndings from Carlesimo and col-
leagues [ 46 ] who report that patients with damage to the medial dorsal nucleus-
perirhinal circuit present with selective impaired familiarity, but have spared 
recollection [ 45 ] (see [ 51 ] for inconsistent results). 
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    The Thalamus: Left Versus Right 

 Stroke-induced lesions to anterior thalamic nuclei and connections within the 
extended hippocampal system of the left hemisphere result in episodic memory 
defi cits that are more verbal in nature [ 39 ,  52 ,  53 ]. Right-sided lesions typically 
produce the expected pattern of visuospatial, nonverbal memory defi cits, but 
these lesions can result in prominent verbal memory defi cits as well [ 54 ]. 
Laterality effects are not as clear-cut following damage to the medial dorsal nucleus-
perirhinal circuit, but can still occur [ 55 ]. Of note, bilateral lesions from paramedian 
artery occlusion are more common because a single paramedian artery not infre-
quently supplies both thalami. These patients present with more severe defi cits and 
limited recovery than patients with unilateral lesions.  

    The Thalamus: Summary 

 Memory defi cits can arise from thalamic strokes by way of damage to or disconnec-
tion of the extended hippocampal system or damage to the medial dorsal nucleus- 
perirhinal circuit. The memory loss is similar to hippocampal amnesia when there 
is damage to the extended hippocampal system (worse performance on recollection- 
recall versus familiarity-based recognition tests). Damage to the medial dorsal 
nucleus-perirhinal circuit impairs performance on memory tests that require addi-
tional  executive processes , by virtue of the reciprocal connections with the prefron-
tal cortex, but also impairs familiarity-based memory tests, given the connection to 
non-hippocampal MTL structures. While these fi ndings suggest a functional spe-
cialization for the thalamus in episodic memory, it is important to remember that a 
stroke does not often result in such clean dissociations: a fusion of the reported 
impairment is most likely to present after a thalamic stroke.   

    The Prefrontal Cortex and Episodic Memory 

 The prefrontal cortex is often referred to as the “executive” of the brain because of 
its involvement in a number of essential top-down processes, many of which are 
crucial for episodic memory. Impairment in these regulatory processes negatively 
impacts memory inasmuch as a given test requires such processes. These defi cits 
manifest most robustly on tests such as free recall memory, tasks that require inhibi-
tory control, and tasks that require recalling the context information. 

 Failure to organize information or implement strategies when performing a 
memory task resulting from prefrontal cortex damage will result in free recall 
impairments [ 56 ]. For example, if asked to study a randomly presented, semanti-
cally related list of words (e.g., furniture, vegetables), persons with prefrontal 
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damage are less likely to implement a useful strategy to remember the items, such 
as organizing the related items consecutively in one’s mind (a process called  clus-
tering ). Importantly, if a a person with prefrontal damage is aided with a learning 
strategy at encoding, learning, and recall of information can be improved. 

 Top-down defi cits following prefrontal-lobe damage also manifest as a diffi culty 
in inhibiting irrelevant or competing information. For example, prefrontal damage 
results in problems with distinguishing between information that was actually 
learned from information that is similar to what was learned. On a recognition test, 
this presents as a normal hit rate (correctly indicating that old items are old), but a 
concomitant high false alarm rate (falsely indicating that new items are old). 

 As a test of inhibitory control in patients with damage to the prefrontal cortex, 
Shimamura and colleagues [ 57 ] gave patients two lists of word pairs to learn. These 
pairs were developed so that some pairs from the fi rst list ( lion - hunter ) could inter-
fere with a pair from the next list ( lion - circus ). The prefrontal patients fared worse 
at learning pairs from the second list that overlapped with words from the fi rst list 
because of a defi cit in inhibiting the fi rst pair ( lion - hunter ) when learning the new 
pair ( lion - circus ) (also see [ 58 ]). 

 Top-down defi cits after prefrontal damage also present as specifi c impairments 
in retrieving the source or context of information while sparing memory for factual 
information (i.e., content). A series of experiments found that prefrontal cortex 
damage impairs the ability to remember the list order (or temporal source) of words 
as well as the ability to list factual events in chronological order. The ability to rec-
ognize individual words and events was intact [ 59 ,  60 ] (Fig.  9.4 ).

   Patients with damage to the orbitofrontal cortex/basal forebrain, typically as a 
result of anterior communicating artery aneurysm rupture (Fig.  9.4 ), provide inter-
esting examples of how executive impairments can produce memory defi cits. In 
most situations, these patients have problems distinguishing between currently rel-
evant and irrelevant (or no longer relevant) memories, and present with context 
confusions [ 61 – 63 ]. In severe cases, such patients exhibit  confabulation  [ 64 ]—the 
spontaneous production of memories that never occurred. Confabulations can pres-
ent as simple false memories (e.g., misremembering a canoe trip that took place last 
week) or more fantastical stories (e.g., misremembering an army operation that took 
place last week). Either way, these stories are presented without the awareness of 
their erroneous nature by the confabulators. The cause of these confabulations is 
thought to arise from defi cits in retrieval processes, which appear as an inability to 
monitor information or to evaluate retrieval cues [ 64 ]. Confabulations may indicate 
an extreme form of disorganization or monitoring of internal information and/or 
impaired temporal processing, thereby resulting in severe context confusion. 

 The case of orbitofrontal cortex damage illustrates memory failures resulting 
from top-down defi cits. Other cases of frontal-lobe damage do not produce such 
clear memory impairment. The inconsistencies in the literature regarding memory 
problems following prefrontal stroke damage is due, in part, to the large variability 
in frontal-lobe lesions (given the size of the frontal lobe). Caution should be taken 
when evaluating memory impairment after frontal-lobe damage. 
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  Fig. 9.4    Lesion overlap of four confabulating patients who suffered anterior communicating 
aneurysm ruptures. Color bars represent the number of patients with lesions that overlap a particu-
lar region, with  purple  being one patient and  red  being all patients (Reprinted with permission 
from Gilboa A, Alain C, Stuss DT, Melo B, Miller S, Moscovitch M. Mechanisms of spontaneous 
confabulations: a strategic retrieval account. Brain. 2006 Jun;129(Pt 6):1399–414. Oxford 
University Press)       
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    The Prefrontal Cortex: Left Versus Right 

 Left lateral regions of the prefrontal cortex are prominently involved in encoding 
new items and are active when additional processing is required (e.g., contextualiza-
tion of a memory [ 65 ,  66 ]). An example is found in studies that used the CVLT. This 
test consists of two different lists of words for participants to study. Each list has 
four words from four different categories presented in a pseudo- random manner, 
and delayed recall of the two lists is tested. Left lateral stroke damage results in 
large defi cits on recall of the CVLT lists due to a defi cit in encoding and in imple-
menting strategic processes based on the semantic categorization (e.g., clustering) 
of the lists to optimize memory [ 67 ]. 

 The right lateral frontal cortex, on the other hand, is involved in the executive 
aspects of episodic retrieval. Damage to this region results in an inability to eval-
uate information appropriately, manifesting behaviorally as an increase in false 
memories or false alarm rates. For example, Curran and colleagues [ 68 ] reported 
on a patient with right frontal damage who had extremely high false alarms rates 
on simple recognition memory tests. In another example, right prefrontal damage 
increased false recognition of faces on a two-alternative forced-choice memory 
test [ 69 ].  

    The Prefrontal Cortex: Summary 

 The prefrontal cortex contributes to episodic memory via its control of executive 
processes. Strokes affecting frontal regions do not produce the classic presentation 
of amnesia, but rather a range of top-down defi cits that affect strategic and organi-
zational processes needed to learn and remember information. These defi cits are 
illustrated in cases of anterior communicating artery aneurysm ruptures that result 
in orbitofrontal or basal forebrain damage. For these patients, the hallmark of their 
organizational memory defi cits is temporal confusion and confabulation. Finally, 
there are particular lateralized functions of the prefrontal cortex. The right cortex is 
involved in executive processes associated with episodic memory retrieval and the 
left lateral prefrontal cortex, with processes needed for encoding information.   

    Posterior Association Areas and Episodic Memory 

 The MTL and frontal lobe are crucial for binding together and coordinating mem-
ory, respectively; however, these brain regions do not store the basic elements that 
comprise memory. Association areas in the temporal, parietal, and occipital cortices 
primarily involved in sensing and perceiving particular forms of information house 
the details of long-term memories. 
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 Strokes in association areas can lead to different types of  agnosias , which are 
defi ned as the inability to recognize objects or features that are typically confi ned to 
one modality [ 70 ]. The precise nature of these defi cits will be determined by the 
location of damage. For example, a medial occipito-temporal stroke can result in a 
defi cit in “seeing” or recognizing common objects that is specifi c to shape and ori-
entation information, a form of visual agnosia [ 71 ]. Right posterior cerebral artery 
ischemic strokes that damage the fusiform gyrus can result in a select inability to 
recognize faces (prosopagnosia) [ 72 ]. 

 For an object or event to be perceived, sensory information must be sent along 
neural pathways through primary sensory areas to unimodal and then to multimodal 
association areas where information is integrated. Adequate functioning of these 
association areas assures veridical perception and accurate retrieval of information. 
This has downstream consequences for episodic memory. Consider what happens 
when you view a new chair in your living room. Regions in the occipital lobe fi rst 
perceive the visual features of the chair. This information is passed along a ventral 
pathway dedicated to object properties to higher order association areas in the inferior 
temporal lobe. At the same time, spatial information related to the chair’s location is 
passed along a dorsal pathway to parietal regions dedicated to spatial processing. To 
encode this information as a memory, these perceptions must be integrated together. 
If you want to retrieve these perceptions, the  reverse  pathways that occurred when 
you perceived or encoded the information must be activated [ 73 – 76 ]. 

 Damage to perceptual systems will impair episodic memory inasmuch as access 
to those elements at encoding or retrieval will be limited. Going back to the afore-
mentioned example, if there is a stroke along the object-dedicated ventral visual 
pathway, there will be impairment in perceiving object information. While this defi -
cit is not memory specifi c, it will make it diffi cult to encode object information [ 75 ]. 
It will also make it diffi cult to retrieve object information because these pathways 
are needed for retrieving specifi c details from a stored memory. 

 While this concept applies to perceptual/sensory pathways in general, most of the 
literature that illustrates this in patients focuses on visual processing. Ogden [ 77 ] 
reported a patient who had bilateral damage to the medial aspects of the occipital 
lobes. The patient suffered a defi cit in visual encoding that affected his performance 
on visual memory tests. Interestingly, he was also severely impaired in recovering 
remote autobiographical events that appeared to be due to a failure in integrating 
elements that comprised old memories. This case highlights that cases of modality/
object-specifi c agnosia typically result in specifi c memory defi cits [ 70 ,  71 ,  78 ]. 

 An example of stroke-induced visual-perceptual processing loss resulting in 
memory impairment comes from a study of 61 stroke patients on a test of everyday 
memory. In this task, participants were shown familiar objects and were asked to 
remember the location of the objects. While those with strokes to the posterior pari-
etal cortex (the termination point of the dorsal visual stream) recognized the objects, 
they could not accurately recall the location of the objects. Indeed, they presented 
with a specifi c defi cit in recalling visual-spatial relations of objects [ 79 ] (also see 
[ 80 ]). Following suit are other reports of selective spatial memory defi cits (attend-
ing to spatial locations) following strokes to the parietal cortex [ 81 ,  82 ]. 
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    Posterior Association Areas: Summary 

 The main contribution of association areas of the parietal, occipital, and temporal 
lobes is to house corresponding perceptual and sensory representations. While this 
is illustrated with examples from visual association area damage, defi cits in other 
perceptual/sensory areas are likely to result in similar defi cits. This hypothesis has 
not been thoroughly investigated in stroke patients.   

    Post-stroke Dementia 

 Stroke-induced memory loss may progress to more widespread cognitive impair-
ment and even  dementia . Most of the clinical defi cits of post-stroke dementia are the 
direct result of cerebrovascular disease or vascular lesions, but cases of mixed pre-
sentation cerebrovascular disease and neurodegenerative conditions such as 
Alzheimer’s disease (AD) are also reported [ 83 ]. 

 In  large vessel dementia , single or multiple infarcts or hemorrhages precede the 
development of dementia. The presence of infarcts not only lowers cognition, as 
described in this chapter, but also increases the risk of dementia. Pathological fac-
tors infl uence the risk of post-stroke dementia. Larger infarcts are associated with 
higher incidences of dementia, with the location of these infarcts also playing a role: 
damage to regions of the episodic memory network (e.g., frontal, thalamic, and hip-
pocampal strokes) [ 84 ] are associated with an increased risk of dementia. 

 New research has highlighted the prevalence of microscopic cerebrovascular 
pathology in post-stroke dementia [ 85 ]. In cases of  small vessel dementia , the 
underlying pathologies are white matter damage and primary vessel disease [ 86 ]. 
The mechanism by which these pathologies lead to dementia requires investigation, 
but one suggestion is that these infarcts, particularly white matter damage, represent 
the disconnection of cortical-cortical or cortical-subcortical pathways. This damage 
would result in impaired functional neuronal networks and slowed information pro-
cessing [ 87 ]. 

 The diagnosis of  mixed dementia  is the result of cerebrovascular factors, either 
vascular lesions or small vessel disease [ 88 ] acting in synergy with Alzheimer’s 
disease (AD). Strokes could lead to the AD by increasing the deposition of amy-
loid β (beta) protein, the underlying pathology of AD and assumed pathologic 
substrate [ 89 ]. Vascular insults can also decrease the threshold for clinical mani-
festation AD pathology: individuals with a pre-dementia brain will exhibit the 
clinical signs of dementia earlier if they experience a stroke or have stroke-related 
risk factors [ 90 ,  91 ]. 

 Despite the heterogeneous nature of  vascular dementia , there are some consis-
tencies in the behavioral manifestations, particularly when vascular dementia (large 
and small vessel dementia) is compared to AD without the presence of vascular 
factors. The main complaint of both patient groups is memory, but these diffi culties 
are less associated with episodic memory in cases of vascular dementia compared 
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to AD. Moreover, the pathophysiology of this memory loss is associated with MTL 
atrophy in AD, which is not always the case for vascular dementia. Vascular demen-
tia is most often associated with impairment in executive functions, processing 
speed, problem-solving, and reasoning, which have cascading effects on episodic 
memory [ 92 ]. Patients with vascular dementia are generally impaired on fl uency 
tests and measures of executive processing; they are less impaired on free recall and 
recognition memory compared to patients with AD [ 93 ]. From a rehabilitation 
standpoint, this means that memory problems in vascular dementia are more likely 
to be improved by providing external support, whereas this is not often the case for 
patients with AD. 

 Vascular dementia is often accompanied by psychological symptoms such as 
personality change, depression, or emotional bluntness. Another distinguishing fea-
ture of vascular dementia is that the onset of cognitive impairment is quicker and 
less gradual than in AD, within the range of days to weeks, and the presentation of 
cognitive impairment fl uctuates from day to day. This pattern of impairment is 
attributed to the sudden loss of a large number of cells from the vascular incident, 
which can be contrasted to the hallmark accumulation of protein deposits for AD 
manifesting as gradual cognitive decline [ 94 ,  95 ]. 

 Progression to vascular dementia may be slowed if dementia-related factors are 
detected and treated early [ 96 ]. Many of the most strongly associated lifestyle fac-
tors are ones that can be medically managed: high blood pressure, diabetes, obesity, 
cigarette smoking, and high cholesterol. Another group of risk factors are vascular 
in nature. These includes the presence of white matter disease [ 88 ], cortical and hip-
pocampal atrophy [ 97 ], brain volume loss, and strategic infarcts [ 84 ], although the 
most notable predictor of dementia is the presence of recurrent strokes [ 98 ]. It is 
clear that more research is needed to better understand how these predictors contrib-
ute independently and interactively to the conversion of cognitive impairments to 
post-stroke dementia.  

    Summary 

 The bulk of this chapter focused on episodic memory defi cits following stroke. We 
described a framework of memory functioning/processing that emerges from an 
interaction of different regions of the brain, namely the MTL, thalamus, frontal 
lobes, and regions of the cortex involved in memory storage. The presentation of 
mnemonic impairments in stroke survivors is dependent largely on which regions 
are affected: hippocampal damage affects recollective processes (binding together 
items in context), thalamic damage impairs encoding processes and possibly execu-
tive functions, frontal damage affects organizational and strategic processes, and 
posterior damage impacts perceptual processing systems that are fundamental to 
episodic memory. 

 Viewing post-stroke memory impairments in this framework illustrates two 
important points. First, comprehensive neuropsychological examination is needed 
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to identify the functional profi les of each stroke patient. Second, an understanding 
of memory processes in conjunction with these assessments will help clinicians 
apply the appropriate forms of rehabilitation. Rehabilitative techniques can be tai-
lored to the individual’s symptoms, targeting the impaired processes but also mak-
ing use of intact functions. Encouraging the use of semantic (meaning-based) 
encoding and retrieval may help improve memory function in people with episodic 
memory defi cits. It may even be possible to address memory loss associated with 
specifi c episodic defi cits. For individuals with hippocampal damage, interventions 
that employ reminding cues (e.g., beepers, personal digital assistants, diaries) may 
reduce the need to recall freely. Teaching compensatory techniques such as the use 
of visual imagery may also be helpful for this population. In contrast, visual imagery 
interventions probably would not be helpful for a patient with memory loss resulting 
from a posterior parietal stroke. These patients may benefi t more from interventions 
that focus on encoding and retrieving information with verbal cues and labels. 
For those with frontal-lobe damage, interventions that focus on organization and 
strategy would be the most helpful. At this time, clinical research into the effective-
ness of post-stroke tailored rehabilitation techniques is in its infancy. The outcome 
of future work on this topic may help inform specifi c guidelines and programs for 
clinicians to use with their patients.     
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           Introduction 

 Spontaneous subarachnoid hemorrhage (SAH) is a medical emergency characterized 
by hemorrhage in the subarachnoid space surrounding the brain. In the vast majority 
of cases (85 %), spontaneous SAH is caused by the rupture of a cerebral aneurysm 
(aSAH) [ 1 ]. The other 15 % are idiopathic and two-thirds of these have a character-
istic appearance on computed tomography (CT) and are called benign perimesence-
phalic SAH (pSAH). The characteristic sign of aSAH is a sudden onset of severe 
“thunderclap” headache, but patients may also present with vomiting, nausea, pho-
tophobia, and nuchal rigidity [ 2 ]. A cranial CT scan demonstrates accumulation of 
blood in the basal cisterns (see Fig.  10.1 ); patients may also present with hemor-
rhage into the brain and ventricular system [ 2 ]. Hypertension and cigarette smoking 
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are risk factors for aSAH [ 3 ]. Although uncommon—the incidence of aSAH in 
North America is approximately 8–11 per 100,000 persons per year [ 4 ,  5 ]—aSAH 
carries a poor prognosis, with only 35 % of patients surviving [ 6 ,  7 ]. Indeed, 
although aSAH accounts for only 7 % of all strokes [ 8 ], it is responsible for 27 % 
of all stroke-related years of life lost before age 65 [ 9 ]. The high mortality after 
aSAH may be partially attributed to misdiagnosis. Up to 50 % of cases are misdi-
agnosed as migraine or tension-type headache due to failure to obtain lumbar punc-
ture or proper neuroimaging [ 2 ]. Despite these statistics, advances in the acute 
management of aSAH over the past 3 decades—namely increased use of vascular 
imaging and reduced delays to treatment [ 7 ]—have substantially reduced mortality 
after aSAH. In a meta-analysis, Lovelock et al. [ 7 ] observed that while the inci-
dence of aSAH has remained stable over the past 30 years, mortality has been 
reduced by half and the 30-day case fatality rate has decreased by 0.9 % per annum 
(Fig.  10.2 ).

    Although mortality after aSAH has declined over the past few decades, the extent 
to which patients’ cognitive and functional outcomes have improved over the same 
time period remains unknown. A large proportion of aSAH patients—up to 76 % 
[ 10 ]—experience persistent cognitive defi cits many years after aSAH. These cogni-
tive defi cits may lead to diffi culties in aspects of functional independence such as 
return to work, managing fi nances, and housekeeping. Aneurysmal SAH-associated 
defi cits in cognition and day-to-day functioning are particularly debilitating given 
that most patients are relatively young (mean age of 55 years [ 11 ]), are in their most 
productive years, and have major responsibilities with respect to work and family. 

  Fig. 10.1    ( a ) aSAH secondary to anterior communicating artery aneurysm rupture. Note the char-
acteristic accumulation of blood in the basal cisterns. ( b ) CT angiography illustrates the anterior 
communicating artery aneurysm ( arrow ) in the patient in ( a ). Figure adapted with permission from 
Suarez JI, Tarr RW, Selman WR. Aneurysmal subarachnoid hemorrhage. N Engl J Med. 
2006;354:387–396       
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This chapter describes the cognitive and functional defi cits after aSAH and exam-
ines how clinical and neuroimaging factors infl uence cognitive and functional 
outcome.  

    Cognitive Outcome 

 Cognitive impairment is most frequent and severe within the fi rst 3 months follow-
ing aSAH [ 12 ], but residual cognitive dysfunction may persist for a lifetime [ 13 ]. 
The following section reviews the cognitive domains most commonly affected after 
aSAH: attention, memory, executive function, language, and visuospatial function. 

    Attention 

 Attention refers to the ability to allocate cognitive resources to a specifi c task, 
thereby producing focused behavior. Attention has many components, including 
selective attention (i.e., paying attention to a specifi c task), sustained attention (i.e., 

  Fig. 10.2    Thirty-day case fatality rate over time. The 30-day case fatality rate after aSAH has 
decreased by 0.9 % per annum due to increased use of vascular imaging and reduced delays to 
treatment. Adapted with permission from Lovelock CE, Rinkel GJE, Rothwell PM. Time trends in 
outcome of subarachnoid hemorrhage. Population-based study and systematic review. Neurology. 
2010;74:1494–1501       
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paying attention for a prolonged time period), and divided attention (i.e., paying 
attention to multiple tasks simultaneously). Several studies have found that among 
all cognitive domains, attentional defi cits are the most frequent self-reported com-
plaints by both aSAH patients and their relatives, with estimates as high as 70 % 
[ 14 – 20 ]. As a result of these attentional problems, patients often report diffi culties 
with maintaining conversations, reading, watching television, and other tasks that 
involve cognitive processing [ 21 ]. 

 The reported frequency and severity of attentional defi cits after aSAH has been 
variable, however. A study by Ravnik et al. [ 22 ] found no correlation between sub-
jective attentional impairment and performance on tests of attention; in fact, patients 
performed better on tests of attention than on tests of other cognitive domains. Other 
studies report the prevalence of attentional impairment, as measured by cognitive 
tests, to be modest, ranging from 3 to 19 % [ 23 – 28 ]. In one study, even patients with 
severe aSAH (i.e., grade 5 Hunt and Hess [ 29 ]) showed mild attentional defi cits 
post-aSAH [ 30 ]. Hütter et al. [ 27 ] found that 70 % of aSAH survivors reported 
attention problems, but only 13 % were impaired on neuropsychological tests of 
attention. Discordance between self-reported cognitive defi cits and results from 
objective cognitive tests may be attributed to patients misinterpreting their cognitive 
defi cits as impairments of attention. Additionally, the high self-reported prevalence 
of attentional dysfunction may result from confounding factors such as depression 
[ 17 ] or excessive fatigue, the latter of which affects up to 75 % of aSAH survivors 
[ 14 ,  25 ,  31 ,  32 ]. 

 Other studies have found that attentional defi cits are common and widespread 
after aSAH, affecting upwards of 76 % of aSAH survivors [ 26 ,  33 ]. The extent of 
attentional impairment may depend on the timing of testing, with impairment more 
likely sooner after the hemorrhage, and on the specifi c type of attention being tested. 
Benke et al. [ 13 ] observed that while divided attention showed impairment after 
aSAH, sustained and short-term attention did not. 

 Several clinical variables affect the degree of attentional impairment post-aSAH. 
Greater aSAH severity, as measured by Hunt and Hess grade [ 29 ], the presence of 
blood in the Sylvian fi ssure, greater thickness of subarachnoid blood, as measured 
by Fisher grade [ 34 ], older age, intraventricular hemorrhage, hydrocephalus, and 
temporary clipping have been associated with poorer attentional function [ 16 ,  35 –
 38 ]. Whether attentional function improves over time is controversial; some inves-
tigators claim no improvement over the 12-month period after aSAH [ 12 ,  33 ] while 
others show improvement over the same time period [ 39 ,  40 ]. 

 Several investigators have correlated attentional function with neuroimaging. 
Mustonen et al. [ 41 ] found that cerebral perfusion heterogeneity, as measured by 
single photon emission tomography (SPET), at 1-week post-aSAH correlated with 
performance on attention tests at 1-year post-aSAH. Bendel et al. [ 42 ] found that 
hippocampal volumes after aSAH predicted performance on tests of attention 1-year 
post-aSAH.  
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    Memory 

 In the aSAH outcome literature, memory is commonly stratifi ed into different 
 components, including visual memory, verbal memory, short-term memory, and 
long- term memory. Up to 57 % of survivors self-report memory problems after 
aSAH [ 14 ,  15 ,  19 ,  20 ,  43 ,  44 ]. Inability to remember new information and maintain 
short- term (working) memory are particularly common complaints [ 17 ,  44 ]. Verbal 
memory is commonly impaired in aSAH patients, the prevalence ranging from 14 to 
68 % [ 12 ,  18 ,  20 ,  31 ,  45 – 49 ]. Likewise, defi cits in visual memory are also frequent, 
with impairment prevalence ranging from 14 to 75 % [ 18 ,  20 ,  31 ,  33 ,  45 – 49 ]. 

 Unlike attention, in which patients tend to overestimate the degree of subjective 
attentional dysfunction relative to neuropsychological tests, self-reported memory 
complaints often underestimate the degree of memory dysfunction as detected by 
neuropsychological impairment. Ljunggren et al. [ 18 ] found that 83 % of aSAH 
survivors had memory defi cits on neuropsychological assessment, but only 58 % 
self-reported memory defi cits on interview. Older age, fewer years of education, 
poorer neurological grade on admission (as measured by World Federations of 
Neurological Surgeons Grade [ 50 ]), hydrocephalus, ischemia, postoperative vaso-
spasm, ruptured aneurysms in the anterior circulation, and thick subarachnoid blood 
in the anterior interhemispheric fi ssure and Sylvian fi ssures have been associated 
with poorer performance on tests of verbal and visual memory [ 33 ,  35 ,  51 ,  52 ]. 
Temporary clipping and partial resection of the gyrus rectus, meanwhile, have been 
associated with poorer short-term memory [ 27 ]. Some investigators have demon-
strated a relationship between memory defi cits and cerebral edema [ 35 ], but others 
have observed no correlation [ 53 ]. 

 The wide range in the prevalence of memory impairment can be explained by 
the use of different standardized tests. Commonly used memory tests include 
the California Verbal Learning Test [ 54 ], the Visual Reproduction subtest of the 
Wechsler Memory Scale [ 55 ], and the Rey-Osterrieth Complex Figure—Recall sub-
test [ 56 ,  57 ]. Differences in diffi culty and sensitivity to impairment between differ-
ent memory tests may contribute to the variable rates of memory impairment. For 
instance, Mayer et al. [ 45 ] found that 31 % of aSAH survivors showed impaired 
visual memory on the Rey-Osterrieth Complex Figure—Recall subtest, whereas 
only 22 % showed impaired visual memory on the Visual Reproduction subtest. 
These fi ndings suggest that the frequency of cognitive impairment after aSAH is 
determined in part by the particular test used to measure cognitive performance. 

 Time of testing in relation to the initial insult is also critical in determining 
aSAH-associated memory defi cits. Powell et al. [ 12 ,  31 ] assessed verbal memory at 
3, 9, and 18 months post-aSAH. Delayed verbal memory signifi cantly improved 
from 3 to 9 months and from 9 to 18 months post-ictus, while immediate verbal 
memory showed no signifi cant improvement in the same time period. Despite 
improvement in delayed verbal memory over 18 months, 14 % of aSAH patients 
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still had signifi cant delayed verbal memory impairments at 18-month follow-up. 
Although not all studies differentiate between immediate and delayed verbal mem-
ory, the fi nding that verbal memory improves over time has been replicated by oth-
ers [ 39 ,  53 ,  58 ]. Visual memory may also improve over time [ 33 ,  39 ,  53 ], but results 
have been inconsistent [ 58 ]. Why verbal and visual memory improve over time 
remains unknown, although reduction of aSAH-associated intracranial pressure 
[ 59 ] and chronic infl ammation may play a role [ 60 ]. Together, these results show 
that the prevalence of aSAH-associated memory impairment depends on the type of 
memory in question and on the length of the follow-up interval. 

 Although aSAH survivors often report a reduced capacity to learn new informa-
tion [ 17 ], data by D’Esposito et al. [ 61 ] suggest that memory impairments are also 
characterized by an inability to recall information learned prior to aSAH. This form 
of retrograde amnesia, however, was only observed among patients with medial 
frontal lobe damage, mainly in arterial territories distal to the anterior communicat-
ing artery (ACoA). Given the role of the medial frontal lobe in initiation [ 62 ,  63 ], 
the inability to recall old information may be due to an inability to initiate memory 
retrieval. Indeed, Richardson [ 64 ] found that, on tests of object naming, aSAH 
patients had slower retrieval speeds compared to control participants. 

 The medial temporal lobes, a network of structures that includes the hippocam-
pus together with the entorhinal, perirhinal, and parahippocampal cortices, are criti-
cally involved in memory function [ 65 ]. A correlation between left hemisphere 
infarctions and verbal memory impairment in patients with aSAH has been demon-
strated [ 35 ,  66 ], but little is known about the specifi c brain regions in the left hemi-
sphere responsible for verbal memory impairment in aSAH patients. Bendel et al. 
[ 42 ] performed magnetic resonance imaging (MRI) on aSAH survivors and found 
signifi cantly reduced bilateral hippocampal volumes among aSAH patients relative 
to healthy controls at 1-year follow-up. Hippocampal volumes correlated with per-
formance on one test of visual memory (the Visual Reproduction subtest of the 
Wechsler Memory Scale), but not with another visual memory test (the Rey- 
Osterrieth Complex Figure) or with tests of verbal memory. The investigators did 
not correlate memory impairment with changes in other brain regions, such as the 
frontal lobes. This may be important given the role of the frontal lobes in memory 
function [ 67 ] and given that frontal lobe injury is a common sequelae of aSAH [ 68 ]. 
Reduced frontal lobe integrity could account for the unexpected fi ndings reported 
by Bendel et al. [ 42 ]. Indeed, Vilkki et al. [ 69 ] found that medial frontal lobe lesions 
on CT predicted poorer verbal memory in aSAH survivors.  

    Executive Function 

 Executive function is predominantly mediated by the frontal lobes [ 70 ] and 
 encompasses higher-level cognitive abilities like planning, inhibition, problem- 
solving, and decision-making. Rather than fractionating executive function into its 
components, the majority of studies treat executive function as a unitary construct. 
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Consequently, estimates of the frequency of executive dysfunction in aSAH  survivors 
varies widely, ranging from 3 to 76 % [ 10 ,  12 ,  24 ,  31 ,  45 – 48 ,  71 ,  72 ]. Results from 
studies using neuropsychological assessments complement patients’ self- reported 
complaints; upwards of 30 % of aSAH survivors self-report a lack of initiative and a 
reduced capacity for planning and organizing [ 17 ,  18 ]. Executive dysfunction after 
aSAH is more pronounced in older patients, those with fewer years of education, and 
those with poorer neurological grade on admission [ 35 ,  36 ]. Similar to memory, a 
correlation between executive dysfunction and cerebral edema has been documented 
by some investigators [ 36 ], but not by others [ 53 ]. Surgical variables also affect out-
come; Akyuz et al. [ 73 ] found that temporary vessel occlusion exceeding 9 min was 
a signifi cant predictor of permanent long-term executive defi cits. 

 Kreiter et al. [ 35 ] found that executive dysfunction was more severe among patients 
with ruptured anterior aneurysms than among those with posterior aneurysms. Findings 
from most other studies, however, suggest no relationship between ruptured aneurysm 
location and the profi le of cognitive impairment [ 46 ,  53 ,  66 ,  74 – 76 ]. Interestingly, 
Manning et al. [ 77 ] found that aSAH patients who had ruptured ACoA aneurysms 
performed signifi cantly better than patients with aneurysms at other locations on the 
Tower of London task [ 78 ], a test of executive function. Similarly, Papagno et al. [ 79 ] 
observed that patients with ACoA aneurysms performed better than those with aneu-
rysms at other locations on tests of switching and inhibition. The relationship between 
aneurysm location and profi le of cognitive impairment thus remains unclear. 

 In addition to sometimes causing focal lesions in proximity to the ruptured aneu-
rysm, aSAH often leads to diffuse, global damage to brain tissue in poor-grade 
patients [ 10 ,  80 – 82 ]. Global injury is mediated, in part, by elevated intracranial 
pressure [ 80 ], reduction of cerebral blood fl ow and brain oxygenation, blood–brain 
barrier breakdown, and global cerebral edema (together these factors contribute to 
early brain injury; see [ 83 ]). Findings from an MRI study by Bendel et al. [ 84 ] sup-
port the “diffuse damage” hypothesis. The authors found that at 1-year follow-up, 
aSAH patients showed signifi cantly reduced total grey matter and white matter 
 volumes relative to control subjects. Furthermore, the extent of grey matter volume 
loss was associated with poorer cognitive test performance, including poorer perfor-
mance on tests of executive function. 

 Not all neuroimaging studies, however, support the “diffuse damage” hypothe-
sis. Several MRI studies suggest that executive dysfunction results from focal 
lesions rather than diffuse damage. Bendel et al. [ 85 ] found that 91 % of aSAH 
patients with executive dysfunction had frontal lobe lesions. Similarly, Martinaud 
et al. [ 47 ] showed that executive dysfunction in aSAH patients was exclusively cor-
related with lesions to the left frontal lobe, including the left superior frontal gyrus, 
the left middle frontal gyrus, and the left anterior centrum semiovale. Defi cits in 
behavioral aspects of executive function (e.g., reduction of daily activities, irritabil-
ity, hyperactivity), meanwhile, were correlated with lesions to the left ventral stria-
tum. An exception to these fi ndings is a study by Vilkki et al. [ 69 ] who showed that 
patients with infarction in the medial frontal lobe had impaired memory, but intact 
executive function. The relationship between executive dysfunction and frontal lobe 
injury may thus be qualifi ed by the specifi c location of the lesion. 
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 Although executive function and memory are often considered distinct cognitive 
domains, several studies indicate that these domains may interact. As mentioned 
earlier, D’Esposito et al. [ 61 ] observed that patients with medial frontal lobe injury 
showed defi cits in retrieving previously learned information on a memory test. How 
can injury to the frontal lobes—a region implicated in executive function—affect 
performance on a memory test? Posterior-inferior midline frontal lesions may dam-
age the septum, which has connection to the hippocampus and plays a role in work-
ing memory. Haug et al. [ 86 ] suggest that medial frontal lobe injury, which 
commonly occurs in patients with ACoA aneurysms [ 47 ,  85 ], may lead to defi cits in 
initiation. Indeed, the investigators found that, compared to patients with aneurysms 
in other locations, these patients tended to perform poorer on the initial portions of 
memory tests. They also tended to commit more false-positive errors on memory 
tests, which may arise due to confabulation as opposed to genuine memory impair-
ment. Defi cits in executive function may thus “spill over” to affect performance on 
tests of other cognitive domains, thereby giving a distorted picture of a patient’s 
cognitive functioning. 

 The use of different neuropsychological tests, each of which probes a different 
executive function, may partially explain the high variability in executive dysfunc-
tion after aSAH. Proust et al. [ 48 ] reported that among aSAH survivors treated with 
endovascular coiling, 29 % showed impairment on the Wisconsin Card Sorting Task 
(a measure of cognitive fl exibility [ 87 ]), while only 7 % showed impairment on the 
Stroop task (a measure of inhibition [ 88 ]). Different aspects of executive function 
may thus have different rates of impairment. In support of this hypothesis, defi cits 
in cognitive fl exibility, as measured by the Wisconsin Card Sorting Task, are found 
in 8–44 % of aSAH patients [ 24 ,  45 – 48 ,  71 ], whereas defi cits in inhibition, as mea-
sured by the Stroop task, are found in 17–56 % of aSAH patients [ 46 – 48 ]. 

 A study by Manning et al. [ 77 ] illustrates the importance of differentiating 
between different aspects of “frontal lobe” function. Manning et al. [ 77 ] evalu-
ated executive function 26 weeks post-aSAH in patients who had made a “good 
recovery” according to the Glasgow Outcome Scale (GOS) [ 89 ]. Aneurysmal 
SAH survivors performed signifi cantly worse than healthy controls on the 
Wisconsin Card Sorting, Tower of London, and Stroop tasks, while performance 
on the Cognitive Estimates [ 90 ] task was within normal limits. Each of the tests 
used by Manning et al. [ 77 ] captures a slightly different executive “frontal lobe” 
function: the Tower of London task assesses planning and problem-solving, the 
Stroop task assesses ability to inhibit impulsive responding, while the Cognitive 
Estimates task measures ability to make judgments and estimations. These 
results indicate that some  executive functions are impaired in aSAH survivors 
(e.g., cognitive fl exibility, planning, problem-solving, inhibition), while others 
are intact (e.g., judgment, estimation). Furthermore, the data suggest that 
patients classifi ed as having made a good  recovery on the GOS may still experi-
ence profound cognitive defi cits more than 6 months after aSAH. This is consis-
tent with earlier studies showing that up to one-third of aSAH survivors who 
have made a good recovery on the GOS experience persistent neuropsychologi-
cal impairment [ 91 ]. 
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 Different aspects of executive function may have different rates of recovery. 
Haug et al. [ 53 ] found that while inhibition improved within 1 year after aSAH, 
cognitive fl exibility and attention did not. Results from longitudinal studies, how-
ever, must be interpreted with caution, as tests of executive function may be subject 
to practice effects (e.g., Stroop test [ 92 ], Trail Making Test [ 92 ], Wisconsin Card 
Sorting Test [ 93 ]). Studies that found improvement in response inhibition and cog-
nitive fl exibility over time [ 39 ,  58 ] used the Stroop test and Trail Making Test, both 
of which may have practice effects [ 92 ]. These fi ndings further illustrate the impor-
tance of distinguishing between different executive functions.  

    Language 

 Language function involves comprehension and expression of meaningful written 
and oral information. The frequency of language impairment among aSAH survi-
vors is highly variable, ranging from 0 to 76 % [ 10 ,  12 ,  24 ,  31 ,  45 – 48 ,  71 ]. Few 
studies have examined patients’ self-reported language complaints; Passier et al. 
[ 17 ] observed that only 8 % of aSAH survivors self-reported defi cits in speaking or 
writing. Interestingly, language function appears to be critical for predicting 
patients’ perceptions of recovery. Chahal et al. [ 94 ] found that 52 % of patients felt 
they had made a complete recovery from the effects of aSAH 5 years post- ictus. 
Patients who reported making a full recovery, however, tended to perform better on 
tests of language and verbal functioning than patients who reported not making a 
full recovery, suggesting that linguistic function is key for patients’ perception of 
recovery. Older age, fewer years of education, aneurysms in the anterior circulation, 
and left hemisphere infarction are signifi cant predictors of poorer language function 
after aSAH [ 35 ,  69 ]. 

 Language function improves signifi cantly within the fi rst 3 months after aSAH 
[ 58 ] and continues to improve in the 18 months after hemorrhage [ 12 ,  31 ,  58 ]. 
Longitudinal studies have typically used the verbal and semantic fl uency task, 
which is not subject to practice effects [ 92 ,  93 ]. Mavaddat et al. [ 10 ] followed aSAH 
patients with a favorable neurological outcome (i.e., GOS categories of moderate 
disability and good recovery) between 6 and 24 months after aSAH. Despite patients 
having a favorable neurological outcome, 76 % of aSAH survivors were signifi -
cantly impaired on the verbal and semantic fl uency task, indicating that overall 
patient status, as measured by the GOS, may not be an accurate indicator of lan-
guage dysfunction after aSAH.  

    Visuospatial Function 

 Visuospatial function refers to one’s capacity for perception and spatial reasoning. 
According to several investigators [ 35 ,  45 ], visuospatial function is the least 
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frequently impaired domain after aSAH, with an impairment prevalence of approxi-
mately 25 %. Furthermore, any visuospatial impairments that patients do exhibit 
tend to be mild and close to normative limits [ 40 ,  53 ]. Anterior aneurysms, the pres-
ence of blood in the Sylvian fi ssure, edema, older age, and right hemisphere lesions 
are signifi cant predictors of poorer visuospatial function after aSAH [ 35 ,  69 ,  95 ]. 
Unlike other cognitive functions, defi cits in visuospatial function persist over the 
1-year period after aSAH [ 40 ,  58 ]. Although less is known about the integrity of 
visuospatial function after aSAH compared to other cognitive domains, several 
studies indicate that one test of visuospatial function—the Rey-Osterrieth Complex 
Figure Test—is the most sensitive test of long-term cognitive functioning in aSAH 
survivors (i.e., up to 5 years post-ictus) [ 40 ,  43 ].   

    Functional Outcome 

 Neuropsychological assessments attempt to characterize performance in individual 
cognitive domains. Day-to-day behavior, however, involves an interplay between 
many different cognitive domains rather than single cognitive domains working in 
isolation. Functional outcome encompasses activities of daily living (ADLs), instru-
mental activities of daily living (IADLs), and the ability to return to work. Each of 
these domains will be addressed in turn. 

    Activities of Daily Living 

 ADLs are those one performs for self-care [ 96 ]. Examples of ADLs include feed-
ing, grooming, dressing, bathing, personal hygiene, and toileting. Aneurysmal 
SAH-associated ADL defi cits are less common compared to cognitive defi cits, with 
impairment ranging from 4 to 12 % [ 25 ,  72 ,  97 ,  98 ]. Severity of aSAH, as measured 
by Hunt and Hess grade [ 29 ], and hydrocephalus have been shown to predict ADL 
impairment after aSAH [ 99 ]. Performance on ADLs is key for patients’ perceptions 
of recovery; one recent study showed that ADL performance best differentiated 
aSAH survivors who reported making a complete recovery from those who reported 
disability [ 94 ]. Common ADL impairments at hospital discharge include inconti-
nence and maintaining personal hygiene [ 100 ], but whether these defi cits extend to 
longer follow-up periods remains unclear. Berry et al. [ 51 ] showed that the degree 
of ADL dysfunction correlated with the extent of memory impairment. Similarly, 
Mayer et al. [ 45 ] found defi cits of visual memory, visuospatial function, and 
psychomotor functioning to be signifi cantly associated with impairment in ADL at 
3 months post-aSAH, thereby highlighting the link between cognition and func-
tional outcome. 

 One concern with measuring ADLs after aSAH is that of ceiling effects. In stud-
ies that measure ADLs using the Barthel Index [ 101 ], over 95 % of assessed patients 
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achieve the highest possible score [ 102 ]. Furthermore, many ADL measures (e.g., 
the Barthel Index, the Katz Index of Independence in ADLs [ 103 ]) rely heavily on 
patient self-report, the accuracy of which is uncertain. For instance, patients may be 
uncomfortable or embarrassed at disclosing diffi culties with toileting or bathing. 
Thus, the specifi c profi le of ADL impairments after aSAH remains unclear.  

    Instrumental Activities of Daily Living 

 IADLs are more complex than ADLs and include tasks like managing fi nances, 
shopping, and housekeeping [ 104 ]. IADLs are more frequently impaired than ADLs 
after aSAH, with an estimated prevalence of 44–93 % [ 12 ,  31 ,  105 ,  106 ]. Of all 
IADLs, driving appears to be the one in which patients show the most impairment, 
with up to 60 % of aSAH survivors requiring assistance [ 107 ]. Housekeeping diffi -
culties are also common, as only 51 % of aSAH survivors are capable of managing 
their households without any limitations [ 15 ]. Defi cits of visual memory, visuospa-
tial function, language function, and psychomotor function are associated with 
IADL impairment [ 45 ,  94 ]. Similar to ADLs, the instruments used to measure 
IADLs may not be sensitive to the cognitive diffi culties aSAH survivors may expe-
rience. While driving on a busy city street, for instance, aSAH survivors might 
experience transient lapses of concentration or feelings of being overwhelmed. 
Despite these subtle diffi culties, however, patients would receive the maximum 
favorable score on the Mode of Transportation subscale of the Lawton IADL scale 
[ 104 ], as their performance fulfi lls the criteria of traveling independently. 
Furthermore, commonly used measures of IADL performance, like the Lawton 
IADL scale, often employ a binary scoring system that does not allow for different 
gradients of IADL performance. IADL measures also rely heavily on self-report, 
which may not accurately refl ect patients’ true performance capabilities. Patients 
may be reluctant to disclose diffi culties with driving, for instance, because they fear 
having their driver’s license suspended. Additional research is needed to character-
ize the specifi c IADL profi le in aSAH survivors.  

    Return to Work 

 One of the most important components of day-to-day functioning is the ability to 
return to one’s previous occupation. This is especially important in the case of 
aSAH, as many aSAH survivors are young and have fi nancial responsibilities and 
families to support. Among patients who were employed prior to aSAH, up to 40 % 
are unable to return to their previous occupation [ 14 ,  66 ,  80 ,  97 ,  108 – 111 ]. Other 
studies have found less favorable results, demonstrating that only 6–17 % of patients 
return to their previous occupation [ 32 ,  106 ,  112 ]. Even among those who do return 
to work, however, up to 59 % report reduced working capacity [ 15 ]. Return to work 
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is an important issue even among patients with mild cognitive defi cits; Haug et al. 
[ 30 ] found that only 21 % of previously employed aSAH patients with mild cogni-
tive dysfunction were able to resume full-time employment. Patients frequently 
return to jobs with less responsibility, and they must often work fewer hours [ 14 ,  19 , 
 32 ,  110 ,  111 ]. The impact of fatigue is profound, for up to 34 % of patients require 
daytime naps in order to function normally [ 20 ]. Research by Cedzich and Roth 
[ 15 ] indicates that, among patients who return to work, most do so between 6 and 
12 months post-aSAH. Interestingly, patients’ employment status prior to aSAH has 
been shown to predict the extent of cognitive impairment 1-year post-ictus. Haug 
et al. [ 30 ] observed that the fraction of patients working full-time prior to hemor-
rhage was less among patients with severe cognitive impairment than among those 
with mild cognitive impairment 1 year after aSAH. Although only correlational, 
these results suggest that one’s resources before aSAH infl uence the course of post-
stroke cognitive recovery. 

 Return to work and working ability are also infl uenced by aneurysm location and 
focal brain lesions. Unlike cognition, in which aneurysm location is less predictive 
of the profi le of cognitive impairment [ 46 ,  53 ,  66 ,  74 – 76 ], return to work is greater 
among patients with middle cerebral artery aneurysms than among those with 
ACoA aneurysms [ 86 ]. Additionally, Vilkki et al. [ 66 ] found that left hemisphere 
lesions from aSAH were associated with failure to return to work and signifi cantly 
reduced working ability. Self-reported planning and reasoning impairments and 
poorer performance on tests of executive function were also associated with failure 
to return to work. Unfortunately, although the investigators observed a correlation 
between left hemisphere lesions and failure to return to work, they did not examine 
language function in their sample, a cognitive domain predominantly mediated by 
the left hemisphere [ 113 ].   

    Additional Factors Affecting Outcome 

    Clipping vs. Coiling 

 There has been debate over the effects of microsurgical clipping and endovascular 
coiling of ruptured aneurysms on cognitive and functional outcome (Fig.  10.3 ). 
A randomized clinical trial, the International Subarachnoid Aneurysm Trial (ISAT), 
suggested that clinical outcome, as measured by the modifi ed Rankin scale [ 114 ], was 
better after coiling than clipping [ 115 ].

   With respect to cognitive function, most studies indicate that verbal memory, 
visual memory, visuospatial function, attention, executive function, information 
processing speed, psychomotor function, language, and return to work are similar in 
patients treated by clipping or coiling [ 19 ,  39 ,  48 ,  58 ,  80 ,  116 – 118 ]. Several studies, 
however, have demonstrated that clipping is associated with poorer executive func-
tion, visual memory, and verbal memory compared to coiling [ 48 ,  80 ,  119 ,  120 ]. 
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Bendel et al. [ 85 ], for instance, observed executive dysfunction in 73 % of clipped 
patients but in only 27 % of coiled patients. Why clipping is associated with greater 
cognitive impairment in these studies is unclear. Patients were not randomly 
assigned to clipping or coiling treatment, so differences in baseline risk for cogni-
tive impairment cannot be excluded. One possibility is that clipped patients may 
have more brain injury. Hadjivassiliou et al. [ 120 ] found that 48 % of clipped 
patients suffered from encephalomalacia, compared to 0 % of coiled patients. 
Moreover, 87 % of clipped patients had infarcts compared to 57 % of coiled patients. 
Similarly, Bendel et al. [ 121 ] observed more frequent lesions after clipping than 
after coiling, particularly in the frontal lobes (70 % and 51 % had lesions after clip-
ping and coiling, respectively) and the temporal lobes (48 % and 22 % had lesions 
after clipping and coiling, respectively). 

 Not all studies, however, have found an association between clipping and greater 
cognitive impairment. Santiago-Ramajo et al. [ 117 ,  122 ] observed poorer verbal and 
visual memory among coiled patients compared to clipped patients 4 months after 
aSAH. Likewise, Frazer et al. [ 39 ] found that coiled patients performed signifi cantly 
poorer on tests of visuospatial function, executive function, and information pro-
cessing speed 6 months after aSAH compared to clipped patients. Studies that 
observed poorer outcome among coiled patients examined cognitive performance 
within 6 months of SAH. Of the four studies that observed poorer outcome among 
clipped patients [ 48 ,  80 ,  119 ,  120 ], three examined cognitive function at least 1 year 
after SAH. Clipping and coiling may thus have different effects on cognitive 
outcome depending on time since treatment, with clipped patients having supe-
rior cognitive outcome in the short term and coiled patients having superior cog-
nitive outcome in the long term. This hypothesis is consistent with data from 

  Fig. 10.3    ( a ) Surgical clipping of an aneurysm. Figure adapted from the University of Illinois 
College of Medicine at Chicago. Figure adapted with permission from Brisman JL, Song JK, 
Newell DW. Cerebral aneurysms. N Engl J Med. 2006;355(9):928–939. ( b ) Endovascular coiling 
of an aneurysm. Figure adapted from Suarez JI, Tarr RW, Selman WR. Aneurysmal subarachnoid 
hemorrhage. N Engl J Med. 2006;354:387–396       
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Santiago-Ramajo et al. [ 122 ], who found that the rate of cognitive recovery between 
4 and 12 months post-aSAH was greater for coiled patients than for clipped patients. 
Future studies should investigate the relative effi cacy of clipping and coiling on cog-
nitive and functional outcome over  longer durations. 

 To what extent do clipping or coiling per se affect cognitive and functional out-
come? Insight into this question can be provided by examining patients with pSAH, 
who have SAH but do not undergo clipping or coiling. Early studies investigating 
outcome after pSAH reported a favorable prognosis, with no change in quality of 
life or return to work [ 123 ,  124 ]. More recent reports, however, indicate that pSAH 
may not be as benign as previously believed. In one study, 62 % of pSAH survivors 
experienced headaches, depression, and forgetfulness on average 23 months post-
pSAH [ 125 ]. Additionally, only 41 % of survivors were able to return to their previ-
ous occupations. Madureira et al. [ 126 ] observed minor cognitive impairments in 
72 % of pSAH survivors and depression in 33 % at 39 months post-pSAH. These 
fi ndings suggest that poor cognitive and functional outcome cannot be explained by 
surgical or endovascular procedures alone. Indeed, data by    Hillis and colleagues 
[ 75 ] indicate that patients with aSAH who have undergone aneurysm clipping have 
poorer verbal and visual memory than patients who have undergone clipping of 
unruptured aneurysms, suggesting that extravasation of blood per se has detrimental 
effects on cognition. Surgical and endovascular procedures may not be innocuous, 
however; Hütter et al. [ 38 ] showed that, compared to SAH patients who were treated 
conservatively, patients who were treated surgically tended to exhibit poorer con-
centration. Patients in this study, however, were only examined in the acute phase 
(i.e., 6 days post-ictus) and it is unclear whether this difference would have persisted 
in the long term.  

    Neuroimaging 

 Many studies have found neuroanatomical changes accompanying SAH. Kivisaari 
et al. [ 68 ] found that CT, though useful as a diagnostic tool, was less sensitive than 
MRI in detecting lesions after aSAH. CT detected lesions in 57 % of patients, 
whereas MRI detected lesions in 81 % of patients. Most of this difference in sensi-
tivity can be attributed to detecting frontal lobe lesions; CT only revealed frontal 
lobe injury in 16 % of cases, whereas MRI revealed frontal lobe injury in 48 % of 
cases. Other studies using SPECT have observed reduced cerebral perfusion after 
aSAH, particularly in subcortical regions and, in the case of ACoA aneurysm 
patients, anterior cortical areas [ 127 ]. Egge et al. [ 74 ] found that cerebral perfusion 
as measured by SPECT correlated with the degree of cognitive defi cit post-aSAH, 
but the investigators only used composite scores of cognitive impairment and did 
not stratify by cognitive domain. 

 MRI studies have largely been limited to gross measures of atrophy such as 
ratios of grey matter volume to intracranial volume. Consistent with the hypothesis 
that aSAH causes diffuse brain injury, Bendel et al. [ 84 ,  85 ] observed gross brain 
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atrophy and ventriculomegaly. The degree of gross brain atrophy predicted 
 impairment in several domains, including memory, executive function, and lan-
guage. Among a cohort of patients with anterior cerebral artery aneurysms, the 
degree of atrophy was greatest in frontal regions, namely the orbitofrontal cortex, 
the inferior frontal gyrus, the gyrus rectus, and thalamic and hypothalamic regions 
[ 85 ]. Increased risk of frontal lobe damage in patients with aneurysms of the ante-
rior circulation is consistent with data by Rabinstein et al. [ 128 ], who showed that 
infarct location predicted aneurysm location in 77 % of cases. Future studies should 
extend these fi ndings by examining how lesions to specifi c brain areas contribute to 
cognitive dysfunction.   

    Summary 

 Studies show that a high percentage of patients with aSAH have long-standing or 
permanent defi cits in attention, memory, executive function, language, visuospatial 
function, IADLs, and returning to work. The variability in reported rates is likely 
due to multiple factors such as varying patient populations tested, different times of 
testing after aSAH, and different tests and defi nitions of abnormal performance on 
the tests. Subtle cognitive and real-world defi cits that accompany aSAH often go 
undetected by gross outcome measures like the GOS. As a result, patients who are 
classifi ed as having made a “good recovery” continue to experience defi cits particu-
larly in memory, executive function, and language many years after aSAH. These 
patients frequently cannot go back to work and often experience reduced life satis-
faction. By raising clinical awareness about residual impairments in cognition and 
day-to-day functioning, it is our hope that clinicians and researchers will move 
toward developing comprehensive rehabilitation strategies that target these subtle 
yet debilitating symptoms.     
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           Introduction 

 Cognitive impairment following stroke is predominantly related to the region of 
destroyed brain tissue, the capacity for accommodating the loss of function that 
results, and the degree of recovery. However, some of the variance in cognitive 
function after stroke is related to the mechanism of stroke. Most strokes result from 
brain ischemia, but up to 15 % may be due to subarachnoid (see Chap.   10    ) or intra-
cerebral hemorrhage (ICH). Among the strokes resulting from brain ischemia, most 
are caused by hypertensive arterial disease, atherosclerotic disease, or cardiac dis-
ease. However, a minority may be caused by a wide range of less common arterial 
or hematologic diseases, including vasculitis, hypercoagulable states, and others. 
In some cases, these diseases may have their own effects on cognitive function 
 independent of the presence of stroke, with their own tempo and characteristics. 
Here, we review the associations between cognitive function and ICH, and cogni-
tive  function and less common causes of ischemic stroke.  

    Chapter 11   
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    Intracerebral Hemorrhage 

    Etiology and Epidemiology 

 ICH results from rupture of blood vessels in the brain (Fig.  11.1 ) [ 1 ].    In some cases 
the blood may extend into the ventricles or, less commonly, the subarachnoid space. 
The annual incidence is 10–30 per 100,000 population, accounting for two million 
(10–15 %) of about 15 million strokes that occur worldwide each year. Although the 
age-specifi c incidence of ICH is stable or decreasing, probably due to better popula-
tion control of hypertension, the absolute number of ICHs is expected to rise in the 
next decades because of aging of the population. Compared to ischemic stroke, the 
case fatality rate of ICH is much higher, with only 38 % of affected patients surviv-
ing the fi rst year. Many survivors are left with signifi cant residual disability. 

 Depending on the underlying cause of bleeding, ICH is classifi ed as either pri-
mary or secondary [ 1 ]. Primary ICH, accounting for 78–88 % of cases, originates 
from the spontaneous rupture of small vessels damaged by chronic hypertension or 
cerebral amyloid angiopathy (CAA). Secondary ICH occurs in a minority of patients 
in association with vascular abnormalities (such as arteriovenous malformations 
and aneurysms), tumors, or impaired coagulation. However, ICH associated with 
anticoagulant medication is typically considered a form of primary ICH; for exam-
ple, evidence suggests that warfarin-related ICH is associated with the same small 
vessel diseases, such as CAA, that cause primary ICH [ 2 ]. There are many potential 
causes of secondary ICH (see Table  11.1 ). Except for vascular malformations as a 
cause of ICH in younger patients, these secondary causes are rare. Younger patients 
with ICH should have angiography to rule out secondary causes.

   The most common locations of ICH are the cerebral lobes (35 %), the basal gan-
glia (30 %), the thalamus (20 %), the brainstem (5 %), and the cerebellum (10 %) 
(Fig.  11.2 ) [ 3 ]. It is useful to discriminate between lobar and non-lobar locations of 

  Fig. 11.1    Acute intracerebral 
hemorrhage (ICH), appearing 
as a hyperdense ( bright ) 
lesion on computed 
tomography (CT) scan       
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primary ICH, because the associated causes and risk factors differ by location. 
Lobar ICH may be caused by either CAA or hypertensive arteriosclerosis, while 
non-lobar primary ICH is almost exclusively caused by hypertensive arteriosclero-
sis. This is because CAA affects the cortical and leptomeningeal arteries but not the 
arteries penetrating into the substance of the brain, while most hypertension-related 
ICHs occur at or near the bifurcation of small penetrating arteries that originate 
from the major branches of the circle of Willis. Accordingly, hypertension is a 
stronger risk factor for non-lobar ICH than lobar ICH, while conversely the pres-
ence of one or more apolipoprotein E epsilon 4 (apoE ε4) alleles, associated with 
the presence of CAA, is a stronger risk factor for lobar ICH than non-lobar ICH [ 4 ,  5 ]. 
Other risk factors for ICH include age, male sex, cigarette smoking, low (not high) 
serum cholesterol levels, and Hispanic, African, or Asian racial origin [ 1 ,  6 ].

  Table 11.1    Primary and 
secondary causes of 
intracerebral hemorrhage 
(ICH)  

  Primary ICH  
 Hypertensive arteriolosclerosis 
 Age-related arteriolosclerosis 
 Cerebral amyloid angiopathy 

  Secondary causes of ICH  
 Vascular malformations 
  Arteriovenous malformation 
  AV dural fi stula 
  Cavernous hemangioma 
 Hemorrhagic transformation of ischemic 

stroke 
  Related to arterial infarction 
  Related to venous infarction 
 Vasculitis 
 Moyamoya disease 
 Coagulopathy 
  Related to anticoagulant use 
  Related to thrombolytic use 
  Thrombocytopenia 
  Decreased synthesis of clotting factors 

(e.g., hemophilia, liver disease) 
  Increased consumption of clotting factors 

(e.g., disseminated intrasvacular 
coagulation) 

 Brain tumor 
 Aneurysm 
  Ruptured saccular aneurysm 
  Ruptured mycotic aneurysm 
 Related to sympathomimetic drug use 
  Amphetamines 
  Cocaine 
  Phenylpropanolamine 
  Ephedrine 
 Trauma 
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       Cognitive Symptoms and Signs in Acute ICH 

 Cognitive symptoms in acute ICH depend on the location of bleeding. ICH may 
cause neurological dysfunction by local destruction of tissue, local mass effect with 
compression of tissue, potential toxic effects of iron or other molecules found in 
coagulating blood, or increased intracranial pressure caused by mass effect or 
obstruction of the ventricular system. 

 Small- to medium-size ICHs that do not increase intracranial pressure typically 
present with focal neurological symptoms refl ecting the site of origin of the ICH. 
These may include hemiparesis, hemiplegia, aphasia (resulting from ICH in the left 
perisylvian cortex), or neglect or visual–spatial diffi culty (most commonly resulting 
from ICH in the parietal cortex). ICH in the thalamus may also present with these 
“cortical” signs of aphasia (left thalamus) or neglect (right thalamus). ICH in the 
basal ganglia is usually associated with more prominent motor signs, such as hemi-
paresis, than cognitive signs; however, survivors of basal ganglia ICH often have 
cognitive defi cits as well (discussed in the subsequent section: “Cognitive 
Consequences of ICH”). 

  Fig. 11.2    Common locations of ICH: ( a ) cerebral lobe (lobar), ( b ) basal ganglia (putamen), 
( c ) thalamus, ( d ) brainstem, ( e ) cerebellum       
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 Larger ICHs that cause increased intracranial pressure, or ICHs in the brainstem 
or thalamus that affect the reticular activating system or its connections in the thala-
mus, often present with depressed level of consciousness in addition to other signs. 
In many cases the level of consciousness is signifi cantly depressed and confounds 
the ability to assess other aspects of cognition. Depressed level of consciousness at 
presentation is more common in ICH than ischemic stroke; however, there are no 
signs or symptoms that reliably distinguish between ICH and ischemic stroke. 

 Delirium is a frequent complication in the fi rst several weeks following ICH. 
Many factors may contribute to the risk of delirium; among them are the size of the 
ICH and the presence of intraventricular hemorrhage. Neurological toxic effects of 
blood break-down products may also contribute. In animal studies, experimental 
ICH is followed by extensive brain infl ammation that worsens cognitive and motor 
function. The signifi cance of post-ICH secondary injury in humans remains unclear, 
although post-ICH edema can be detected using neuroimaging. Patients with ICH 
have as much as a fi vefold increased odds of post-stroke cognitive impairment and 
delirium in the fi rst few weeks compared to patients with ischemic stroke [ 7 ].  

    Cognitive Consequences of ICH 

 ICH is the most severe form of stroke. Most survivors will have residual disabilities, 
and cognitive symptoms are common. 

 Dementia frequently accompanies stroke, both ischemic and hemorrhagic. 
According to a recent systematic review, about one in ten patients have dementia 
before their fi rst stroke and one in ten develop new dementia after their fi rst stroke. 
The risk of post-stroke dementia is higher in ICH than in ischemic stroke, refl ecting 
the greater severity of ICH [ 8 ]. Risk factors for dementia following ICH specifi -
cally, as opposed to stroke in general, have not been well defi ned. Based on studies 
done in consecutive patients with either ischemic stroke or ICH, the expected risk 
factors for dementia post-ICH might be higher initial stroke severity, advanced age, 
left hemisphere origin, aphasia, and prior history of stroke or dementia [ 8 ]. 

 A history of dementia preceding ICH is seen in 15–23 % of patients [ 9 ,  10 ]. 
Preexisting dementia is associated with increasing age, female gender, low educa-
tional level, severity of cerebral or temporal lobe atrophy, previous stroke or tran-
sient ischemic attack, severity of leukoaraiosis, diabetes, atrial fi brillation, and 
arterial hypertension. The high prevalence of pre-ICH dementia suggests that 
dementia may be more common in persons who develop ICH than other similar- 
aged persons, although this has not been proven in an epidemiologic study. Patients 
who develop ICH could be at risk for dementia, independent of the ICH, because of 
shared risk factors. Hypertensive arteriolosclerosis and CAA, the most common 
causes of ICH, also cause brain microscopic infarction and ischemic white matter 
demyelination (also known as leukoaraiosis) that contribute to the risk of dementia. 
Leukoaraiosis is frequently seen in the brains of persons with ICH and is associated 
with pre-ICH dementia (Fig.  11.3 ) [ 10 ,  11 ]. CAA may be accompanied by 
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Alzheimer’s pathology, although fewer than half meet pathological criteria for 
Alzheimer’s disease [ 12 ].

   Milder forms of cognitive impairment are even more common than dementia 
following stroke [ 13 ]. As a screening test for cognitive impairment, the Montreal 
Cognitive Assessment tool (MoCA) is more sensitive at detecting milder forms of 
cognitive impairment than the Mini-Mental State Examination (MMSE) [ 14 ]. 
However, there are very limited data on the prevalence of mild cognitive impairment 
following ICH specifi cally. 

 The pattern of defi cits on neuropsychological testing in ICH patients depends on 
the location and severity of the hemorrhage, the ability of the brain to accommodate 
the cerebral damage (which in turn depends on the overall health of the brain, 
including the degree to which the brain is damaged by other effects of small vessel 
disease such as leukoaraiosis), and the degree of neurological recovery. Therefore, 
the resulting neuropsychological syndrome may refl ect a combination of focal defi -
cits related to the site of origin of the ICH, as well as global defi cits as a conse-
quence of more widespread neuronal injury caused by globally raised intracranial 
pressure, for example. Although it is useful to consider the neuropsychological defi -
cits from ICH in terms of site of origin, it also must be recognized that the ICH may 
have extended from the site of origin to involve neighboring white matter or other 
brain structures. 

 Patients with lobar brain hemorrhages are expected to display abnormalities on 
neuropsychological testing that refl ect a decline in function in the areas affected by 
the hemorrhage. For example, a patient with a left posterior superior temporal ICH 
may show symptoms of Wernicke’s aphasia. 

  Fig. 11.3    Leukoaraiosis appears on CT as periventricular white matter hypodensities in this 
patient with a left parietal lobar ICH ( a ,  arrow ), and on T2-weighted MRI as hyperintensities (dif-
ferent patient) ( b , fl uid attenuated inversion recovery [FLAIR] sequence,  arrow )       
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 Patients with the more common non-lobar brain hemorrhages may display a 
 variety of defi cits. Non-lobar hemorrhages most commonly affect subcortical brain 
regions—the putamen, head of the caudate nucleus, and thalamus—that communi-
cate widely with the frontal lobes via feedback loops to regulate thought and mood. 

 The striatum (caudate nucleus and putamen) is the main input structure of the 
basal ganglia. Given the connections between the striatum and the convergent loops 
related to the major cortical areas of the brain, damage to the striatum may result in 
a multitude of defi cits pertaining to motor, oculomotor, cognitive, associative, and 
limbic functions. Indeed, ICH in the basal ganglia has been associated with poor 
performance in multiple cognitive domains including language, attention, memory, 
visuospatial processing, and executive function abilities, with many patients show-
ing impairment in multiple domains [ 15 ]. 

 Patients with ICH in the putamen may have impairments in executive function, 
visuospatial function (including neglect), apraxia, and aphasia. On the Wisconsin 
Card Sorting Test (WCST), patients with putaminal ICH have been shown to have 
impaired mental set shifting with disrupted concept formation or problem solving 
(the inability to comprehend the possible sorting rules) and perseveration (the 
inability to fl exibly shift attention and response preparation from one set of rules to 
another) [ 16 ]. Unilateral spatial neglect can be detected in up to half of patients [ 17 , 
 18 ]. Motor apraxias may occur in 20–40 % [ 19 ]. Aphasia may occur, and is related, 
at least in part, to extension of the hemorrhage into adjacent white matter pathways 
[ 20 ]. Extension into the deep frontal and anterior periventricular white matter causes 
decreased fl uency, while extension to the deep temporal white matter causes 
impaired word comprehension. Hemorrhage extension into both the anterior and 
posterior periventricular white matter may cause a global aphasia. Extension more 
laterally into the region of the external capsule may cause conduction aphasia [ 21 , 
 22 ]. Buccofacial oral apraxia often accompanies the aphasia [ 23 ]. 

 Patients with ICH in the head of the caudate nucleus may have impairments in 
executive function, short-term and long-term memory, apathy, or aphasia [ 24 – 26 ]. 
Impaired mental set shifting and perseveration may be seen on the WCST [ 24 ]. One 
study suggests that the most prominent impairments are in short-term memory, 
long-term memory, and verbal fl uency [ 24 ]. Aphasia following hemorrhage 
restricted to the caudate is rare, but is not infrequent when the hemorrhage also 
involves the neighboring white matter tracts [ 26 ]. 

 Patients with ICH in the thalamus may have impairments in executive func-
tion, short-term and long-term memory, apraxia, aphasia, or neglect. Thalamic 
aphasia may be seen in lesions located in the dominant hemisphere and is charac-
terized by fl uent speech with paraphasias, perseveration, and lack of spontaneous 
speech but relatively preserved comprehension and repetition. Unilateral spatial 
neglect is more common with right-sided lesions, and often improves clinically 
over time [ 27 ]. 

 In sum, a wide variety of neuropsychological defi cits may be detected in survi-
vors of ICH. Patients with small to moderate-sized lobar ICHs may have focal neu-
ropsychological defi cits related to the site of injury, while patients with larger ICHs 
or ICHs originating in non-lobar subcortical structures typically have defi cits in 
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multiple domains, including aspects of executive function, visuospatial function, 
aphasia (for dominant hemisphere lesions), and neglect (for nondominant hemi-
sphere lesions). In patients with subcortical ICHs, particularly those originating in 
the putamen and caudate nucleus, the cognitive defi cits may predominantly refl ect 
injury to adjacent structures including white matter pathways, rather than damage to 
the putamen or caudate themselves. The cognitive profi les of ICH are not distinct 
enough to discriminate ICH from ischemic stroke based on neuropsychological test-
ing alone, although patients with ICH have been described to have somewhat more 
prominent problems with higher-level perceptual functions [ 25 ].  

    Diagnosis and Medical Management 

 There are no signs or symptoms that reliably distinguish between ICH and ischemic 
stroke; therefore, neuroimaging is needed to distinguish between the two [ 28 ]. 
Computed tomography (CT) shows similar sensitivity to magnetic resonance imag-
ing (MRI) for acute hemorrhage and is often the initial investigation of choice. 
Medical management includes supportive care, control of excessively high blood 
pressure, lowering intracranial pressure if necessary, provision of hydration and 
nutrition, and prevention and treatment of medical complications such as seizure, 
deep venous thrombosis, and infection [ 28 ]. Severely affected patients may require 
intubation and mechanical ventilation. Limitation of care or palliation may be 
appropriate in severely affected patients with little hope of survival or meaningful 
quality of life [ 29 ,  30 ]. Surgical removal of the hematoma is often performed for 
patients with secondary ICH, cerebellar ICH, or with lobar ICH and clinical deterio-
ration, and less commonly for patients with non-lobar-hypertensive ICH [ 31 ]. 
Expansion of the ICH occurs in up to 40 % of patients within 24 h of hospital pre-
sentation and may be lessened by good blood pressure control [ 32 ]. Trials of hemo-
static therapies have not shown a clinical benefi t despite demonstration of a modest 
reduction in ICH growth [ 33 ]. 

 The risk of recurrent hemorrhage is approximately 2 % per year for non-lobar 
ICH and 5–10 % per year for lobar ICH. Recurrences are more frequent when blood 
pressure is poorly controlled. Among lobar ICH patients, risk factors for recurrence 
include prior symptomatic ICH, a greater number of MRI-defi ned microbleeds, the 
presence of one or more    apoE ε(epsilon)2 or ε(epsilon)4 alleles, and the probable 
presence of underlying CAA. Risk factors for recurrence in patients with proven 
CAA are the same but also include the use of aspirin and the presence of leukoara-
iosis [ 10 ,  34 ,  35 ]. 

 Rational steps to prevent recurrence include blood pressure reduction and cessa-
tion of smoking and alcohol use [ 28 ]. However, these secondary prevention strate-
gies are of unproven benefi t with the exception that data from a randomized trial 
support an effect of blood pressure reduction [ 36 ,  37 ]. 

 Whether better supportive care leads to improved cognitive outcomes is cur-
rently not known. There are no proven therapies for cognitive rehabilitation that are 
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specifi c to ICH. Therefore, cognitive rehabilitation in ICH should follow the same 
principles as for ischemic stroke. This may include pharmacotherapy for depression 
or apathy. In our experience, stimulants such as methylphenidate may be used in 
ICH patients provided that blood pressure is monitored and controlled to avoid the 
risk of hypertension.   

    Brain Microbleeds 

 Microbleeds represent small (usually less than 5 mm) prior asymptomatic brain 
hemorrhages. Histopathologically, they appear as areas of perivascular hemosiderin 
deposition [ 38 ]. The hemosiderin molecule contains iron atoms derived from the 
breakdown of hemoglobin from red blood cells that previously leaked into the tis-
sue. After deposition, the hemosiderin molecules remain in location indefi nitely. 
Therefore the hemosiderin deposits across the brain represent the cumulative distri-
bution of all the small hemorrhages experienced during the patient’s life. These 
hemosiderin deposits are visible pathologically but may be overlooked because of 
their small size (usually 5 mm or less, and often as small as 1–2 mm). The deposits 
cannot be visualized on CT or on conventional MRI sequences but can be seen as 
“microbleeds” on specialized MRI sequences—T2*-weighted gradient-recalled 
echo (GRE) or susceptibility-weighted imaging (SWI)—where they appear as small 
dark round (i.e., hypointense) foci [ 39 ] (Fig.  11.4 ).

   Microbleeds are a common fi nding in asymptomatic elderly, being present in at 
least 5–10 % of persons over the age of 60 [ 40 ]. However, the prevalence is much 
higher in persons with ischemic stroke (20–30 %) or ICHs (50–70 %). Microbleeds 
are a sign of cerebral small vessel disease, and when seen in large numbers, are most 
commonly associated with either poorly controlled hypertension or CAA. When 

  Fig. 11.4    Microbleeds, 
evident as small  black dots  on 
MRI T2*-weighted gradient- 
recalled echo (GRE) 
sequence. The  white arrow  
points to the largest 
microbleed       
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multiple and restricted to the cerebral cortex or subcortical junction, without 
involvement of subcortical structures such as the basal ganglia, they are highly sug-
gestive of the pathological presence of CAA (see also the subsequent section: 
“Cerebral Amyloid Angiopathy”) [ 41 ]. 

 Previously, microbleeds were considered too small to directly affect brain func-
tion. More recently, this assumption has been questioned because of emerging evi-
dence that microbleeds may be associated with cognitive impairment. For example, 
a case–control study done in patients seen in a neurovascular clinic found that 
executive dysfunction was more frequent in 25 patients with microbleeds compared 
to 30 controls without microbleeds, matched for stroke type, stroke location, and 
the extent of MRI white matter lesions [ 42 ]. In this study, executive dysfunction 
was defi ned as poor performance on two or more of the following tests: word fl u-
ency, Stroop, trail making, WCST, or Weigl Sorting Task. The stroke patients with 
executive dysfunction were more likely to have microbleeds in the frontal lobes and 
basal ganglia [ 42 ]. Microbleeds are frequently seen in persons with vascular 
dementia, but are also seen in up to 20 % of patients with mild cognitive impair-
ment or clinically probable Alzheimer’s disease [ 43 – 50 ]. Microbleeds have been 
associated with worse cognitive performance in adults without diagnosed neuro-
logical diseases [ 51 – 53 ]. 

 However, caution is warranted before ascribing cognitive symptoms to the direct 
effects of microbleeds. Microbleeds may be merely a sign of an underlying cerebral 
small vessel disease causing cognitive dysfunction by mechanisms other than bleed-
ing. For example, both hypertensive arteriopathy and CAA are associated with 
microbleeds but also cause microscopic infarctions that, in contrast to microbleeds, 
cannot be detected on MRI. Further studies are needed to clarify whether micro-
bleeds affect brain function directly, or are merely an associated fi nding.  

    Cerebral Amyloid Angiopathy 

 CAA is caused by deposition of amyloid, a protein aggregate, in the media and 
adventitia of small arteries of the brain [ 54 ]. In most cases the amyloid is beta- 
amyloid, derived from the abeta protein. In some rare autosomal dominant heredi-
tary diseases, the amyloid is derived from other proteins including transthyretin (in 
transthyretin amyloidosis), cystatin C (Icelandic familial dementia), or BRI (British 
familial dementia) [ 55 ]. CAA is most commonly clinically recognized as a cause of 
approximately half of lobar ICHs. However, the spectrum of clinical presentations 
of CAA also includes small sulcal subarachnoid hemorrhages, vasculitis, and tran-
sient neurological symptoms, and there is increasing evidence that CAA is a fre-
quent contributor to the risk of dementia. 

 Arteries affected by amyloid deposition have thickened walls, fi brin deposition 
within the wall, and loss of wall integrity including circumferential cracking 
(a “vessel within a vessel” appearance) [ 54 ]. There may be perivascular hemosid-
erin deposits indicating leakage of red blood cells through the arterial wall [ 56 ]. 

E.E. Smith and J.A. Venegas-Torres



209

Pathologically, the presence of amyloid may be diagnosed by the characteristic 
apple-green colored birefringence seen when affected arteries are stained with 
Congo red and then viewed under polarized light. An alternate means of pathologi-
cal diagnosis is to identify the amyloid protein using an immunohistochemical stain. 

 Sporadic non-inherited CAA caused by beta-amyloid is a common age- associated 
pathology [ 57 ]. As with Alzheimer’s disease, the prevalence of CAA is highly age- 
dependent and increases exponentially with increasing age. Some degree of CAA is 
seen in more than 40 % of persons over 80 [ 58 ]. In many cases, affected persons 
appear asymptomatic, although increasing evidence suggests that CAA is an impor-
tant under-recognized contributor to the risk of dementia. 

 The common sporadic CAA is caused by aggregation of abeta into beta-amyloid 
with deposition in the vascular media. Abeta is derived from proteolytic processing 
of the amyloid precursor protein by beta-secretase and gamma-secretase. After for-
mation, abeta can have several fates including aggregation into beta-amyloid with 
deposition in the arterial wall or brain parenchyma, proteolytic cleavage by enzymes 
such as neprilysin or insulin-degrading enzyme, or clearance from the brain via a 
perivascular interstitial fl uid drainage pathway [ 59 ]. Aggregation of abeta with 
deposition as beta-amyloid may result from an imbalance between production and 
clearance of abeta [ 60 ]. Vascular beta-amyloid deposits are almost exclusively 
restricted to the leptomeningeal and cortical arteries. 

 The beta-amyloid seen in CAA is the same beta-amyloid that is the main con-
stituent of the neuritic plaques seen in Alzheimer’s disease. Indeed, the frequency 
and severity of Alzheimer’s pathology is higher in the brains of persons with CAA 
than persons without [ 12 ]. CAA and Alzheimer’s pathology may be conceived as 
being situated on the opposite ends of a spectrum, with some patients predomi-
nantly exhibiting vascular amyloid deposition (i.e., CAA) with increased risk of 
lobar ICH, and other patients predominantly exhibiting parenchymal amyloid depo-
sition (i.e., Alzheimer’s pathology) with increased risk of Alzheimer’s type 
dementia. 

 The cause of nonhereditary beta-amyloid CAA is unknown. Other than age, the 
only other known risk factor is the presence of one or more apoE ε(epsilon)4 alleles 
[ 12 ]. Patients with one or more apoE ε(epsilon)2 alleles have more severe vasculo-
pathic changes and may be at increased risk for ICH [ 61 ,  62 ]. Lowering of blood 
pressure and avoidance of antithrombotics and anticoagulants are reasonable steps 
to reduce the risk of recurrence. 

 Clinically, CAA is best recognized as a cause of approximately half of lobar 
ICHs in developed countries where there is good treatment of chronic hypertension. 
The hemorrhages may occur in any brain lobe, but have a predilection for posterior 
brain regions including the occipital lobe and posterior temporal and parietal lobes 
[ 63 ]. In about half of the cases of pathologically proven CAA-associated ICH, the 
lobar ICH is accompanied by one or more lobar microbleeds (Fig.  11.5 ) [ 41 ]. The 
presence of microbleeds in other locations not involved with vascular amyloid, such 
as the thalamus, basal ganglia, or brainstem, is not consistent with CAA and should 
prompt consideration of other causes such as hypertensive arteriolosclerosis. 
Diagnostic criteria for clinical research, termed the Boston criteria, discriminate 
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between  probable  and  possible  CAA based on presentation with lobar ICH and the 
presence or absence of accompanying lobar hemorrhages or microbleeds, without 
identifi able alternate causes (Table  11.2 ) [ 41 ]. Positron emission tomography (PET) 
with Pittsburgh Compound B or other beta-amyloid ligands will identify vascular 
beta-amyloid as well as parenchymal beta-amyloid, and could therefore be useful to 
confi rm beta-amyloid deposition [ 64 ].

  Fig. 11.5    Cerebral amyloid angiopathy (CAA). In this 70-year-old woman with left parietal lobar 
ICH ( a , CT scan), MRI susceptibility-weighted imaging reveals dozens of small hypointensities 
indicating lobar microbleeds ( b ,  arrow ) not apparent on CT scan, consistent with probable CAA       

   Table 11.2    Boston criteria for diagnosis of cerebral amyloid angiopathy (CAA)-related ICH   

 Defi nite CAA  Full postmortem examination showing severe CAA 

 Probable CAA with 
supporting pathology 

 Pathologic tissue (evacuated hematoma or cortical biopsy) showing 
•  Lobar ICH with some degree of CAA 
•  Absence of other diagnostic lesion 

 Probable CAA  Clinical data and MRI or CT demonstrating 
•  Multiple hemorrhages restricted to lobar regions or a single lobar 

hemorrhage with additional evidence of superfi cial siderosis 
•  Age ≥55 years 
•  Absence of other cause of hemorrhage or superfi cial siderosis 

 Possible CAA  Clinical data and MRI or CT demonstrating 
•  Single lobar hemorrhage, or focal or disseminated superfi cial 

siderosis 
•  Age ≥55 years 
•  Absence of other cause of hemorrhage or superfi cial siderosis 

  These criteria were validated against autopsy data [ 41 ] and were recently modifi ed to include 
incorporate evidence of superfi cial siderosis on MRI. Superfi cial siderosis is an MRI fi nding indic-
ative of past bleeding in the subarachnoid space adjacent to the cortex or in the superfi cial cerebral 
cortex [ 65 ]  
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    There are several less common presentations of CAA. Some patients present 
with vasculitis or perivascular infl ammation and signs of patchy focal or multifocal 
edema in the periventricular white matter or juxta-cortical white matter, often 
involving the temporal or parietal lobes [ 66 ]. These patients may have a subacute 
cognitive decline, headaches, seizures, or focal neurological defi cits such as hemi-
paresis. In some cases, the clinical course may be that of a rapidly progressive 
dementia. Neuroimaging shows brain edema, usually without infarction. In contrast 
to chronic white matter lesions, which are also common in CAA, the white matter 
lesions seen in CAA-associated vasculitis are not associated with atrophy but rather 
exhibit swelling and mass effect. When the edema is very focal, it may be mistaken 
for a low-grade tumor. There are usually multiple lobar microbleeds, although we 
have also seen pathologically proven cases without microbleeds. The cerebrospinal 
fl uid often exhibits increased protein and sometimes a lymphocytic pleocytosis, but 
may also be normal. The diagnosis of CAA with vasculitis may be suspected on 
clinical and radiological grounds, but can only be defi nitively proven by biopsy. 
Immunosuppressive therapy, for example with steroids, can produce a dramatic 
clinical and radiological improvement in up to two-thirds of patients. Responders 
may stay in remission for years without need for chronic immunosuppression [ 66 ]. 

 CAA is an important contributor to the risk of dementia, even in the absence of 
lobar ICH and accounting for the effects of accompanying Alzheimer’s pathology. 
In the population-based Medical Research Council-Cognitive Function and Aging 
Study (MRC-CFAS   ) autopsy study, CAA accounted for 7 % of the risk of demen-
tia, controlling for Alzheimer’s disease pathology [ 67 ]. Similarly, another 
population- based study showed that for a given severity of Alzheimer’s pathology, 
a higher degree of CAA was associated with worse performance on a global cogni-
tive test [ 68 ]. 

 The cognitive impairment seen in cerebral amyloid-angiopathy that is indepen-
dent of hemorrhagic stroke is probably caused by brain ischemia. CAA is associated 
with a high burden of periventricular white matter demyelination [ 10 ], presumably 
on an ischemic basis, and small cerebral infarctions. Disturbed blood fl ow regula-
tion with impaired vasodilation might play a role in generating these small infarc-
tions [ 57 ]. 

 There is limited information on the pattern of cognitive defi cits that can be attrib-
uted to CAA, independent of the effects of lobar ICHs and coexisting Alzheimer’s 
pathology. Based on the association between CAA and subcortical white matter 
lesions, defi cits may be expected to include those associated with white matter dis-
ease, including poor performance on timed tests. However, cortical microscopic 
infarctions and microbleeds could produce signs of cortical dysfunction dependent 
on the location and severity of the pathological changes. A prospective cohort study 
with brain autopsy found that more severe CAA was correlated with worse perfor-
mance on the symbol digit modalities test and a test of episodic memory, controlling 
for the amount of Alzheimer’s pathology and in the absence of ICHs [ 69 ]. This poor 
performance on a timed test infl uenced by visual perception may refl ect a combina-
tion of the subcortical ischemic white matter demyelination and predilection for the 
posterior parietal lobe and occipital lobe that are seen in cerebral amyoid 
angiopathy. 
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 In summary, three potential contributing factors must be considered when 
 evaluating cognition in a patient with probable CAA: (1) the effects of lobar ICH, if 
one has occurred; (2) the effects of accompanying Alzheimer’s pathology, which 
may or may not be present; and (3) the effects of CAA independent of either lobar 
ICH or accompanying Alzheimer’s pathology, which are presumably mediated by 
brain ischemia. The neuropsychological evaluation should therefore include tests 
sensitive to the cortical defi cits expected based on the lobar ICH location, tests sen-
sitive to the pattern of impaired memory retrieval seen in Alzheimer’s disease, and 
tests sensitive to the impairments in psychomotor processing speed and executive 
dysfunction that may be seen with subcortical ischemic white matter disease.  

    Other Less Common Causes of Ischemic Stroke 

 The common causes of ischemic stroke are arterial disease related to hypertension 
and atherosclerosis, or cardiac disease related to coronary heart disease or atrial 
fi brillation. A substantial number of ischemic strokes are cryptogenic, which is 
defi ned as having no diagnosable cause. Other determined causes of stroke are rare. 
A comprehensive discussion of all uncommon causes of stroke is outside the scope 
of this chapter. Instead, we will highlight selected less common causes of stroke 
where cognitive impairment may be a prominent feature. 

    Cerebral Autosomal Dominant Arteriopathy with Subcortical 
Ischemic Leukoencephalopathy 

 Cerebral autosomal dominant arteriopathy with subcortical ischemic leukoencepha-
lopathy (CADASIL) is a rare genetic cause of stroke, migraine, and vascular demen-
tia [ 70 ]. The disease is caused by mutations of the NOTCH3 gene, which encodes 
the Notch3 receptor. Small arteries become thickened and fi brosed. Electron micros-
copy shows granular osmiophilic material adjacent to the vascular basement mem-
brane, which is pathognomonic for the disease. Symptoms are limited to the central 
nervous system (CNS), even though arteries outside the brain are affected, in addi-
tion to those within the brain. Neuroimaging reveals multiple lacunar infarcts in the 
basal ganglia, thalamus, and white matter, along with extensive white matter demy-
elination (Fig.  11.6 ). Typically, the disease begins with migraine with aura in the 
victim’s late 20s, lacunar strokes occur in their 40s, and vascular cognitive impair-
ment and dementia occur in their 40s and 50s [ 71 ]. The diagnosis can be made by 
genetic analysis, or by skin or muscle biopsy with electron microscopy to identify 
the characteristic vascular changes with granular osmiophilic material.

   CADASIL is an instructive disease because it is the prototypical example of a 
pure subcortical ischemic dementia. Because CADASIL patients develop dementia 
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at an early age, the cognitive profi le of CADASIL is uncomplicated by other late- 
life pathologies of dementia such as Alzheimer’s disease. In the earlier stages, 
CADASIL patients may display poor performance on neuropsychological tests 
sensitive to executive dysfunction including the Trail Making Test and tests of ver-
bal fl uency [ 72 ,  73 ]. As the disease progresses, more global cognitive impairments 
are seen, including memory. Apathy is a prominent neuropsychiatric symptom [ 74 ]. 
A randomized placebo-controlled trial of the acetylcholinesterase inhibitor done-
pezil showed that treated patients had modest improvements on the Trail Making 
Test but no improvement in the global cognitive endpoint compared to the placebo 
group [ 75 ].  

    Vasculitis 

 CNS vasculitis is caused by vascular or perivascular infl ammation. Pathologically, 
lymphocytic infi ltration of the vascular wall or perivascular tissue is seen, with 
microglial activation. The infl ammation may be idiopathic and isolated to the CNS, 
or may occur in the context of a systemic infl ammatory disorder. CNS infl amma-
tion, of either proven or suspected vascular origin, has been reported in polyarteritis 
nodosa, Churg–Strauss vasculitis, systemic lupus erythematosis (SLE), sarcoidosis, 
Wegener’s granulomatosis, rheumatoid arthritis, Sjögren’s syndrome, Behcet’s 
 disease, temporal arteritis, thromboangiitis obliterans (Buerger’s disease), 
Kawasaki’s syndrome, infections (particularly fungal infections causing basal men-
ingitis), and other conditions. Generally, CNS vasculitis is a rare complication of 

  Fig. 11.6    Cerebral autosomal dominant arteriopathy with subcortical ischemic leukoencepha-
lopathy (CADASIL): a 41-year-old man with CADASIL confi rmed by genetic testing. The MRI 
FLAIR sequence shows extensive white matter T2-hyperintensities ( a – c ,  arrows ), including 
hyperintensities in the anterior temporal white matter ( a ) that are characteristic of CADASIL com-
pared to other white matter diseases, and a lacunar infarct in the right corona radiate ( c ,  double 
arrow )       
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these systemic diseases. Diagnosing CNS vasculitis is challenging because it is rare 
and has many nonspecifi c manifestations. The literature on CNS vasculitis is often 
diffi cult to interpret because of changing perceptions and nomenclatures, with lack 
of  pathological confi rmation in many suspected cases. 

 The most common type of CNS vasculitis is primary angiitis of the CNS, also 
called isolated CNS angiitis [ 76 ]. Because giant cells are sometimes seen pathologi-
cally, this form of vasculitis has also been termed granulomatous angiitis of the 
CNS. In some cases vascular beta-amyloid is also identifi ed and is probably the 
target of the autoimmune attack [ 66 ,  77 ]. 

 Symptoms of CNS vasculitis may include headache, neurological defi cits, and 
confusion [ 78 ]. In contrast to acute stroke, the symptoms are subacute and progres-
sive or waxing and waning, and evolve over days to weeks. Impaired cognition is 
common. There is minimal information on the pattern of cognitive defi cits; a few 
small case series suggest involvement of attention, processing speed, and visual–
spatial functions [ 79 ,  80 ]. Age at onset is usually younger than for typical ischemic 
stroke, but there is wide variation. Neuroimaging may show edema, small infarcts 
or hemorrhages, or may be normal. Lumbar puncture may show increased protein 
and lymphocytic pleocytosis or may be normal. Peripheral markers of infl amma-
tion, such as erythrocyte sedimentation rate or C-reactive protein, are usually nor-
mal in vasculitis isolated to the CNS but may be elevated when CNS vasculitis 
complicates a systemic infl ammatory disorder. Cerebral angiography shows vascu-
lar narrowing when medium-sized arteries are involved, but is usually normal in 
small vessel vasculitis such as that seen in idiopathic CNS vasculitis. Brain biopsy 
is needed to make a defi nitive diagnosis of CNS vasculitis. However, because the 
disease tends to have a patchy distribution across the brain, even brain biopsy may 
be falsely negative if an unaffected area was sampled. Brain tissue at the margin of 
an affected brain region may provide the highest diagnostic yield; however, care 
should be taken not to biopsy the center of an infarct because it would show only 
non-diagnostic tissue destruction. There are no proven therapies for CNS vasculitis. 
Intravenous steroids and immunosuppression are frequently tried, and the disease 
may go into remission.  

    Intravascular Large B Cell Lymphoma 

 Intravascular large B cell lymphoma (also called intravascular lymphomatosis or 
malignant angioendotheliomatosis) is a rare manifestation of lymphoma caused by 
occlusion of capillaries and small venules by lymphoma cells. Affected organs 
include the brain, skin, bone marrow, spleen, and liver. Common neurological mani-
festations include stroke and progressive cognitive impairment, including rapid- 
onset dementia [ 78 ]. Brain MRI may show small infarcts that enhance after 
gadolinium contrast injection. Many of the presenting symptoms and signs mimic 
CNS vasculitis. Biopsy is required to make the diagnosis.  
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    Systemic Lupus Erythematosis 

 SLE is an autoimmune disease of unknown cause that affects multiple organs 
including the brain. Non-neurological manifestations include malar rash, arthritis, 
and anemia. Neuropsychiatric symptoms are relatively common and are part of the 
diagnostic criteria for the disease [ 81 ,  82 ]. Manifestations of the disease may include 
stroke, seizures, CNS infl ammation, psychosis, and mood disorders. Several differ-
ent pathophysiologies may lead to CNS complications in lupus, including vasculi-
tis, noninfl ammatory vasculopathy, hypercoagulability, and autoantibodies reacting 
against various epitopes including neurons [ 83 ]. 

 Stroke may complicate SLE in up to 20 % of persons [ 84 ]. Stroke in SLE may be 
caused by CNS vasculitis, a CNS vasculopathy without frank infl ammation, cardio-
embolism due to nonbacterial valvular vegetations (Libman–Sacks endocarditis), or 
a hypercoagulable state due to the presence of antiphospholipid antibodies [ 85 ]. 

 The neuropsychological syndrome in patients with stroke and SLE will 
depend on the brain regions affected by the stroke. However, cognitive dysfunc-
tion in SLE also occurs independent of stroke. Cognitive defi cits may also be 
identifi ed in the context of concurrent psychiatric illness. Therefore, a combina-
tion of both stroke- related and non-stroke-related neuropsychological defi cits 
may be seen. Some degree of cognitive dysfunction may be seen in 20–50 % of 
stroke-free SLE patients [ 86 – 90 ] and is frequently transitory, with subsequent 
improvement [ 88 ]. Impaired immediate memory and concentration may be seen 
with acute disease activity, while impaired delayed recognition memory may 
represent the sequelae of past CNS involvement [ 91 ]. Even patients without overt 
neurological or psychiatric symptoms may exhibit impairments on tests of verbal 
memory, logical reasoning, visual attention, and working memory [ 92 ]. Cognitive 
outcomes have been proposed as secondary endpoints in trials of disease-modi-
fying therapies [ 93 ].  

    Moyamoya Syndrome 

 The moyamoya syndrome is marked by gradual tapering occlusion of the terminal 
carotid artery or proximal middle cerebral artery with associated development of 
small, fragile arterial collaterals that supply the anterior circulation of the brain [ 94 , 
 95 ]. Most commonly the syndrome is idiopathic, but can also occur as a complica-
tion of sickle cell disease, autoimmune diseases such as SLE, connective tissue 
diseases such as neurofi bromatosis type I, Down’s syndrome, and other diseases. 
Some cases are familial but the causative genes are unknown. The term  moyamoya  
is Japanese and refers to the characteristic appearance of the collateral arteries as a 
“puff of smoke” on conventional angiography (see Fig.  11.7 ) [ 94 ]. These arteries 
are often insuffi cient to maintain cerebral perfusion, leaving the brain in a tenuous, 
chronically hypoperfused state. Fluctuations in brain perfusion may lead to 
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transient ischemia with focal neurological symptoms. Progressive stepwise brain 
infarction over weeks and months may ensue. Alternatively, the fragile collaterals 
may rupture and cause ICH.

   Moyamoya syndrome usually presents in childhood before the age of 10 years. 
Transient focal neurological symptoms are the most common presenting symptoms 
but sometimes cognitive impairment is the dominant symptom [ 96 ]. Poor school 
performance is frequent [ 97 ]. Low IQ scores may be seen and may decline over time 
in some children [ 98 ]. Mental retardation with very low IQ is uncommon at presen-
tation, however [ 99 ]. More severe global cognitive impairments are usually the 
result of multiple ischemic strokes. Neuropsychological studies in adults with moy-
amoya demonstrate impairment in up to a third of patients. Some studies point to 
impaired executive function as the most prominent fi nding [ 100 – 102 ], while others 
have found broader impairments affecting memory as well [ 103 ]. 

 Revascularization procedures that restore normal cerebral blood fl ow may 
improve IQ in affected children [ 104 ,  105 ]. Long-term outcomes after revascu-
larization are uncertain, with some patients demonstrating stable improvement 

  Fig. 11.7    Moyamoya 
disease. Angiography (right 
internal carotid artery 
injection, anterior–posterior 
view) in a 17-year-old 
woman with familial 
moyamoya disease shows 
occlusion of the terminal 
portion of the right internal 
carotid artery ( arrow ) with 
multiple fi ne collateral 
vessels ( arrowheads ) 
supplying blood fl ow to the 
right middle cerebral artery       
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but others still suffering from periodic transient ischemic attacks and with bor-
derline low IQ [ 99 ,  106 ]. In some children, IQ worsens over time in the absence 
of stroke, which may be considered a possible indication for surgical revascular-
ization [ 107 ,  108 ].  

    Sickle Cell Disease 

 Sickle cell disease is caused by a mutation in the HBB gene encoding beta-globin, 
one of the constituents of the hemoglobin molecule. The red blood cells in affected 
patients can assume a characteristic sickle shape, particularly under conditions of 
low oxygen, leading to obstruction of capillaries. Patients may have intermittent 
sickle cell crises, marked by fever, chest pain and diffuse pain, dyspnea, and confu-
sion. Stroke is a common complication and is a leading cause of death [ 109 ]. 
Patients with sickle cell disease are at risk for both ischemic stroke and hemorrhagic 
stroke. Most strokes are ischemic (67 %) and are caused by occlusion of a large 
intracranial artery. Progressive stenosis of intracranial arteries may occur, in some 
cases leading to the moyamoya syndrome. High intracranial arterial blood fl ow 
velocities seen on transcranial Doppler ultrasound identify children at higher risk of 
stroke, and this risk can be reduced by blood transfusions [ 110 ]. “Silent” or mini-
mally symptomatic small infarcts can occur in the cerebral white matter and are 
visible on MRI in 20–30 % of children [ 111 ,  112 ]. Risk factors for ischemic stroke 
include prior transient ischemic attack, prior episodes of chest pain, lower hemoglo-
bin, and higher blood pressure [ 113 ]. Hemorrhagic stroke in sickle cell patients may 
result from bleeding in the subarachnoid space or the brain and usually occurs in 
young adults, not children [ 113 ]. Sickle cell disease may promote aneurysm forma-
tion by causing endothelial dysfunction with secondary changes in the vessel wall. 
The fragile collateral arteries seen in the moyamoya syndrome can be another 
source of bleeding. 

 Cognitive dysfunction in sickle cell disease may be the consequence of symp-
tomatic stroke, or the consequence of “silent” cerebrovascular disease in the absence 
of symptomatic stroke. Up to one-third of children with sickle cell disease have low 
IQ [ 114 ]. Neuropsychological testing reveals executive dysfunction [ 114 ] and lower 
performance on tests of arithmetic, vocabulary, and visual motor speed and coordi-
nation [ 112 ]. Neuropsychological test performance is worse in children with silent 
brain infarcts [ 112 ]. However, neuropsychological defi cits may also be present in 
the absence of silent brain infarction, and are correlated with the severity of anemia, 
microstructural alterations in the cerebral white matter, and lower cerebral blood 
fl ow [ 115 – 117 ]. As with children, about one-third of adults have low IQ (more than 
one standard deviation below the age- and sex-adjusted means) [ 118 ]. Executive 
dysfunction, slower psychomotor processing speed and poor working memory may 
be seen in adults, even in the absence of symptomatic stroke. Cognitive defi cits are 
worse in patients with more severe anemia [ 118 ]. 

11 Cognitive Dysfunction After Intracerebral Hemorrhage, Vasculitis…



218

 Exchange transfusion lowers the risk of stroke in susceptible patients with sickle 
cell disease [ 110 ]. However, it is not known whether exchange transfusions prevent 
silent brain infarction or improve cognition. Hydroxyurea is not as effective at pre-
venting strokes as exchange transfusion [ 119 ].  

    Hypercoagulability and Hyperviscosity States 

 Ischemic stroke caused by hypercoagulability or hyperviscosity is not common. 
The most frequently encountered cause of hypercoagulability in ischemic stroke is 
active cancer. Otherwise, ischemic stroke due to hypercoagulability is rare. 
Autoimmune coagulopathies such as the antiphospholipid antibody syndrome may 
cause ischemic stroke with secondary vascular dementia [ 120 ]. Sneddon’s syn-
drome is caused by antiphospholipid antibodies with thrombosis of small arteries 
in the skin and brain. Patients present with livedo reticularis, a lacy purple rash 
usually on the thighs, in conjunction with ischemic stroke. Rarely, patients may 
present with a progressive dementia caused by multiple “silent” brain infarcts 
[ 121 ,  122 ]. Thrombotic thrombocytopenic purpura presents with some combina-
tion of microangiopathic hemolytic anemia, thrombocytopenia, acute delirium, 
acute renal failure, and fever [ 123 ]. The simultaneous presence of all of these 
manifestations is uncommon, however, and the diagnosis can be made based on the 
presence of microangiopathic hemolytic anemia and thrombocytopenia without 
other apparent cause. Neurological manifestations are caused by small arterial 
occlusions due to platelet dysfunction. Headache and confusion are common; 
infarction, coma, and seizures may also occur. A hyperviscosity syndrome may 
occur due to the very high serum protein levels encountered in Waldenstrom’s 
macroglobulinemia or multiple myeloma [ 124 ]. The high blood viscosity impairs 
cerebral blood fl ow and can cause symptoms including headache, dizziness, confu-
sion, vision loss, and coma [ 124 ].  

    Cerebral Venous Thrombosis 

 Thrombosis of cerebral sinuses or veins usually presents subacutely with progres-
sive headache, seizures, or neurological defi cits. The cause may be idiopathic, or 
may be secondary to infection in the mastoid or middle ear, or as a complication of 
neurosurgery. Risk factors include female sex, oral contraceptive use, factor V 
Leiden mutation or prothrombin gene mutation, and smoking [ 125 ]. Occlusion of 
cerebral veins or sinuses prevents outfl ow of blood from the brain that may lead to 
increased intracranial pressure, edema, and venous infarction. Cognitive symptoms 
may include decreased arousal and awareness due to globally increased intracranial 
pressure or focal symptoms due to venous infarction.  
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    Dural Arteriovenous Fistula 

 Dural arteriovenous fi stulas are direct connections between a dural artery and a 
meningeal vein or dural sinus. Exposure of the venous sinus to arterial pressures can 
impair brain venous outfl ow. Rarely, this can lead to an encephalopathy due to 
venous hypertension that mimics a progressive dementia [ 126 ]. In some cases the 
symptoms may be improved after surgical obliteration of the fi stula [ 127 ,  128 ].   

    Summary 

 ICH comprises 10–15 % of stroke but is associated with high mortality and morbid-
ity. There are few specifi c studies of cognitive dysfunction in these patients. Defi cits 
are related to the location and volume of the hemorrhage and will be similar to those 
occurring in patients with ischemic strokes affecting the same brain regions. 
In addition, however, patients with non-lobar ICH usually have chronic hyperten-
sion that can itself produce neurocognitive defi cits. Patients with primary lobar ICH 
usually have CAA. This may also be associated with preexisting, progressive neu-
rocognitive defi cits, and in some cases with Alzheimer’s disease. Treatment of cog-
nitive defi cits after ICH has seldom been investigated.     
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           Introduction 

 Post-stroke depression (PSD) is one of the most common neuropsychiatric sequelae 
of stroke. Cross-sectional studies of stroke survivors have demonstrated that about 
one-third of patients develop acute PSD and more than half suffer depression at 
some later point in their lives [ 1 ,  2 ]. PSD is strongly associated with a range of 
adverse clinical outcomes including increased length of hospital stay, higher risk of 
dependency, increased degree of neurological impairment, and increased patient 
mortality [ 3 – 6 ]. Therefore, there is signifi cant potential benefi t for effective preven-
tion, diagnosis, and treatment of PSD. 

 Despite the acknowledged clinical and social impacts of PSD, the defi nitive 
management of this condition remains unresolved [ 7 – 10 ]. In this chapter, we will 
address the main consequences of PSD and highlight the best practice diagnosis, 
prevention, and treatment options based on current evidence.  

    Diagnosis of Post-stroke Depression 

 PSD is defi ned within the  Diagnostic and Statistical Manual of Mental Disorders, 
fourth edition, text revision (DSM-IV-TR)  as a “mood disorder due to a general 
medical condition” [ 11 ]. To satisfy the diagnostic criteria, there must be evidence 
from the history, physical examination, or laboratory fi ndings that the disturbance is 
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a direct physiological consequence of medical illness. A competing explanation for 
the genesis of PSD identifi es it as a complex psychosocial reaction to critical illness, 
rather than a direct physiological consequence of stroke. However, this objection is 
partly overcome by the fi nding that patients suffering equivalent levels of disability 
due to orthopedic illness or traumatic brain injury have a lower incidence of depres-
sion than stroke patients [ 12 ,  13 ]. Nevertheless, psychosocial factors have been 
identifi ed to play a role in PSD, and the most parsimonious explanation may be that 
PSD results from a combination of bio-psychosocial factors [ 14 ]. 

 The DSM-IV-TR criteria for the diagnosis of “mood disorder due to a general 
medical condition” include that symptoms must occur independently of delirium 
and must cause clinically signifi cant distress or impairment in social, occupational, 
or other important areas of functioning. The diagnosis is further refi ned by the spec-
ifi ers “with depressive features,” “with major depressive-like episode,” “with manic 
features,” and “with mixed features.” The DSM-IV-TR also outlines research crite-
ria for “minor depression,” which is a concept that some investigators have utilized 
in relation to their study of PSD [ 15 ]. While variations in diagnostic criteria may 
account for some of the inconsistency in the research of PSD, major and minor 
depression as diagnosed by DSM-IV criteria remain the two most useful clinical 
diagnostic categories [ 16 ]. 

 A major depressive episode is diagnosed based on the presence of either a 
depressed mood or a loss of interest or pleasure, in addition to at least four other 
depressive symptoms with at least 2 weeks duration. These include an increase or 
decrease in weight or appetite, insomnia or hypersomnia, psychomotor agitation or 
retardation, fatigue or loss of energy, feelings of worthlessness or excessive/inap-
propriate guilt, diminished ability to think or concentrate, and recurrent thoughts of 
death or suicidal ideation. The criteria for a minor depressive episode are identical 
to those for a major depressive episode, but require only two depressive symptoms 
in addition to the core symptom of either a depressed mood or a loss of interest or 
pleasure. When minor depression is taken into account, the prevalence of PSD rises 
to capture approximately half of all stroke survivors [ 2 ]. 

 A number of tools are available to aid in the measurement of depressive features 
in clinical settings. These can be found in the form of structured diagnostic inter-
views that provide a categorical diagnosis, or severity rating scales that indicate a 
diagnosis on the basis of a cutoff score. It is important to note that depression should 
only be diagnosed with the standardized diagnostic criteria using information 
obtained from structured psychiatric interviews. Rating scales should be used to 
measure the severity of depression only. 

 A confounder in diagnosing depression in stroke is the potential for overlap 
between symptoms of depression and symptoms of stroke. Whereas some studies 
have indicated that this may be particularly problematic for the motor symptoms of 
depression [ 17 ,  18 ], more recent research has demonstrated that stroke patients with 
depression are still signifi cantly more likely to endorse overlapping symptoms, such 
as insomnia, poor appetite, loss of energy, and poor concentration, than stroke 
patients who are not depressed [ 19 ]. 
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 Patients suffering aphasic defi cits (see Chap.   6    ) also present inherent assessment 
diffi culties, and this population has typically been excluded from PSD research. 
Given that 20–40 % of stroke patients suffer from varying degrees of aphasia [ 20 –
 23 ], this may represent a substantial source of bias in the research fi ndings. It is also 
diffi cult to delineate the direction of causation between depression and disability. 
For instance, while patients with PSD suffer a greater burden of illness than those 
without PSD, more severe stroke defi cits also increase the risk of PSD [ 2 ]. This sug-
gests a complex interaction between depression and disability in patients with PSD, 
in which the disorder may compound the physical, psychological, and social impacts 
of stroke, and vice versa. 

 In conclusion, diagnosis of depression among stroke patients has been limited by 
the overlap of symptoms of depression and stroke and by the lack of specifi c diag-
nostic criteria. Nevertheless, several studies have demonstrated that the DSM-IV-TR 
criteria for major depression have adequate sensitivity and validity for use in stroke [ 2 ]. 
Future studies should develop specifi c diagnostic interviews and depression rating 
scales for use in patients with stroke, including those with different severities of 
aphasia.  

    Consequences of Post-stroke Depression 

    Physical and Functional Consequences 

 There is a wealth of evidence to support an association between the severity of 
physical impairment after stroke and the severity of concomitant depressive symp-
toms [ 24 – 26 ]. Fifteen of 18 studies reviewed by Robinson [ 2 ] also found a signifi -
cant association between PSD and defi cits in activities of daily living (ADLs). In a 
study that examined the predictive relationship between PSD and defi cits on ADLs 
during the fi rst 2 years after stroke, Robinson [ 2 ] found that in-hospital PSD had a 
signifi cant correlation with ADLs at 3 and 6 months post-stroke. On the other hand, 
in-hospital ADL scores correlated signifi cantly with depression scores at 3 and 6 
months post-stroke, suggesting a bimodal association between depression and defi -
cits on ADL after stroke. One of the fi rst studies to explore this association in more 
detail showed that patients with PSD demonstrated signifi cantly less recovery on 
ADLs than nondepressed patients comparable on demographic variables and base-
line impairments [ 27 ]. More recently, the Auckland Stroke Outcomes Study demon-
strated a 3.5-fold increased risk of dependency, a threefold increased risk of 
moderate to severe neurological impairment, and signifi cantly reduced ADL activ-
ity in patients with PSD at 5 years post-stroke [ 3 ]. Several studies have examined 
the impact of improvement from depression on functional defi cits. Chemerinski 
et al. [ 28 ] showed that patients with PSD who remitted from depression 6 months 
later improved signifi cantly more from their functional defi cits than patients with-
out remission.  
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    Effect of Antidepressant Medication 

 Several studies have demonstrated that antidepressant medication and timing of 
treatment may signifi cantly infl uence functional recovery. Reding et al. [ 29 ] con-
ducted a randomized clinical trial that compared trazodone (a serotonin antagonist 
and reuptake inhibitor) at a dose of 50–200 mg/day with placebo treatment. After 6 
weeks, patients on active treatment had a signifi cant functional improvement as 
compared to those on placebo. Robinson et al. [ 30 ] compared nortriptyline (a tricy-
clic antidepressant [TCA]), fl uoxetine (a selective serotonin reuptake inhibitor 
[SSRI]), and placebo treatment in another randomized clinical trial and found that 
patients on fl uoxetine had less recovery on the Functioning Independence Measure 
than patients on nortriptyline or placebo treatment. Another randomized clinical 
trial using fl uoxetine as active treatment also failed to demonstrate improvements 
for the group on the active drug [ 31 ]. Narushima and Robinson [ 32 ] compared 34 
patients who received antidepressant medication during the fi rst month after stroke 
with 28 patients who received antidepressants during the fi fth month after stroke 
and found that the early treatment group had a gradual recovery over 2 years, 
whereas the late treatment group showed a signifi cant functional decline during the 
same period. Mikami et al. [ 33 ] have also shown that stroke patients who were on 
antidepressants for 3 months after the acute event had a signifi cantly better recovery 
from stroke defi cits than stroke patients on placebos, regardless of the presence of 
PSD. These important fi ndings suggest that antidepressants may improve stroke 
recovery even in the absence of depression and that treatment should be ideally 
initiated early after acute events for better results.  

    Cognitive Consequences 

 Although some studies have suggested that patients with PSD are no more cogni-
tively impaired than stroke patients without depression [ 24 ,  34 ], the weight of evi-
dence supports the observation that patients with PSD have a much greater degree 
of cognitive impairment than stroke patients without depression [ 6 ,  35 – 42 ]. 

 PSD is signifi cantly associated with cognitive defi cits. Robinson et al. [ 43 ] found 
signifi cantly lower Mini-Mental State Exam (MMSE) scores among patients who 
developed depression after a left hemisphere stroke compared to nondepressed 
patients with left hemisphere strokes. To control for lesion variables, Starkstein 
et al. [ 44 ] compared 13 pairs of patients (one with and the other without depression) 
matched for lesion size and location. Patients with depression still demonstrated 
signifi cantly lower MMSE scores than nondepressed lesion-matched patients. In a 
meta-analysis of all 357 patients included in his acute PSD studies, Robinson [ 2 ] 
also demonstrated that cognitive impairment, as defi ned by an MMSE score of <23, 
was signifi cantly more frequent in patients with major depression (59 %) as com-
pared to those with minor (43 %) or no depression (36 %).  
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    Effect of Antidepressant Medication 

 Kimura et al. [ 45 ] carried out a merged analysis of patients from several treatment 
trials for PSD and found that patients with a positive response to antidepressants or 
placebo treatment showed a signifi cant post-stroke cognitive improvement than 
nonresponders. In a study that compared 43 stroke patients without depression 
treated with escitalopram (an SSRI), 45 patients treated with placebos, and 41 
patients treated with problem-solving therapy, Jorge et al. [ 46 ] found that at 1-year 
post-stroke, patients treated with escitalopram had greater global cognitive improve-
ment and performed better on memory-specifi c tasks than either of the other two 
groups.  

    Social Consequences 

 The interaction between PSD and social function is complex. Even prior to 
stroke, poor social function has been reported as a signifi cant independent risk 
factor for poor rehabilitation outcomes [ 47 ]. Morris et al. [ 48 ] examined social 
support in a series of 76 acute stroke patients and found a signifi cant association 
between more severe depression and perceived lower social support. Moreover, 
inadequate social support was a signifi cant predictor of a longer duration of PSD. 
Patients with poor social support post-stroke are more likely to develop depres-
sion, and PSD in turn is clearly associated with impairment in social functioning 
[ 3 ,  49 ]. Kotila et al. [ 50 ] compared the effi cacy of active programs including 
rehabilitation, support, and social activities with treatment as usual. The main 
fi nding was that, at both 3 and 12 months after stroke, the frequency of depres-
sion was signifi cantly lower among patients with active treatment vs. a more 
conservative treatment. 

 PSD is also associated with increased length of hospital stay, increased number 
of outpatient visits during follow-up, and increased rates of future hospitalization 
[ 51 ]. Moreover, caregivers of patients with PSD experience greater burden [ 52 ] and 
depression [ 53 ].  

    Mortality 

 Several studies have demonstrated an increase in both short-term (12–24 months) 
and long-term (5–10 years) mortality in patients with PSD [ 3 ,  44 ,  54 ,  55 ]. Reports 
of death due to suicide are rare, but about 10–15 % of patients who have suffered a 
stroke will subsequently develop suicidal ideation and it is an important risk to con-
sider [ 56 ,  57 ].  
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    Effect of Antidepressant Treatment 

 Robinson [ 2 ] reanalyzed data from his treatment studies and found that 59 % of 
patients assigned to receive antidepressants were still alive 9 years after the acute 
stroke as compared with 36 % of those assigned to receive placebo ( p  < 0.05). 
A logistic regression analysis including the main variables associated with 
 post-stroke mortality demonstrated that both antidepressant use and the presence of 
diabetes mellitus were independent predictors of survival. 

 In conclusion, there is a consensus that depression in stroke is signifi cantly asso-
ciated with more severe functional, cognitive, and social defi cits, as well as higher 
mortality. Longitudinal studies suggest that PSD is a signifi cant predictor of poor 
functional and social recovery, and successful treatment of PSD may have a positive 
impact on the long-term recovery of patients.   

    Treatment of Post-stroke Depression 

    Pharmacological Treatment 

 Two meta-analyses examined the effi cacy of antidepressant medication to treat 
PSD. Chen et al. [ 58 ] included 1,320 patients with PSD identifi ed from 16 random-
ized controlled trials. Six of the studies were drawn from Chinese language publica-
tions. Twelve studies evaluated SSRIs, two evaluated TCAs, and three evaluated 
other antidepressants. Pooled response rates demonstrated a signifi cantly greater 
improvement in depressive symptoms with active treatment as compared to placebo 
treatment, with improvements from baseline to endpoint in 65 % of the active group 
and in 44 % of controls. Benefi ts became signifi cant after 3–4 weeks of treatment, 
and longer duration of treatment was positively correlated with the degree of 
improvement in depressive symptoms. On the other hand, there were no signifi cant 
treatment effects for the severity of neurological impairment with the exception of 
a modest treatment effect on ADLs. Based on these fi ndings, the authors recom-
mend that antidepressant treatment should be implemented for all patients with 
PSD, after considering contraindications and potential side effects. 

 Hackett et al. performed a meta-analysis that included 1,655 patients with PSD 
identifi ed from 16 randomized controlled trials [ 10 ]. Twelve trials examined the 
effi cacy of 13 pharmacological interventions: seven trials evaluated SSRIs, two 
evaluated TCAs, and four evaluated other antidepressant medications. Of the 1,121 
participants who received antidepressant medication, there was evidence that phar-
macotherapy was effective both in improving depressive symptoms (i.e., signifi cant 
response) and treating depression (i.e., signifi cant remission). The authors noted, 
however, that there was signifi cant heterogeneity in outcomes between different 
studies and that confi dence intervals were wide for both response and remission. 
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There was no evidence of improvement in cognitive function, ADLs, or disability. 
Increased rates of adverse events (affecting the neurological and gastrointestinal 
systems in particular) were also noted in the treatment groups. 

 In summary, there is signifi cant evidence that the treatment of PSD with antide-
pressant medications leads to an improvement in depressive symptoms. The evi-
dence for treatment to remission is less compelling and must therefore be weighed 
more carefully against the potential for adverse medication effects. Whether treat-
ment contributes to improved outcomes in terms of degree of neurological impair-
ment and ADLs is a question that requires more research. Further studies are also 
required to evaluate the effectiveness of antidepressant treatment for PSD.  

    Psychostimulants 

 Psychostimulants include methylphenidate, norepinephrine-dopamine reuptake 
inhibitors (such as bupropion and atomoxetine), and others. Only three studies have 
assessed the effi cacy of psychostimulants for PSD, two retrospective chart reviews 
[ 59 ,  60 ] and one small randomized clinical trial [ 61 ]. The two chart reviews found 
psychostimulants to be safe and well tolerated with symptom improvements 
observed within a few days after stroke. This compares favorably with the longer 
period of onset for traditional antidepressants and suggests a potential role for psy-
chostimulants in treating PSD during the early post-stroke period. Despite this, no 
defi nitive conclusions can be drawn as the studies were retrospective, lacked ran-
domization, and lacked adequate blinding controls. The randomized clinical trial 
was slightly more robust but failed to demonstrate signifi cant treatment effi cacy.   

    Non-pharmacological Treatments 

    Behavioral Interventions 

 While behavioral treatment of PSD is theoretically appealing, few controlled trials 
have been carried out. Williams et al. conducted a randomized trial of 188 ischemic 
stroke survivors comparing care management intervention (Activate-Initiate- 
Monitor) to usual care [ 62 ]. Active treatment consisted of acceptance of stroke 
treatment, initiation of antidepressant treatment, and monitoring treatment effec-
tiveness. Stroke patients randomized to usual care received an identical number of 
sessions as a control treatment. The main fi nding was that active management of 
PSD produced a signifi cantly greater rate of both response (51 % vs. 30 %) and 
remission (39 % vs. 23 %) of depression than usual care alone. Joubert et al. [ 63 ] 
have also presented an integrated care model of depression treatment consisting of 
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the following: a collaboration between a specialist stroke service and primary care 
physicians using telephone tracking, a bidirectional information feedback loop, 
management of vascular risk factors, and regular screening for depressive  symptoms. 
At 12 months post-stroke, they found that patients receiving active management had 
signifi cantly fewer depressive symptoms than controls [ 63 ]. Finally, the impact of a 
physical exercise program upon depressive symptoms in stroke survivors was exam-
ined in a single study [ 64 ]. Treatment consisted of a progressive exercise program 
targeting strength, balance, endurance, and upper extremity function. The study 
took place in the patients’ homes 3 times a week for 36 sessions and was supervised 
by a physical or occupational therapist. The main fi nding was that physical exercise 
during the subacute recovery phase of stroke had a benefi cial effect on depressive 
symptoms.  

    Psychotherapy 

 There is only a single meta-analysis that examined the effi cacy of psychotherapy as 
a treatment for PSD [ 10 ]. Outcome data were analyzed from four trials that included 
902 participants with interventions consisting of supportive psychotherapy, cogni-
tive behavior therapy, problem-solving therapy, and motivational interviewing. 
Treatment duration varied from 4 weeks to 1 year. All of the studies used “standard 
care” as a comparator. Unfortunately, no treatment effect on PSD was demonstrated 
for any of the endpoints measured.  

    Repetitive Transcranial Magnetic Stimulation 

 Jorge et al. examined the effi cacy of repetitive transcranial magnetic stimulation 
(rTMS) on a series of 20 patients with PSD who did not respond to antidepressant 
medication [ 65 ]. When compared to sham stimulation, the investigators found that 
ten sessions of active rTMS of the left dorsolateral prefrontal cortex was associated 
with a signifi cant reduction of depressive symptoms in 30 % of patients and remis-
sion in 10 %. The authors concluded rTMS might be an effective treatment that is 
safe and well tolerated in stroke patients with refractory depression. Additional 
studies are needed to replicate these fi ndings and evaluate functional and long-term 
outcomes.  

    Electroconvulsive Therapy 

 Two retrospective chart review studies have examined electroconvulsive therapy 
(ECT) for PSD [ 66 ,  67 ]. The fi rst study included 14 patients with PSD, of whom 12 
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(86 %) demonstrated a signifi cant improvement after an average of 7.7 treatments. 
None of the patients experienced an exacerbation of their neurological symptoms or 
suffered a recurrence of stroke. A more recent study included 20 patients with PSD, 
of whom 19 demonstrated a signifi cant improvement after an average of ten treat-
ments. Five patients in this study developed complications requiring medical inter-
vention, including hypertension, prolonged post-ictal confusion, pulmonary edema, 
and cardiac arrhythmia. In conclusion, preliminary evidence suggests that ECT may 
be an effective treatment for PSD, but adverse effects may limit its usefulness.   

    Prevention 

 Given the high prevalence of PSD and its negative impact on patient outcome, it is 
imperative to fi nd effective preventive treatments. In recent years there have been an 
increasing number of studies examining the effi cacy of pharmacological and psy-
chological interventions in the prevention of PSD. The main results are discussed as 
follows. 

 Palomaki et al. [ 68 ] carried out a randomized clinical trial using mianserin 
(a tetracyclic antidepressant) at 60 mg/day as the active treatment. One hundred 
consecutive acute stroke patients were recruited and treated during 1 year. The main 
result was a lack of difference in the frequency of major depression between patients 
on mianserin and placebo-treated patients at any time point. More recently, 
Narushima et al. [ 69 ] compared the effect of nortriptyline vs. fl uoxetine to prevent 
PSD in a series of 48 nondepressed patients with acute stroke. Patients were treated 
for 3 months and had an additional 21-month follow-up. The authors’ main fi nding 
was that both nortriptyline and fl uoxetine were effective in preventing depression 
after stroke among patients who completed the treatment trial. However, after stop-
ping the antidepressants, there was an increase in both the frequency and severity of 
depressive symptoms, particularly among nortriptyline-treated patients [ 69 ]. 
Rasmussen et al. [ 70 ] have also examined the effect of sertraline (an SSRI) in the 
prevention of PSD among 137 nondepressed patients with an ischemic stroke who 
were randomly assigned to 12 months of double-blind treatment with either an 
active drug ( n  = 70) or a placebo ( n  = 67). The main fi nding was that sertraline had 
superior prophylactic effi cacy compared to the placebo, with approximately 10 % of 
the sertraline-treated group developing depression as compared to 30 % of the 
placebo- treated group. Treatment was well tolerated and patients experienced few 
adverse events [ 70 ]. A contrasting fi nding was reported by Almeida et al. who ran-
domly assigned 111 acute stroke patients to treatment with either a placebo ( n  = 56) 
or sertraline ( n  = 55) at 50 mg/day. There was no signifi cant difference in the fre-
quency of depressive symptoms during the 24 weeks of treatment (17 % sertraline 
vs. 22 % placebo) [ 71 ]. A major limitation of this study, however, was the relatively 
short follow-up period. 

 In a multisite randomized clinical trial, Robinson et al. [ 72 ] recruited 176 
nondepressed patients within 3 months following acute stroke who were 
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followed-up over 12 months. Patients were randomized to receive escitalopram 
( n  = 59), placebo ( n  = 58), or a non-blinded problem-solving therapy group ( n  = 59). 
Patients on placebo were signifi cantly more likely to develop depression than 
individuals on either escitalopram (adjusted hazard ratio [HR], 4.5;  P  < 0.001) or 
problem-solving therapy (adjusted HR, 2.2;  P  < 0.001). These results remained 
signifi cant after adjusting for history of mood disorders, age, gender, treatment 
site, and severity of impairment [ 72 ]. 

 A Cochrane review examined the evidence for the effi cacy of pharmacological 
and psychological interventions to prevent PSD and to improve physical and psy-
chological post-stroke outcomes in participants [ 73 ]. Twelve trials involving 1,245 
subjects were included. Nine trials compared antidepressants with placebos and 
showed no clear effect of pharmacological therapy on the prevention of depres-
sion. One limitation of this study is the comparison of studies that used different 
antidepressants, different follow-up periods, and different outcome measures. 
Hackett et al. performed a systematic review that examined the effi cacy of psycho-
therapy in preventing depression [ 7 ]. As previously mentioned, outcome data were 
analyzed from four trials including 902 participants with interventions consisting 
of supportive psychotherapy, cognitive behavior therapy, problem-solving ther-
apy, and motivational interviewing. Treatment duration varied from 4 weeks to 1 
year. All of the studies used “standard care” as a comparator, and one study also 
included an “attention- control group” in which subjects spent time in focused con-
versation with a trained therapist but did not receive structured psychotherapy. 
Pooled results demonstrated a small effect for the prevention of depression as well 
as an improvement in psychological distress scores using the Scaled General 
Health Questionnaire (GHQ-28). There was no evidence for improved functional 
outcome although fewer subjects reported adverse events in the intervention 
groups compared to controls. One major limitation with these reviews and meta-
analyses is that they compared studies with important methodological differences, 
such as treatment agent, time since stroke, duration of treatment, assessment 
methods, and outcome measures.  

    Summary 

 PSD affects approximately one-third of stroke survivors and is strongly associated 
with increased morbidity and mortality from as early as 1-month post-event. The 
diagnosis of PSD is made based on the presence of depressed mood or loss of inter-
est or pleasure and four other depressive symptoms of at least 2 weeks duration. The 
consequences of PSD include increased short- and long-term mortality, greater 
degree of physical and cognitive impairment, increased risk of dependency and 
social dysfunction, as well as increased consumption of medical services. Research 
has demonstrated signifi cant effi cacy for tricyclics and SSRIs in treating PSD phar-
macologically, although their effectiveness in routine clinical practice has rarely 
been addressed. Psychotherapy may be useful for patients with PSD in whom 
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antidepressants are contraindicated or who develop signifi cant side effects with 
their use. While several prevention studies have demonstrated the effi cacy of SSRIs, 
negative studies have also been reported and methodologically sound studies are 
still required.     
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           Introduction 

 Stroke can be a life-threatening disease, but it is more often a disease resulting in 
chronic disability. In fact, it is the most likely cause of chronic disability in the elderly 
[ 1 ]. Stroke can affect many aspects of our behavior and personality. It can impair our 
ability to move, see, speak, memorize, or think and can thus affect whether and how 
we can enjoy living. The focus of stroke research and stroke rehabilitation has long 
been to increase survival and reduce disability—disability understood as the degree 
to which the affected patient depends on external help for accomplishing tasks of 
daily living. This is still a valid perspective, but it is not the only one. From a patient’s 
perspective disability matters but sometimes not as much as other consequences of a 
stroke. Pain is a case in point. Patients with upper limb plegia frequently develop 
contractures. These contractures in turn can lead to pain. Regular physiotherapy can 
often prevent those contractures and reduce the concomitant pain. This will not 
reduce the required help or reduce the disability but can signifi cantly affect a patient’s 
quality of life. There are other examples that illustrate that disability and life quality 
can dissociate. Patients with hemiplegia will often require more help than patients 
with isolated aphasia and are thus more disabled. But from the patient’s perspective 
the inability to communicate their thoughts, worries, and wishes can be much more 
soul-destroying than the inability to move. It seems obvious that for a system, which 
aims to improve and maintain the well- being of all patients in its care, the perspective 
of those patients should have the highest priority and at the very least should be taken 

    Chapter 13   
 Better Dead than Alive? Quality of Life 
After Stroke 

                           Thomas     Schenk       and     Adam     J.     Noble    

        T.   Schenk ,  B.Sc., M.Sc., Ph.D.      (*) 
  Department of Neurology ,  University Clinic, Friedrich-Alexander University 
Erlangen- Nuremberg  ,   Erlangen ,  Bavaria ,  Germany   
 e-mail: Thomas.Schenk@uk-erlangen.de   

    A.  J.   Noble ,  B.Sc., M.Sc., Ph.D.    
  Department of Clinical Neuroscience, Unit of Neurology and General Practice , 
 Institute of Psychiatry, King’s College London ,   London ,  UK    



242

into consideration. Current trends suggest that in the future those perspectives will 
not only have to be taken into consideration, but might become a major force in shap-
ing our health system. Government organizations with the task to decide which treat-
ments will receive funding are already taking the quality of the life saved or extended 
into the equation [ 2 ]. 

 Quality of life is not only about the patient’s perspective. Disabled patients need 
help. Most of this help is provided by close family members, typically partners and 
children. Stroke therefore dramatically affects the life of the patients but also, to a 
signifi cant extent, the life of the patients’ family. The quality of life of the caregivers 
has to be taken into account for their own sake and for the sake of the patient. If 
unsupported, those caregivers might become patients themselves, and without the 
full support of their caregivers, patients might have to be moved from home care 
into a care home. 

 Thus, quality of life in stroke is concerned with both the patient’s perspectives of 
their disease and the caregiver’s perspective on how the disease of their loved ones 
has changed their life. In this chapter we will deal with both aspects. But fi rst we 
need to describe how quality of life is measured.  

    Quantifying Quality 

 Estimates of a patient’s quality of life are increasingly used to determine which 
treatments are worth funding and which are not [ 2 ]. This is particularly true for new 
drugs and new treatment options. In an ideal world, all drugs and treatment options 
should be funded and made available to appropriate patients, but, in reality, health 
budgets are stretched and health providers worldwide face diffi cult choices when 
deciding which drugs and treatment options merit the costs that they incur. What 
criteria can be used to make this decision? Clearly a drug that can cure a common 
disease will always be a strong contender for funding. However, in many cases, 
particularly in the case of stroke, a cure is not available. Available treatments for 
stroke may at best reduce the likelihood of further strokes, slow down or stop the 
further development of neuropathology, reduce neurological symptoms, or allow 
patients to compensate more effectively for acquired neurological disabilities. A 
crude way of assessing the impact of the various treatment options on the course of 
a chronic disorder, such as stroke, is to compare the number of life years saved by 
administering a given treatment. However, this is too crude. Most people would 
agree that a treatment that promises to provide 5 more years of normal, symptom- 
and pain-free life is clearly superior to a treatment that can extend life by the same 
amount but only in a pain-ridden, disabled status. This example shows that quantity 
alone is not enough. The quality of the life saved or extended needs to be taken into 
account as well. This insight has led to the development of the quality-adjusted life- 
year (QALY) measure [ 3 ]. To calculate QALYs we take the number of years saved 
or extended and multiply those with an estimate for the quality of that life. These 
estimates for the quality of life score can vary between 0 (equals death) and 
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1 (equals perfect health). In the following we will give a hypothetical example of 
how QALYs can be used to compare the value of two treatments. 

 Let’s say there are two drugs—drug A and drug B. Drug A increases life expec-
tancy by 4 years but the life saved will be associated with pain and disability, accord-
ingly its quality of life is low and has a score of 0.4. Drug B increases life expectancy 
by only 3 years but the life saved can be lived in normal health; accordingly the 
quality of life score is high (i.e., 1). We can now calculate the QALYs for both 
drugs:

   Drug A: 4 × 0.4 = 1.6  
  Drug B: 3 × 1 = 3    

 By taking quality of life into account, drug B appears to be the more valuable 
drug despite the fact that it increases life expectancy by 1 year less than drug A. In 
this case the health provider will possibly decide to fund drug B but not drug A. 
Clearly with so much at stake it is important that we use reliable methods to esti-
mate the quality of life associated with a given medical condition.  

    Measuring Quality of Life 

 Before measuring quality of life, it has to be defi ned, which is problematic. There is 
some agreement that health-related quality of life (HRQoL) is related to the con-
cepts of disability and handicap as outlined in the International Classifi cation of 
Impairments, Disabilities and Handicaps [ 4 ] and it is argued that HRQoL lies 
beyond both concepts [ 5 ]. There is further agreement that HRQoL is a multidimen-
sional concept presumably including physical, mental, and social aspects of life [ 6 ], 
but there is little agreement about anything else. For this reason it is attractive to fi nd 
ways of measuring HRQoL that do not require its explicit defi nition but rely on the 
implicit understanding of patients and other respondents. 

 There are several ways to produce a number for a patient’s HRQoL without hav-
ing to resort to a formal defi nition of quality of life [ 2 ]. The resulting measures are 
called utility measures and are primarily used to calculate QALYs and, thus, inform 
health-economic decisions. The standard-gamble method will ask the respondent to 
state the odds of a gamble between death and perfect health that they regard as 
equivalent to accepting a given health state. For example, a respondent might indi-
cate that a gamble where there is an 80 % chance of perfect health and a 20 % 
chance of death is equivalent to accepting a minor stroke. In this case we assign a 
utility index of 80 % or 0.8 to minor stroke. The time-tradeoff method uses a similar 
approach. The respondent is asked to trade lifetime against health. For example, if a 
respondent states that living for only 90 % of their remaining life span is equivalent 
to living the total of their remaining life but with a minor stroke, then this is taken 
as an indication that they value life with a minor stroke at 90 % (or 0.9) of the value 
of life without stroke. Finally respondents can be simply asked to assign to a given 
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health state (e.g., stroke) a value between 0 (death) and 1 (perfect health). The same 
assignment can be made by an expert or a panel of experts. 

 Utility measures have the advantage of presenting a single number that charac-
terizes the value of a person’s life. This may be suffi cient to calculate QALYs and 
thereby inform health-economic decisions. However, this approach ignores the fact 
that quality of life is a subjective property and patients suffering from the same 
disease vary signifi cantly in their subjective experience of disease. It is therefore 
important to understand how and why patients with the same health status differ in 
their assessment of their life’s quality. Health profi les, which are based on standard-
ized questionnaires, provide much more detailed information about how a given 
health status affects a patient’s life. Respondents are typically asked to indicate how 
their health affects their ability to fulfi ll their work or household duties, how it 
affects their mood or their ability to enjoy specifi c pastimes, and how it affects their 
capacity for communication and participation in social events. Responses to these 
scales will provide a detailed picture of how a disease impacts on somebody’s life 
but they can also be used to calculate a single score, which can then be plugged into 
the formula for calculating QALYs. 

    Evaluation of HRQoL Measures 

 A comprehensive review of methods to estimate utility measures was published in 
2001 [ 2 ]. Tengs and colleagues reviewed 67 articles and obtained 161 HRQoL 
estimates related to stroke. On the basis of those estimates, they explored the con-
sistency of those estimates, their relation to the underlying disorder (e.g., minor 
stroke versus major stroke), and the popularity of specifi c methods as compared 
to other available methods. First, they found that the measures, even for the same 
type of stroke, varied considerably. For example, in the case of major stroke, the 
reported utility indices ranged from −0.02 (in this case the respondents felt that 
major stroke is worse than death) to 0.71. They also found that there was consider-
able overlap between the range of indices for major, moderate, and minor strokes. 
Interestingly, the median utility indices for minor and general stroke were almost 
identical. In some cases, the utility index for major strokes could be higher [ 7 ] 
than those for moderate or minor strokes [ 8 ]. This demonstrates that the reliability 
of many of those estimates is highly questionable. This is not surprising since the 
most commonly used method to assess HRQoL was expert judgment (i.e., an 
expert simply rates the HRQoL that is associated with a given health status by 
assigning a number between 0 and 1). Typically the experts offering this estimate 
were the authors of the papers themselves. The sample size was thus reduced to 
the number of authors (in some cases a single person). In other studies this prob-
lem was further compounded by the fact that authors did not create their own 
estimates but relied on the judgment of authors from previous studies. In quite a 
few cases, the severity of the stroke for which the original estimate was derived 
differed from the severity of the stroke for which it was applied. Given that these 
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estimates will ultimately determine which treatment will be funded, the 
 unreliability of these estimates should give rise to concern. 

 A second review [ 9 ] focused on health profi les. In the meantime a wide range of 
such scales are available. The authors reviewed the six scales that have been used 
most frequently in stroke research, namely the sickness impact profi le (SIP) [ 10 ], 
the Nottingham Health Profi le (NHP) [ 11 ], the Short-Form Health Survey (MOS 
SF36) [ 12 ], the EuroQol [ 13 ], the Health Utility Index (HUI) [ 14 ], and the London 
Handicap Scale (LHS) [ 15 ]. All of these scales are self-report measures. They do, 
however, vary quite dramatically with respect to the time required to complete the 
scale. The SIP requires on average 30 min to complete and the EuroQol can be 
completed in 3 min. Apart from the HUI, all scales have good reliability and valid-
ity, but only the SIP and NHP are suffi ciently sensitive to changes and can be 
 recommended for intervention studies. 

 It should be noted that establishing validity is not an uncontroversial process 
given that no consensus on a defi nition for quality of life has been reached. The 
authors of this review paper assumed validity when patients were involved in the 
development of the scale and its questions and/or when the dimensions of the scale 
matched those factors that patients and their relatives identifi ed as particularly criti-
cal for their perceived life quality. In this context, it is relevant that none of the six 
scales were developed for stroke patients and therefore all tend to neglect some 
aspects of changes in quality of life that are specifi c to stroke patients, such as the 
impact of language or visual impairments. However, there are now several stroke- 
specifi c HRQoL scales [ 16 – 22 ]. The Stroke Impact Scale (SIS 3.0) [ 18 ] and the 
Stroke-specifi c Quality of Life Scale (SS-QoL2.0) [ 22 ] that are widely used and that 
were found to have adequate psychometric properties [ 23 ,  24 ]. 

 Challenges remain, however, due to the diffi culty in gaining a personal perspec-
tive from stroke patients with severe cognitive impairments. Language problems, 
profound memory disorders, or signs of general cognitive decline can make it 
impossible to get reliable and useful answers from patients themselves. In this case, 
researchers have to rely on proxies (i.e., relatives, nurses, or other persons who 
know the patient). Unfortunately, proxy ratings are to some extent biased and pro-
duce unreliable results in some domains [ 25 – 27 ]. As compared to self-rating by 
patients, proxies tend to exaggerate the disability and the negative impact on a 
patient’s quality of life, and this tendency to paint an unrealistically bleak picture 
increases with increasing stroke severity. Moreover, for more subjective domains of 
HRQoL, such as a patient’s mood or fatigue, there is little agreement between 
 different proxy raters. 

 In summary, researchers can now choose from a wide pool of available HRQoL 
measures. Utility measures will be used when it is important to inform decisions 
that affect a whole group of patients. As we have seen, some methods used to pro-
duce such measures are questionable. Given the signifi cant implications of deci-
sions, which might be informed by those measures, it would be wise to stick to 
measures that are free of bias (standard-gamble or time-tradeoff method) and are 
based on a large sample of respondents. However, whenever we are concerned about 
an individual patient and wish to gain information that might allow us to improve 
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support for this person, utility measures are of little use and health profi les will have 
to be employed. Health profi les provide a detailed picture of how an illness affects 
the life of affected persons and will inform us about areas of needs and opportunities 
for support. Several reliable, sensitive, and specifi c measures are now available for 
stroke patients and research. Using those measures has provided us with new 
insights into the factors determining the well-being of patients and their caregivers. 
Those fi ndings will be reviewed in the next two sections.   

    What Determines a Stroke patient’s Quality of Life? 

 For moderate to severe stroke the HRQoL scores range between 0.45 and −0.02. 
Even if we take the best score, quality of life after stroke is still less than half of 
what it was prior to the insult. Is this dramatic drop in life quality an inevitable con-
sequence of this neurological disease or are there additional factors at work? Stroke 
severity certainly goes a long way in explaining the reduced HRQoL. Most studies 
on HRQoL after stroke picked out stroke severity (typically operationalized as the 
modifi ed Rankin Scale) as a signifi cant predictor [ 2 ]. The role of stroke severity or 
neurological disability can be seen by comparing utility estimates for patient groups 
with different patterns of neurological syndromes; whereas for patients with non- 
severe hemiparesis a utility index of 0.50 is reported, this measure drops to 0.45 in 
the case of severe hemiparesis, to 0.28 for hemiplegia, and to 0.06 in the case of 
global aphasia [ 2 ,  28 ,  29 ]. Thus, stroke severity is clearly an important predictor of 
HRQoL, but even patients who are considered to be fully recovered frequently show 
severely depressed HRQoL scores [ 30 ]. Other factors must be at work. Work-status, 
family problems, depression, anxiety, posttraumatic stress disorder (PTSD), and 
coping strategies are among some of the factors that can also have detrimental 
effects on post-stroke HRQoL, even in patients who otherwise suffer little neuro-
logical disability [ 30 – 32 ]. 

 Another cause of reduced HRQoL is pain. About a third of all stroke patients 
develop shoulder pain [ 33 ] and roughly 20 % still have moderate to severe pain 1 
year after stroke [ 34 ]. Sexual dysfunction and dissatisfaction with sexual life are 
found in roughly 70 % of all pairs where one partner has suffered a stroke. Post- 
stroke impotence is found in 50 % of all male stroke patients. Problems in sexual 
functioning are linked to the onset of post-stroke depression. Other social and psy-
chosocial factors also exert a strong infl uence on sexual satisfaction after stroke [ 35 , 
 36 ]. Unsurprisingly, sexual function has a signifi cant impact on HRQoL after stroke. 
A surprising but consistent fi nding is that female patients have a signifi cantly worse 
HRQoL after stroke than male patients [ 37 ,  38 ]. A multitude of factors are probably 
responsible for this fi nding. On average female stroke patients are more disabled 
[ 23 ]. Female patients are also less likely to be discharged home, as male partners are 
less likely to care for their spouses [ 23 ]. Moreover, differences in coping strategies 
and the prevalence of depression in male and female patients might also contribute 
to the lower HRQoL in female patients [ 37 ]. Coping strategies and depression play 
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an important role in the long-term HRQoL, not just of female patients. In the initial 
stage, a feeling of uncontrollability prevails, frequently triggering the onset of 
depression. Later, positive coping strategies allow patients to regain some control of 
the situation leading to improved HRQoL [ 39 ]. Strategies such as tenacious goal 
pursuit and fl exible goal adjustment are linked to a positive development [ 40 ]. This 
link between HRQoL, coping strategies, and depression might suggest that depres-
sion is another important predictor of HRQoL after stroke (see Chap.   12    ). This 
expectation is certainly confi rmed by empirical data. Depression is a common con-
sequence of stroke [ 41 ] and has a signifi cant impact on HRQoL [ 37 ,  42 ]. The rela-
tionship between depression and HRQoL is quite complex. Depression affects 
functional recovery, cognitive function, and healthcare use, and leads to a worse 
functional outcome [ 43 ]. We can therefore assume that the reduced HRQoL found 
in stroke patients with depression refl ects both a worse objective situation and a 
negatively biased subjective appraisal of the patient’s current situation. Given that 
appraisal and coping strategies change over time with more positive coping strate-
gies observed 6 months after stroke [ 44 ], one might also expect to see parallel 
changes in the occurrence of depression. However, a recent large-scale (more than 
8,000 patients), 5-year longitudinal study on post-stroke depression found stable 
rates of depression across all 5 years [ 41 ]. 

 In younger stroke patients, who are still at work and raising a family, the effect 
of a stroke can have a particularly detrimental impact on their life. In a recent sys-
tematic review on the social consequences of stroke for working-aged adults, it was 
found that only 44 % of patients return to work after stroke [ 45 ]. Financial problems 
will therefore be frequent in households where one of the members has suffered a 
stroke (24–33 %), increasing tensions within the family and ultimately causing 
severe family problems (such as separation or divorce). The frequency with which 
these problems are found varies considerably between studies, with one study 
reporting a deterioration of spousal relationship in only 5 % of their sample [ 46 ] and 
another study reporting a prevalence for partnership confl icts of 38 % [ 47 ]. Despite 
this variability there is no doubt that such psychosocial factors have a signifi cant 
impact on post-stroke HRQoL. 

 Psychosocial factors are of increased relevance in the case of patients with less 
severe forms of stroke and in particular when comparatively young age and reduced 
severity come together, as is the case for subarachnoid hemorrhage (SAH) (see 
Chap.   10    ). SAH is a relatively rare type of stroke with a worldwide incidence of 
9/100,000 per year [ 48 ]. Its economic and social impact is out of proportion to its 
incidence, as it predominately affects younger people who are still working and may 
have small children [ 49 ]. The average age at which people suffer SAH is 52–55 
years as compared to an average of 73–75 years for stroke patients [ 50 – 52 ]. Half of 
those patients who experience a SAH will stop working, work shorter hours, or 
accept a position with less responsibility [ 53 ]. Consequently, HRQoL is signifi -
cantly reduced post-SAH. Up to 55 % of SAH patients experience substantial reduc-
tions in their HRQoL [ 54 ,  55 ]. However, as we found in a recent meta-analysis, 
traditional predictors for post-stroke HRQoL—such as severity of hemorrhage, gen-
der, physical and cognitive disabilities, and age—do not predict HRQoL very well 
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[ 56 ]. The only factor that proved signifi cant was physical disability. Physical dis-
ability could account for 40 % of physical QoL and 10 % mental QoL. This means 
that in the case of mental QoL 90 % of the variability is unaccounted for. Two can-
didates deserve our attention: hormonal dysfunction [ 55 ,  57 ] and PTSD [ 56 ,  58 ,  59 ]. 
Up to 47 % of SAH patients can experience hypopituitarism [ 57 ]—a dysfunction 
that impacts both mental and physical HRQoL [ 55 ]. PTSD should also be taken into 
consideration. SAH is a traumatic experience. Half of all patients die; those who 
survive will often undergo surgery [ 60 ]. In fact, PTSD—which is characterized by 
intrusive thoughts and memories, emotional numbing, and persistent overarousal—
can be found in about a third of all patients (as compared to a lifetime prevalence of 
1–8 % in the general population) [ 56 ,  58 ,  59 ,  61 ]. We recently found in a prospec-
tive sample of 105 patients, that PTSD is by far the best predictor of the patients’ 
mental HRQoL, explaining up to 48 % of its variance [ 61 ]. Importantly, PTSD is not 
restricted to SAH but can also occur after other types of stroke [ 31 ]. 

 Identifying predictors of post-stroke HRQoL is important because these factors 
might be modulated by prevention or intervention programs, thereby reducing their 
detrimental effect on the patient’s HRQoL. Post-stroke depression is an obvious 
target for treatment and in fact a few randomized placebo-controlled studies have 
demonstrated the benefi t of antidepressant medication for patients with post-stroke 
depression [ 62 ,  63 ]. PTSD in SAH patients is another candidate. We found that it is 
typically those events and experiences, which occur in the hours and days after the 
onset of the SAH (such as the waking up in a neurological ward, facing up to a life 
with disabilities, or learning about the diagnosis), that are experienced as most trau-
matic by SAH patients [ 49 ]. This suggests that supervision and counseling of 
patients during that period might reduce the likelihood of later developing PTSD. 
Furthermore stress-coping skills have been identifi ed as the prime determinant of 
the later development of PTSD in SAH patients [ 61 ]. Again training in coping skills 
(already available for other groups of patients with PTSD) might also be benefi cial 
for SAH patients. Currently these suggestions are speculative but they offer specifi c 
opportunities for interventions that should be explored in future studies.  

    HRQoL in Primary Caregivers of Stroke Victims 

 On discharge from the hospital, many stroke victims require continued care. This 
care is overwhelmingly provided by informal caregivers such as family members 
[ 64 ]. The majority of caregivers are female (typically the spouses of male stroke 
victims) and they tend to be younger than the patients in their care (on average 
between 50 and 60 years old) [ 65 ]. Since patients can require support for many years 
[ 64 ,  66 ], the care provided by family members constitutes a considerable commit-
ment in personal and economic terms. It has been estimated that in 23 % of cases, 
informal caregivers lose up to 30 weeks from work, and in 77 % of cases, they lose 
up to 16 weeks [ 67 ]. Less quantifi able, but more problematic, are the emotional costs 
of caring for a stroke patient. Anxiety and depression are common in caregivers of 
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stroke patients, with an estimated prevalence of 20 % [ 68 ]. As a consequence of their 
role as a caregiver they often feel emotionally drained, socially isolated, and stressed 
[ 35 ]. It is not surprising, therefore, that the caregiver’s HRQoL is signifi cantly 
reduced [ 69 – 73 ]. Furthermore, poor psychological health in caregivers translates 
into a worse functional outcome for the patients in their care [ 74 ]. Unsupported care-
givers might in the long term have to withdraw from their role as caregivers and stop 
providing a service that saves society substantial economic costs [ 75 ]. 

 The psychological health and well-being of family members and friends who 
care for stroke patients should be an important concern for the health system and 
society at large. However, to provide appropriate support it is important to under-
stand what causes psychological distress in informal caregivers of stroke patients. In 
this section we will review what is known about the factors infl uencing the caregiv-
ers’ well-being and psychological health. It should be noted that the terms “HRQoL” 
and “well-being” are used quite loosely in this section. Studies on psychological 
health of caregivers of stroke patients have used a variety of different outcome mea-
sures, including classical HRQoL measures, but also other scales that primarily 
address emotional problems or the burden of caring [ 65 ]. Studies using these differ-
ent outcome measures point to similar conclusions and the term “well-being” will 
therefore be used to encompass fi ndings obtained with any of those measures. 

 In a recent systematic review, Greenwood et al. [ 65 ] reviewed 39 studies incor-
porating 4,181 caregivers. They distinguished between caregiver and stroke survi-
vor factors. Self-effi cacy, coping strategies, mastery, and self-esteem were the 
caregiver factors that had the most consistent impact on caregivers’ well-being. An 
interesting relationship was also found for the caregiver’s age. Increasing age 
increased the perceived strain and burden, but at the same time reduced the negative 
impact of caring on the caregiver’s HRQoL. In the case of patient/survivor factors, 
only one aspect was consistently found to impact on caregiver’s well-being: the 
patient’s disability and dependency. This seems to suggest that the burden of caring 
for a patient with stroke, which is directly related to the patient’s disability and 
degree of dependency, is the main cause of caregiver’s reduced well-being. 

 While this explanation might be appropriate for many forms of strokes, it is 
unconvincing when applied to caregivers of SAH patient [ 76 ]. Caregivers of SAH 
patients report that the patient’s physical impairment causes them less distress than 
alterations in the patient’s personality, interpersonal behavior, and cognition [ 77 ]. 
Furthermore the correlation between the patient’s disability and the caregiver’s 
well-being is not as strong as expected [ 64 ,  66 ,  78 ] and patient disability accounts 
in some studies for less than 10 % of variability in caregiver’s well-being. It is also 
interesting that other friends and relatives of patients who are not directly involved 
in the patient’s care can be equally affected [ 66 ,  79 ,  80 ]. This suggests that burden 
of care on its own is insuffi cient to account for the increased emotional distress 
found in caregivers of SAH patients. Additional factors need to be taken into con-
sideration to account for the fact that the psychopathological outcome of caregivers 
of SAH patients is signifi cantly worse than that of other patients with similar needs 
and disabilities [ 81 ]. In this context, it is interesting to observe that signifi cant oth-
ers (i.e., close relatives and friends) are frequently more affected by the patient’s 
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illness than the patient themselves [ 79 ,  81 ,  82 ]. Signifi cant others report that they 
live in perpetual fear that another SAH might occur despite expert reassurance that 
this is unlikely [ 79 ]. In a study by Pritchard et al. [ 82 ], a quarter of all signifi cant 
others who were interviewed required medication to deal with their increased anxi-
ety levels. This suggests that observing or learning about a loved one’s SAH can be 
experienced by signifi cant others as a traumatic event in itself and may cause persis-
tent fears and other psychological problems. As we have already mentioned this 
phenomenon is recognized as an independent psychiatric illness called PTSD. In a 
recent study on 86 caregivers of SAH patients, it was found that almost a third met 
diagnostic criteria for PTSD [ 83 ]. Furthermore, PTSD accounts for a substantial 
proportion of the variability in the caregiver’s HRQoL [ 83 ]. Interestingly, their 
stress-coping skills are the main factor predicting whether caregiver’s will develop 
PTSD or not [ 83 ]. This last fi nding could provide the starting point for the develop-
ment of specifi c interventions, which can target the prevention or reduction of PTSD 
in stroke caregivers. Brief training procedures to help modify a person’s stress- 
coping skills are available [ 84 ,  85 ] and could provide an effective tool to improve 
the HRQoL of stroke caregivers. That improved support for stroke caregivers can 
improve their HRQoL has already been demonstrated in two studies [ 71 ,  86 ]. It is 
hoped that more specifi c interventions, which target some of the main determinants 
of caregiver’s well-being, could be even more effective.  

    Summary and Open Questions 

 The concept of QALYs, which are used in health-economic decisions, and the 
increased recognition of the need for patient-centered medicine has led to a dra-
matic increase of research measuring the impact of disease on the quality of life of 
stroke patients and their caregivers. There are numerous methods to estimate 
HRQoL, although a widely agreed upon defi nition of QoL does not exist. As we 
have seen some of the methods are more reliable than others, but the researcher can 
now choose from a number of generic or stroke-specifi c HRQoL scales with satis-
factory psychometric properties. 

 In general, studies show that HRQoL is reduced in patients with stroke. It also is 
important that those who care for patients with stroke are as much crippled by this 
experience as the patients themselves. This is particularly true in the case of SAH 
where the sudden and dramatic onset can trigger PTSD in relatives or friends who 
witnessed the SAH and its sequelae. Also, a somewhat unexpected fi nding is that a 
patient’s disability typically accounts for less than 50 % of the variability in patients’ 
and caregiver’s HRQoL. In fact, for some aspects (e.g., mental HRQoL) and in 
some forms of stroke (e.g., SAH) it accounts for less than 10 % of the variability. 
This shows clearly that other factors beyond disability and burden of care have a 
substantial impact on the well-being of the patient and the caregiver. This partial 
dissociation between disability and HRQoL provides some retrospective justifi ca-
tion of the drive to develop and use measures that go beyond a patient’s disability 
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and take the patient’s own perspective into account. More importantly, the insight 
that emotional, psychological, and social factors are important determinants of 
patients’ and caregivers’ well-being creates new opportunities for intervention. This 
is particularly relevant for stroke where many disabilities tend to be chronic. It is 
therefore encouraging to see that there are other aspects determining the well- being 
of affected patients and caregivers that might respond to well-targeted interventions. 
Additional targets for interventions directed at improving HRQoL include post-
stroke depression and PTSD [ 41 ]. 

 As discussed, PTSD in SAH patients and their caregivers is particularly com-
mon. Evidence suggests that this stems from a lack of positive coping skills. Training 
stress-coping skills could provide an effective procedure to improve the well-being 
of SAH patients and their caregivers. However, despite recent advances, research on 
HRQoL in stroke is still a young research fi eld and many questions remain. For 
example, we have seen that different studies produce quite different estimates for 
the HRQoL that is associated with stroke. The source of these inconsistencies has 
not yet been identifi ed. But in our view there are two strong contenders. First, a 
variety of different measures have been used and some of those measures are of 
questionable reliability (for a review, see [ 2 ]). Second, it needs to be recognized that 
stroke is a crude diagnostic label for a very heterogeneous set of outcomes and eti-
ologies. It is now clear that the patient’s HRQoL is both determined by the specifi c 
symptoms and the specifi c etiology. Stroke leading to global aphasia and stroke 
leading to hemiplegia will both be classed as major stroke but the HRQoL for 
patients with global aphasia is four times less than that for patients with hemiplegia 
[ 23 ]. We have also stressed the importance of distinguishing between different eti-
ologies. SAH with its sudden onset, life-threatening quality, and low age of onset 
has a traumatic potential, which is not always found in other forms of stroke. It thus 
creates a different set of problems and has a different impact on a patient’s well- 
being [ 32 ]. In HRQoL research stroke is still often treated as one entity; however, as 
the previous examples show, this might lead us to neglect important differences. 

 Probably the most important shortcoming of current HRQoL research concerns 
the dearth of studies that evaluate specifi c interventions aimed at improving the 
well-being of patients and their caregivers. Without such research, and the subse-
quent clinical implementation of feasible and effi cient intervention strategies, 
HRQoL research remains a sterile academic exercise. The last decade of HRQoL 
research has suggested new avenues to improve the well-being of stroke patients 
and their caregivers. It is now time to put this knowledge into practice and develop 
effective support and intervention strategies.     

   References 

    1.    Bonita R, Solomon N, Broad JB. Prevalence of stroke and stroke-related disability—estimates 
from the Auckland stroke studies. Stroke. 1997;28(10):1898–902.  

          2.    Tengs TO, Yu M, Luistro E. Health-related quality of life after stroke—a comprehensive 
review. Stroke. 2001;32(4):964–71.  

13 Better Dead than Alive? Quality of Life After Stroke



252

    3.    Gold MR, Franks P, McCoy KI, Fryback DG. Toward consistency in cost-utility analyses—
using national measures to create condition-specifi c values. Med Care. 1998;36(6):778–92.  

    4.    World Health Organization. The international classifi cation of impairments, disabilities and 
handicaps. Geneva: World Health Organization; 1980.  

    5.    Tennant A, Geddes JM, Fear J, Hillman M, Chamberlain MA. Outcome following stroke. 
Disabil Rehabil. 1997;19:278–84.  

    6.    Indredavik B, Bakke F, Slørdahl SA, Rokseth R, Håheim LL. Stroke unit treatment improves 
long-term quality of life—a randomized controlled trial. Stroke. 1998;29(5):895–9.  

    7.    Shin AY, Porter PJ, Wallace MC, Naglie G. Quality of life of stroke in younger individuals—
utility assessment in patients with arteriovenous malformations. Stroke. 1997;28(12):2395–9.  

    8.    Gage BF, Cardinalli AB, Owens DK. The effect of stroke and stroke prophylaxis with aspirin 
or warfarin on quality of life. Arch Intern Med. 1996;156(16):1829–36.  

    9.    Buck D, Jacoby A, Massey A, Ford G. Evaluation of measures used to assess quality of life 
after stroke. Stroke. 2000;31(8):2004–10.  

    10.    Bergner M, Bobbitt RA, Carter WB, Gilson BS. The sickness impact profi le—development 
and fi nal revision of a health-status measure. Med Care. 1981;19(8):787–805.  

    11.    Hunt SM, McKenna SP, McEwen J, Backett EM, Williams J, Papp E. A quantitative approach 
to perceived health-status—a validation study. J Epidemiol Community Health. 
1980;34(4):281–6.  

    12.    Ware JE, Sherbourne CD. The MOS 36-item short-form health survey (SF-36). 1. Conceptual- 
framework and item selection. Med Care. 1992;30(6):473–83.  

    13.    The EuroQol Group. EuroQol: a new facility for the measurement of health related quality of 
life. Health Policy. 1990;16:199–208.  

    14.    Feeny D, Torrance GW, Furlong WJ. Health utility index. In: Spilker B, editor. Quality of life 
and pharmacoeconomics in clinical trials. Philadelphia, PA: Lippincott-Raven; 1996.  

    15.    Harwood RH, Gompertz P, Ebrahim S. Handicap one-year after a stroke—validity of a new 
scale. J Neurol Neurosurg Psychiatry. 1994;57(7):825–9.  

    16.    Buck D, Jacoby A, Massey A, Steen N, Sharma A, Ford GA. Development and validation of 
NEWSQOL (R), the Newcastle Stroke-Specifi c Quality of Life Measure. Cerebrovasc Dis. 
2004;17(2–3):143–52.  

   17.    Doyle PJ, McNeil MR, Bost JE, Ross KB, Wambaugh JL, Hula WD, et al. The Burden of 
Stroke Scale (BOSS) provided valid, reliable, and responsive score estimates of functioning 
and well-being during the fi rst year of recovery from stroke. Qual Life Res. 
2007;16(8):1389–98.  

    18.    Duncan PW, Wallace D, Lai SM, Johnson D, Embretson S, Laster LJ. The stroke impact scale 
version 2.0—evaluation of reliability, validity, and sensitivity to change. Stroke. 
1999;30(10):2131–40.  

   19.    Hamedani AG, Wells CK, Brass LM, Kernan WN, Viscoli CM, Maraire JN, et al. A quality-
of- life instrument for young hemorrhagic stroke patients. Stroke. 2001;32(3):687–95.  

   20.    Hilari K, Byng S, Lamping DL, Smith SC. Stroke and aphasia quality of life scale-39 
(SAQOL- 39)—evaluation of acceptability, reliability, and validity. Stroke. 
2003;34(8):1944–50.  

   21.    vanStraten A, deHaan RJ, Limburg M, Schuling J, Bossuyt PM, van den Bos GA. A stroke- 
adapted 30-item version of the sickness impact profi le to assess quality of life (SA-SIP30). 
Stroke. 1997;28(11):2155–61.  

     22.    Williams LS, Weinberger M, Harris LE, Clark DO, Biller J. Development of a stroke-specifi c 
quality of life scale. Stroke. 1999;30(7):1362–9.  

       23.    Carod-Artal FJ, Egido JA. Quality of life after stroke: the importance of a good recovery. 
Cerebrovasc Dis. 2009;27:204–14.  

    24.    Carod-Artal FJ, Coral LF, Trizotto DS, Moreira CM. The stroke impact scale 3.0—evaluation 
of acceptability, reliability, and validity of the Brazilian version. Stroke. 2008;39(9):2477–84.  

    25.    Duncan PW, Lai SM, Tyler D, Perera S, Reker DM, Studenski S. Evaluation of proxy responses 
to the Stroke Impact Scale. Stroke. 2002;33(11):2593–9.  

T. Schenk and A.J. Noble



253

   26.    Hilari K, Owen S, Farrelly SJ. Proxy and self-report agreement on the Stroke and Aphasia 
Quality of Life Scale-39. J Neurol Neurosurg Psychiatry. 2007;78(10):1072–5.  

    27.    Williams LS, Bakas T, Brizendine E, Plue L, Tu W, Hendrie H, et al. How valid are family 
proxy assessments of stroke patients’ health-related quality of life? Stroke. 
2006;37(8):2081–5.  

    28.    Haacke C, Althaus A, Spottke A, Siebert U, Back T, Dodel R. Long-term outcome after 
stroke—evaluating health-related quality of life using utility measurements. Stroke. 
2006;37(1):193–8.  

    29.    Post PN, Stiggelbout AM, Wakker PP. The utility of health states after stroke—a systematic 
review of the literature. Stroke. 2001;32(6):1425–9.  

     30.    Lai SM, Studenski S, Duncan PW, Perera S. Persisting consequences of stroke measured by 
the Stroke Impact Scale. Stroke. 2002;33(7):1840–4.  

    31.    Bruggimann L, Annoni JM, Staub F, von Steinbüchel N, Van der Linden M, Bogousslavsky J. 
Chronic posttraumatic stress symptoms after nonsevere stroke. Neurology. 
2006;66(4):513–6.  

     32.    Noble AJ, Schenk T. Psychosocial outcome following subarachnoid haemorrhage: an under-
researched problem. Br J Neurosci Nurs. 2009;5(8):372–80.  

    33.    Lindgren I, Jönsson AC, Norrving B, Lindgren A. Shoulder pain after stroke—a prospective 
population-based study. Stroke. 2007;38(2):343–8.  

    34.    Jönsson AC, Lindgren I, Hallström B, Norrving B, Lindgren A. Prevalence and intensity of 
pain after stroke: a population based study focusing on patients’ perspectives. J Neurol 
Neurosurg Psychiatry. 2006;77(5):590–5.  

     35.    Carod J, Egido J, González JL, Varela De Seijas E. Poststroke sexual dysfunction and quality 
of life. Stroke. 1999;30(10):2238–9.  

    36.    Korpelainen JT, Nieminen P, Myllyla VV. Sexual functioning among stroke patients and their 
spouses. Stroke. 1999;30(4):715–9.  

      37.    Carod-Artal FJ, González-Gutiérrez JL, Herrero JA, Horan T, De Seijas EV. Functional recov-
ery and instrumental activities of daily living: follow-up 1-year after treatment in a stroke unit. 
Brain Inj. 2002;16(3):207–16.  

    38.   Gargano JW, Reeves MJ; Paul Coverdell National Acute Stroke Registry Michigan Prototype 
Investigators. Sex differences in stroke recovery and stroke-specifi c quality of life—results 
from a statewide stroke registry. Stroke. 2007;38(9):2541–48.  

    39.    Forsberg-Warleby G, Moller A, Blomstrand C. Psychological well-being of spouses of stroke 
patients during the fi rst year after stroke. Clin Rehabil. 2004;18(4):430–7.  

    40.    Darlington AS, Dippel DW, Ribbers GM, van Balen R, Passchier J, Busschbach JJ. Coping 
strategies as determinants of quality of life in stroke patients: a longitudinal study. Cerebrovasc 
Dis. 2007;23(5–6):401–7.  

      41.    Ayerbe L, Ayis S, Rudd AG, Heuschmann PU, Wolfe CD. Natural history, predictors, and 
associations of depression 5 years after stroke the South London Stroke Register. Stroke. 
2011;42(7):1907–11.  

    42.    Kwok T, Lo RS, Wong E, Wai-Kwong T, Mok V, Kai-Sing W. Quality of life of stroke survi-
vors: a 1-year follow-up study. Arch Phys Med Rehabil. 2006;87(9):1177–82.  

    43.    Carod-Artal FJ. Post-stroke depression (I). Epidemiology diagnostic criteria and risk factors. 
Rev Neurol. 2006;42(3):169–75.  

    44.    Rochette A, Bravo G, Desrosiers J, St-Cyr Tribble D, Bourget A. Adaptation process, partici-
pation and depression over six months in fi rst-stroke individuals and spouses. Clin Rehabil. 
2007;1(6):554–62.  

    45.    Daniel K, Wolfe CD, Busch MA, McKevitt C. What are the social consequences of stroke for 
working-aged adults? A systematic review. Stroke. 2009;40(6):E431–40.  

    46.    Mackay A, Nias BC. Strokes in the young and middle-aged—consequences to the family and 
to society. J R Coll Physicians Lond. 1979;13(2):106–12.  

    47.    Teasell RW, McRae MP, Finestone HM. Social issues in the rehabilitation of younger stroke 
patients. [Article]. Arch Phys Med Rehabil. 2000;81(2):205–9.  

13 Better Dead than Alive? Quality of Life After Stroke



254

    48.    de Rooij NK, Linn FH, van der Plas JA, Algra A, Rinkel GJ. Incidence of subarachnoid 
 haemorrhage: a systematic review with emphasis on region, age, gender and time trends. 
J Neurol Neurosurg Psychiatry. 2007;78(12):1365–72.  

     49.    Baisch SB, Schenk T, Noble AJ. What is the cause of post-traumatic stress disorder following 
subarachnoid haemorrhage? Post-ictal events are key. Acta Neurochir. 2011;153(4):913–22.  

    50.    Anderson C, Anderson N, Bonita R, et al. Epidemiology of aneurysmal subarachnoid hemor-
rhage in Australia and New Zealand—incidence and case fatality from the Australasian 
Cooperative Research on Subarachnoid Hemorrhage Study (ACROSS). Stroke. 
2000;31(8):1843–50.  

   51.    Bamford J, Sandercock P, Dennis M, Burn J, Warlow C. A prospective-study of acute 
cerebrovascular- disease in the community—the Oxfordshire Community Stroke Project 1981–
86.2. Incidence, case fatality rates and overall outcome at one year of cerebral infarction, pri-
mary intracerebral and subarachnoid hemorrhage. J Neurol Neurosurg Psychiatry. 
1990;53(1):16–22.  

    52.    Kolominsky-Rabas PL, Weber M, Gefeller O, Neundoerfer B, Heuschmann PU. Epidemiology 
of ischemic stroke subtypes according to TOAST criteria: incidence, recurrence, and long- 
term survival in ischemic stroke subtypes—a population-based study. Stroke. 
2001;32(12):2735–40.  

    53.   Wermer MJ, Kool H, Albrecht KW, Rinkel GJ; Aneurysm Screening after Treatment for 
Ruptured Aneurysms Study Group. Subarachnoid hemorrhage treated with clipping: long- 
term effects on employment, relationships, personality, and mood. Neurosurgery. 
2007;60(1):91–7.  

    54.    Hütter BO, Gilsbach JM, Kreitschmann I. Quality-of-life and cognitive defi cits after subarach-
noid hemorrhage. Br J Neurosurg. 1995;9(4):465–75.  

      55.    Kreitschmann-Andermahr I, Poll E, Hutter BO, Reineke A, Kristes S, Gilsbach JM, et al. 
Quality of life and psychiatric sequelae following aneurysmal subarachnoid haemorrhage: 
does neuroendocrine dysfunction play a role? Clin Endocrinol. 2007;66(6):833–7.  

      56.    Noble AJ, Schenk T. Which variables help explain the poor health-related quality of life after 
subarachnoid hemorrhage? A meta-analysis. Neurosurgery. 2010;66(4):772–83.  

     57.    Schneider HJ, Kreitschmann-Andermahr I, Ghigo E, Stalla GK, Agha A. Hypothalamopituitary 
dysfunction following traumatic brain injury and aneurysmal subarachnoid hemorrhage—a 
systematic review. JAMA. 2007;298(12):1429–38.  

     58.    Berry E. Post-traumatic stress disorder after subarachnoid haemorrhage. Br J Clin Psychol. 
1998;37:365–7.  

     59.    Hütter BO. Neuropsychological sequelae of subarachnoid haemorrhage and its treatment. 
Vienna: Springer; 2000.  

    60.    Nieuwkamp DJ, Setz LE, Algra A, Linn FH, de Rooij NK, Rinkel GJ. Changes in case fatality 
of aneurysmal subarachnoid haemorrhage overtime, according to age, sex, and region: a meta- 
analysis. Lancet Neurol. 2009;8(7):635–42.  

      61.    Noble AJ, Baisch S, Mendelow AD, Allen L, Kane P, Schenk T. Posttraumatic stress disorder 
explains reduced quality of life in subarachnoid hemorrhage patients in both the short- and 
long-term. Neurosurgery. 2008;63:1095–104.  

    62.    Lipsey JR, Robinson RG, Pearlson GD, Rao K, Price TR. Nortriptyline treatment of post- 
stroke depression—a double-blind-study. Lancet. 1984;1(8372):297–300.  

    63.    Wiart L, Petit H, Joseph PA, Mazaux JM, Barat M. Fluoxetine in early poststroke depression—
a double-blind placebo-controlled study. Stroke. 2000;31(8):1829–32.  

      64.    Mezue W, Mathew B, Draper P, Watson R. The impact of care on carers of patients treated for 
aneurysmal subarachnoid haemorrhage. Br J Neurosurg. 2004;18(2):135–7.  

      65.    Greenwood N, Mackenzie A, Cloud GC, Wilson N. Informal carers of stroke survivors: factors 
infl uencing carers—a systematic review of quantitative studies. Disabil Rehabil. 
2008;30(18):1329–49.  

      66.    Hellawell DJ, Taylor R, Pentland B. Persisting symptoms and carers’ views of outcome after 
subarachnoid haemorrhage. Clin Rehabil. 1999;13(4):333–40.  

T. Schenk and A.J. Noble



255

    67.    Pritchard C, Foulkes L, Lang DA, Neil-Dwyer G. Two-year prospective study of psychosocial 
outcomes and a cost-analysis of ‘treatment-as-usual’ versus an ‘enhanced’ (specialist liaison 
nurse) service for aneurysmal sub arachnoid haemorrhage (ASAH) patients and families. Br J 
Neurosurg. 2004;18(4):347–56.  

    68.    Béthoux F, Calmels P, Gautheron V, Minaire P. Quality of life of the spouses of stroke patients: 
a preliminary study. Int J Rehabil Res. 1996;19:291–9.  

    69.    Forsberg-Wärleby G, Möller A, Blomstrand C. Spouses of fi rst-ever stroke patients—psycho-
logical well-being in the fi rst phase after stroke. Stroke. 2001;32(7):1646–51.  

   70.    Jönsson AC, Lindgren I, Hallström B, Norrving B, Lindgren A. Determinants of quality of life 
in stroke survivors and their informal caregivers. Stroke. 2005;36(4):803–8.  

    71.    McCullagh E, Brigstocke G, Donaldson N, Kalra L. Determinants of caregiving burden and 
quality of life in caregivers of stroke patients. Stroke. 2005;36(10):2181–6.  

   72.    Rochette A, Desrosiers J, Bravo G, Tribble DS, Bourget A. Changes in participation level after 
spouse’s fi rst stroke and relationship to burden and depressive symptoms. Cerebrovasc Dis. 
2007;24(2–3):255–60.  

    73.    Rombough RE, Howse EL, Bagg SD, Bartfay WJ. A comparison of studies on the quality of 
life of primary caregivers of stroke survivors: a systematic review of the literature. Top Stroke 
Rehabil. 2007;14(3):69–79.  

    74.    Kwakkel G, Wagenaar RC, Kollen BJ, Lankhorst GJ. Predicting disability in stroke—a critical 
review of the literature. Age Ageing. 1996;25(6):479–89.  

    75.    Dewey HM, Thrift AG, Mihalopoulos C, Carter R, Macdonell RA, McNeil JJ, et al. Informal 
care for stroke survivors—results from the North East Melbourne Stroke Incidence Study 
(NEMESIS). Stroke. 2002;33(4):1028–33.  

    76.    Noble AJ, Schenk T. Looking beyond the spontaneous subarachnoid haemorrhage patient: a 
review of the impact upon family and friends. Br J Neurosci Nurs. 2008;4(6):278–85.  

    77.    Hellawell DJ, Pentland B. Relatives’ reports of long term problems following traumatic brain 
injury or subarachnoid haemorrhage. Disabil Rehabil. 2001;23(7):300–5.  

    78.    Buchanan KM, Elias LJ, Goplen GB. Differing perspectives on outcome after subarachnoid 
hemorrhage: the patient, the relative, the neurosurgeon. Neurosurgery. 2000;46(4):831–8.  

      79.    Hop JW, Rinkel GJ, Algra A, van Gijn J. Quality of life in patients and partners after aneurys-
mal subarachnoid hemorrhage. Stroke. 1998;29(4):798–804.  

    80.    Ogden JA, Utley T, Mee EW. Neurological and psychosocial outcome 4 to 7 years after sub-
arachnoid hemorrhage. Neurosurgery. 1997;41(1):25–34.  

     81.    Pritchard C, Clapham L, Foulkes L, Lang DA, Neil-Dwyer G. Comparison of cohorts of elec-
tive and emergency neurosurgical patients: psychosocial outcomes of acoustic neuroma and 
aneurysmal sub arachnoid hemorrhage patients and carers. Surg Neurol. 2004;62(1):7–16.  

     82.    Pritchard C, Foulkes L, Lang DA, Neil-Dwyer G. Psychosocial outcomes for patients and car-
ers after aneurysmal subarachnoid haemorrhage. Br J Neurosurg. 2001;15(6):456–63.  

      83.    Noble AJ, Schenk T. Post-traumatic stress disorder in family and friends of spontaneous sub-
arachnoid hemorrhage patients. J Neurosurg. 2008;109:1027–33.  

    84.    Keefe FJ, Blumenthal J, Baucom D, Affl eck G, Waugh R, Caldwell DS, et al. Effects of 
spouse-assisted coping skills training and exercise training in patients with osteoarthritic knee 
pain: a randomized controlled study. Pain. 2004;110(3):539–49.  

    85.    Kennedy P, Duff J, Evans M, Beedie A. Coping effectiveness training reduces depression and 
anxiety following traumatic spinal cord injuries. Br J Clin Psychol. 2003;42:41–52.  

    86.    Mant J, Carter J, Wade DT, Winner S. Family support for stroke: a randomised controlled trial. 
Lancet. 2000;356(9232):808–13.    

13 Better Dead than Alive? Quality of Life After Stroke



257T.A. Schweizer and R.L. Macdonald (eds.), The Behavioral Consequences of Stroke, 
DOI 10.1007/978-1-4614-7672-6_14, © Springer Science+Business Media New York 2014

           Introduction 

 Diagnostic imaging is an invaluable aspect of clinical stroke medicine, providing 
the location, volume, and the nature of the stroke lesion. Anatomical stroke imaging 
typically has been done with computed tomography (CT), but ever increasingly is 
supplanted by the superb soft tissue contrast provided by magnetic resonance imag-
ing (MRI). It is more cumbersome to obtain MRI in acute stroke patients; so at 
many centers, CT remains the initial screening test, with or without contrast admin-
istration (CT angiography, CT perfusion). This rapidly differentiates ischemic from 
hemorrhagic stroke and can then guide acute management, for example, with 
thrombolytics. The versatility of MRI methods, however, also enables much more 
detailed biophysical information to be obtained about stroke physiology, above and 
beyond lesion structure. For example, just after stroke onset,    diffusion-weighted 
imaging (DWI) and perfusion-weighted imaging (PWI) provide information about 
diffusion of water molecules and microvascular blood fl ow within brain tissue, 
respectively. The DWI and PWI methods help to evaluate the ischemic zone sur-
rounding infarcted tissue that is potentially salvageable by recanalization therapies. 
Magnetic resonance angiography (MRA) approaches are also available to charac-
terize larger- scale vasculature. In the post-acute and chronic phases, functional MRI 
(fMRI) offers the ability to detect alterations in brain activation patterns post-stroke, 
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either associated with a particular behavioral task or during the resting state. Lastly, 
it is also possible now to image blood fl ow in the brain noninvasively using arterial 
spin labeling (ASL) MRI. In this chapter, we provide a biophysical understanding 
of these and other basic MRI methods and discuss their application to stroke 
recovery.  

    Basic Physical Principles 

 Use of MRI in medicine has evolved from the discovery of nuclear magnetic reso-
nance (NMR) in the 1950s [ 1 ,  2 ]. The term NMR is apt— nuclear  refers to specifi c 
atomic nuclei that, when placed in a large applied static  magnetic  fi eld, can undergo 
 resonance  (substantial energy absorption and subsequent energy emission) if a pulsed 
magnetic wave is applied at a certain characteristic frequency. For the NMR effect to 
occur, the nuclei of interest must have the quantum mechanical property of “spin.” 
Such nuclei simplistically can be thought of as very small objects with spinning charge 
and therefore exhibiting nuclear magnetic fi elds. When placed in a large applied mag-
netic fi eld, the nuclear magnetic fi elds tend to align with the applied fi eld, much as a 
compass needle aligns with the magnetic fi eld of the earth. However, in the case of 
NMR-capable nuclei, a small number of preferred alignments are possible. The sim-
plest scenario involves the hydrogen nucleus, or proton, which can take on two differ-
ent energy states: a low energy “spin-up” state in which the nuclear magnetic fi eld 
partially aligns to the external fi eld and a higher-energy “spin-down” state in which 
the nuclear fi eld aligns partially antiparallel. The word “partial” refers to the fact that 
in each state, the alignment is not perfect. Rather, the nuclear fi eld “precesses” around 
the direction of external fi eld, like a spinning top wobbles about its axis. 

 Within a material containing NMR-capable nuclei, the nuclear magnetic fi elds for 
the given energy states can be thought of as “adding up,” resulting in a quantity known 
as net nuclear magnetization. Stated another way, such a material becomes very 
slightly magnetized when placed in a large applied magnetic fi eld. The magnetization 
is typically small because at room temperature there is suffi cient thermal energy to 
promote changes between spin energy states so that the states become almost equally 
populated. However, if the external magnetic fi eld is made strong enough, the popula-
tion of spin energy states becomes more unbalanced and nuclear magnetization 
increases to the point that it can be easily observed above the noise background of a 
detector circuit. For this signal-to-noise ratio (SNR) consideration, current MRI sys-
tems operate using superconductor technology to generate very large static magnetic 
fi elds of 1.5–3.0 Tesla (T), with ultrahigh fi eld systems at 7.0 T and beyond under 
development (1 T is approximately 2 × 10 4  times the earth’s magnetic fi eld). 

 The conventional manner for observing nuclear magnetization can be described 
in three steps. First, the NMR-capable sample is placed in a large applied magnetic 
fi eld, creating appreciable magnetization. Second, a magnetic radio frequency (RF) 
pulse is applied, causing energy absorption that perturbs the energy states and, con-
sequently, the magnetization. The RF pulse has the macroscopic effect of “tipping” 

B.J. MacIntosh and S.J. Graham



259

the magnetization out of alignment with the applied fi eld, as a result a vector com-
ponent oriented transverse (orthogonal) to the direction of the applied magnetic 
fi eld and oscillates at a characteristic rate   , known as the Larmor frequency. Lastly, 
the oscillating transverse magnetization component is detected as an NMR signal 
using an electrical circuit known as a “receiver coil.” 

 Early in the development of NMR, it was recognized that hydrogen exhibits the 
largest nuclear magnetic fi eld and thus the largest NMR signal of all the elements. 
This is particularly advantageous for MRI, given that hydrogen is by far the most 
biologically abundant of nuclei, present primarily within the human body as con-
stituents of water molecules.  

    Main Sources of NMR Signal Contrast 

 In the early 1970s, it became increasingly apparent that biological tissues—both 
abnormal and abnormal—often have markedly different NMR signal characteristics 
[ 3 ]. There are four main mechanisms whereby NMR signals provide tissue contrast 
(i.e., the ability to detect different tissue types based on the associated NMR signal 
differences). First, the number of protons per unit volume, or proton density, is a 
factor that weights all NMR signals. Typically, the proton density of tissues is rather 
uniform and a relatively poor source of signal contrast, as most tissues have a water 
content ranging from approximately 70 to 80 %. Much improved signal contrast is 
obtained based on several NMR parameters that characterize how magnetization 
tends to recover toward its equilibrium condition after the RF pulse is turned off. 
The time that magnetization takes to recover in the longitudinal direction is param-
eterized by the time constant T1, whereas the time that magnetization takes to decay 
in the transverse plane is parameterized by either the time constant T2* or T2, 
depending on the specifi c details of the NMR measurement method. The process of 
T2* decay is governed by spatial variations in magnetic fi eld primarily on a micro-
scopic scale within and between tissues. Another source of tissue contrast is dynamic 
proton–proton magnetic fi eld interactions from within water molecules and between 
neighboring water molecules as they tumble and translate with respect to one 
another, a process that is infl uenced by factors such as temperature, viscosity, and 
the presence of ions, macromolecules, and tissue microstructures such as cell mem-
branes. This latter source of contrast plays a substantial role in the T1 and T2 char-
acteristics of tissues.  

    Development of MRI 

 The initial period of investigating NMR signals from tissues focused on the ability 
to distinguish cancerous tissue from normal tissue, and to distinguish malignant 
from benign tissue, in bulk excised specimens. This work provided some of the 
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impetus for developing methods to encode NMR signals spatially in the form of 
images. Key innovators in these subsequent developments were Lauterbur and 
Mansfi eld, who received the Nobel Prize in physiology and medicine in 2003. 
Today, the term “nuclear” has been dropped to avoid any potential misconception 
that NMR methods involve use of ionizing radiation—hence the acronym MRI. The 
fi rst whole-body MRI systems were developed for commercial use in the late 1980s, 
and there has been a steady increase in technical capabilities and MR image quality 
since this time. Today, multifaceted MRI “protocols” are achieved with approxi-
mately 1 mm spatial resolution and exquisite image contrast. 

 The additional technological concept that led to the development of MRI from 
NMR is the “imaging gradient” for spatial encoding. The imaging gradient is an 
electrical circuit that produces a linear change in magnetic fi eld as a function of 
position. All commercial MRI systems provide magnetic fi eld gradients in the three 
orthogonal directions  x ,  y , and  z . The application of these gradients, either alone or 
in combination, enables magnetization to be spatially encoded through ingenious 
manipulations of the Larmor frequency as a function of position. Both two- 
dimensional (2D) “multi-slice” MRI (a stack of image slices, each with a specifi c 
slice thickness) and three-dimensional (3D) MRI (signals encoded as a matrix of 
specifi c  x ,  y , and  z  values) are commonly available. Both 2D and 3D MRI require 
multiple repetitions of RF pulse excitation, data acquisition, and recovery periods to 
obtain all the necessary spatial encoding information required for image reconstruc-
tion. Both types of imaging require scan times in the range of approximately 
1–10 min. Typically, 3D MRI provides improved SNR for a given signal contrast, 
but requires longer acquisition time. 

 Beyond typical 2D and 3D MRI methods, there is also a class of “fast” MRI 
techniques capable of providing a fully encoded image slice in approximately 
100 ms, or multi-slice datasets that encompass the brain volume in approximately 
1–2 s. These techniques, the most common of which is known as echo planar imag-
ing (EPI) [ 4 ], can provide full spatial encoding within a single RF excitation episode 
that is followed by data acquisition during rapidly varying gradient waveforms. EPI 
can be used to image time-dependent physiological processes within the body that 
occur on the timescale of seconds, such as the wash-in and wash-out of injectable 
contrast agents. However, there are inevitable tradeoffs: reduced SNR, reduced spa-
tial resolution, and regions of signal loss and substantial geometric distortion arising 
from sensitivity to magnetic fi eld uniformity, that result in an overall decrement in 
image quality compared to what can be achieved by conventional 2D and 3D MRI. 
Despite these challenges, however, the continued advancement of MRI system tech-
nology is now making EPI a feasible and useful part of clinical imaging protocols.  

    MRI of Acute Stroke 

 Multifaceted MRI protocols (i.e., a series of MRI acquisitions with different signal 
contrast weightings, tailored to detect pathology) are becoming increasingly 
important in the acute stroke setting to confi rm diagnosis and to direct the use of 
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acute interventions [ 5 ,  6 ]. Using MRI, it is possible to identify regions of active 
ischemia, hemorrhage, and occluded vessels, and to gain insight regarding the size 
and location of the core infarct and the extent of surrounding tissue that potentially 
can be salvaged (i.e., the ischemic penumbra). The typical MRI protocol for acute 
stroke has fi ve main components: diffusion-weighted imaging (DWI), fl uid-atten-
uated inversion recovery (FLAIR), MRA,    perfusion-weighted imaging (PWI), and 
T2*-weighted imaging. Some representative examples of these techniques are 
shown in Fig.  14.1 , and the role of each imaging component is subsequently 
described.

   Standard MRI sequences that provide T1-weighting or T2-weighting, and their 
derivatives, are well known to be insensitive to the immediate effects of cerebral 
ischemia. However, DWI is highly sensitive and the preferred noninvasive imaging 
method for detecting acute ischemic stroke [ 7 ]. The technique is based on the use of 
a pair of counter-balanced, pulsed imaging gradients applied in the same direction. 
The fi rst gradient pulse is used to encode protons as a function of position, whereas 
the second is used to remove this encoding. If protons are completely static, the 
counter-balanced gradient pulses have no effect and the resultant MRI signal is 
proportional to the net magnetization within a volume element (voxel). However, if 
the protons move between the applications of the gradient pulses, as is the case for 
water molecules diffusing in biological tissue, then the spatial encoding is not fully 
removed and is measured as a signal attenuation providing diffusion-weighted con-
trast. If the degree of diffusion weighting is manipulated in a series of DWI experi-
ments, simple mathematical modeling enables calculation of an apparent diffusion 
coeffi cient (ADC) image, which has information distinct from that provided by pro-
ton density or relaxation time parameters. 

 Within minutes of vessel occlusion, failure of the sodium–potassium pump and 
associated cytotoxic edema leads to an infl ux of water from the extracellular space 
to the intracellular space. This impedes the diffusion of water molecules, as cell 
membranes act as more of a barrier. The restricted diffusion of water molecules 
results in increased signal intensity on DWI. The use of DWI is approximately 4–5 
times more sensitive for detecting acute stroke than is non-contrast computed 
tomography [ 8 ]. 

 The combined use of FLAIR and DWI helps to distinguish acute from sub-
acute and chronic stroke lesions. Given that cerebrospinal fl uid (CSF) tends to 
pool within the infarct zone as time progresses, use of FLAIR imaging (which 
provides T1-weighted tissue contrast while suppressing signal from CSF) com-
bined with DWI can improve the identifi cation of new lesions near sites of prior 
ischemic injury, potentially providing insight into stroke physiology and subtype. 
As FLAIR images typically can detect the presence of an ischemic region by 
approximately 3 h after stroke [ 9 ], normal FLAIR appearance in the presence of 
DWI hyperintensity provides potential for assessing the time of injury. This is of 
critical importance given that the only clinically approved therapy for acute 
stroke at present, recombinant tissue plasminogen activator (rt-PA), requires 
administration within several hours of stroke onset [ 10 ]. Maximizing the use of 
rt-PA places an increasing need on the availability and capability of MRI for 
acute stroke. 
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 MRA provides a supportive, noninvasive method to screen for vessel occlusions, 
stenosis, or malformations. There are at least two MRI techniques available for this 
purpose, with each performing slightly less sensitively than the gold standard X-ray 
imaging method, digital subtraction angiography. Three-dimensional time of fl ight 
angiography (3DTOF) [ 11 ] provides a noninvasive method of assessing the 
 intracranial circulation. The technique is based on the fact that if RF pulses are 
applied rapidly in succession, there is little time for T1 recovery of longitudinal 
magnetization. Over time, a steady-state of longitudinal magnetization is obtained 

  Fig. 14.1    MR images from a 48-year-old woman with a near occlusion in the left internal carotid 
artery and an acute stroke.  Top left : Diffusion-weighted image (DWI) shows an area of restricted 
diffusion and consequent hyperintensity in the left frontal lobe.  Top right : The fl uid-attenuated 
inversion recovery (FLAIR) image shows hyperintensity in the corresponding location when com-
pared to the DWI scan.  Bottom : Time of fl ight angiography (TOF angio) images in the axial and 
coronal plane show reduced fl ow through the arteries in the left hemisphere.  Arrows  indicate loca-
tion of near occlusion       
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that is much lower than the equilibrium magnetization. However, if blood fl ows into 
the imaging plane it still retains its equilibrium value and thus exhibits positive 
image contrast with respect to the background static tissues. This effect enables 
imaging of the vascular lumen, but only for through-plane fl ow. Three-dimensional 
MRI is used to maximize the effect by keeping slice thickness to a minimum. 
The alternative technique is known as contrast-enhanced magnetic resonance angi-
ography (CE-MRA) [ 12 ], involving the intravenous injection of a paramagnetic 
contrast agent known as gadolinium diethyl-triamine-penta-acetic acid (Gd-DTPA). 
This agent reduces the T1 value of blood and the enhanced T1 recovery results in 
increased signal intensity for blood on T1-weighted images, with respect to the 
signal from static tissues. This technique provides more contrast than 3DTOF and is 
much less sensitive to fl ow dynamics within the vasculature. Consequently, 
CE-MRA can be used more effectively to image extracranial vessels in addition to 
intracranial vessels. If scan time permits, the two angiographic methods are comple-
mentary and use of both 3DTOF and CE-MRA can improve diagnostic ability [ 13 ]. 
However, CE-MRA requires contrast agent administration, which is contraindicated 
in patients with poor renal function [ 14 ]. 

 PWI is similar to CE-MRA in that a bolus of Gd-DTPA is typically administered, 
although in this case fast imaging (i.e., EPI or a variant) is employed to generate a 
time series of images to track reductions in T2*-weighted signal intensity of tissues 
as the contrast agent travels through the microvasculature. Semiquantitative perfu-
sion maps are obtainable from this examination that estimate the cerebral blood 
volume (CBV)—the blood volume per unit of brain; the mean transit time (MTT)—
the average time required by the bolus of contrast agent to cross the capillary net-
work; the cerebral blood fl ow (CBF)—the volume of blood fl owing per brain mass 
and per unit of time (i.e., mL/100 g tissue/min); and several other parameters that 
quantify the minimal signal intensity and latency of the bolus within the capillary 
network [ 15 ]. When combined with DWI, both imaging datasets provide informa-
tion about the ischemic core and about the ischemic penumbra. It was originally 
thought that the difference between the spatial extent of perfusion defi cit and DWI 
hyperintensity refl ected the ischemic penumbra. It is now known that DWI hyperin-
tensity can resolve in many stroke patients, and that the extent of perfusion defi cits 
does not necessarily refl ect the true extent of the penumbra. Irrespective of these 
issues, however, the imaging sequences have been demonstrated to be of benefi t for 
identifying patients that are good candidates for rt-PA therapy [ 16 ] and for clinical 
trials aimed at developing new acute stroke therapies, such as mechanical embolec-
tomy [ 17 ]. 

 Lastly, T2*-weighted imaging has multiple applications in acute stroke. These 
applications stem from the fact that the T2* of blood varies with oxygenation con-
tent, based on the magnetic susceptibility characteristics of hemoglobin. Oxygenated 
hemoglobin is diamagnetic, causing a slight decrease in the applied magnetic fi eld 
that is supported within blood, whereas deoxygenated hemoglobin is paramagnetic, 
causing increased magnetic fi eld within red blood cells. The abnormal accumula-
tion of deoxygenated blood thus provides hypointensity on T2*-weighted images as 
an indicator of vascular pathology. Studies have shown that T2*-weighted images 
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are capable of detecting acute hemorrhage with equivalent accuracy to CT [ 8 ]. 
Microbleeds, indicative of multiple types of micro-angiopathy, are also detected on 
T2*-weighted images [ 18 ] that are not visualized on CT due to insuffi cient signal 
contrast and spatial resolution. T2*-weighted images are also capable of depicting 
hemorrhagic transformations of ischemic infarcts, as well as depicting thrombosed 
veins or sinuses. Lastly, T2*-weighted applications have been enhanced in recent 
years through use of a technique known as susceptibility-weighted imaging (SWI), 
which provides improved characterization of susceptibility changes in the brain 
microvasculature for angiography, venography, and detection of atherosclerosis and 
thrombosis [ 19 ].  

    MRI in Stroke Recovery 

 MRI may have an expanded role related to stroke in the future. Although MRI is 
often viewed as not widely accessible and expensive, its versatility and non- 
invasiveness make it well-suited for neuroscience studies involving stroke patients 
to understand more about stroke pathology and the process of recovery (in the pres-
ence or absence of therapeutic interventions). Ultimately, there is the possibility that 
if useful new interventions arise from such studies, then MRI could be used as a 
biomarker in the clinical setting. The neuroscience studies involving MRI of stroke 
patients are numerous. In the remainder of this chapter, several representative exam-
ples are provided that illustrate the breadth of the opportunity, and also the chal-
lenges that lie ahead.  

    MRI for Neuroanatomical Correlates of Stroke Symptoms 

 Given the spectrum of defi cits exhibited by stroke patients, the variability in loca-
tion and extent of lesions caused by stroke, and the current imperfect understanding 
of normal brain function, it is not surprising that there are a substantial number of 
studies that investigate how stroke lesions in specifi c brain locations correlate with 
behavioral defi cits. The use of stroke patients as a “knock-out” model of brain func-
tion can help to clarify the role of a given brain region; however, many strokes do 
not affect only one or two discrete brain functional areas, so defi nitive conclusions 
and fi ndings must be corroborated through replication, using MRI and other meth-
ods. For stroke patients, improved knowledge of how damaged neuroanatomical 
structures relate to behavioral defi cits can potentially be important in the refi nement 
of cognitive and physical rehabilitation strategies. 

 An interesting example of structural analysis comes from a study that used high 
resolution T1-weighted and FLAIR images to overlay lesion locations from a cohort 
of 44 ischemic stroke survivors [ 20 ]. Using a method known as voxel-based lesion 
symptom mapping (VLSM), Molenberghs and colleagues identifi ed brain lesions 
that were correlated with cognitive defi cits observed when participants performed 
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the sustained-attention to response task (SART). For example, lesions in the right 
inferior frontal gyrus were associated with an increase in the number of errors of 
commission, refl ecting impairments of inhibition and sustained attention (Fig.  14.2 ).

   Other examples of work in this area involve use of MRI-derived voxel-based 
morphometry (VBM) or cortical thickness measures estimated by sophisticated 
image-processing techniques. Based on differences in signal intensity in high reso-
lution T1-weighted images, it is possible to “segment” or classify cortical grey mat-
ter from CSF and cortical grey matter from subcortical white matter. The tissue 
boundaries can then be represented as convoluted surfaces, with point-to-point 
thickness estimates obtained by projecting a surface normal (a line oriented 90° 
from a given surface) such that the other surface is intersected. A recent study used 
VBM to help classify stroke patients that responded positively to epidural motor 
cortex stimulation compared to nonresponders [ 21 ]. Another recent study measured 
changes in cortical thickness associated with surgical revascularization in patients 
with severe cerebrovascular steno-occlusive disease [ 22 ]. At present, the latter 
methodology can be limited by the available signal contrast and SNR at 3.0 T, but 

  Fig. 14.2     Top : Color overlay of lesions from a group of 44 stroke survivors.  Bottom : Results of 
voxel-based lesion symptom mapping (VLSM) identifying the inferior frontal gyrus as positively 
correlated with errors of commission when performing the sustained-attention to response task 
(SART). In other words, individuals that had a lesion in this location tended to have a higher num-
ber of errors compared to others in the cohort (based on published work) [ 20 ]       
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in future developments it may be possible to resolve multiple cortical layers using 
ultrahigh fi eld MRI [ 23 ].  

    Diffusion Tensor Imaging 

 It has been known since the 1990s that water diffusion in certain tissues is anisotro-
pic [ 24 ]. The effect is pronounced in white matter tracts with diffusion preferen-
tially occurring along the length of axons and more restricted in the orthogonal 
directions. The myelination of axons, the axonal membrane, and microtubules 
within axons are all thought to contribute to water diffusing in a preferred direction. 
If a series of DWI scans are conducted with diffusion weighting in a variety of dif-
ferent orientations, it is possible to determine the direction and magnitude of diffu-
sion and the correlations between diffusion in different directions, which can be 
modeled mathematically using an anisotropic diffusion tensor—hence the term 
“diffusion tensor imaging” (DTI) [ 25 ]. A minimum of seven DWI experiments with 
different diffusion orientations (including one experiment with no diffusion weight-
ing) are required to calculate basic diffusion tensor parameters, although encoding 
more diffusion directions improves data quality and enables more sophisticated 
modeling. Thus, DTI experiments are often time-consuming (approximately 10 min 
or longer), even when EPI techniques are used for spatial encoding. The technique 
can be sensitive to a variety of different image artifacts, including head motion, as 
the signal attenuation measured in DWI experiments does not differentiate well 
between movement of water molecules on a microscopic or a macroscopic scale. 

 Data provided by DTI enable calculation of “rotationally invariant” signal con-
trast parameters that are theoretically independent of which gradient orientations 
are chosen for diffusion weighting (as long as they are well-spaced in orientation). 
The mean diffusivity provides contrast similar to that of the ADC, by providing a 
weighted average of diffusion in three orthogonal directions. A parameter known as 
the fractional anisotropy (FA) quantifi es the extent that there is a preferred diffusion 
direction within a particular voxel. The FA value for grey matter is thus lower than 
that for white matter, potentially providing a rich source of information relating to 
brain connectivity. 

 It is well established that the location of lesions due to stroke will strongly infl u-
ence the potential for recovery. From lesion analysis work, it is known that a stroke 
in the internal capsule is particularly problematic for motor recovery because the 
output of motor signals converges on this subcortical brain structure [ 26 ]. One of the 
related, major appeals of DTI for stroke recovery research is the ability to visualize 
the integrity of the corticospinal tract. Studies have shown that DTI can be used to 
probe the integrity of the corticospinal tract within the fi rst weeks after stroke and 
that the early DTI measures are highly correlated with residual motor function in the 
acute and chronic stages [ 27 ]. Thus, DTI measures can help to determine whether a 
patient has the potential to recover a particular behavior or not, depending on the 
integrity of the descending white matter fi bers. 
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 DTI data can also be used for tractography, which is a noninvasive means for 
mapping the paths of white matter fi bers in the brain [ 25 ]. Although such maps can 
be generated in MRI acquisition times of approximately 10 min, even longer acqui-
sitions continue to be benefi cial at present. This is, in part, because the diffusion 
tensor model for white matter is rather simplistic and does not account well for 
regions of the brain that have crossing fi ber tracts. More sophisticated models 
require more gradient orientations, and high spatial resolution is paramount. Thus, 
DTI is a promising methodology for use in stroke patients, but the most practical 
additional information at present is obtained from use of FA information. For exam-
ple, Schweizer and colleagues [ 28 ] reported a patient with subarachnoid hemor-
rhage who exhibited memory and executive functioning impairment 1 year 
post-hemorrhage. DTI revealed a signifi cant reduction in white matter integrity (as 
indicated by reduced FA values) in the right hippocampus and the left dorsolateral 
prefrontal region, which are the precise areas expected to be involved in a patient 
with these cognitive defi cits. Lastly, Fig.  14.3  shows DTI tractography results impli-
cating the involvement of specifi c fronto-parietal and fronto-occipital pathways in 
stroke patients with left hemi-spatial neglect [ 29 ].

       Functional MRI 

 Blood oxygenation level-dependent (BOLD) fMRI [ 30 – 32 ] has revolutionized neu-
roscience through its capability to measure signal changes associated with neuronal 
activity generated by sensory stimuli, or behavioral tasks involving memory, cogni-
tion, action, or emotion. Neurons communicate with glial cells and the nearby 
microvasculature to signal for the delivery of additional blood through vasodilation, 
when neuronal activity levels increase. The neurovascular unit that governs such 
processes represents the ultimate spatial resolution achievable with hemodynamic 
measures of brain activity, in the range of hundreds of microns [ 33 ], although typi-
cally fMRI studies are conducted with voxel dimensions of several millimeters. 
Researchers have determined that the local fi eld potentials arising from healthy 
populations of neurons are strongly correlated with BOLD fMRI signals [ 34 ]. 

 In normal brain, the BOLD fMRI response to neuronal activity is characterized 
by three distinct phases: (1) a fast response lasting 1–2 s when there is a small 
decrease in the BOLD signal; (2) a relatively large amplitude hyperemia that is 
caused by the infl ow of more highly oxygenated blood, peaking approximately 
4–5 s after the stimulus; and (3) a refractory period lasting 5–10 s where the BOLD 
signal undershoots and then reaches the baseline [ 35 ]. The period of hyperemia 
provides the most robust means to detect increases in brain activity [ 36 ]. 
These signal characteristics are a complex function of multiple physiological 
parameters such as CBF, CBV, cerebral rate of metabolic oxygen consumption, and 
hematocrit. However, the key properties used for generating fMRI, through which 
these other parameter changes are viewed, are the amounts of oxy- and deoxy-
hemoglobin within the neurovascular unit and consequently the local magnetic fi eld 
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at the microscopic level. Thus, the predominant method for measuring BOLD fMRI 
signal changes at 1.5 and 3.0 T involves using T2*-weighted EPI technique to gen-
erate time-series data during periods of neuronal activity. The resulting signal 
changes are typically quite small, only a few percent from signal baseline.  

    Task-Based BOLD fMRI 

 The majority of the fMRI literature includes task-based experiments, whereby par-
ticipants alternate between different behavioral or stimulus conditions to induce a 
measurable BOLD signal change. For example, the simplest approach is to alternate 
between one specifi c stimulus/task and a resting condition (often visual fi xation on 
an image with a centrally located cursor). When the stimulus/task in question is of 
very brief duration (approximately 100 ms to several seconds), the experimental 
design is described as “event-related,” whereas longer duration task and control 
condition periods (typically 15–30 s) are used in “block designs.” In stroke recovery 
research the majority of fMRI studies have used a block design primarily because 
the block design affords greater detection sensitivity in terms of the BOLD time 
course data [ 37 ]. Irrespective of the experimental design, the task of interest is 
undertaken in multiple repetitions to improve the ability to detect brain activity 
under limited SNR conditions. 

 The fi rst task-based fMRI experiment involving stroke patients dates back to 
1997, when Cramer and colleagues [ 38 ] visualized the brain regions involved when 
stroke survivors moved their affected limb. Since this pioneering work, there have 
been numerous other fMRI studies that have helped to characterize brain activation 
patterns that indicate positive or negative outcomes after stroke. Despite the hetero-
geneous nature of lesions and behavioral defi cits in stroke patients, some “rules of 
thumb” have become evident. One sign of poor recovery is signifi cant activation in 
the unaffected hemisphere (i.e., contralateral to the side of the lesion) when per-
forming a task that would normally lateralize to the affected hemisphere in normal 
individuals. For example, a recent study found that activation of the left inferior 
frontal gyrus was associated with improvement in picture naming and sentence 
comprehension in stroke patients recovering from aphasia, whereas activation of the 
right inferior frontal gyrus was associated with poorer behavioral performance, pos-
sibly due to up-regulation of nonlinguistic cognitive processing [ 39 ]. Calautti and 
Baron discuss fMRI in stroke recovery in more detail, by looking at cross-sectional 
and longitudinal fMRI studies [ 37 ]. Their review also addresses the laterality index 
metric, which is a quantitative measure of activation that is detected in contralateral 
and ipsilateral hemispheres. 

 One of the challenges of task-based fMRI in stroke recovery research is the issue 
of task performance. It is important to characterize properly what the patient “does” 
during fMRI, to rule out the possibility that their activation patterns are different 
from normal individuals simply because they did the task differently (e.g., speed 
and extent of a motor task, and force and level of effort associated with a motor 
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task). One strategy to circumvent this important confound is to measure relevant 
biophysical signals concurrently during fMRI, such as electromyography (EMG) 
[ 40 ] or electrodermal activity (EDA) [ 41 ,  42 ]. EMG provides important informa-
tion regarding the timing and intensity of muscle contraction, and potentially the 
muscle groups that are activated if multichannel EMG is conducted. EMG is also 
important for determining if mirror movements confound the interpretation of brain 
activation patterns, when unilateral movement is prescribed. Alternatively, EDA 
recordings provide an indirect probe of the autonomic nervous system and associ-
ated aspects of arousal, emotion, and sense of effort. EDA data have been used to 
characterize sense of effort (and brain activity in the contralesional hemisphere) 
during the performance of a motor task with the affected limb post-stroke, as rep-
resented in Fig.  14.4 .

   Despite the wealth of information that can be gained in such studies, use of task- 
based BOLD fMRI to study brain activation in individuals with cerebrovascular 
disease is not without controversy. Recalling that BOLD signal changes are infl u-
enced by factors such as CBV, CBF, and the cerebral rate of metabolic oxygen con-
sumption, pathological changes in these parameters that affect fMRI signals may be 
mistaken for changes in neuronal activity. For example, a slight reduction in baseline 
CBF, due to ischemia conditions or chronic hypoperfusion, could manifest as a 
larger BOLD signal if neurons remain viable and active in the region and still gener-
ate a robust hyperemic response. Beyond hemodynamic parameters, medications 
and various other stimulants are known to infl uence the BOLD fMRI signal [ 43 ]. It 
is also possible that the temporal characteristics of the BOLD response can be 
affected after stroke. Patients with signifi cant extracranial atherosclerotic stenoses 
or occlusions have shown a delayed, abnormal BOLD signal response relative to 
controls [ 44 ]. 

 Another challenging issue associated with a task-based BOLD fMRI is the situ-
ation in which the hemodynamic BOLD signal response is completely absent, 
despite evidence of an underlying neuronal activation recorded by an alternative 
functional neuroimaging modality. Rossini and colleagues performed a neuroim-
aging study in chronic stroke using BOLD fMRI, magnetoencephalography 
(MEG), and transcranial Doppler (TCD) ultrasound [ 45 ]. They found that while 
MEG- evoked responses to somatosensory stimuli were detected among chronic 
stroke survivors, an equivalent BOLD signal was not seen in a subset of patients. 
In these patients, the absence of task-related BOLD signal was related to the ability 
of blood vessels to react to a vasodilatory carbon dioxide stimulus at baseline. 
Indeed, others have found that cerebrovascular reactivity (i.e., the capacity of the 
vessels to dilate) was correlated with motor-related BOLD response associated 
with moving of the affected hand [ 46 ]. These studies argue for the importance of 
understanding the underlying vascular health when conducting task-related BOLD 
fMRI, and the need to confi rm fi ndings through use of multiple functional neuro-
imaging modalities.  
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    Resting-State BOLD fMRI 

 Resting-state fMRI (rs-fMRI) is a new branch of human brain mapping that has 
emerged in recent years [ 47 ,  48 ], although the seminal work occurred in 1995 [ 49 ]. 
A major advantage of rs-fMRI is that it does not require the patient to perform a task 
or any specifi ed mental processing during the scan. Thus, concerns regarding abnor-
mal behavioral performance of patients are removed in comparison with normal 
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  Fig. 14.4     Top : Task-based fMRI activation associated with movement of the right affected ankle. 
The two activation patterns are generated by using a standard fMRI model and as an alternative 
approach the electrodermal activity (EDA) directly.  Bottom : The two EDA traces show different 
features when the stroke patient moved their affected versus their unaffected limb (based on work 
published elsewhere) [ 40 ]       
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healthy individuals. Brain activity in the resting state is estimated not by task per-
formance, but by temporal correlation in the baseline fMRI signal between voxels, 
usually in the frequency range between 0.008 and 0.08 Hz. Spatial maps can be 
obtained by “seed-voxel” approaches, in which the strength of correlations is 
reported between the signal from one voxel of interest (e.g., in the hippocampus) 
and the signal from all other voxels; or by multivariate approaches such as indepen-
dent component analysis, which generate maps of regional brain activity for a series 
of statistically independent “latent variable” time waveforms [ 50 ]. In the latter case, 
each activation map refl ects the voxel-by-voxel strength that a specifi c latent vari-
able is expressed. In either case, activation maps are commonly identifi ed as 
“resting- state networks” (RSNs). A given RSN is not necessarily a refl ection of 
anatomical connectivity, but “functional connectivity” determined from BOLD 
fMRI signals. 

 Task-based fMRI has been used for stroke recovery research, while rs-fMRI has 
historically not been used. This trend, however, appears to be changing [ 51 ,  52 ], 
particularly as rs-fMRI can be conducted more easily in patients with profound 
impairments. Important ongoing issues in the development of rs-fMRI include 
aspects of signal processing, as the rs-fMRI signal is even smaller than that of task- 
based fMRI; as well as exploring the interrelationship between DTI, task-based 
fMRI, and rs-fMRI parameters.  

    Arterial Spin Labeling MRI 

 Another MRI technique that is capable of functional neuroimaging is ASL. Although 
discovered and developed contemporaneously, ASL is a complex imaging experi-
ment that historically has not been used as widely as BOLD fMRI [ 53 ]. Recent 
technical advances have made ASL more popular. Two images are required; in the 
fi rst, RF pulses are used to invert magnetization in arterial blood proximal to the 
imaging region of interest. The “tagged” or “labeled” blood water subsequently is 
allowed to fl ow into the imaging region for a suffi cient time to reach the microvas-
culature, causing a small decrease in the measured MRI signal intensity in propor-
tion to the NMR signal properties of the tagged blood in the microvasculature, and 
the microvasculature volume fraction within a given imaging voxel. The second 
image (the “control”) has no effective labeling but otherwise near identical NMR 
signal contrast weighting. The difference between the control and tag images pro-
vides an image that is CBF-weighted [ 54 ] (Fig.  14.5 ).

   As for BOLD fMRI, the ASL perfusion signal is limited by the small volume 
fraction of microvascular blood in tissue, in this case representing approximately 
1–2 % of the available signal in grey matter. Low SNR levels are a major limitation 
of the technique and good temporal image stability is required in particular, as many 
images are typically acquired in a time series and then averaged together to yield 
perfusion maps. Refi nements in MRI hardware and acquisition methods have 
improved ASL image quality in recent years due to: (1) improved gradient 
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technology for fast imaging; (2) availability of higher main magnetic fi eld MR 
 systems (e.g., ≥3 T) [ 55 ] that lengthen T1 relaxation times and enhance labeling 
effi ciency; (3) multi-slice capabilities [ 56 ] that improve the volume of coverage; 
and lastly, (4) improved theoretical models from which quantitative estimates of 
CBF can be derived [ 57 ,  58 ]. 

 The ASL experiment is versatile and can be used either to map brain activity 
analogous to task-based or rs-fMRI using BOLD signal contrast [ 59 ], or to produce 
baseline CBF images [ 60 ] as an alternative to PWI, avoiding the use of Gd-DTPA 
contrast agent. Two possible advantages of ASL over BOLD fMRI are that the 
ASL signal is closely associated with CBF whereas the BOLD signal is of much 
more complex signal origins, and that the hemodynamic response of the ASL signal 
to neuronal activity has improved spatial resolution compared to that of the 
BOLD signal. However, the reduced SNR of ASL images in relation to BOLD 
fMR images remains challenging. Alternatively, the use of ASL to focus on the 
CBF characteristics of the normal and abnormal cerebral vasculature is promising. 

  Fig. 14.5    The fractional arterial spin labeling (ASL) signal plotted as a function of the post-label 
delay time for a pulsed ASL experiment. Images along the  top  show the cerebral blood fl ow 
(CBF)-weighted difference images that correspond to the post-label delay. An ASL model can be 
used to fi t for arterial transit time (ATT) and CBF on a voxel-by-voxel basis. Estimates and stan-
dard deviation for ATT and CBF are shown. The CBF estimate can be converted to an absolute 
measure of perfusion in units of mL/100 g/min by measuring or assuming additional parameters; 
i.e., T1 of grey matter and arterial blood, initial magnetization of arterial blood, etc. (based on work 
published elsewhere) [ 53 ]       
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The fi rst example of stroke imaging with ASL dates back a decade [ 61 ], in which 
Chalela and colleagues found that ASL-based CBF in the affected hemisphere 
correlated with stroke scale on admission and Rankin score 30 days post-stroke. 

 The role that ASL can play in imaging acute and chronic stroke patients remains 
open for exploration. One important consideration is the potential use of ASL instead 
of PWI, particularly for patients in which Gd-DTPA is contraindicated. Thorough 
comparisons of the two imaging approaches are now being conducted in the litera-
ture [ 62 – 67 ] and in diagnostic imaging departments worldwide, as MRI system ven-
dors have recently made ASL sequences commercially available. In general, PWI 
and ASL have been shown to have good agreement when considering healthy brain 
tissue, but some divergence between the techniques may occur in the context of 
stroke and cerebrovascular disease. One option that appears to be feasible within a 
clinical MRI examination is to include a 6-min quantitative ASL acquisition to 
improve the quantitative accuracy of the PWI-derived CBF maps [ 66 ]. Interestingly, 
Zaharchuk and colleagues found that among individuals with suspected cerebrovas-
cular disease, roughly half of the patients had an abnormal ASL CBF image while 
the dynamic susceptibility contrast (DSC) image was viewed as normal [ 64 ]. 

 The ASL method also appears to have an experimental role to play in assessing 
minor stroke or chronic stroke recovery. In the presence of cerebrovascular disease, 
it may be important to consider the time that it takes for the ASL-tagged bolus to 
travel from the labeling plane to the imaging plane. This ASL metric has an analo-
gous PWI counterpart and has been described using numerous terms, for example, 
the bolus arrival time, the arterial arrival time [ 68 ], and, perhaps most commonly, 
the arterial transit time (ATT or  t  A ) [ 69 ]. In general, vascular pathology will delay 
the arrival of the ASL signal. If unaccounted for, the delay will manifest as under-
estimated CBF. Some clinical ASL studies have incorporated an ATT estimate, 
which involves acquiring ASL data at multiple infl ow times (i.e., the time interval 
between labeling and image acquisition). The downside of this approach is the SNR 
penalty/acquisition time tradeoff, with either the need to compromise in terms of the 
SNR in individual images or the need to average at each of the multiple infl ow 
times   . Nevertheless, there is now data suggesting that the ATT information may be 
useful in stroke diagnosis (Fig.  14.6 ) [ 70 ,  71 ]. Future studies should evaluate how 
ATT can be used to improve understanding of stroke outcomes.

   An interesting recent study used ASL to investigate physiological correlates 
of dementia at 6 years post-stroke, compared to adults with Alzheimer disease 
(AD) and healthy controls [ 72 ]. The authors found that the best MRI-based pre-
dictor of AD was hippocampal volume, whereas the ASL-derived CBF expressed 
as a ratio of grey matter to white matter was the best predictor of dementia in the 
stroke group. The grey to white matter CBF ratio approach may be a suitable 
alternative to absolute CBF images in clinical scenarios in which vastly different 
resting CBF levels are observed across patients. Others have shown that use of 
the normalized CBF image had higher clinical sensitivity in a study of AD 
patients [ 73 ].  
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  Fig. 14.6    ( a ) An acute stroke patient with mild impairment as measured by the National Institutes 
of Health (NIH) Stroke Scale (NIHSS = 1). The DWI shows restricted diffusion in the left frontal 
lobe. Corresponding image slices for the ASL are shown. The CBF image shows a small region of 
low perfusion (shaded in  dark red ) while ATT image shows a larger region of prolonged ASL bolus 
transit (shaded in  light red ) (based on work published elsewhere) [ 69 ]. ( b ) Among a group of 
chronic minor stroke and TIA patients there appears to be a signifi cant relationship between CBF 
and ATT ( P  < 0.001). Reduced CBF was associated with a prolonged ATT, that is, a delayed transit 
of the ASL bolus (based on published work) [ 70 ]       
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    Future Directions for MRI Research in Stroke Recovery 

 Given the breadth and versatility of MRI methods, there are numerous interesting 
research directions that can be undertaken to advance the scientifi c understanding of 
stroke recovery, ultimately toward improving health care management of chronic 
stroke patients. 

    Multi-parametric MRI Protocols 

 First, similar to the multifaceted MRI protocol that has arisen for imaging acute 
stroke, the scientifi c fi eld would benefi t from improved integration of multi- 
parametric MRI protocols for subacute and chronic strokes. For example, to date 
there are few examples integrating DTI white matter tract data, rs-fMRI functional 
connectivity data, and task-based fMRI data in stroke patients, yet there should be 
linkages between these datasets. It will be important to assess the extent that each 
experiment provides unique, clinically relevant information and whether all experi-
ments are required in clinical research protocols, or whether only the most sensitive 
indicators are practical for expediency. An additional area requiring expanded 
multi-parametric MRI involves improving the quantitative interpretation of task- 
based BOLD fMRI data. With the potential to develop MRI experiments sensitive 
to parameters such as microvascular CBV and hematocrit, it may be possible to 
combine such measures with ASL-derived CBF to model the relationship between 
BOLD fMRI signal changes and cerebral metabolic rate of oxygen (CMRO 2 ) [ 74 ]. 
This offers the prospect of providing CMRO 2  maps for stroke patients, which should 
provide a marker of neuronal pathology. Again, the ability to perform such multi- 
parametric assessments in a timely fashion remains a challenge. However, this is 
quite important given the heterogeneity of MRI fi ndings across stroke patients, and 
because there is a wealth of BOLD fMRI data already collected in stroke patients 
that would benefi t from more detailed evaluation and insight. Lastly, BOLD fMRI 
studies in stroke patients also require additional validation through supplemental 
measurements using functional neuroimaging modalities that do not rely on the 
neurovascular-coupling phenomenon. For assessing cortical activity, electroenceph-
alography has potential for this purpose and is relatively low-cost and widely avail-
able. As in the case of fMRI, however, electroencephalography datasets are complex 
and require careful interpretation. 

 Second, MRI promises to play a role in the interplay between genetics and stroke 
recovery. Recently, a number of fMRI studies have been undertaken to assess the effects 
of various genetic polymorphisms on brain activation patterns. For example, mutations 
of the apolipoprotein E and brain-derived neurotrophic factor genes may infl uence out-
come after stroke [ 75 ]. As the role of various genetic factors becomes better under-
stood, it is possible that part of the work-up for stroke patients will be a genetic profi le 
that provides some insight into the potential for recovery after stroke, and that may help 
to select the appropriate rehabilitation therapy for specifi c patients.  
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    MRI to Guide Intervention and Rehabilitation 

 A last area that deserves brief mention is the use of MRI to guide intervention and 
rehabilitation. Technology is developing toward expanding the list of options for 
therapeutic intervention for stroke patients in the acute phase. One example of 
emerging technology involves use of focused ultrasound. Through use of ultrasound 
transducer arrays with high channel count, it is becoming possible to distribute heat 
load across the skull while adjusting the transmit phase of individual elements such 
that they constructively interfere to generate focused ultrasound pressure fi elds 
within the brain [ 76 ]. Such systems require detailed measurements of skull thick-
ness (as provided by CT, for example) to adjust transducer phase appropriately, and 
MRI guidance to assess the effects of focused ultrasound treatment. MRI guidance 
is critical not only to detect the effects of ultrasound on anatomical structures but 
also because various NMR parameters are temperature-sensitive [ 77 ]. Thus, spe-
cialized MRI techniques provide a method of noninvasive thermometry that can be 
used to control focused ultrasound heat treatments. Completely noninvasive thermal 
ablation treatments are possible, as demonstrated in patients with brain tumors [ 78 ], 
although future applications to stroke are possible. One such approach involves use 
of MRI-guided focused ultrasound not for thermal therapy, but for transient disrup-
tion of the blood brain barrier that enables targeted delivery of stem cells for neural 
repair [ 79 ].   

    Summary 

 MRI is a highly versatile imaging modality that can be used in numerous different 
applications to probe the anatomy and physiology of the healthy and injured brain. 
Substantial capacity remains for new technical innovation to expand the wealth of 
biophysical information that MRI provides. In the coming decades, it is very likely 
that MRI techniques will play a critical role in the development and subsequent 
clinical implementation of new therapeutic strategies to improve outcome after 
stroke.     
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           Introduction 

 Stroke as a cause of death in the United States decreased 19 % from 1998 to 2008, 
and death from stroke declined 35 % over the same time period [ 1 ]. This puts stroke 
as the fourth leading cause of death; down from third, behind heart disease, cancer, 
and chronic lung disease. The decrease in mortality in the United States differs from 
the increasing incidence in low- to middle-income countries [ 2 ]. 

 Over the past 2 decades, management of ischemic and hemorrhagic stroke has 
evolved with large multicenter trials providing evidence for treatments such as 
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acetylsalicylic acid (ASA) for transient ischemic attacks, carotid endarterectomy 
for symptomatic carotid stenosis, tissue plasminogen activator for acute ischemic 
stroke, and blood pressure control for prevention of cerebrovascular disease. 

 Recovery after stroke occurs through a variety of mechanisms that are largely 
theoretical at this point and based on experimental studies. The cerebral cortex 
undergoes functional and structural reorganization, a process that may be infl uenced 
by rehabilitation strategies. Neuroplasticity, with functional changes within the 
areas surrounding damaged regions, occurs with (1) resolution of post-stroke edema 
(as edema disrupts neuronal functioning), (2) reperfusion of ischemic penumbra 
(salvageable penumbra surrounding core infarcted areas), and (3) resolution of dias-
chisis (reversible states of depressed neuronal function in surrounding and remote 
areas connected to sites of tissue damage) [ 3 ]. 

    Prognostic Factors 

 The greatest risk of mortality for stroke patients occurs within the fi rst 30 days post- 
ictus, with the immediate cause of death in more than 60 % of cases related to the 
stroke itself. During the fi rst week after ischemic stroke, the most important neuro-
logical conditions associated with risk of death include impaired consciousness on 
admission, posterior circulation infarcts, and transtentorial herniation. After the fi rst 
month, comorbid complications arising from stroke contribute to mortality in up to 
80 % of patients—including cardiac causes, pneumonia, pulmonary embolism, and 
sepsis. Early recognition of mortality predictors after stroke onset is crucial in pre-
venting its occurrence, with the aim of maximizing duration and quality of patients’ 
survival. However, longitudinal studies of ischemic stroke patients have shown their 
risk of death to be between 40 and 60 % at 5 years [ 4 ]. 

 Prognostic factors for death after ischemic stroke can be classifi ed into demo-
graphic, clinical, and biochemical variables. These include age, initial stroke sever-
ity (National Institute of Health Stroke Scale [NIHSS] score of 16 or greater), 
decreased level of consciousness, infarct size, large hemispheric or basilar syn-
drome, ischemic stroke subtype, fever, hypertension, atrial fi brillation, congestive 
heart failure, previous strokes, persistent hyperglycemia, and elevation of C-reactive 
protein [ 5 ]. 

 Prognostic factors for poor outcome after aneurysmal subarachnoid hemorrhage 
(SAH) were summarized by Rosengart and colleagues and include increasing age, 
worsening admission neurological grade, and increasing amount of SAH on admis-
sion computed tomography (CT) [ 6 ]. Other factors that have often been found to 
contribute to poor outcome are increased aneurysm size, posterior circulation aneu-
rysm, history of hypertension, intraventricular hemorrhage, intracerebral hemor-
rhage, and development of cerebral infarction due to angiographic vasospasm. 
Some other factors have been found in smaller studies; however, these fi ndings have 
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not been replicated consistently. The prognosis of patients with intracerebral 
 hemorrhage worsens with increasing age, lower Glasgow coma score, increasing 
hematoma volume, and presence of intraventricular hemorrhage. Other less consis-
tently identifi ed factors include midline shift, fever, and hyperglycemia.  

    Clinical Outcomes and Comorbid Burden 

 Stroke morbidity and mortality increase with age. This may be because the severity 
of stroke increases and/or because reactive neuronal synaptogenesis declines, with 
less robust sprouting responses and lower synaptic replacement rates. Admission 
body temperature predicts both short- and long-term mortality after ischemic stroke 
and in some studies of SAH, with a 1 °C increase of admission temperature predict-
ing a 30 % relative increase (95 % confi dence interval of 4–57 %) in long-term 
mortality. Aggressive blood pressure control in patients with ischemic stroke is 
important, as elevated blood pressures promote early stroke recurrence, hemor-
rhagic transformation, and increased cerebral edema. Early mortality increases by 
4 % for every 10 mmHg above 150 mmHg. After SAH, the blood pressure is low-
ered before the ruptured aneurysm is repaired, but permissive hypertension is 
allowed after repair. Blood pressure parameters for patients with intracerebral hem-
orrhage are not based on high-quality medical evidence and depend on the admis-
sion blood pressure and the patient’s intracranial pressure [ 7 ]. Hyperglycemia, in 
both patients with and without diabetes, during acute ischemic stroke, predisposes 
patients to intracerebral hemorrhage and augments brain injury. Increased infl am-
matory biochemical markers, such as C-reactive protein and lipoprotein-associated 
phospholipase A2, signal development of atherothrombotic events and long-term 
mortality after acute ischemic stroke. Cardiac risk factors for death after fi rst cere-
bral infarction include congestive heart failure, persistent atrial fi brillation, and 
ischemic heart disease. Cardiac failure predicts increased morbidity and mortality 
within 1–5 years after stroke. Thus, increased comorbid burden is associated with 
decreased functional ability over the course of rehabilitation and decreased rehabili-
tation effi ciency. Indeed, stroke patients experiencing cognitive diffi culties in the 
form of executive dysfunction (e.g., abstract thinking, judgment, recall, memory, 
and comprehension) often show decreased abilities to perform instrumental activi-
ties of daily living (IADLs). Functional and physical impairments are further exac-
erbated by post-stroke mood disorders, such as depression (see Chap.   12    ) [ 8 ]. 

 Early admission to neuro-rehabilitation units with delivery of interdisciplinary 
specialized stroke care tailored to the individual stroke patient is believed to be 
important for achieving greater functional gains, although the level of medical evi-
dence to support this is low (see Chap.   16    ). Rehabilitation might facilitate both 
functional and structural cerebral cortical reorganization for weeks to months after 
a patient’s initial ischemic injury.   
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    Health Research Methods in Clinical Stroke Trials 

 Different types of clinical trials exist, including treatment trials, diagnostic trials, 
screening trials, and prevention trials for those who have never had a stroke (pri-
mary prevention) or those who have had a stroke (secondary prevention). A clinical 
stroke trial of a certain intervention has typically been performed when clinical 
equipoise exists (i.e., only when there is uncertainty regarding whether the interven-
tion will carry benefi cial, harmful, or no signifi cant effects). This may be relatively 
straightforward when testing new drugs or treatments that have not yet been studied 
in humans and when the potential effi cacy of new drugs and treatments is unknown; 
however, there are numerous problems with the concept of equipoise in guiding 
whether or not to conduct a clinical trial [ 9 ]. 

 There are at least four phases of clinical trials. Phase 1 trials attempt to establish 
a safe dosage range, route of administration, clinical pharmacology, including side 
effects, and determine if a drug is safe to study further. Fewer than 100 patients may 
be studied. Phase 2 trials determine feasibility, tolerability, safety, and, sometimes, 
preliminary effi cacy based on surrogate or clinical endpoints in a group of usually 
between 100 and 300 subjects. Phase 3 trials try to confi rm the intervention’s effec-
tiveness and may include anywhere from a few hundred to tens of thousands of 
patients. Phase 4 is a post-marketing surveillance to assess long-term effects of the 
intervention. 

 Randomization is the process by which participants are assigned to the different 
groups in a trial, based on chance alone. In order to avoid imbalances in risk factors, 
stratifi cation of subjects before randomization may be done to assign them into 
specifi c subgroups of similar characteristics. However, sample sizes and number of 
subgroups increase as the number of strata rises, with little gain in statistical preci-
sion once the number of subjects per group exceeds 50 [ 10 ]. 

 Generalizability of the results of a trial is affected by its inclusion and exclusion 
criteria—one that includes only limited subtypes of participants will generate results 
that may not be generalizable to stroke patients in general. 

 There are many different designs for phase 3 trials in stroke [ 11 ]. The most com-
mon is a parallel group design where patients are randomized to receive either a 
treatment or placebo. The trial may be designed for the treatment to show superior-
ity over the placebo group (which will generally be receiving the standard of care) 
or to show equivalence or non-inferiority to standard of care. These different designs 
have different statistical considerations and sample sizes. In traditional or frequen-
tist statistical signifi cance testing, two-tailed p values are used, with conclusive 
studies being those in which the probability of chance fi nding is less than 5 % 
( p  < 0.05), or sometimes 1 %, and the null hypothesis does not fall within the 95 % 
confi dence interval range. For frequentist sample size determination, this type I 
error (alpha level, calling an ineffective intervention effective, false-positive) is usu-
ally set at 0.05. Type II error (beta), on the other hand, is the probability of conclud-
ing that a difference exists when it does not (false-negative). Power (1 minus beta, 
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chance of missing true difference and failing to identify a treatment that does work) 
is usually set at 80 % or more for sample size determination purposes. Frequentist 
stroke trials determine sample sizes a priori, before conducting the trial itself. 
Adaptive designs allow sample size re-estimation during the course of the trial, 
especially if there is strong evidence pointing to futility or effi cacy. These continual 
reassessment methods make use of Bayesian methods of incorporating different 
prior probabilities of a certain event, when incoming data become available. They 
are beginning to be used in trials in stroke [ 12 – 14 ]. Yet, the clinical trialist must be 
cautious of early termination of randomized clinical trials (RCTs) for effi cacy and 
futility, as truncated trials may be associated with greater effect sizes in smaller 
studies, independent of the presence of statistical stopping rules, when aggregated 
results have not yet reached a steady state.  

    Stroke Measurement and Outcome Scales 

 One consideration for these trials is their endpoints. For most phase 3 RCTs, the 
endpoint is something that matters to the patient and that patients would tend to 
want to universally avoid like death, the inability to walk, or other disabilities [ 15 ]. 
Studies using these endpoints (e.g., most commonly in stroke currently is the 
Modifi ed Rankin Scale [mRS]) [ 16 ] often need large sample sizes, and thus, are 
expensive and time-consuming. Numerous statistical methods have been proposed 
and used to improve the ability of these scales to detect treatment effects. The other 
approach is to use surrogate endpoints, which are laboratory tests or physical signs 
that are a substitute for the clinically meaningful outcome but that are expected to 
refl ect or correlate (although correlation alone is an inadequate criteria) with the 
clinical outcome [ 17 ]. Examples in stroke might be infarct size or recanalization of 
an occluded artery. There are numerous limitations to such surrogates and they have 
infrequently been the primary outcomes in phase 3 trials [ 15 ]. 

    Methodology 

 When reviewing stroke trial outcome measures, Quinn and colleagues noted that the 
World Health Organization (WHO) international classifi cation of functioning, dis-
ability, and health described that physical recovery includes physical impairment, 
functional activity (disability), and societal participation (handicap) [ 18 ]. There are 
outcomes in stroke studies that are considered to measure these. For example, the 
NIHSS measures impairment, the mRS measures activity, and the Stroke Impact 
Scale (SIS) measures participation. These instruments are designed to measure 
meaningful changes in function or capture impairment over time. They can be used 
for purposes of (1) patient recruitment for intervention, (2) patient monitoring and 
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treatment based on changes in measurement, and (3) patient follow-up and  long- term 
prognostication. In general, a discriminative health measurement instrument is 
 critiqued based on its validity, reliability, responsiveness, and convenience of statis-
tical properties [ 19 ]. 

 A health measurement scale’s validity denotes the degree to which it actually 
measures what it is intended to, including subdomains of content validity (if it 
covers specifi c content domains), predictive validity (if it can predict future crite-
rion score), and concurrent validity (if its outcome is in accordance with another 
established functional measurement administered concurrently). The instrument’s 
reliability denotes the extent to which repeated measurements give the same out-
come, including subdomains of test–retest reliability (if consistent results are 
found with re-administration by same person), inter-rater reliability (if consistent 
results are found with re-administration by different people), and internal consis-
tency reliability (if items measuring various constructs deliver consistent results). 
A responsive scale is one that is sensitive to clinically meaningful changes over 
time in a patient with and without intervention effects. Finally, a practical stroke 
scale is feasible, in that it does not require excessive training, is easy to use by the 
participants, can be used across a variety of settings, and does not take too long to 
complete [ 20 ].  

    Common Stroke Measurement Scales 

 A variety of types of stroke measurement scales exist and can be classifi ed into (1) 
those pertaining to physical impairment and functional activity such as the Glasgow 
Outcome Scale (GOS), Barthel Index Score, Chedoke-McMaster Stroke Assessment, 
NIHSS, and mRS and (2) those pertaining to societal participation such as the WHO 
International Classifi cation of Functioning, Disability and Health; SIS; American 
Heart Association Stroke Outcome Classifi cation; and the Frenchay Activities 
Index [ 21 – 23 ]. 

 Quinn and colleagues conducted a systematic review of stroke functional out-
come scales used in clinical trials [ 18 ]. They identifi ed 126 trials conducted 
between 2001 and 2006. The trials used 47 different outcome measures, on aver-
age 2 per trial. The most commonly used was the mRS (in 64 % of studies) fol-
lowed by the Barthel Index (41 %) and NIHSS (28 %). Seventy-seven studies used 
a measure of physical impairment (most commonly the NIHSS), 103 used a mea-
sure of activity (most commonly the mRS), and 11 used a measure of participation 
(most commonly the SIS). Outcome was assessed a median of 90 days after stroke. 
Cognitive, mood, language, and quality of life scores were not used very often [ 19 ]. 
The National Institutes of Health common data elements group recommended the 
mRS, NIHSS, Barthel Index, and EuroQol for acute stroke studies, with condi-
tional support of the Glasgow outcome score and Functional Independence 
Measure.  
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    Physical Impairment and Functional Activity Scales 

 The NIHSS is a stroke defi cit scale that scores from 0 to 15 based on neurological 
defi cits in a level of consciousness, motor function, sensory function, and other 
functions. The Barthel Index measures activities of daily living on a scale from 0 to 
100. The mRS (from 0 being no symptoms to 6 being dead) measures disability or 
dependency in daily activities [ 16 ]. The EuroQol includes the EuroQol-5D and 
assesses health-related quality of life. All of these scales are easy to administer and 
are reasonably valid and reliable but have variable sensitivity and responsiveness. 
Although easy to administer, these scales do not capture the neurocognitive aspects 
of outcome in patients with stroke. Indeed, stroke survivors with signifi cant neuro-
cognitive dysfunction may still score well on these scales.  

    Impairment (Disability) Scales 

 Common impairment (disability) scales with good psychometric properties include 
the WHO International Classifi cation of Functioning, Disability and Health; Stroke 
Impact Scale; American Heart Association Stroke Outcome Classifi cation; 
Chedoke-McMaster Stroke Assessment; and Frenchay Activities Index. Each of 
these scales takes between 20 and 60 min to administer.  

    WHO International Classifi cation of Functioning, 
Disability and Health 

 The WHO International Classifi cation of Functioning, Disability and Health encom-
passes both function and disability—including body functions and structures; phys-
iological functions; activities by the individual; participation in life situations, 
including learning and applying knowledge; general tasks and demands; communi-
cation; mobility; self-care; domestic life; interpersonal interactions and relation-
ships; major life areas; and community, social, and civic life. It incorporates 
health-related quality of life.  

    Stroke Impact Scale 

 The SIS is comprehensive, evaluating behavior rather than subjective health. It con-
sists of eight domains, including four physical domains (strength, hand function, 
mobility, activities of daily living/IADLs), and four psychosocial domains (emotion, 
communication, memory, social participation). The SIS also includes an  individual’s 
global assessment of the percentage of recovery on a visual analog scale.  
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    American Heart Association Stroke Outcome Classifi cation 

 The American Heart Association Stroke Outcome Classifi cation covers all three 
domains of body structures and functions, activities, and participation. Its global 
classifi cation (AHA.SOC) identifi es levels of severity, extent of neurologic impair-
ments (motor, sensory, vision, affect, cognition, language), and level of indepen-
dence according to basic and IADLs (independent to completely dependent).  

    Chedoke-McMaster Stroke Assessment Scale 

 The Chedoke-McMaster Stroke Assessment Scale involves a direct performance 
examination that assesses the domains of physical impairment and activity inven-
tory (disability inventory). In the physical impairment domain, body structure and 
function measures include shoulder pain and postural control of the arms, hands, 
legs, and feet. The activity impairment domain assesses changes in mobility func-
tion, including motor function and walking (gross motor and walking subscales).  

    Frenchay Activities Index 

 The Frenchay Activities Index is a 15-item questionnaire assessing activities inside 
and outside the home (domestic, work, outdoor activity domains), including one 
mobility, seven IADLs, and seven indoor or outdoor social activities. This evalua-
tive instrument obtains information on premorbid lifestyle up to 3–6 months after 
strokes to help determine rehabilitation goals and record progress in activities.  

    Cognitive, Mood, Language, Quality of Life Scales for Stroke 
Outcome 

 About 25 % of survivors of ischemic stroke develop depression or dementia that 
affects their quality of life, functional outcome, and even mortality [ 24 ]. The fre-
quency of cognitive and mood dysfunction after SAH is even higher (around 50 %) [ 25 ]. 
Scales used in stroke studies include the Stroke-Specifi c Sickness Impact Profi le, 
Short Form-36 (SF-36), Beck Depression Inventory (BDI), SIS, EuroQoL, 
 Mini-Mental State Exam (MMSE), and Montreal Cognitive Assessment (MoCA) 
(see Table  15.1 ) [ 26 – 171 ].
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        Key Stroke Trials 

 Ginsberg categorized stroke trials into two categories [ 172 ]. The fi rst category 
tested drugs or strategies that were trying to achieve neuroprotection, which he 
defi ned as a treatment designed to slow or stop the biochemical and molecular 
events leading to irreversible ischemic brain injury [ 172 ]. There were about 160 
ongoing or completed as of 2007. The other category of stroke trials includes those 
that target the blood supply to the brain where the treatment is designed to maintain 
patency of or prevent or reverse occlusion or reduction in blood supply to the brain. 
There were about 100 listed by Ginsberg in 2008. They include treatments such as 
thrombolytics (tissue plasminogen activator), anti-thrombotic, and antiplatelet 
drugs. Another example is devices to remove clots or dilate stenosis. The Internet 
stroke center lists 2,344 clinical trials in stroke [ 173 ] (www.Strokecenter.org) and 
  www.clinicaltrials.gov     returned 3,516 studies when searching “stroke” [ 174 ]. 

    Trials with Functional Activity Measures Alone 

    International Stroke Trial 

 The International Stroke Trial was a randomized trial of ASA, subcutaneous hepa-
rin, both, or neither among 19,435 patients with acute ischemic stroke [ 175 ]. The 
primary endpoint was death from any cause within 14 days and death or dependency 
(defi ned as needing help from another person with daily activities) at 6 months. The 
trial found no difference in mortality between groups, although there were fewer 
recurrent ischemic strokes and more hemorrhages with heparin or ASA at 6 months. 
Secondary endpoints were symptomatic intracranial hemorrhage or ischemic 
strokes within 14 days, major extracranial hemorrhage, death from any cause by 6 
months, and dependency or incomplete recovery from stroke at 6 months. The main 
conclusion was that ASA should be started as soon as possible after ischemic stroke.  

    British Aneurysm Nimodipine Trial 

 The British Aneurysm Nimodipine Trial randomized 554 adults with aneurysmal 
SAH at four medical centers in the United Kingdom [ 176 ]. The primary endpoint 
was the incidence of cerebral infarction and secondary endpoints were poor func-
tional outcome on the GOS 3 months after SAH and incidence of rebleeding. The 
GOS was dichotomized into good recovery/moderate disability vs. severe disabil-
ity/vegetative/dead. The study found that patients who received nimodipine had a 
34 % reduction in cerebral infarction from 33 % in the placebo to 22 % in the 
nimodipine group. Poor outcome on the GOS also was reduced by nimodipine by 
40 %. There were no important side effects observed. This trial was important in 
establishing oral nimodipine for use in almost all patients with aneurysmal SAH.  
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    International Subarachnoid Aneurysm Trial 

 The International Subarachnoid Aneurysm Trial (ISAT) was a RCT that compared 
neurosurgical clipping to endovascular coiling in 2,143 patients with ruptured intra-
cranial aneurysms from 42 centers [ 177 ]. The primary endpoint was death or depen-
dence at 1 year (mRS of 3–6) and secondary endpoints were rate of rebleeding and 
seizures. Endovascular coiling was associated with a 7 % absolute and 23 % relative 
risk reduction in poor outcome to 24 %, compared to 31 % in the neurosurgical- 
clipping group at 1 year. The EuroQol was collected also, as well as neurocognitive 
outcomes in a subset of patients from the eight United Kingdom centers who had 
mRS of 0–2 12 months after SAH [ 178 ]. Cognitive impairment was less likely in 
patients treated by coiling compared to clipping (odds ratio 0.58, 95 % confi dence 
interval 0.38–0.87,  p  = 0.0055). The outcomes on the EuroQol seemed similar 
between groups.  

    Carotid Surgery Trials 

 The North American Symptomatic Carotid Endarterectomy Trial (NASCET) 
included 659 patients from 50 center, with included patients experiencing transient 
ischemic attack or non-disabling stroke within 120 days due to 70–99 % carotid 
stenosis [ 179 ]. Patients were randomized to undergo medical management plus 
carotid endarterectomy or medical management only. The primary endpoint was 
fatal or nonfatal ipsilateral stroke, any stroke, or death with follow-up to 12 months. 
Signifi cantly fewer strokes (any, major or fatal) were noted in the surgical arm. 

 The Asymptomatic Carotid Surgery Trial randomized 3,120 patients from 126 
centers to carotid endarterectomy or medical management with endarterectomy 
only if it became necessary [ 180 ]. Patients were symptomatic or asymptomatic. The 
results showed that younger patients with asymptomatic carotid stenosis of greater 
than 70 % benefi tted from reduction in stroke risk after carotid endarterectomy, if 
the perioperative stroke and mortality rate from surgery was low (<3 %). This trial 
excluded patients with previous ipsilateral carotid endarterectomies, poor surgical 
risk (including coronary artery disease, potential embolic strokes), and poor life 
expectancy precluding long-term follow-up. The primary endpoints were any peri-
operative morbidity and mortality (including stroke and myocardial infarction). 
The results in asymptomatic patients were similar to the Asymptomatic Carotid 
Atherosclerosis Study (ACAS) [ 181 ]. 

 The European Carotid Surgery Trial was similar to NASCET and randomized 
patients to medical management plus endarterectomy versus medical management 
for recently symptomatic carotid stenosis [ 182 ]. The trial enrolled 3,204 patients 
from 96 centers, including those of any age, who recently had a transient ischemic 
attack or mild stroke in the distribution of the carotid artery (within previous 6 
months) and internal carotid stenosis responsible for the patients’ symptoms. Those 
with cardiac conditions likely causing embolic events and more severe disease of 
distal rather than proximal ICA were excluded. The primary endpoint was major 
stroke or death. Secondary endpoints were death or major stroke within 30 days of 
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carotid endarterectomy, estimated gain in stroke-free life expectancy. Signifi cantly 
fewer strokes or deaths were noted in the surgical arm. 

 The carotid endarterectomy studies have not included cognitive outcomes. 
Emerging evidence suggests carotid stenosis, endarterectomy, and carotid stenting are 
associated with cognitive impairment and that endarterectomy may affect this [ 183 ].   

    Trials with Both Functional Activity and Other Measures 

    International Surgical Trial in Intracerebral Hemorrhage 

 The International Surgical Trial in Intracerebral Hemorrhage (STICH) entered 
1,033 patients at 107 centers with spontaneous supratentorial intracerebral hemato-
mas who were randomized to early surgery (within 24 h of randomization) vs. initial 
conservative treatment [ 184 ]. The primary endpoint was the extended GOS, with 
secondary endpoints being mortality, Barthel Index, and mRS at 6 months. Surgery 
did not confer any functional or survival benefi t. An individual patient data analysis 
of 2,186 cases from eight RCTs of surgery for intracerebral hemorrhage found that 
clinical outcome was better if patients underwent surgery within 8 h of hemorrhage, 
the hematoma volume was 20–50 mL, the Glasgow coma score was 9 to 12, or the 
patient was 50 to 69 years old [ 185 ].  

    Acute Stroke Ischemic NXY-059 Treatment 

 The Acute Stroke Ischemic NXY-059 Treatment (SAINT) Trial investigated the free 
radical trapping agent, NXY-059, in 1,722 adult patients with acute ischemic stroke in 
158 hospitals, enrolling those with acute stroke within 6 hours who were conscious, 
had limb weakness, and NIHSS score of at least 6 [ 186 ]. The agent was administered 
within 6 hours of ischemic stroke onset. The study had multiple outcome measures, 
including the mRS, Barthel Index, SIS, and EuroQol EQ-5D, with the primary out-
come being the mRS. The mRS was not dichotomized but analyzed by Cochran-
Mantel-Haenszel test across the whole range of scores, adjusting for various baseline 
variables. NXY-059 signifi cantly improved the primary outcome (reduced disability 
at 90 days on the mRS), but did not signifi cantly improve secondary outcomes (NIHSS 
to 90 days). The second major clinical trial of NXY-059 for ischemic stroke, however, 
showed no evidence of effi cacy based on the mRS [ 187 ].  

    Decompressive Craniectomy Trials for Ischemic Stroke 

 Major published decompressive craniectomy trials included the French DECIMAL 
[ 188 ], German DESTINY [ 189 ], and Dutch HAMLET trials [ 190 ], with a subse-
quent pooled analysis that was possible due to the similar design of the studies. 
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When combined, 93 patients were available for analysis. The primary outcome was 
the mRS, which was dichotomized at 0–3 vs. 4–6, which is different from that used 
in many ischemic stroke trials that used 0–2 vs. 3–6. The surgical technique used 
was very similar in all three trials, with all patients having at least a 12-cm diameter 
bone fl ap removed from the side of stroke. Medical management was also very 
similar in all three trials. Patients were intubated in the intensive care unit (ICU) 
with no initial intracranial pressure monitoring. Management of cerebral edema 
included restriction of intravenous fl uids to 500 mL per day, use of osmotic diuret-
ics, antihypertensives to keep systolic blood pressure <220 and diastolic blood pres-
sure <120, treatment of hyperthermia and hyperglycemia, elevation of the head of 
the bed, and the option of anticonvulsant use. 

 The pooled analysis showed that signifi cantly fewer patients who underwent cra-
niectomy had unfavorable outcome (mRS > 3 at 12 months). Other important data to 
emerge from these studies were that the quality of life as measured by the SIS was 
the same in patients who did or did not have decompressive craniectomy in 
DECIMAL. There was no statistically signifi cant difference in depression between 
groups in HAMLET.    

    Summary 

 The most common primary endpoint for stroke trials is the mRS, although different 
authorities have recommended various other scales. The advantages of the mRS 
include that it had the lowest amount of ceiling effect compared to other outcome 
scales [ 24 ]. The mRS focuses on physical defi cits but does address some cognitive 
and communication issues. Because of this, it may not detect important cognitive, 
mood, and quality of life defi cits, especially in severely affected stroke patients. 
There is no outcome scale with good psychometric properties, which captures both 
functional and cognitive behavioral outcomes and that is validated and meets other 
criteria as an outcome measure for stroke. While recent reviews of stroke outcome 
scales emphasize use of the mRS, these trials were mostly ischemic stroke and 
intracerebral hemorrhage. There is less information on outcome scales for SAH, 
and since these patients tend not to have the same focal neurological defi cits, cogni-
tive behavioral outcomes might be important to assess after SAH.     

   References 

    1.   Roger VL, Go AS, Lloyd-Jones DM, Adams RJ, Berry JD, Brown TM, et al. American Heart 
Association Statistics Committee and Stroke Statistics Subcommittee. Heart disease and 
stroke statistics—2011 update: a report from the American Heart Association. Circulation. 
2011;123:e18–209.  

    2.    Feigin VL, Lawes CM, Bennett DA, Barker-Collo SL, Parag V. Worldwide stroke incidence 
and early case fatality reported in 56 population-based studies: a systematic review. Lancet 
Neurol. 2009;8:355–69.  

15 Clinical Outcomes, Stroke Trials, and Cognitive Outcome



306

    3.    Mohr JP, editor. Stroke: pathophysiology, diagnosis and management. 5th ed. Philadelphia: 
Elsevier/Saunders; 2011.  

    4.    Gillen G, editor. Stroke rehabilitation: a functional-based approach. 3rd ed. St. Louis, Mo: 
Mosby/Elsevier; 2011.  

    5.    Umphred D, editor. Neurological rehabilitation. 5th ed. St. Louis, Mo: Mosby; 2007.  
    6.    Rosengart AJ, Huo JD, Tolentino J, Novakovic RL, Frank JI, Goldenberg FD, et al. Outcome 

in patients with subarachnoid hemorrhage treated with antiepileptic drugs. J Neurosurg. 
2007;107:253–60.  

    7.   Morgenstern LB, Hemphill JC III, Anderson C, Becker K, Broderick JP, Connolly ES Jr, 
et al. American Heart Association Stroke Council and Council on Cardiovascular Nursing. 
Guidelines for the management of spontaneous intracerebral hemorrhage: a guideline for 
healthcare professionals from the American Heart Association/American Stroke Association. 
Stroke. 2010;41:2108–29.  

    8.    Lew HL, Lee E, Date ES, Zeiner H. Infl uence of medical comorbidities and complications on 
FIM change and length of stay during in patient rehabilitation. Am J Phys Med Rehabil. 
2002;81(11):830–7.  

    9.    Miller FG, Joffe S. Equipoise and the dilemma of randomized clinical trials. N Engl J Med. 
2011;364:476–80.  

    10.    Guyatt G, editor. Users’ guides to the medical literature: a manual for evidence-based clinical 
practice. 2nd ed. New York: McGraw-Hill; 2008.  

    11.    Ahn C, Ahn D. Randomized clinical trials in stroke research. J Investig Med. 
2010;58:277–81.  

    12.    Elkind MS, Sacco RL, MacArthur RB, Fink DJ, Peerschke E, Andrews H, et al. The 
Neuroprotection with Statin Therapy for Acute Recovery Trial (NeuSTART): an adaptive 
design phase I dose-escalation study of high-dose lovastatin in acute ischemic stroke. Int J 
Stroke. 2008;3:210–8.  

   13.    Grieve AP, Krams M. ASTIN: a Bayesian adaptive dose-response trial in acute stroke. Clin 
Trials. 2005;2:340–51.  

    14.   Selim M, Yeatts S, Goldstein JN, Gomes J, Greenberg S, Morgenstern LB, et al.; Deferoxamine 
Mesylate in Intracerebral Hemorrhage Investigators. Safety and tolerability of deferoxamine 
mesylate in patients with acute intracerebral hemorrhage. Stroke. 2011;42:3067–74.  

     15.    Fleming TR, DeMets DL. Surrogate end points in clinical trials: are we being misled? Ann 
Intern Med. 1996;125:605–13.  

      16.    van Swieten JC, Koudstaal PJ, Visser MC, Schouten HJ, van Gijn J. Interobserver agreement 
for the assessment of handicap in stroke patients. Stroke. 1988;19:604–7.  

    17.    Nelson L, editor. Neuroepidemiology: from principles to practice. Oxford: Oxford University 
Press; 2004.  

     18.    Quinn TJ, Dawson J, Walters MR, Lees KR. Functional outcome measures in contemporary 
stroke trials. Int J Stroke. 2009;4:200–5.  

     19.   Lees KR, Bath PM, Schellinger PD, Kerr DM, Fulton R, Hacke W, et al.; European Stroke 
Organization Outcomes Working Group. Contemporary outcome measures in acute stroke 
research: choice of primary outcome measure. Stroke. 2012;43:1163–70.  

    20.    Streiner DL, Norman GR. Health measurement scales: a practical guide to their development 
and use. 4th ed. Oxford: Oxford University Press; 2008.  

    21.    Duncan PW, Jorgensen HS, Wade DT. Outcome measures in acute stroke trials: a systematic 
review and some recommendations to improve practice. Stroke. 2000;31:1429–38.  

   22.    Kim DH, Haney CL, Van Ginhoven G. Utility of outcome measures after treatment for intra-
cranial aneurysms: a propective trial involving 520 patients. Stroke. 2005;36:792–6.  

    23.    Roberts L, Counsell C. Assessment of clinical outcomes in acute stroke trials. Stroke. 
1998;29:986–91.  

     24.   Schellinger PD, Bath PM, Lees KR, Bornstein NM, Uriel E, Eisert W, et al.; European Stroke 
Organisation Outcomes Working Group. Assessment of additional endpoints for trials in 
acute stroke—what, when, where, in who? Int J Stroke. 2012;7:227–30.  

    25.    Al-Khindi T, Macdonald RL, Schweizer TA. Cognitive and functional outcome after aneu-
rysmal subarachnoid hemorrhage. Stroke. 2010;41:e519–36.  

B.W.Y. Lo et al.



307

     26.    Wolfe CD, Taub NA, Woodrow EJ, Burney PG. Assessment of scales of disability and handi-
cap for stroke patients. Stroke. 1991;22:1242–4.  

     27.    Wilson JT, Hareendran A, Hendry A, Potter J, Bone I, Muir KW. Reliability of the Modifi ed 
Rankin Scale across multiple raters: benefi ts of a structured interview. Stroke. 
2005;36:777–81.  

    28.      Bruno A, Shah N, Akinwuntan AE, Close B, Switzer JA. J Stroke Cerebrovasc Dis. 2012 Apr 
25. [Epub ahead of print] PMID: 22541607.  

    29.    Schaefer PW, Huisman T, Sorensen G, Gonzalez RG, Schwamm LH. Diffusion-weighted 
MR Imaging in closed head injury: high correlation with initial Glasgow Coma Scale score 
and score on Modifi ed Rankin Scale at discharge. Neuroradiology. 2004;233:58–66.  

     30.    Wilson JT, Hareendran A, Grant M, Baird T, Schulz UG, Muir KW, et al. Improving the 
assessment of outcomes in stroke: use of a structured interview to assign grades on the 
Modifi ed Rankin Scale. Stroke. 2002;33:2243–6.  

    31.    Quinn TJ, Dawson J, Walters MR, Lees KR. Reliability of the modifi ed Rankin Scale: a 
systematic review. Stroke. 2009;40(10):3393–5.  

    32.    Bruno A, Shah N, Lin C, Close B, Hess DC, Davis K, et al. Improving modifi ed Rankin Scale 
assessment with a simplifi ed questionnaire. Stroke. 2010;41(5):1048–50.  

    33.   McArthur K, Beagan ML, Degnan A, Howarth RC, Mitchell KA, McQuaige FB, et al. 
Properties of proxy-derived modifi ed Rankin Scale assessment. Int J Stroke. 2012 Feb 15. 
doi:  10.1111/j.1747-4949.2011.00759.x    . [Epub ahead of print].  

     34.    Brott TG, Adams HP, Olinger CP, Marler JR, Barsan WG, Biller J, et al. Measurements of 
acute cerebral infarction: a clinical examination scale. Stroke. 1989;20:864–70.  

    35.    Kasner SE, Chalela JA, Luciano JM, Cucchiara BL, Raps EC, McGarvey ML, et al. Reliability 
and validity of estimating the NIH stroke scale score from medical records. Stroke. 
1999;30(8):1534–7.  

    36.    Schiemanck SK, Post MW, Witkamp TD, Kappelle LJ, Prevo AJ. Relationship between isch-
emic lesion volume and functional status in the 2nd week after middle cerebral artery stroke. 
Neurorehabil Neural Repair. 2005;19:133–8.  

   37.    Saver JL, Johnston KC, Homer D, Wityk R, Koroshetz W, Truskowski LL, et al. Infarct vol-
ume as a surrogate or auxiliary outcome measure in ischemic stroke clinical trials. Stroke. 
1999;30:293–8.  

   38.    Lyden P, Claesson L, Havstad S, Ashwood T, Lu M. Factor analysis of the National Institutes 
of Health Stroke Scale in patients with large strokes. Arch Neurol. 2004;61:1677–80.  

   39.    Derex L, Nighoghossian N, Hermier M, Adeleine P, Berthezène Y, Philippeau F, et al. 
Infl uence of pretreatment MRI parameters on clinical outcome, recanalization and infarct 
size in 49 stroke patients treated by intravenous tissue plasminogen activator. J Neurol Sci. 
2004;225:3–9.  

   40.    Fink JN, Selim MH, Kumar S, Silver B, Linfante I, Caplan LR, et al. Is the association of 
National Institutes of Health Stroke Scale scores and acute magnetic resonance imaging 
stroke volume equal for patients with right- and left-hemisphere ischemic stroke? Stroke. 
2002;33:954–8.  

    41.    Woo D, Broderick JP, Kothari RU, Lu M, Brott T, Lyden PD, et al. Does the National Institutes 
of Health Stroke Scale favor left hemisphere strokes? Stroke. 1999;30:2355–9.  

    42.    Dewey HM, Donnan GA, Freeman EJ, Sharples CM, Macdonell RA, McNeil JJ, et al. 
Interrater reliability of the National Institutes of Health Stroke Scale: rating by neurologists 
and nurses in a community-based stroke incidence study. Cerebrovasc Dis. 
1999;9(6):323–7.  

    43.    Lyden PD, Lu M, Levine SR, Brott TG, Broderick J, NINDS rtPA Stroke Study Group. 
A modifi ed National Institutes of Health Stroke Scale for use in stroke clinical trials: prelimi-
nary reliability and validity. Stroke. 2001;32(6):1310–7.  

    44.    Meyer BC, Hemmen TM, Jackson CM, Lyden PD. Modifi ed National Institutes of Health 
Stroke Scale for use in stroke clinical trials: prospective reliability and validity. Stroke. 
2002;33(5):1261–6.  

15 Clinical Outcomes, Stroke Trials, and Cognitive Outcome

http://dx.doi.org/10.1111/j.1747-4949.2011.00759.x


308

    45.    Kasner SE, Cucchiara BL, McGarvey ML, Luciano JM, Liebeskind DS, Chalela JA. Modifi ed 
National Institutes of Health Stroke Scale can be estimated from medical records. Stroke. 
2003;34(2):568–70.  

    46.    Muir KW, Weir CJ, Murray GD, Povey C, Lees KR. Comparison of neurological scales and 
scoring systems for acute stroke prognosis. Stroke. 1996;27:1817–20.  

   47.    Williams LS, Weinberger M, Harris LE, Clark DO, Biller J. Development of a Stroke-Specifi c 
Quality of Life Scale. Stroke. 1999;30:1362–9.  

    48.    Pickard AS, Johnson JA, Feeny DH. Responsiveness of generic health-related quality of life 
measures in stroke. Qual Life Res. 2005;14:207–19.  

    49.    Keith RA, Granger CV, Hamilton BB, Sherwin FS. The functional independence measure: a 
new tool for rehabilitation. Adv Clin Rehabil. 1987;1:6–18.  

    50.    Chau N, Dalter S, Andre JM, Patris A. Inter-rater agreement of two functional independence 
scales: the Functional Independence Measure (FIM) and a subjective uniform continuous 
scale. Disabil Rehabil. 1994;16(2):63–71.  

   51.    Segal ME, Ditunno JF, Staas WE. Interinstitutional agreement of individual functional inde-
pendence measure (FIM) items measured at two sites on one sample of SCI patients. 
Paraplegia. 1993;31(10):622–31.  

   52.    Kidd D, Stewart G, Baldry J, Johnson J, Rossiter D, Petruckevitch A, et al. The functional 
independence measure: a comparative validity and reliability study. Disabil Rehabil. 
1995;17(1):10–4.  

   53.    Ottenbacher KJ, Hsu Y, Granger CV, Fiedler RC. The reliability of the functional indepen-
dence measure: a quantitative review. Arch Phys Med Rehabil. 1996;77(12):1226–32.  

    54.    Pollak N, Rheault W, Stoecker JL. Reliability and validity of the FIM for persons aged 80 
years and above from a multilevel continuing care retirement community. Arch Phys Med 
Rehabil. 1996;77(10):1056–61.  

    55.    Black TM, Soltis T, Bartlett C. Using the functional independence measure instrument to 
predict stroke rehabilitation outcomes. Rehabil Nurs. 1999;24(3):109–14; 121.  

    56.    Oczkowski WJ, Barreca S. The functional independence measure: its use to identify rehabili-
tation needs in stroke survivors. Arch Phys Med Rehabil. 1993;74(12):1291–4.  

    57.    Segal ME, Gillard M, Schall R. Telephone and in-person proxy agreement between stroke 
patients and caregivers for the functional independence measure. Am J Phys Med Rehabil. 
1996;75(3):208–12.  

    58.    Franchignoni F, Tesio L, Martino MT, Benevolo E, Castagna M. Length of stay of stroke 
rehabilitation inpatients: prediction through the functional independence measure. Ann Ist 
Super Sanita. 1998;34(4):463–7.  

     59.    van der Putten JJ, Hobart JC, Freeman JA, Thompson AJ. Measuring change in disability 
after inpatient rehabilitation: comparison of the responsiveness of the Barthel Index and the 
Functional Independence Measure. J Neurol Neurosurg Psychiatry. 1999;66:480–4.  

    60.    Hobart JC, Thompson AJ. The fi ve item Barthel index. J Neurol Neurosurg Psychiatry. 
2001;71:225–30.  

     61.    Dromerick AW, Edwards DF, Diringer MN. Sensitivity to changes in disability after stroke: a 
comparison of four scales useful in clinical trials. J Rehabil Res Dev. 2003;40:1–8.  

    62.    Jennett B, Bond M. Assessment of outcome after severe brain damage. Lancet. 
1975;1:480–4.  

    63.    Wilson JT, Pettigrew LE, Teasdale GM. Emotional and cognitive consequences of head 
injury in relation to the Glasgow Outcome Scale. J Neurol Neurosurg Psychiatry. 
2000;69(2):204–9.  

     64.    Woischneck D, Firsching R. Effi ciency of the Glasgow Outcome Scale (GOS)-Score for the 
long-term follow-up after severe brain injuries. Acta Neurochir Suppl. 1998;71:138–41.  

    65.    Kosty J, Macyszyn L, Lai K, McCroskery J, Park HR, Stein SC. Relating quality of life to 
Glasgow outcome scale health states. J Neurotrauma. 2012;29(7):1322–7.  

    66.    Wilson JT, Edwards P, Fiddes H, Stewart E, Teasdale GM. Reliability of postal questionnaires 
for the Glasgow Outcome Scale. J Neurotrauma. 2002;19(9):999–1005.  

    67.    Gouvier WD, Blanton PD, Kittle KS. Reliability and validity of the Expanded Glasgow 
Outcome Scale and the Stover-Zieger Scale. Int J Clin Neuropsychol. 1986;8:1–2.  

B.W.Y. Lo et al.



309

   68.    Hall K, Cope DN, Rappaport M. Glasgow Outcome Scale and Disability Rating Scale: com-
parative usefulness in following recovery in traumatic head injury. Arch Phys Med Rehabil. 
1985;66:35–7.  

    69.    Hall KM. Overview of functional assessment scales in brain injury rehabilitation. 
NeuroRehabilitation. 1992;2:98–113.  

    70.    Levin HS, Boake C, Song J, Mccauley S, Contant C, Diaz-Marchan P, et al. Validity and 
sensitivity to change of the extended Glasgow Outcome Scale in mild to moderate traumatic 
brain injury. J Neurotrauma. 2001;18(6):575–84.  

    71.    Weir J, Steyerberg EW, Butcher I, Lu J, Lingsma HF, McHugh GS, et al. Does the extended 
Glasgow Outcome Scale add value to the conventional Glasgow Outcome Scale? 
J Neurotrauma. 2012;29(1):53–8.  

    72.    Wilson JT, Pettigrew LE, Teasdale GM. Structured interviews for the Glasgow Outcome 
Scale and the extended Glasgow Outcome Scale: guidelines for their use. J Neurotrauma. 
1998;15(8):573–85.  

    73.    Pettigrew LE, Wilson JT, Teasdale GM. Assessing disability after head injury: improved use 
of the Glasgow Outcome Scale. J Neurosurg. 1998;89(6):939–43.  

    74.   Anon. The EuroQol Group—a new facility for the measurement of health-related quality of 
life. Health Policy. 1990;16:199.  

    75.    Dorman PJ, Waddell F, Slattery J, Dennis M, Sandercock P. Is the EuroQol a valid measure 
of health-related quality of life after stroke? Stroke. 1997;28(10):1876–82.  

    76.    Dorman PJ, Waddell F, Slattery J, Dennis M, Sandercock P. Are proxy assessments of health 
status after stroke with the EuroQol questionnaire feasible, accurate, and unbiased? Stroke. 
1997;28(10):1883–7.  

    77.    Pinto EB, Maso I, Vilela RN, Santos LC, Oliveira-Filho J. Validation of the EuroQol quality 
of life questionnaire on stroke victims. Arq Neuropsiquiatr. 2011;69(2B):320–3.  

    78.    Ronne-Engström E, Enblad P, Lundström E. Outcome after spontaneous subarachnoid hem-
orrhage measured with the EQ-5D. Stroke. 2011;42(11):3284–6.  

     79.    Dorman P, Slattery J, Farrell B, Dennis M, Sandercock P. Qualitative comparison of the reli-
ability of health status assessments with the EuroQol and SF-36 questionnaires after stroke. 
United Kingdom Collaborators in the International Stroke Trial. Stroke. 1998;29:63–8.  

    80.    Brazier J, Jones N, Kind P. Testing the validity of the Euroqol and comparing it with the 
SF-36 health survey questionnaire. Qual Life Res. 1993;2(3):169–80.  

   81.    Badia X, Schiaffi no A, Alonso J, Herdman M. Using the EuroQol-5D in the Catalan general 
population: feasibility and construct validity. Qual Life Res. 1998;7:311–22.  

   82.    Brazier J, Roberts J, Tsuchiya A, Busschbach J. A comparison of the EQ-5D and SF-6D 
across seven patient groups. Health Econ. 2004;13(9):873–84.  

    83.    Johnson JA, Pickard AS. Comparison of the EQ-5D and SF-12 health surveys in a general 
population survey in Alberta, Canada. Med Care. 2000;38(1):115–21.  

    84.    Herdman M, Gudex C, Lloyd A, Janssen M, Kind P, Parkin D, et al. Development and pre-
liminary testing of the new fi ve-level version of EQ-5D (EQ-5D-5L). Qual Life Res. 
2011;20(10):1727–36.  

    85.   Janssen MF, Pickard AS, Golicki D, Gudex C, Niewada M, Scalone L, et al. Measurement 
properties of the EQ-5D-5L compared to the EQ-5D-3L across eight patient groups: a multi-
country study. Qual Life Res. 2012 Nov 25. [Epub ahead of print].  

    86.    Mahoney FI, Barthel DW. Functional evaluation: the Barthel Index. Md State Med J. 
1965;14:61–5.  

    87.    Hsueh IP, Lee MM, Hsieh CL. Psychometric characteristics of the Barthel Activities of Daily 
Living index in stroke patients. J Formos Med Assoc. 2001;100(8):526–32.  

    88.    Chang KC, Tseng MC, Weng HH, Lin YH, Liou CW, Tan TY. Prediction of length of stay of 
fi rst-ever ischemic stroke. Stroke. 2002;33(1):2670–4.  

   89.    Granger CV, Greer DS, Liset E, Coulombe J, O’Brien E. Measurement of outcomes of care 
for stroke patients. Stroke. 1975;6:34–41.  

    90.    Granger CV, Albrecht GL, Hamilton BB. Outcome of comprehensive medical rehabilitation: 
measurement by PULSES Profi le and the Barthel Index. Arch Phys Med Rehabil. 
1979;60:145–54.  

15 Clinical Outcomes, Stroke Trials, and Cognitive Outcome



310

    91.    Tilling K, Sterne JA, Rudd AG, Glass TA, Wityk RJ, Wolfe CD. A new method for predicting 
recovery after stroke. Stroke. 2001;32:2867–73.  

    92.    Della Pietra GL, Savio K, Oddone E, Reggiani M, Monaco F, Leone MA. Validity and reli-
ability of the Barthel Index administered by telephone. Stroke. 2011;42(7):2077–9.  

    93.    Korner-Bitensky N, Wood-Dauphinee S. Barthel Index information elicited over the tele-
phone. Is it reliable? Am J Phys Med Rehabil. 1995;74(1):9–18.  

    94.    Wilkinson PR, Wolfe CD, Warburton FG, Rudd AG, Rudd AG, Howard RS, Ross-Russell 
RW, et al. Longer term quality of life and outcome in stroke patients: is the Barthel index 
alone an adequate measure of outcome? Qual Health Care. 1997;6(3):125–30.  

    95.    Duncan PW, Samsa GP, Weinberger M, Goldstein LB, Bonito A, Witter DM, et al. Health 
status of individuals with mild stroke. Stroke. 1997;28(4):740–5.  

   96.    Salbach N, Mayo N, Higgins J, Ahmed S, Finch LE, Richards CL. Responsiveness and pre-
dictability of gait speed and other disability measures in acute stroke. Arch Phys Med 
Rehabil. 2001;82:1204–12.  

    97.    Quinn TJ, Langhorne P, Stott DJ. Barthel index for stroke trials: development, properties, and 
application. Stroke. 2011;42(4):1146–51.  

    98.    Uyttenboogaart M, Stewart RE, Vroomen PC, De Keyser J, Luijckx GJ. Optimizing cutoff 
scores for the Barthel index and the modifi ed Rankin scale for defi ning outcome in acute 
stroke trials. Stroke. 2005;36(9):1984–7.  

    99.    Sulter G, Steen C, De Keyser J. Use of the Barthel index and modifi ed Rankin scale in acute 
stroke trials. Stroke. 1999;30(8):1538–41.  

    100.    Shah S, Vanclay F, Cooper B. Improving the sensitivity of the Barthel Index for stroke reha-
bilitation. J Clin Epidemiol. 1989;42(8):703–9.  

    101.    Glässel A, Kirchberger I, Linseisen E, Stamm T, Cieza A, Stucki G. Content validation of the 
International Classifi cation of Functioning, Disability and Health (ICF) Core Set for stroke: 
the perspective of occupational therapists. Can J Occup Ther. 2010;77(5):289–302.  

    102.    Starrost K, Geyh S, Trautwein A, Grunow J, Ceballos-Baumann A, Prosiegel M, et al. 
Interrater reliability of the extended ICF core set for stroke applied by physical therapists. 
Phys Ther. 2008;88(7):841–51.  

       103.    Duncan PW, Wallace D, Lai SM, Johnson D, Embretson S, Laster LJ. The Stroke Impact 
Scale version 2.0: evaluation of reliability, validity, and sensitivity to change. Stroke. 
1999;30:2131–40.  

     104.    Duncan PW, Bode RK, Lai SM, Perera S, Glycine Antagonist in Neuroprotection Americans 
Investigators. Rasch analysis of a new stroke-specifi c outcome scale: the Stroke Impact Scale. 
Arch Phys Med Rehabil. 2003;84:950–63.  

    105.    Edwards B, O’Connell B. Internal consistency and validity of the Stroke Impact Scale 2.0 
(SIS 2.0) and SIS-16 in an Australian sample. Qual Life Res. 2003;12:1127–35.  

    106.    Duncan PW, Lai SM, Tyler D, Perera S, Reker DM, Studenski S. Evaluation of proxy 
responses to the Stroke Impact Scale. Stroke. 2002;33(11):2593–9.  

    107.    Carod-Artal FJ, Ferreira Coral L, Stieven Trizotto D, Menezes MC. Self- and proxy-report 
agreement on the Stroke Impact Scale. Stroke. 2009;40(10):3308–14.  

    108.    Lin KC, Fu T, Wu CY, Hsieh YW, Chen CL, Lee PC. Psychometric comparisons of the Stroke 
Impact Scale 3.0 and Stroke-Specifi c Quality of Life Scale. Qual Life Res. 
2010;19(3):435–43.  

    109.    Duncan P, Reker D, Kwon S, Lai SM, Studenski S, Perera S, et al. Measuring stroke impact 
with the stroke impact scale: telephone versus mail administration in veterans with stroke. 
Med Care. 2005;43(5):507–15.  

     110.    Kelly-Hayes M, Robertson JT, Broderick JP, Duncan PW, Hershey LA, Roth EJ, et al. The 
American Heart Association Stroke Outcome Classifi cation. Stroke. 1998;29(6):1274–80.  

     111.    Lai SM, Duncan PW. Evaluation of the American Heart Association Stroke Outcome 
Classifi cation. Stroke. 1999;30(9):1840–3.  

     112.    Gowland C, Stratford P, Ward M, Moreland J, Torresin W, Van Hullenaar S, et al. Measuring 
physical impairment and disability with the Chedoke-McMaster Stroke Assessment. Stroke. 
1993;24:58–63.  

    113.    Crowe J, Harmer D, Sharpe D. Reliability of the Chedoke-McMaster Disability Inventory in 
acquired brain injury. Physiother Can. 1996;48(1):25.  

B.W.Y. Lo et al.



311

    114.    Finch E, Brooks D, Stratford PW, Mayo NE. Physical rehabilitations outcome measures. A 
guide to enhanced clinical decision-making. 2nd ed. Toronto: Canadian Physiotherapy 
Association; 2002.  

     115.    Holbrook M, Skilbeck CE. An activities index for use with stroke patients. Age Ageing. 
1983;12(2):166–70.  

     116.    Tooth LR, McKenna KT, Smith M, O’Rourke P. Further evidence for the agreement between 
patients with stroke and their proxies on the Frenchay Activities Index. Clin Rehabil. 
2003;17:656–65.  

    117.    Segal ME, Schall RR. Determining functional/health status and its relation to disability in 
stroke survivors. Stroke. 1994;25:2391–7.  

     118.    Schuling J, de Haan R, Limburg M, Groenier KH. The Frenchay Activities Index. Assessment 
of functional status in stroke patients. Stroke. 1993;24(8):1173–7.  

    119.    Lin KC, Chen HF, Wu CY, Yu TY, Ouyang P. Multidimensional Rasch validation of the 
Frenchay Activities Index in stroke patients receiving rehabilitation. J Rehabil Med. 
2012;44(1):58–64.  

    120.    Appelros P. Characteristics of the Frenchay Activities Index one year after a stroke: a 
population- based study. Disabil Rehabil. 2007;29(10):785–90.  

    121.    Carter J, Mant F, Mant J, Wade D, Winner S. Comparison of postal version of the Frenchay 
Activities Index with interviewer-administered version for use in people with stroke. Clin 
Rehabil. 1997;11(2):131–8.  

    122.    Sveen U, Bautz-Holter E, Sødring KM, Wyller TB, Laake K. Association between impair-
ments, self-care ability and social activities 1 year after stroke. Disabil Rehabil. 
1999;21(8):372–7.  

    123.    Wade DT, Legh-Smith J, Langton HR. Social activities after stroke: measurement and natural 
history using the Frenchay Activities Index. Int Rehabil Med. 1985;7(4):176–81.  

    124.    Post MW, de Witte LP. Good inter-rater reliability of the Frenchay Activities Index in stroke 
patients. Clin Rehabil. 2003;17(5):548–52.  

    125.    Piercy M, Carter J, Mant J, Wade DT. Inter-rater reliability of the Frenchay activities index in 
patients with stroke and their careers. Clin Rehabil. 2000;14(4):433–40.  

      126.    van Straten A, de Haan RJ, Limburg M, Schuling J, Bossuyt PM, van den Bos GA. A stroke- 
adapted 30-item version of the Sickness Impact Profi le to assess quality of life (SA-SIP30). 
Stroke. 1997;28(11):2155–61.  

     127.    van Straten A, de Haan RJ, Limburg M, van den Bos GA. Clinical meaning of the Stroke- 
Adapted Sickness Impact Profi le-30 and the Sickness Impact Profi le-136. Stroke. 
2000;31:2610–5.  

    128.    Buck D, Jacoby A, Massey A, Ford G. Evaluation of measures used to assess quality of life 
after stroke. Stroke. 2000;31(8):2004–10.  

    129.    Ware Jr JE, Sherbourne CD. The MOS 36-item short-form health survey (SF-36). I. 
Conceptual framework and item selection. Med Care. 1992;30:473–83.  

     130.    Almborg AH, Berg S. Quality of life among Swedish patients after stroke: psychometric 
evaluation of SF-36. J Rehabil Med. 2009;41(1):48–53.  

    131.    Unalan D, Soyuer F, Ozturk A. Should the Nottingham Health Profi le or the Short Form-36 
be given preference in stroke? Neurosciences (Riyadh). 2009;14(1):45–52.  

    132.    Lotus Shyu YI, Lu JF, Chen ST. Psychometric testing of the SF-36 Taiwan version on older 
stroke patients. J Clin Nurs. 2009;18(10):1451–9.  

    133.    Hagen S, Bugge C, Alexander H. Psychometric properties of the SF-36 in the early post- 
stroke phase. J Adv Nurs. 2003;44(5):461–8.  

    134.    Anderson C, Laubscher S, Burns R. Validation of the Short Form 36 (SF-36) health survey 
questionnaire among stroke patients. Stroke. 1996;27(10):1812–6.  

    135.    Owolabi MO. Which is more valid for stroke patients: generic or stroke-specifi c quality of 
life measures? Neuroepidemiology. 2010;34(1):8–12.  

    136.    Hobart JC, Williams LS, Moran K, Thompson AJ. Quality of life measurement after stroke: 
uses and abuses of the SF-36. Stroke. 2002;33(5):1348–56.  

    137.    McDowell I. Measuring health: a guide to rating scales and questionnaires. 3rd ed. New York: 
Oxford University Press; 2005.  

15 Clinical Outcomes, Stroke Trials, and Cognitive Outcome



312

    138.    House A, Dennis M, Mogridge L, Warlow C, Hawton K, Jones L. Mood disorders in the year 
after fi rst stroke. Br J Psychiatry. 1991;158:83–92.  

    139.    Svanborg P, Asberg M. A comparison between the Beck Depression Inventory (BDI) and the 
self-rating version of the Montgomery Asberg Depression Rating Scale (MADRS). J Affect 
Disord. 2001;64(2–3):203–16.  

     140.    Aben I, Verhey F, Lousberg R, Lodder J, Honig A. Validity of the beck depression inventory, 
hospital anxiety and depression scale, SCL-90, and Hamilton depression rating scale as 
screening instruments for depression in stroke patients. Psychosomatics. 
2002;43(5):386–93.  

    141.    Turner-Stokes L, Hassan N. Depression after stroke: a review of the evidence base to inform 
the development of an integrated care pathway. Part 1: Diagnosis, frequency and impact. Clin 
Rehabil. 2002;16(3):231–47.  

      142.    Berg A, Lönnqvist J, Palomäki H, Kaste M. Assessment of depression after stroke: a com-
parison of different screening instruments. Stroke. 2009;40(2):523–9.  

    143.    Lincoln NB, Nicholl CR, Flannaghan T, Leonard M, Van der Gucht E. The validity of ques-
tionnaire measures for assessing depression after stroke. Clin Rehabil. 2003;17(8):840–6.  

    144.    Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading 
the cognitive state of patients for the clinician. J Psychiatr Res. 1975;12(3):189–98.  

      145.    Grace J, Nadler JD, White DA, Guilmette TJ, Giuliano AJ, Monsch AU, et al. Folstein vs 
modifi ed Mini-Mental State Examination in geriatric stroke. stability, validity, and screening 
utility. Arch Neurol. 1995;52(5):477–84.  

    146.    Zwecker M, Levenkrohn S, Fleisig Y, Zeilig G, Ohry A, Adunsky A. Mini-Mental State 
Examination, cognitive FIM instrument, and the Loewenstein Occupational Therapy 
Cognitive Assessment: relation to functional outcome of stroke patients. Arch Phys Med 
Rehabil. 2002;83(3):342–5.  

    147.    Adunsky A, Fleissig Y, Levenkrohn S, Arad M, Noy S. Clock drawing task, mini-mental state 
examination and cognitive-functional independence measure: relation to functional outcome 
of stroke patients. Arch Gerontol Geriatr. 2002;35(2):153–60.  

    148.    Appelros P, Andersson AG. Changes in Mini Mental State Examination score after stroke: 
lacunar infarction predicts cognitive decline. Eur J Neurol. 2006;13(5):491–5.  

    149.    Bour A, Rasquin S, Boreas A, Limburg M, Verhey F. How predictive is the MMSE for cogni-
tive performance after stroke? J Neurol. 2010;257(4):630–7.  

    150.    Tombaugh TN, McIntyre NJ. The mini-mental state examination: a comprehensive review. 
J Am Geriatr Soc. 1992;40(9):922–35.  

   151.    Bleecker ML, Bolla-Wilson K, Kawas C, Agnew J. Age-specifi c norms for the Mini-Mental 
State Exam. Neurology. 1988;10:1565–8.  

    152.    Shadlen MF, Larson EB, Gibbons L, McCormick WC, Teri L. Alzheimer’s disease symptom 
severity in Blacks and Whites. J Am Geriatr Soc. 1999;47:482–6.  

    153.    Appelros P. Characteristics of Mini-Mental State Examination 1 year after stroke. Acta 
Neurol Scand. 2005;112(2):88–92.  

    154.    Nys GM, van Zandvoort MJ, de Kort PL, Jansen BP, Kappelle LJ, de Haan EH. Restrictions 
of the Mini-Mental State Examination in acute stroke. Arch Clin Neuropsychol. 
2005;20(5):623–9.  

     155.    Pendlebury ST, Cuthbertson FC, Welch SJ, Mehta Z, Rothwell PM. Underestimation of 
 cognitive impairment by Mini-Mental State Examination versus the Montreal Cognitive 
Assessment in patients with transient ischemic attack and stroke: a population-based study. 
Stroke. 2010;41(6):1290–3.  

     156.    Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, Collin I, et al. 
The Montreal Cognitive Assessment, MoCA: a brief screening tool for mild cognitive impair-
ment. J Am Geriatr Soc. 2005;53(4):695–9.  

     157.    Damian AM, Jacobson SA, Hentz JG, Belden CM, Shill HA, Sabbagh MN, et al. The 
Montreal Cognitive Assessment and the mini-mental state examination as screening instru-
ments for cognitive impairment: item analyses and threshold scores. Dement Geriatr Cogn 
Disord. 2011;31(2):126–31.  

B.W.Y. Lo et al.



313

    158.    Toglia J, Fitzgerald KA, O’Dell MW, Mastrogiovanni AR, Lin CD. The Mini-Mental State 
Examination and Montreal Cognitive Assessment in persons with mild subacute stroke: rela-
tionship to functional outcome. Arch Phys Med Rehabil. 2011;92(5):792–8.  

    159.    Larner AJ. Screening utility of the Montreal Cognitive Assessment (MoCA): in place of–or 
as well as–the MMSE? Int Psychogeriatr. 2012;24(3):391–6.  

     160.    Schweizer TA, Al-Khindi T, Macdonald RL. Mini-Mental State Examination versus Montreal 
Cognitive Assessment: rapid assessment tools for cognitive and functional outcome after 
aneurysmal subarachnoid hemorrhage. J Neurol Sci. 2012;316(1–2):137–40.  

    161.    Godefroy O, Fickl A, Roussel M, Auribault C, Bugnicourt JM, Lamy C, et al. Is the Montreal 
Cognitive Assessment superior to the Mini-Mental State Examination to detect poststroke 
cognitive impairment? A study with neuropsychological evaluation. Stroke. 
2011;42(6):1712–6.  

    162.    Freitas S, Simões MR, Alves L, Santana I. Montreal Cognitive Assessment: infl uence of 
sociodemographic and health variables. Arch Clin Neuropsychol. 2012;27(2):165–75.  

    163.    Wong GK, Lam SW, Ngai K, Wong A, Poon WS, Mok V. Validation of the Stroke-specifi c 
Quality of Life for patients after aneurysmal subarachnoid hemorrhage and proposed sum-
mary subscores. J Neurol Sci. 2012;320(1–2):97–101.  

    164.    Boosman H, Passier PE, Visser-Meily JM, Rinkel GJ, Post MW. Validation of the Stroke 
Specifi c Quality of Life scale in patients with aneurysmal subarachnoid haemorrhage. 
J Neurol Neurosurg Psychiatry. 2010;81(5):485–9.  

     165.    Hsueh IP, Jeng JS, Lee Y, Sheu CF, Hsieh CL. Construct validity of the stroke-specifi c quality 
of life questionnaire in ischemic stroke patients. Arch Phys Med Rehabil. 
2011;92(7):1113–8.  

    166.    Williams LS, Redmon G, Saul DC, Weinberger M. Reliability and telephone validity of the 
Stroke-specifi c Quality of Life (SS-QOL) scale. Stroke. 2000;32:339-b.  

    167.    Chen HF, Wu CY, Lin KC, Li MW, Yu HW. Validity, reliability and responsiveness of a short 
version of the Stroke-Specifi c Quality of Life Scale in patients receiving rehabilitation. 
J Rehabil Med. 2012;44(8):629–36.  

    168.    Post MW, Boosman H, van Zandvoort MM, Passier PE, Rinkel GJ, Visser-Meily JM. 
Development and validation of a short version of the Stroke Specifi c Quality of Life Scale. 
J Neurol Neurosurg Psychiatry. 2011;82(3):283–6.  

    169.    Williams LS, Bakas T, Brizendine E, Plue L, Tu W, Hendrie H, et al. How valid are family 
proxy assessments of stroke patients’ health-related quality of life? Stroke. 2006;37:2081–5.  

    170.    Vrdoljak D, Rumboldt M. Quality of life after stroke in Croatian patients. Coll Antropol. 
2008;32(2):355–9.  

     171.    Czechowsky D, Hill MD. Neurological outcome and quality of life after stroke due to verte-
bral artery dissection. Cerebrovasc Dis. 2002;13:192–7.  

     172.    Ginsberg MD. Neuroprotection for ischemic stroke: past, present and future. 
Neuropharmacology. 2008;55:363–89.  

    173.     www.Strokecenter.org    . Accessed 19 July 2012.  
    174.     www.clinicaltrials.gov    . Accessed 19 July 2012.  
    175.   Anon. International stroke trial collaborative group. International Stroke Trial. A randomized 

trial of aspirin, subcutaneous heparin, both, or neither among 19435 patients with acute isch-
emic stroke. Lancet. 1997;349:1569–81.  

    176.    Pickard J, Murray G, Illingworth R, Shaw MD, Teasdale GM, Foy PM, et al. British Aneurysm 
Nimodipine Trial. Effect of oral nimodipine on cerebral infarction and outcome after sub-
arachnoid hemorrhage. BMJ. 1989;298:636–42.  

    177.    Molyneux A, Kerr R, Yu L, Clarke M, Sneade M, Yarnold JA, et al. International Subarachnoid 
Aneurysm Trial (ISAT) Collaborative Group. International Subarachnoid Aneurysm Trial of 
neurosurgical clipping versus endovascular coiling in 2143 patients with ruptured intracranial 
aneurysms: a randomized comparison of effects on survival, dependency, seizures, rebleed-
ing, subgroups and aneurysm occlusion. Lancet. 2005;366:809–17.  

15 Clinical Outcomes, Stroke Trials, and Cognitive Outcome

http://www.strokecenter.org/
http://www.clinicaltrials.gov/


314

    178.    Scott RB, Eccles F, Molyneux AJ, Kerr RS, Rothwell PM, Carpenter K. Improved cognitive 
outcomes with endovascular coiling of ruptured intracranial aneurysms: neuropsychological 
outcomes from the International Subarachnoid Aneurysm Trial (ISAT). Stroke. 
2010;41:1743–7.  

    179.   Anon. North American Symptomatic Carotid Endarterectomy Trial Collaborators. Benefi cial 
effect of carotid endarterectomy in symptomatic patients with high-grade carotid stenosis. N 
Engl J Med. 1991;325:445–53.  

    180.   Halliday A, Mansfi eld A, Marro J, Peto C, Peto R, Potter J, et al.; MRC Asymptomatic 
CarotidSurgery Trial (ACST) Collaborative Group. Prevention of disabling and fatal strokes 
by successful carotid endarterectomy in patients without recent neurological symptoms. 
Lancet. 2004;363:1491–502.  

    181.   Anon. Carotid endarterectomy for patients with asymptomatic internal carotid artery steno-
sis. National Institute of Neurological Disorders and Stroke. J Neurol Sci. 1995;129:76–7.  

    182.   Anon. Randomised trial of endarterectomy for recently symptomatic carotid stenosis: fi nal 
results of the MRC European Carotid Surgery Trial (ECST). Lancet. 1991;351:1379–87.  

    183.    Altinbas A, van Zandvoort MJ, van den Berg E, Jongen LM, Algra A, Moll FL, et al. 
Cognition after carotid endarterectomy or stenting: a randomized comparison. Neurology. 
2011;77:1084–90.  

    184.   Mendelow A, Gregson B, Fernandes H, Murray GD, Teasdale GM, Hope DT, et al.; STICH 
Investigators. Early surgery versus initial conservative treatment in patients with spontaneous 
supratentorial intracerebralhaematomas in the International Surgical Trial in Intracerebral 
Haemorrhage (STICH): a randomised trial. Lancet. 2005;365:387–97.  

    185.    Gregson BA, Broderick JP, Auer LM, Batjer H, Chen XC, Juvela S, et al. Individual patient 
data subgroup meta-analysis of surgery for spontaneous supratentorial intracerebral hemor-
rhage. Stroke. 2012;43:1496–504.  

    186.   Lees KR, Zivin JA, Ashwood T, Davalos A, Davis SM, Diener H-C, et al.; for the Stroke–
Acute Ischemic NXY Treatment (SAINT I) Trial Investigators. NXY-059 for acute ischemic 
stroke. N Engl J Med. 2006;354:588–600.  

    187.   Shuaib A, Lees KR, Lyden P, Grotta J, Davalos A, Davis SM, et al.; SAINT II Trial 
Investigators. NXY-059 for the treatment of acute ischemic stroke. N Engl J Med. 
2007;357:562–71.  

    188.   Jüttler E, Schwab S, Schmiedek P, Unterberg A, Hennerici M, Woitzik J, et al.; DESTINY 
Study Group. Decompressive surgery for the treatment of malignant infarction of the middle 
cerebral artery (DESTINY): a randomized controlled trial. Stroke. 2007;38:2518–25.  

    189.   Vahedi K, Vicaut E, Mateo J, Kurtz A, Orabi M, Guichard JP, et al.; DECIMAL Investigators. 
Sequential-design, multicenter, randomized, controlled trial of early decompressive 
Craniectomyin malignant cerebral artery infarction (DECIMAL Trial). Stroke. 
2007;38:2506–17.  

    190.    Hofmeijer J, Kappelle L, Algra A, Amelink GJ, van Gijn J, van der Worp HB, HAMLET 
Investigators. Surgical decompression for space-occupying cerebral infarction (the 
Hemicranectomy After Middle Cerebral Artery infarction with Life-threatening Edema Trial 
[HAMLET]): a multicentre, open randomized trial. Lancet Neurol. 2009;8(4):326–33.    

B.W.Y. Lo et al.



315T.A. Schweizer and R.L. Macdonald (eds.), The Behavioral Consequences of Stroke, 
DOI 10.1007/978-1-4614-7672-6_16, © Springer Science+Business Media New York 2014

           Introduction 

 As the previous chapters have described in detail, many of those fortunate to survive 
their stroke do so with detrimental alterations to their cognitive and psychological 
well-being. These impairments impact the affected individual’s ability to participate 
in, and benefi t from, multidisciplinary stroke rehabilitation, to safely and indepen-
dently carry out activities of everyday living, and to resume pre-morbid personal, 
social, and vocational roles [ 1 – 4 ]. Previously automatic and effortless tasks require 
exhausting levels of concentration and, despite the efforts invested, often end in 
perplexing and de-motivating failure. Uncertainty in one’s own abilities and reli-
ance on others makes people with cognitive problems vulnerable to frustration, 
humiliation, worry, and feelings of hopelessness. These topics are covered 
elsewhere in this book. The current chapter focuses on cognitive rehabilitation by 
exploring the evidence base from the perspective of informing clinical service 
improvements and strives to root cognitive recovery fi rmly within a broader psycho-
logical context.

  I couldn’t understand why things were so much harder…I couldn’t follow things. I worked 
before my stroke and was…am…an intelligent man, but didn’t feel that way anymore. The 
tests were interesting for me…some bits were so easy, other bits just made me unravel…
things I knew I should be able to do. It really helped me and my wife that the girls explained 
why this was happening…that it was the stroke, not me. I guess I felt it gave me some 
control to understand it…. Quote from person with stroke. Reprinted with permission from 
NHS Improvement -Stroke [ 31 ]. 
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      Consensus on Prioritizing Psychological Problems 

 Stroke survivors often seek to express that they feel like a different person, their 
essence has changed, and their self-identity as well as esteem has been threatened, 
not necessarily by their hemiplegia or their hemianopia but by changes to the cogni-
tive functions underlying their capacity for language, attention, spatial awareness, 
memory, and so on [ 5 ]. Families notice a difference too, although as they anecdot-
ally report, it is the dysexecutive impairments altering social behavior that cause the 
greatest concern about having “lost” the person they knew. It is therefore not 
surprising that there is a consensus amongst people with stroke, their health service 
providers, and stroke rehabilitation researchers regarding the importance of the 
behavioral consequences of stroke. 

 Research into psychological problems was raised as a priority area by the 
National Stroke Strategy for England [ 6 ] despite, or perhaps because of, uncertainties 
regarding the most effective rehabilitation interventions. When stroke survivors 
were recently asked about their unmet needs following stroke, almost half of the 
799 respondents reported problems with their mood and cognition [ 7 ]. Of those, a 
high proportion felt that issues such as memory and concentration had not been 
addressed appropriately, especially when compared with other issues such as mobil-
ity and pain. Similarly, the James Lind Alliance took a comprehensive and rigorous 
approach to identifying research priorities relating to life after stroke by consulting 
with stroke survivors, caregivers, and health professionals as well as searching 
relevant literature. They concluded that the number one research priority was inves-
tigating the best ways to improve cognition after stroke [ 8 ].  

    Quality of the Evidence Base for Cognitive Rehabilitation 

 One conclusion that might be drawn from the above is that there is very little existing 
research in cognitive rehabilitation. However, there is in fact an abundance of litera-
ture on the topic, and cognitive rehabilitation research is now well established with 
contributions from several fi elds including neuropsychology, cognitive psychology, 
clinical psychology, neurorehabilitation, occupational and speech and language 
therapy, and acquired brain injury. The full gamut of research designs are employed 
from qualitative methods exploring survivors’ perspectives and priorities through 
the whole range of quantitative methodologies. The latter consist of single case 
designs and case series, cohort and case–control observational studies, experimental 
group designs (within and between subject controls) up to and including randomized 
controlled trials, and the recent emergence of health economic evaluations. Readers 
interested in the topic of research design for the evaluation of complex interventions 
such as cognitive rehabilitation are referred to the framework proposed by the 
Medical Research Council [ 9 ,  10 ]. 

 Perhaps this abundance of evidence is the problem. How do those charged with 
improving national and local clinical services extract the most relevant and reliable 
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research, especially where it appears contradictory? The two most internationally 
accepted methods of evidence synthesis for clinical service development are the 
Cochrane Collaboration’s established systematic review and meta-analysis, 
disseminated widely throughout the world via the web-based Cochrane Library 
[ 11 ]; and the national clinical guidelines/recommendations for stroke now produced 
and regularly updated by a growing number of countries, e.g., Australia [ 12 ], 
Canada [ 13 ], the UK (except Scotland) [ 14 ], and a separate guideline for Scotland 
[ 15 ]. Cochrane reviews employ a tried and tested formula for systematic searching 
to extract and include published and unpublished data that meet agreed quality 
standards, thereby reducing the risk of bias. This usually restricts the review to 
evidence collected from well-conducted randomized controlled trials.  

    From Cochrane Reviews to National Clinical Stroke Guidelines 

 Cochrane reviews of cognitive rehabilitation that focus on dysfunctions such as 
neglect, apraxia, memory, perception, and attention problems exist, and others—
such as those concerned with executive dysfunction—are close to publication. The 
Cooksey review of UK healthcare research highlighted two problematic “gaps” that 
hold back clinical service development in healthcare generally [ 16 ]. One of the gaps 
is relevant to cognitive rehabilitation and is specifi cally concerned with how we 
transfer research evidence into clinical knowledge or clinical practice. 

 Assumptions that data/evidence and knowledge are one and the same are naïve, 
as is the expectation that clinicians can and will automatically implement published 
evidence and evidence syntheses into practice. National clinical guidelines seek to 
address this gap [ 12 – 15 ]. They perform the essential translator role, producing 
recommendations for implementation into clinical practice based on high quality 
searching, evidence appraisal, and consensus level agreement. Where evidence is 
missing, recommendations are formulated around expert opinion and good practice 
points. Often they also complete the loop by conducting national audits of adherence 
to the recommendations [ 17 ,  18 ]. This can help by highlighting areas of practice in 
need of greatest improvement such as the area of psychological needs, including 
cognitive rehabilitation, in England [ 7 ]. The Canadian guideline (i.e., their Stroke 
Strategy: Best Practice Recommendations) explicitly includes helpful links to 
“Implementation Resources and Knowledge Transfer Tools” for each topic within 
stroke care [ 13 ,  19 ].  

    Aims of This Chapter 

 There are now several excellent textbooks [ 20 ,  21 ], journal review papers [ 22 ,  23 ], 
and Cochrane reviews on post-stroke cognitive rehabilitation that can be referred to 
for detailed descriptions of both the interventions and the studies that evaluate their 
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effi cacy [ 24 – 30 ]. The current chapter describes and compares the recommendations 
for cognitive rehabilitation currently advocated in various National guideline, which 
themselves are heavily infl uenced by the Cochrane reviews and randomized con-
trolled trials. We review each cognitive area and conclude with what has been 
termed “comprehensive holistic neuropsychological rehabilitation.” The evidence 
base for this borrows heavily from the traumatic brain injury literature but suggests 
a pragmatic way forward for stroke rehabilitation services. The fi nal issues consid-
ered will be service organization and the workforce needed to deliver effective cog-
nitive rehabilitation, with reference to the recent National Health Service (NHS) 
Improvement Program’s useful stepped care model of improving stroke services for 
people with cognitive and mood problems in England [ 31 ].   

    Cognitive Rehabilitation: Screening and Assessment 

 The most striking common feature of the clinical guidelines is their emphasis on 
screening and assessment to elicit underlying cognitive impairments and determine 
the likely functional and personal impact for each individual with stroke. In some 
guidelines a larger proportion of the recommendations focus on assessment com-
pared to restorative or compensatory interventions (e.g., Scottish). Providing 
explanations to demystify patients and caregivers is often a core recommendation 
and the rationale for this is illustrated in the previous quote from a person with 
stroke [ 31 ]. The following defi nition of cognitive rehabilitation from the Scottish 
guideline places this message up front. It also highlights the current paucity of 
evidence for the benefi ts of assessment [ 15 ]. Although the Scottish guideline writers 
raise a valid methodological concern with the one existing study, the practical and 
cost implications of using qualifi ed psychologists rather than assistants would need 
careful consideration.

  Cognitive rehabilitation concerns efforts to help patients understand their impairment and 
to restore function or to compensate for lost function (e.g., by teaching strategies) in order 
to assist adaptation and facilitate independence….When cognitive problems are suspected 
and relatives report personality change, the patient can be referred to a clinical psychologist 
to provide assessment and where appropriate, psychological intervention which may 
include career education and support. One [randomized controlled trial] found a trend only 
toward reduced [caregiver] strain when this service was provided. Assistant psychologists, 
not fully trained clinical psychologists, were used in this study. Reprinted with permission 
from Scottish Intercollegiate Guidelines Network [ 15 ] 

   Key recommendations on the topic of screening and assessment have been 
extracted and presented in Table  16.1 . These include the reminder that assessment 
should determine a person’s cognitive strengths and not just their impairments. The 
stroke team needs to be informed regarding the person’s learning potential and how 
best to maximize that, not just for the rehabilitation of their cognitive diffi culties, 
but as an “integral part of the [multidisciplinary] rehabilitation plan” [ 15 ]. Other 
recommendations common amongst guidelines concern balancing the utility of 
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    Table 16.1       Recommendations from National Clinical Guidelines: screening and assessment for 
cognitive problems (selected extracts)   

 Australia  a) All patients should be screened for cognitive and perceptual defi cits using 
validated and reliable screening tools. 

 b) Patients identifi ed during screening as having cognitive defi cits should be referred 
for comprehensive clinical neuropsychological investigations. 

 UK a   A. Interventions or patient management should be organised so that people with 
cognitive diffi culties can participate in the treatments and regularly reviewed and 
evaluated. 

 B. Every patient seen after a stroke should be considered to have at least some 
cognitive losses in the early phase. Routine screening should be undertaken to 
identify the patient’s broad level of functioning, using simple standardised 
measures (e.g. Montreal Cognitive Assessment MOCA). 

 C. Any patient not progressing as expected in rehabilitation should have a more 
detailed cognitive assessment to determine whether cognitive losses are causing 
specifi c problems or hindering progress. 

 D. Care should be taken when assessing patients who have a communication 
impairment. The advice from a speech and language therapist should be sought 
where there is any uncertainty about these individuals… 

 E. The patient’s cognitive status should be taken into account by all members of the 
multidisciplinary team when planning and delivering treatment. 

 F. Planning for discharge from hospital should include an assessment of any safety 
risks from persisting cognitive impairments. 

 G. People returning to cognitively demanding activities (e.g. some work, driving) 
should have their cognition assessed formally beforehand. 

 Scotland  A full understanding of the patient’s cognitive strengths and weaknesses should be an 
integral part of the rehabilitation plan. 

 Screening 
 Short, standardised cognitive screening measures can be used by a health professional 

with knowledge and experience of the presentations of cognitive functioning and 
factors infl uencing it. They can be used as a broad screen to reduce the possibility 
that problems will be missed and as a measure of progress. It is important for staff 
to understand that these screening measures will miss some of the cognitive 
problems which can be most important for rehabilitation and eventual functioning. 
These are varied but can include such issues as poor awareness of defi cits or their 
implications, slowing of information processing, and the ability to cope with 
distraction. Care needs to be taken in selecting measures for use with people who 
have communication diffi culties and, ideally, the selection should be made in 
collaboration with a speech and language therapist. 

 Assessment 
 Screening measures do not provide information about the depth and nature of the 

patient’s problems or strengths and therefore do not constitute an assessment 
suffi cient for rehabilitation planning or for establishing suitability for a particular 
work role (e.g. operating machinery). Administering and interpreting full 
assessment results requires specialist training and should be carried out in the 
context of clinical interviews with access to background information. 

 Stroke patients should have a full assessment of their cognitive strengths and 
weaknesses when undergoing rehabilitation or when returning to cognitively 
demanding activities such as driving or work. 

 Cognitive assessment may be carried out by occupational therapists with expertise in 
neurological care, although some patients with more complex needs will require 
access to specialist neuropsychological expertise. 

(continued)
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 Canada  1. All high-risk patients should be screened for cognitive impairment using a 
validated screening tool. 

 2. Screening to investigate a person’s cognitive status should address arousal, 
alertness, attention, orientation, memory, language, agnosia, visuospatial/
perceptual function, praxis and executive functions such as insight, judgment, 
social cognition, problem solving, abstract reasoning, initiation, planning and 
organization. 

 3. The Montreal Cognitive Assessment is considered more sensitive to cognitive 
impairment than the Mini Mental Status Exam in patients with vascular cognitive 
impairment. Its use is recommended when vascular cognitive impairment is 
suspected. Additional validation is needed for the Montreal Cognitive Assessment 
as well as other potential screening instruments such as the 5-min protocol from 
the Vascular Cognitive Impairment Harmonization recommendations. 

 4. Post-stroke patients should also be screened for depression, since depression has 
been found to contribute to cognitive impairment in stroke patients. A validated 
screening tool for depression should be used. 

 5. Post-stroke patients who have cognitive impairment detected on a screening test 
should receive additional cognitive and/or neuropsychologic assessments as 
appropriate to further guide management. 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  

brief screening tools against consideration of their limitations, when to refer for 
more detailed assessment and by whom. Examples of useful tools are given in some 
guidelines. The Canadian and the recent update of the UK (except Scotland) guide-
lines suggest the Montreal Cognitive Assessment as a simple, standardized screening 
tool. The latter suggests more detailed assessments within later sections covering 
specifi c cognitive impairments (Table  16.1 ).

      Timing and Workforce Mobilization: Cognitive Screening 
and Assessment 

 Workforce competencies for cognitive screening and assessment require careful 
planning as does the timing of these activities, which should infl uence clinical 
decision- making and outcomes for people with stroke, without using valuable 

Table 16.1 (continued)
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resources to simply confi rm the obvious (i.e., most acute stroke patients will have 
some cognitive impairment). Investigations should provide more information than a 
simple “cognitive impairment absent/present” tick box. Guidelines emphasize the 
roles of occupational therapists and psychologists. A recent document from the 
NHS Improvement Stroke program for England [ 31 ] suggests a pathway for assess-
ing cognitive problems by way of the fi rst step towards cognitive rehabilitation 
(Fig.  16.1 ). As shown, key time points in the UK model are: pre-transfer of care 

  Fig. 16.1    Pathway for assessing cognitive problems. Reprinted with permission from Gillham S, 
Clark L. Psychological care after stroke—improving stroke services for people with cognitive and 
mood disorders. NHS Improvement—Stroke, 2011.   http://www.improvement.nhs.uk/stroke/
Psychologicalcareafterstroke/tabid/177/Default.aspx           
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from hospital to community at 6 weeks and 6 months. The latter review is recom-
mended for identifying long-term problems persisting beyond the period when 
much spontaneous recovery has occurred. For some people with stroke, this can also 
be a signifi cant time during which they appreciate the extent of their residual cogni-
tive diffi culties and the need to adjust and accept compensatory rehabilitation strate-
gies and aids. Canada recommends the following more frequent cognitive screening/
assessment regime (and extends this to those who have had a transient ischemic 
attack) “at various transition points throughout the continuum of stroke care [ 13 ]”:

     1.    During presentation to emergency when cognitive, perceptual, or functional 
concerns are noted.   

   2.    Upon admission to acute care, particularly if any evidence of delirium is noted.   
   3.    Upon discharge home from acute care or during early rehabilitation if transferred 

to inpatient rehabilitation setting.   
   4.    Periodically during inpatient rehabilitation stage according to client progress and 

to assist with discharge planning.   
   5.    Periodically following discharge to the community by the most appropriate 

community healthcare provider according to client’s needs, progress, and current 
goals.    

      Beyond Assessment: General Cognitive Rehabilitation 

 The National guideline differ slightly in how they treat the management of cognitive 
problems after assessment. Rather than covering general cognitive rehabilitation 
most (e.g., Australia, Scotland, and UK except Scotland) go straight to domain-
specifi c advice (e.g., interventions for memory and neglect). These often include 
recommendations of assessment tools specifi c to that impairment but the point here 
is that they also cover restorative and compensatory techniques. The Canadian 
guideline includes recommendations for the rehabilitation of cognitive problems as 
a single collective (see Table  16.2 ). This includes the broadest range of interven-
tions including psychopharmacology (not reprinted here, see full report [ 13 ]) since 
this guideline covers “vascular cognitive impairment and dementia.”

        Domain-Specifi c Recommendations 

 The Australian, Scottish, and UK (except Scotland) guidelines take the approach of 
dividing cognition into specifi c impairments. Recommendations for attention, 
memory, neglect, and aphasia are covered by all. Apraxia and executive functions are 
included in the UK (except Scotland) and Australian guidelines. Agnosia is specifi -
cally covered by the Australian guideline whilst the most recent guideline (UK with 
the exception of Scotland) makes recommendations more broadly on perception. 
Space does not permit detailed coverage of all eight domains. The approach taken 
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has been to extract the relevant information into tables to enable comparisons 
between guidelines. The reader is referred to the original documents for specifi cs on 
the studies on which these recommendations were made. 

 Although this modularized approach to cognitive rehabilitation is an oversimpli-
fi cation intended to aid clarity, it is also a true refl ection of the design of the majority 
of the rehabilitation studies, which focus on a single impairment (e.g., neglect). In 
clinical practice, rehabilitation acknowledges that each cognitive domain, such as 
perception, attention, and memory, cannot be considered in isolation, as most 
everyday activities draw on a range and interaction of cognitive abilities. 

    Attention/Concentration 

 Each of the four guidelines mentions the pivotal role played by attention and the 
impact of attentional impairments. The ability to select and concentrate on relevant 
information or events is fundamental to everyday life. When this ability is impaired, 

    Table 16.2    Canadian recommendations: interventions for general cognitive problems (extracts)   

 Patients who demonstrate cognitive impairments in the screening process should be referred to a 
healthcare professional with specifi c expertise in this area for additional cognitive, perceptual 
and/or functional assessments. 
 • Additional assessments should be undertaken to determine the severity of impairment and 

impact of defi cits on function and safety in activities of daily living and instrumental 
activities of daily living, and to implement appropriate remedial, compensatory and/or 
adaptive intervention strategies. 

 • A team approach is recommended, and healthcare professionals may include an occupa-
tional therapist, neuropsychologist, psychiatrist, neurologist, geriatrician, speech–lan-
guage pathologist or social worker. 

 An individualized, patient-centered approach should be considered to facilitate resumption of 
desired activities such as return to work, leisure, driving, volunteer participation, fi nancial 
management, home management and other instrumental activities of daily living. 

 Intervention strategies including rehabilitation should be tailored according to the cognitive 
impairments and functional limitations as well as remaining cognitive abilities, as identifi ed 
through in-depth assessment and developed in relation to patients’ and caregivers’ needs and 
goals. 

 Strategy training provides individuals who have limitations in activities of daily living with 
compensatory strategies to promote independence and should be offered to patients with 
cognitive challenges. The evidence for the effectiveness of specifi c interventions for cognitive 
impairment in stroke is limited and requires more research. 
 • Attention training may have a positive effect on specifi c, targeted outcomes and should be 

implemented with appropriate patients. 
 Compensatory strategies can be used to improve memory outcomes. 

  Extracts reprinted with permission from Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies- 
Schinkel C, Singh S, and Phillips S. Canadian Best Practice Recommendations for Stroke Care 
(Update 2010). Prepared by the Canadian Stroke Strategy Best Practices and Standards Writing 
Group, on behalf of the Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network 
and the Heart and Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke 
Network [ 13 ]  
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other cognitive skills will be affected. Attention can therefore be considered a 
“mediator” or starting point for many aspects of cognition. Attentional defi cits have 
an acute negative impact on functional ability [ 32 – 34 ]. 

 Trials of rehabilitation of attention involve a number of different approaches. 
Computerized rehabilitation has been used; this allows repetition of tasks that draw 
on attention [ 35 – 37 ]. Approaches also focus on practice and development of spe-
cifi c strategies for time pressure management (TPM) [ 38 ,  39 ]. TPM is an interven-
tion directly aimed at behavioral and cognitive change in treatment situations that 
are designed to mirror real-life situations. The goal is to develop alternative cogni-
tive strategies to compensate for mental slowness. Attention process training (APT) 
has also been used [ 40 ,  41 ]. APT is “a theoretically based, hierarchical, multilevel 
treatment, including sustained, selective, alternating, and divided attention” [ 40 ]. 

 A Cochrane systematic review of attention [ 24 ] concluded that there was no 
evidence to refute or support the use of specifi c rehabilitation techniques for atten-
tional impairments that improve functional independence after stroke. An update to 
this review is in progress. The latest update to Cicerone’s review of cognitive reha-
bilitation for attention impairments [ 23 ] made practice standard recommendations 
for interventions for traumatic brain injury but this may well be applicable to stroke. 
The UK (except Scotland) guidelines, the most recently updated of all the guide-
lines, make recommendations based mainly on consensus opinion and a recent 
underpowered randomized controlled trial [ 39 ] of TPM (see Table  16.3 ). Although 
inconclusive, the latter trial suggests that TPM shows promise with younger, more 
physically independent stroke survivors and that it is feasible to train staff to deliver 
TPM in hospital or community stroke services. 

 Overall, there is a lack of high quality trials to inform selection of specifi c inter-
ventions and much of the evidence is at consensus level. Adequately powered ran-
domized controlled trials of TPM and other interventions (e.g., APT) would greatly 
improve the evidence base for these commonly disabling impairments (Table  16.3 ).

       Memory 

 Memory impairments (see Chap.   8    ) are related to a general reduction in functional 
ability for everyday tasks, even after factors such as age and stroke severity are 
taken into consideration [ 42 ]. Memory impairments also are upsetting for family 
members who cope with the consequences of forgetfulness; caregiver well-being 
correlates negatively with a patient’s memory problems [ 43 ]. The following simple 
three-step model has been advocated as useful for explaining and offering interven-
tions to rehabilitate the effects of memory impairments:

    1.    Encoding—organizing and processing information for later recall. Encoding 
may happen consciously or unconsciously.   

   2.    Consolidation—the process by which a piece of information becomes stored in 
memory in a more permanent way.   

   3.    Retrieval and recognition—recalling previously encoded and consolidated infor-
mation in a meaningful way [ 44 ].    
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  As suggested in Table  16.4 , there are two main methods used in memory 
rehabilitation: (1) approaches to help encode, store, and retrieve new information 
(e.g., deep [semantic] encoding of material); and (2) teaching compensatory 
techniques to reduce disabilities (e.g., diaries, electronic organizers, and audio 
alarms). The Cochrane review for memory impairments post-stroke [ 26 ] concluded 
that there was “no evidence to support or refute the effectiveness of memory rehabili-
tation on functional outcomes, and objective, subjective, and observer-rated mem-
ory measures.” The more recent guidelines’ conclusions regarding the effectiveness 
of memory rehabilitation note there are serious limitations in the evidence base. The 
Australian and UK (except Scotland) recommendations are the most detailed and 
are very similar. There is widespread agreement between Cochrane reviewers and 
guideline writers that research is needed to establish both the clinical effectiveness 

    Table 16.3    Recommendations from National Clinical Guidelines: Attention (extracts)   

 Australia  Cognitive rehabilitation can be used in stroke survivors with attention and concentra-
tion defi cits 

 Canada  The evidence for the effectiveness of specifi c interventions for cognitive impairment 
in stroke is limited and requires more research 
 • Attention training may have a positive effect on specifi c, targeted outcomes 

and should be implemented with appropriate patients 

 Scotland  There is not yet suffi cient evidence to support or refute the benefi ts of cognitive 
rehabilitation for patients with problems of attention 

 UK a   A. Any person after stroke who appears easily distracted or unable to concentrate 
should have their attentional abilities (e.g. focused, sustained and divided) 
formally assessed 

 B. Any person with impaired attention should have cognitive demands reduced 
through: 
 – having shorter treatment sessions 
 – taking planned rests 
 – reducing background distractions 
 – avoiding work when tired. 

 C. Any person with impaired attention should: 
 – be offered an attentional intervention (e.g. Time Pressure Management, 

Attention Process Training, environmental manipulation), ideally in the 
context of a clinical trial 

 – receive repeated practice of activities they are learning. 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  
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   Table 16.4    Recommendations from National Clinical Guidelines: Memory (extracts)   

 Scotland  There is not yet suffi cient evidence to support or refute the benefi ts of cognitive 
rehabilitation for patients with problems of attention or memory. 

 Canada  The evidence for the effectiveness of specifi c interventions for cognitive impair-
ment in stroke is limited and requires more research. 
 • compensatory strategies can be used to improve memory outcomes 

 Australia  Any patient found to have memory impairment causing diffi culties in rehabilitation 
or adaptive functioning should: 
 • be referred for a more comprehensive assessment of their memory abilities 
 • have their nursing and therapy sessions tailored to use techniques which 

capitalise on preserved memory abilities 
 • be assessed to see if compensatory techniques to reduce their disabilities, 

such as notebooks, diaries, audiotapes, electronic organisers and audio 
alarms, are useful 

 • be taught approaches aimed at directly improving their memory 
 • have therapy delivered in an environment as like the patient’s usual 

environment as possible to encourage generalisation. 

 UK a   A. Patients who complain of memory impairment and those clinically considered 
to have diffi culty in learning and remembering should have their memory 
assessed using a standardised measure such as the Rivermead Behavioural 
Memory Test (RBMT). 

 B. Any patient found to have memory impairment causing diffi culties in rehabilita-
tion or undertaking activities should: 
 • be assessed medically to check that there is not another treatable cause or 

contributing factor (e.g. hypothyroidism) 
 • have their profi le of impaired and preserved memory abilities determined (as 

well as the impact of any other cognitive defi cits on memory performance 
for example, attentional impairment) 

 • have nursing and therapy sessions altered to capitalise on preserved abilities 
 • be taught approaches that help them to encode, store and retrieve new 

information for example, spaced retrieval (increasing time intervals between 
review of information) or deep encoding of material (emphasizing semantic 
features) 

 • be taught compensatory techniques to reduce their prospective memory 
problems, such as using notebooks, diaries, electronic organisers, pager 
systems and audio alarms 

 • have therapy delivered in an environment that is as similar to the usual 
environment for that patient as possible. 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  
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(particularly at an activity rather than impairment level of outcome measurement) 
and the patient acceptability of different memory rehabilitation approaches, recruiting 
larger, more representative, groups of stroke patients (Table  16.4 ).

       Neglect 

 Unilateral spatial neglect was originally classifi ed as a perceptual impairment, 
before being widely accepted as an attentional disorder. It tends to stand alone these 
days perhaps because neglect is the most frequently researched topic within cogni-
tive rehabilitation for stroke. The disabling effects of neglect have been well docu-
mented [ 45 ] (see Chap.   4    ). Although severe neglect is rather easily recognized, 
diagnosing milder neglect can be less obvious and only become apparent when 
observing higher-level activities such as driving, preparing a meal, and interacting 
in real-world social situations [ 46 ]. These diffi culties obviously impact patient 
function and safety on transfer of care from hospital to community. 

 There is a relative wealth of research evidence in this fi eld. Twelve randomized 
controlled trials were included in the Cochrane review of the cognitive rehabilitation 
of neglect [ 25 ]. A recent update of this review (in press) has included a further 11 tri-
als [ 47 – 57 ]. Providing visual scanning training remains a popular intervention in 
neglect trials, as is the use of prisms. The latter is sometimes prescribed as an aid to be 
routinely worn on glasses but recent pilot trials have succeeded in determining the 
feasibility (but not yet the effectiveness) of prism adaptation training, a short therapist-
led intervention using prisms during a specifi c computerized training activity [ 54 ]. 

 The original review [ 25 ] concluded that cognitive rehabilitation can improve per-
formance on impairment level tests but there is insuffi cient evidence to support or 
refute its effectiveness at reducing disability, one of the main aims of rehabilitation. 
This gap in the evidence base is due to limitations in the quality of the research stud-
ies, especially around the reduction of bias and the choice of appropriate outcome 
measures. The updated review will provide a systematic determination of whether 
the evidence base has been strengthened recently but for now the National guideline 
recommendations remain mostly at the consensus level and stress the need to invite 
people with neglect to participate in clinical trials (Table  16.5 ).

       Aphasia 

 Aphasia (see Chap.   6    ) rehabilitation is a topic that has generated considerable 
research interest for decades and yet controversies regarding the quality of the evi-
dence base remain. Clinical uncertainty persists around the most clinically and cost- 
effective method of supporting people with aphasia. Several major trials [ 55 – 58 ] 
and an update to the existing Cochrane review [ 28 ] that are likely to impact on 
National guideline were recently published. The new trials primarily concern 
impairment-focused intervention delivered at varying rates of intensity in the acute 
phase of the stroke pathway. Overall, the recent evidence does not support this 
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    Table 16.5    Recommendations from National Clinical Guidelines: Neglect (extracts)   

 Canada  No specifi c recommendation beyond assessment 

 Scotland  Patients with visuospatial neglect should be assessed and taught compensatory 
strategies. 

 Australia  a) Any patient with suspected or actual neglect or impairment of spatial awareness 
should have a full assessment using validated assessment tools. 

 b) Patients with unilateral neglect can be trialled with one or more of the following 
interventions: 
 • simple cues to draw attention to the affected side 
 • visual scanning training in addition to sensory stimulation 
 • prism adaptation 
 • eye patching 
 • mental imagery training or structured feedback. 

 UK a   A. Any patient with a stroke affecting the right cerebral hemisphere should be 
considered at risk of reduced awareness on the left side and should be tested 
formally if this is suspected clinically. 

 B. Due to the fl uctuating presentation of neglect a standardised test battery such as 
the Behavioural Inattention Test should be used in preference to a single subtest, 
and the effect on functional tasks such as dressing and mobility should be 
determined. 

 C. Any patient shown to have impaired attention to one side should be: 
 – given a clear explanation of the impairment 
 – taught compensatory strategies to help reduce impact on functional activities 

such as reading 
 – given cues to draw attention to the affected side during therapy and nursing 

procedures 
 – monitored to ensure that they do not eat too little through missing food on 

one side of the plate 
 – offered interventions aimed at reducing the functional impact of the neglect 

(eg visual scanning training, limb activation, sensory stimulation, eye 
patching, prism wearing, prism adaptation training), ideally within the 
context of a clinical trial. 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  

approach at this time point. A qualitative study of patients’ perspectives, nested 
within our own trial, suggested service reorganization to provide a more psychoso-
cial approach to early aphasia rehabilitation, perhaps shifting the cognitive neuro-
psychological model approach to later [ 59 – 63 ]. In addition to rehabilitation directed 
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at the language impairment, emerging evidence supports the effectiveness of struc-
tured behavioral interventions in reducing low mood in people with aphasia [ 64 ] 
right across the pathway. 

 This fl urry of recent research interest in aphasia is welcome news for people with 
aphasia and their caregivers but makes it diffi cult to compare the latest recommen-
dations from guidelines as several have yet to be updated (see Table  16.6 ). Interested 
readers are referred directly to the studies referenced previously and to the recent 
Cochrane review and UK (except Scotland) guideline. There remains a striking 
need for research into interventions for people with chronic aphasia and to support-
ing caregivers and other communication partners.

   Table 16.6    Recommendations from National Clinical Guidelines: Aphasia (extracts)   

 UK a   A. All patients with communication problems following stroke should have an initial 
assessment by a speech and language therapist to diagnose the communication 
problem and to explain the nature and implications to the patient, family and 
multidisciplinary team. Routine reassessment of the impairment or diagnosis in 
the early stages of stroke (immediate and up to four months) should not be 
performed unless there is a specifi c purpose eg to assess mental capacity. 

 B. In the early stages of stroke (immediate and up to four months) patients identifi ed 
as having aphasia as the cause of the impairment should be given the opportunity 
to practise their language and communication skills as tolerated by the patient. 

 C. Beyond the early stages of stroke (immediate and up to four months), patients 
with communications problems caused by aphasia should be reassessed to 
determine if they are more suitable for more intensive treatment with the aim of 
developing greater participation in social activities. This may include a range of 
approaches such as using an assistant or volunteer, family member or communica-
tion partner guided by the speech and language therapist, computer-based practice 
programmes and other functional methods. 

 D. Patients with impaired communication should be considered for assistive 
technology and communication aids by an appropriately trained clinician. 

 E. Patients with aphasia whose fi rst language is not English should be offered 
assessment and communication practice in their preferred language. 

 F. Education and training of health/social care staff, carers and relatives regarding 
the stroke patient’s communication impairments should be provided by a speech 
and language therapist. Any education and training should enable communication 
partners to use appropriate communication strategies to optimise patient 
engagement and choice, and the delivery of other rehabilitation programmes. 

 G. Any person with stroke at home who has continuing communication diffi culty due 
to aphasia and whose social interactions are limited by it should be provided with 
information about any local or national groups for people with long-term aphasia, 
and referred to the group as appropriate. 

 Canada  Patients with aphasia should be taught supportive conversation techniques. 
 Access to training for care providers in programs that facilitate communication with 

stroke survivors with aphasia. 

 Scotland  Aphasic stroke patients should be referred for speech and language therapy. Where 
the patient is suffi ciently well and motivated, a minimum of two hours per week 
should be provided. 

 Where appropriate, treatments for aphasia may require a minimum period of 
six months to be fully effective. 

 Referral to the volunteer stroke service …. should be considered as an adjunct. 

(continued)
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 Australia  a) All patients should be screened for communication defi cits using a screening tool 
that is valid and reliable. 

 b) Those patients with suspected communication diffi culties should receive formal, 
comprehensive assessment by a specialist clinician. 

 c) Where a patient is found to have aphasia, the clinician should: 
 • document the provisional diagnosis 
 • explain and discuss the nature of the impairment with the patient, family/carers 

and treating team, and discuss and teach strategies or techniques which may 
enhance communication 

 • in collaboration with the patient and family/carer, identify goals for therapy 
and develop and initiate a tailored intervention plan. The goals and plans 
should be reassessed at appropriate intervals over time. 

 d) All written information on health, aphasia, social and community supports (such 
as that available from the Australian Aphasia Association or local agencies) 
should be available in an aphasia-friendly format. 

 e) Alternative means of communication (such as gesture, drawing, writing, use of 
augmentative and alternative communication devices) should be used as appropriate. 

 f) Interventions should be individually tailored but can include: 
 • treatment of aspects of language (including phonological and semantic defi cits, 

sentence level processing, reading and writing) following models derived from 
cognitive neuropsychology 

 • constraint-induced language therapy 
 • the use of gesture 
 • supported conversation techniques 
 • delivery of therapy programs via computer. 

 g) The routine use of piracetam is NOT recommended. 
 h) Group therapy and conversation groups can be used for people with aphasia and 

should be available in the longer term for those with chronic and persisting aphasia. 
 i) People with chronic and persisting aphasia should have their mood monitored. 
 j) Environmental barriers facing people with aphasia should be addressed through 

training communication partners, raising awareness of and educating about 
aphasia in order to reduce negative attitudes, and promoting access and inclusion 
by providing aphasia-friendly formats or other environmental adaptations. People 
with aphasia from culturally and linguistically diverse backgrounds may need 
special attention, for example, from trained healthcare interpreters. 

 k) The impact of aphasia on functional activities, participation and quality of life, 
including the impact upon relationships, vocation and leisure, should be assessed 
and addressed as appropriate from early post-onset and over time for those 
chronically affected. 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  
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       Other Cognitive Domains: Apraxia, Perception, Agnosia, 
and Executive Functions 

 As mentioned previously, not all the guidelines address each of these topics so, 
where available, they are simply listed in a single table (see Table  16.7 ). Cochrane 
reviews exist for apraxia [ 27 ] and perception [ 29 ] and one on executive function has 
been submitted for publication [ 30 ]. The apraxia review is now out of date but rel-
evant rehabilitation trials published since that review are included in the recent UK 
(except Scotland) guideline (see the guideline’s evidence tables). Generally these 
topics lack a clear evidence base (in the case of apraxia of speech [ 65 ] there are no 
trials at all) and implications for future research are discussed in the reviews. The 
Australian guideline selects the management of agnosia as a research priority, 
although they are alone in this (Table  16.7 ).

   Table 16.7    Recommendations from National Clinical Guidelines: other cognitive domains   

 Apraxia: 
Australia 

 a) People with suspected diffi culties executing tasks but who have adequate 
limb movement should be screened for apraxia and, if indicated, complete a 
comprehensive assessment. 

 b) For people with confi rmed apraxia, tailored interventions (e.g. strategy 
training) can be used to improve ADL. 

 Apraxia: UK a   A. Any person who has diffi culties in executing tasks despite apparently 
adequate limb movement should be assessed formally for the presence of 
apraxia. 

 B. Any person found to have apraxia should: 
 – have their profi le of impaired and preserved action abilities determined 

using a standardised approach (e.g. Test of Upper Limb Apraxia TULIA) 
 – have the impairment and the impact on function explained to them, their 

family, and their treating team. 
 – be given therapies and/or taught compensatory strategies specifi c to the 

defi cits identifi ed ideally in the context of a trial 

 Executive 
functions: 
Australia 

 a) Patients considered to have problems associated with executive functioning 
defi cits should be formally assessed using reliable and valid tools that 
include measures of behavioural symptoms. 

 b) External cues, such as a pager, can be used to initiate everyday activities in 
stroke survivors with impaired executive functioning. 

 c) In stroke survivors with impaired executive functioning, the way in which 
information is provided should be considered. 

 Executive 
functions: 
UK a  

 A. Any person who appears to have adequate skills to perform complex 
activities but who fails to organise the tasks needed should be formally 
assessed for the dysexecutive syndrome, for example using the Behavioural 
Assessment of the Dysexecutive Syndrome (BADS). 

B. Any person with an executive disorder and activity limitation should be 
taught compensatory techniques. This may include internal strategies 
(eg self-awareness and goal setting) and/or external strategies (eg use of 
electronic organizers or pagers, or use of written checklists) ideally in the 
context of a clinical trial. 

 C. When a patient’s activities are affected by an executive disorder, the nature 
and effects of the impairment and ways of supporting and helping the 
patient should be discussed with others involved (eg family and staff). 

(continued)
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        Models of Comprehensive Neuropsychological Rehabilitation 

 It is clinically intuitive that for maximum effi cacy a program of cognitive rehabilita-
tion must be delivered as part of a comprehensive neuropsychological approach and 
within a clear pathway specifying different levels of involvement by differently 
skilled professionals. Comprehensive programs are sometimes referred to, espe-
cially within the US traumatic brain injury rehabilitation literature, as “holistic” 
[ 22 ] although in Europe the term holistic usually relates to alternative medicine. 

 The inclusion of recommendations on a comprehensive neuropsychological 
approach is very new in national stroke guidelines, appearing for the fi rst time in 
2012 [ 14 ]. It is based on a biopsychosocial model of illness for the organization and 
delivery of psychological care after stroke. As stated in the preamble to the forth-
coming UK (except Scotland) guideline:

  The comprehensive model was developed because domain-specifi c cognitive rehabilitation 
interventions (e.g. memory rehabilitation) tend not to address the complexity of life after 
stroke. The same limitation applies to interventions that focus on a specifi c mood disorder and 
this may lead to ineffective treatment (e.g., cognitive problems misdiagnosed as depression). 

 Agnosia: 
Australia 

 The presence of agnosia should be assessed by appropriately trained personnel 
and communicated to the stroke team. 

 Perception: UK a   A. Any person who appears to have perceptual diffi culties should have a 
formal perceptual assessment (eg using the Visual Object and Space 
Perception battery (VOSP)) 

 B. Any person found to have agnosia should: 
 – have the impairment explained to them, their carers and their treating 

team 
 – be offered a perceptual intervention, ideally within the context of a clinical 

trial 

   a Covers all of the UK except Scotland, which has a separate guideline 
 Selected extracts reprinted with permission from: 

 • National Stroke Foundation. Clinical Guidelines for Stroke Management; 2010. Melbourne, 
Australia [ 12 ]

• Intercollegiate Stroke Working Party. National clinical guideline for stroke, 4th edition. 
London: Royal College of Physicians, 2012 [ 14 ]

• Scottish Intercollegiate Guidelines Network (SIGN). Management of patients with stroke: 
Rehabilitation, prevention and management of complications and discharge planning. A 
national clinical guideline. Edinburgh: SIGN, 2010 [ 15 ]

• Lindsay MP, Gubitz G, Bayley M, Hill MD, Davies-Schinkel C, Singh S, and Phillips S. 
Canadian Best Practice Recommendations for Stroke Care (Update 2010). Prepared by the 
Canadian Stroke Strategy Best Practices and Standards Writing Group, on behalf of the 
Canadian Stroke Strategy (a joint initiative of the Canadian Stroke Network and the Heart and 
Stroke Foundation of Canada). 2010; Ottawa, Ontario, Canada: Canadian Stroke Network [ 13 ]  
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Comprehensive-holistic rehabilitation programmes integrate evaluations of cognition, behav-
iour and mood to formulate the individual’s diffi culties. They then assist in the development 
of alternative or compensatory expectations and behaviours, leading towards independent 
self-management. They acknowledge that people with stroke may have limited awareness of 
their impairments or their impact (anosognosia), and that many therapies require motivation 
for engagement. [ 14 ] 

   The evidence base for comprehensive rehabilitation is mostly at the level of case 
series or cohort studies and largely focused on rehabilitation after acquired brain 
injury. There have also been two randomized controlled trials, the fi ndings from 
which support the integration of cognitive, interpersonal, and functional skills [ 66 , 
 67 ]. However, there is no unequivocal evidence that benefi ts are long-lasting (i.e., 
beyond the end of the treatment), which is a key requirement of an effective reha-
bilitation program. Interested readers are referred to two recent reviews of this topic 
[ 22 ,  23 ]. The UK (except Scotland) guideline is therefore largely at the level of 
consensus and based on extrapolation from promising research with younger, trau-
matically brain injured samples. The main recommendation concerns how multidis-
ciplinary team (MDT) services are delivered, by whom and when, advocating a 
dynamic, rather than linear, stepped care approach, whereby patients move up and 
down the following steps of the model as required:

•     Step 1  comprises the routine assessments conducted within the MDT of all 
admitted patients, and the more detailed assessment of patients exhibiting symp-
toms of psychological disorder at any time after stroke.  

•    Step 2  comprises the management of mild or moderate problems by MDT mem-
bers who have been appropriately trained and where possible working under 
specialist supervision.  

•    Step 3  comprises the management of more severe or persistent disorder, usually 
by a specialist.    

 The model in Fig.  16.2  illustrates the approach recommended by the NHS Stroke 
Improvement Program for England [ 31 ] and was developed from the stepped care 
model for adults with depression described by the National Institute for Health and 
Clinical Excellence (NICE) [ 68 ]. The latter defi nes stepped care as providing “a 
framework in which to organize the provision of services supporting patients, [care-
givers] and healthcare professionals in identifying and accessing the most effective 
interventions.” The NHS Improvement publication includes more details on opera-
tionalizing the stepped care model for people with stroke, including cognitive prob-
lems [ 31 ]. One of the core aspects of the model concerns skill mix and the 
employment of trained non-psychologists at certain steps of the model. This is a 
specifi c issue in the UK where diffi culty accessing clinical psychologists has been a 
common and persisting fi nding from national audits [ 17 ,  69 ].
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       Summary 

 There is much to celebrate in the achievements of those working to develop an 
evidence- based approach for the rehabilitation of people with cognitive problems 
after stroke. Certain cognitive domains (e.g., neglect and aphasia) have attracted 
considerable research interest resulting in a range of interventions, many trials, 
and other levels of evidence. These feed into Cochrane systematic reviews and 
inform national clinical guidelines. These are exciting times with great potential 
for signifi cant service improvement through emerging evidence for comprehen-
sive neuropsychological rehabilitation approaches. In addition, practical recom-
mendations for service delivery and organization are beginning to appear such as 
through recent modifi cations to the English stepped care model of psychological 
services. 

 On the other hand, even within heavily researched topics such as aphasia and 
neglect, there is still considerable uncertainty about which interventions to use, for 
which subgroup, when in the stroke pathway, and at what intensity. These are 
important questions. Furthermore, it is not clear why some topics (e.g., apraxia and 
memory) are, relatively speaking, under-researched and it certainly does not appear 
to be linked to either low prevalence or minimal impact on activity or social role 

  Fig. 16.2    Stepped care model for psychological interventions after stroke. Reprinted with permis-
sion from Gillham S, Clark L. Psychological care after stroke—improving stroke services for 
people with cognitive and mood disorders. NHS Improvement—Stroke, 2011.   http://www.
improvement.nhs.uk/stroke/Psychologicalcareafterstroke/tabid/177/Default.aspx           
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participation. Nor is it certain that simply producing “more of the same” research is 
the most productive way forward. As suggested in several of the Cochrane reviews 
of cognitive rehabilitation (see following for a recent example from the perception 
review [ 29 ]), future research could greatly improve clinical care through certain 
methodological and reporting changes: 

  Several countries now produce and audit against national clinical guidelines. In 
terms of cognitive rehabilitation there is reasonable consistency between the nations. 
Sometimes their differences are simply due to their publication date, with less evi-
dence available to the older guidelines. The Scottish, Canadian, and Australian pub-
lications were in 2010, whereas the UK (excluding Scotland) guideline from the 
Royal College of Physicians London was updated for publication in 2012. Other 
differences result from the choice of either a wide or more focused breadth of topics 
and of course judgments about the standards set for accepting a piece of evidence, 
the criteria for which are described within each guideline. 

 Finally, the oft-repeated conclusion when examining the evidence is that we need 
more evidence! However there is also a need—and indeed it is already being 

 Implications for Research 

 Future studies should:

    1.    Provide a suffi ciently detailed theoretical rationale for, and description of, 
the interventions including type and amount to allow implementation into 
clinical practice and research replication.   

   2.    Provide a standard care control group, carefully documenting the content 
and amount of standard care, which can be highly variable.   

   3.    Include detailed diagnostic information on individuals’ perceptual prob-
lems given the heterogeneity in perceptual problems in terms of type, 
severity, and likely impact on everyday function.   

   4.    Ensure low risk of study bias through rigorous methodological develop-
ment and reporting, e.g., ensure allocation concealment, attempt to blind 
outcome assessors and report the success or failure, report all loss to fol-
low-up, report results from all outcome measures, and control for other 
possible sources of bias.   

   5.    Be of suffi cient size to have adequate statistical power to answer clinically 
important questions about long-term functional outcomes.   

   6.    Specify a primary endpoint and include analysis of other key outcomes 
such as adverse events, psychosocial benefi ts, and other outcomes deemed 
important by service users.   

   7.    Adopt an intention-to-treat approach to measurement of outcomes in all 
individuals as well as to analysis of measured outcomes by treatment 
group.   

   8.    Include a health economic assessment.     
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met—for a paradigm shift in how we think about rehabilitation for people with 
cognitive problems. We need to reach a balance between domain-specifi c research 
(essential for helping us understand specifi c impairments and mechanisms for 
recovery) and research into broad-based comprehensive approaches (that treat the 
person’s cognitive defi cits within the broader perspective of impact on everyday life 
and well- being). We must also engage in implementation research, so that the 
emerging evidence is translated into clinical practice.     
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