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Background and purpose: Until now, stroke and transient ischemic attack (TIA) have 

been clinically based terms which describe the presence and duration of characteristic 

neurological deficits attributable to intrinsic disorders of particular arteries supplying the 

brain, retina, or (sometimes) the spinal cord. Further, infarction has been pathologically 

defined as death of neural tissue due to reduced blood supply. Recently, it has been 

proposed we shift to definitions of stroke and TIA determined by neuroimaging results 

alone and that neuroimaging findings be equated with infarction.

Methods: We examined the scientific validity and clinical implications of these proposals 

using the existing published literature and our own experience in research and clinical 

practice.

Results: We found that the proposals to change to imaging-dominant definitions, as 

published, are ambiguous and inconsistent. Therefore, they cannot provide the stan-

dardization required in research or its application in clinical practice. Further, we found 

that the proposals are scientifically incorrect because neuroimaging findings do not 

always correlate with the clinical status or the presence of infarction. In addition, we 

found that attempts to use the proposals are disrupting research, are otherwise clinically 

unhelpful and do not solve the problems they were proposed to solve.
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Conclusion: We advise that the proposals must not be accepted. In particular, we 

explain why the clinical focus of the definitions of stroke and TIA should be retained 

with continued sub-classification of these syndromes depending neuroimaging results 

(with or without other information) and that infarction should remain a pathological 

term. We outline ways the established clinically based definitions of stroke and TIA, 

and use of them, may be improved to encourage better patient outcomes in the 

modern era.

Keywords: stroke, transient ischaemic attack, infarction, asymptomatic carotid stenosis, public health practice

INTRODUCTION

It is vital that everyone, including patients, carers, clinicians, 
researchers, policy makers, health-care funders, and the general 
public, know what is meant by “stroke” because everyone has 
a role to play in optimizing action to reduce its impact. Stroke 
imposes huge socioeconomic burdens, being persistently among 
the top three causes of disability and premature mortality world-
wide (1, 2). Further, stroke is highly preventable and e�ective 
hyperacute therapies are now available (3–6). As explained in 
this report, stroke has been a clinically based diagnosis, describ-
ing the nature and duration of de�cits, with sub-categorization 
according to neuroimaging results. �is remains appropriate 
(despite advances in neuroimaging and therapies) because the 
clinical status matters most to patients. Further, the clinical 
status (or anticipation of it) is the reason for, and target of, any 
treatment. �e clinical status must be weighed up against the 
risks of treatment and has been the primary outcome measure 
in studies of prognosis and therapy. As explained below, there 
have been proposals to change the de�nitions of stroke, tran-
sient ischemic attack (TIA), and infarction to ones dominated by 
neuroimaging results. In this report, we present these proposals 
and the reasons given for them. Further, we use our own experi-
ence in clinical practice and research to demonstrate how these 
proposals are problematic. Finally, we hypothesize regarding 
how the existing clinically based de�nitions of stroke and TIA 
may be optimized in the modern era.

THE MEANING OF STROKE, TIA,  

AND INFARCTION

The Established Clinically Based 

Definitions
For several decades, the meaning of “stroke” (in scienti�c and lay 
literature) has most o�en been consistent with the 1980 World 
Health Organization (WHO) de�nition as “rapidly developed 
clinical signs of focal (or global) disturbance of cerebral func-
tion, lasting more than 24 h or leading to death, with no apparent 
cause other than of vascular origin” (7). �is de�nition describes 
a clinical syndrome. It includes no details regarding vascular 
mechanism because its utility lies in optimizing the identi�cation 
of all de�cits caused by cerebral ischemia (reduced blood supply) 
or hemorrhage. Both of these fundamental conditions produce 
similar clinical features and require urgent medical attention. 

�e stroke mechanism is determined, as clearly as possible, 
once such attention is provided. Of note, “global” disturbance 
of cerebral function referred only to patients with subarachnoid 
hemorrhage and without “focal” neurological de�cits (7) and is 
o�en omitted in practice. However, although features suggesting 
global cerebral disturbance (such as impaired or loss of con-
sciousness) are not commonly associated with focal, intrinsic 
cerebrovascular ischemia, they may occur (8–10), just as they 
can with subarachnoid hemorrhage (11).

Stroke has been distinguished from TIA which most o�en has 
been interpreted as the 1975 National Institutes of Health (NIH) 
de�nition as “episodes of temporary and focal cerebral (includ-
ing retinal) dysfunction of vascular origin, rapid in onset which 
commonly last 2–15 min but occasionally up to a day (24 h)” 
where “resolution is swi� and leaves no permanent [clinical] 
neurologic de�cit” (12). �is de�nition was formulated recog-
nizing that duration of clinical features associated with untreated 
cerebrovascular compromise follows a spectrum. Most de�cits 
which resolve spontaneously within 24 h, do so within the �rst 
minutes or hours (13–15). Using a standard time-point to dif-
ferentiate short from long-term de�cits provides a “common” 
basis for “collecting” information about the large population 
with clinical de�cits that resolve quickly with no detectable 
residuum, whether or not hyperacute treatment is used (12, 16, 
17). As discussed later, strengths of 24-h time-point include that 
it is relatively easily measured, it has been the main standard 
to date and it can be used as an important outcome measure of 
hyperacute treatment or prevention strategies.

�e WHO and NIH de�nitions of stroke and TIA are concise 
and dependent only on recognition of fundamental clinical fea-
tures. �erefore, they are easily accessible to the public and pro-
fessionals anywhere in the world following some relatively basic 
education. �ey are completely amendable to sub-classi�cation 
using additional information, including neuroimaging results. 
�ey facilitate an orderly framework for proceeding from clinical 
stage to most likely mechanism and best management (12). As 
discussed later, improvement can be made by providing detail 
about typical clinical presentations and specifying the inclusion, 
or not, of stroke and TIA of the retina and/or spinal cord or 
syndromes due to arterial and/or venous infarction. However, 
these core de�nitions have predominated in the past decades of 
research and communication of research �ndings. Consequently, 
they hold the strongest overall value for the identi�cation, 
management, prognostication, and prevention of acute cerebro-
vascular emergencies.
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Proposals to Change to Imaging-

Dominant Definitions
Changes to these established de�nitions have been proposed by 
representatives of the American Heart and Stroke Associations 
(AHA/ASA) and others in three publications (18–20). Although 
suggestions made di�er, there is a common proposal to shi� from 
clinically based de�nitions of stroke and TIA (describing the 
presence and duration of characteristic neurological de�cits) to 
de�nitions according to neuroimaging alone. A further proposal 
is that imaging �ndings be equated with infarction. However, to 
date “infarction” has been a pathological term used to describe 
tissue that has lost its blood supply for long enough to undergo 
ischemic necrosis (death) with characteristic macroscopic and 
microscopic �ndings (21). Infarction can only be accurately 
identi�ed using histopathologic techniques.

As explained in below, we have observed that attempts to use 
the AHA/ASA proposed new de�nitions are causing confusion 
and chaos. �is is not surprising given that the proposed new 
“de�nitions” are ambiguous, scienti�cally incorrect, research 
disrupting, otherwise clinically unhelpful and do not solve the 
problems they were proposed to solve. �e value of brain imag-
ing in the management of patients with clinical features of acute, 
focal central-neurovascular compromise is not being questioned 
here. It is the proposal to change from clinically based to imaging-
dominant de�nitions that is problematic.

THE PROPOSALS ARE AMBIGUOUS

2002 Proposals
�e proposed new de�nitions of stroke and TIA fail because 
of ambiguity (18–20). For example, it was proposed in 2002 
that TIA now be de�ned as “a brief [not de�ned] episode of 
neurologic dysfunction caused by focal brain or retinal ischemia 
with clinical symptoms typically lasting less than one hour and 
without evidence of acute infarction [not de�ned]. �e corollary 
is that persistent [not de�ned] clinical signs or characteristic 
imaging abnormalities [not de�ned] de�ne infarction- that 
is stroke.” (18) �is text contains no valid de�nitions because 
the duration of symptoms and what constitutes infarction  
(or, more appropriately, imaging evidence of infarction) were 
not speci�ed.

2009 Proposals
�e 2009 suggestion by Easton et al. added to the ambiguity by 
removing more detail: “TIA: a transient [not de�ned] episode 
of neurological dysfunction caused by focal brain, spinal cord 
or retinal ischemia without acute infarction [not de�ned].” 
(19) Further, it was proposed that ischemic stroke be de�ned 
as “infarction [not de�ned] of the central nervous system” 
whereas TIA be de�ned as “symptomatic ischemia [not de�ned] 
without infarction [not de�ned].” Equivocacy was ampli�ed by 
inconsistency. Initially it was proposed that that ischemic stroke 
requires the presence of “infarction” and later, that some ischemic 
strokes will be rendered “only on the basis of clinical features.” 
It was also proposed, perhaps clarifying the 2002 proposal, that 
“ischemic strokes” refer to “symptomatic or silent” brain imaging 

abnormalities (19). �e place of primary cerebral hemorrhage in 
the de�nition of stroke was not addressed in either publication.

2013 Proposals
In the third publication (2013) the suggested new de�nitions dif-
fered again with shi�s back to a clinical basis and acknowledgment 
of the pathological dimension of cerebrovascular disease (20). 
However, as in 2002 and 2009, the proposed new 2013 de�nition of 
infarction remains unspeci�ed: “infarction is brain, spinal cord or 
retinal cell death attributable to ischemia based on patholological 
[not de�ned], imaging [not de�ned] or other objective evidence 
[not de�ned] and/or clinical evidence [not de�ned].” �ere again 
was inconsistency with a later proposal that central nervous 
system infarction be de�ned using an explicit “vascular distribu-
tion” and a “≥24 h” duration for “clinical evidence.” Further, a 405 
word stroke de�nition was proposed, too long for everyday use. 
�ese AHA/ASA proposals cannot provide standardization, only 
confusion. �is is reason enough that these proposals should not 
be accepted.

THE PROPOSALS ARE SCIENTIFICALLY 

INCORRECT

�e fundamental AHA/ASA proposal is that brain imaging must 
be used, or may be used alone, to diagnose stroke (the patient’s 
clinical de�cits) and infarction (ischemic death of central nerv-
ous system tissue). Both aspects are scienti�cally incorrect. Brain 
imaging �ndings do not always correlate with clinical de�cits or 
infarction. As mentioned, the timing and nature of brain imag-
ing proposed to “identify” stroke, TIA, and infarction were not 
speci�ed (18–20). However, early echo-planar di�usion-weighted 
(DWI) magnetic resonance imaging (MRI) is especially impli-
cated because of its superiority in detecting “positive” evidence of 
ischemia (rather than simply excluding alternative pathologies) 
compared to other MRI sequences (22–24) and, in particular, 
compared to computed tomography (CT).

Limited Sensitivity of Cerebral 

Neuroimaging
Reported sensitivities of non-contrast CT brain performed 
0–6 h a�er clinical onset in detecting “positive” evidence of brain 
ischemia (such as hypo-attenuation, loss of white/gray matter 
di�erentiation, focal cortical swelling, hyper-dense arterial signs 
and/or compression of adjacent structures) vary from 12 to 66% 
(25–27). �is can be improved somewhat by using contrast and 
CT perfusion (CTP) imaging (28). However, CTP is limited 
in detecting change indicative of cerebral ischemia, including 
infarction, and is susceptible to larger measurement errors than 
DWI (29, 30). “Positive” DWI evidence of acute brain ischemia 
may sometimes be seen minutes a�er arterial compromise 
as hyperintensity (31, 32). From animal models, early DWI 
hyperintensity is consistent with increased restriction of extra 
cellular water di�usion as water enters cells due to impaired 
membrane homeostasis (cell swelling or cytotoxic edema)  
(31, 33–35). However, as well recognized, all brain imaging 
(including DWI) is limited in characterizing ischemic tissue and 
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stroke syndromes (20, 29, 36). Correlation of clinical features, 
imaging, and biological sampling (including, on occasion, brain 
tissue) is essential for maximizing diagnostic accuracy because 
all three dimensions are limited individually and provide addi-
tive value (37–42).

For example, reported DWI sensitivities (with 1.5–3 T �eld 
strength) for showing “positive” evidence of corresponding 
brain ischemia in patients imaged 0–6  h a�er clinical onset 
vary from 73 to 100% (25, 27, 42–44) and from 0 to 100% if 
imaged 0–90 or >14 days a�er clinical onset (including personal 
communication from Alejandro Brunser) (22, 23, 26, 27, 39, 41, 
45–51). In some of these studies, imperfect sensitivity (0–100%) 
related speci�cally to patients with ischemic stroke de�ned by 
typical clinical de�cits lasting >24 h with/without correspond-
ing lesions on repeat DWI, T2, or �uid attenuation inversion 
recovery (FLAIR) MRI performed >24 h a�er clinical onset (23, 
39, 45, 46, 48, 51). Further, the smallest infarcts are sometimes 
below the structural resolution (approximately 1  mm3) of 
1.5–3.0 T MRI and although the resolution of 7 T MRI is better, 
it is not perfect (36, 52–54).

Di�usion-weighted negativity is more likely with brief de�cits 
(48, 55), imaging performed within 3–72 h (27, 46, 50) or a�er 
2–3  weeks of clinical onset (39, 45), with acute on chronic 
infarction (47), less severe clinical features (for instance, NIHSS 
score  <  4) (27, 39, 42), small areas of imaging abnormality 
(<5–10  mm) (46, 50), female gender (39), younger age (39), 
location in the posterior circulation (23, 27, 42, 46, 47, 49, 50), 
strokes attributable to small vessel disease (42, 47, 49), and less 
experienced image interpretors (25). DWI negativity is also 
more likely with increasing number of such predictors (27). 
Sensitivity may be improved by additional MR perfusion imaging 
(34, 42, 56). However, as commonly implemented, this requires 
gadolinium-based contrast and is limited by other factors, includ-
ing unreliable result interpretation (29, 57). Stroke patients with 
corresponding positive DWI evidence of brain ischemia are 
more likely to have recurrent DWI “lesions” than stroke patients 
without corresponding positive DWI evidence of brain ischemia 
(51). �is may indicate an individual susceptibility to developing 
DWI abnormalities (51).

If DWI is negative, other MRI sequences (such as T2 or 
FLAIR) may show signs of corresponding brain ischemia 
(including focal hyperintensity), particularly when patients are 
imaged sub-acutely (up to 8 weeks a�er clinical onset) (37, 39, 
40, 46). Conversely, with subacute presentations, DWI may be 
“positive” when T2 is negative, especially with smaller lesions 
(24). However, MRI (using DWI and/or T2 and/or FLAIR and/
or T1) performed 0–27 days from clinical onset has shown no 
evidence of corresponding ischemia in 3–29% of patients with 
typical stroke de�cits lasting >24 h (23, 39, 46, 51).

Limited Specificity of Cerebral 

Neuroimaging
In addition, MRI-DWI has imperfect speci�city for identifying  
areas of acute cerebral ischemia. Non-stroke conditions, includ-
ing hypoglycemia, viral encephalitis, abscesses, cysts, old infarcts, 
multiple sclerosis, trauma, migraine, transient global amnesia, 

mitochondrial disorders, prion disease, methanol poisoning, 
cellular tumors (such as lymphoma), seizures, and other condi-
tions may produce DWI hyperintensity (38, 41, 47, 51, 58–69). 
While the distribution of hyperintensity usually di�ers somewhat 
with di�erent pathologies, overlap occurs (38, 66). For, example 
hypoglycemia can exactly mimic focal ischemia on all sequences, 
including DWI (66). Reported DWI speci�cities in detecting 
evidence of corresponding brain ischemia in patients imaged 
0–12 h from clinical onset vary from 75 to 95% (27, 42, 47) and 
from 96 to 100% in patients imaged 0–8 days from clinical onset 
(25, 27, 41, 47).

Further, DWI is not reliable for estimating “lesion” age. DWI 
can be “positive” for up to several weeks or sometimes many 
months a�er acute ischemic stroke symptom onset before nor-
malization, with notable lack of predictability (24, 37, 70, 71). 
DWI lesions may be hyper-intense in the subacute phase due 
to increased T2 signal (T2 shine through). Apparent di�usion 
coe�cient (ADC) values can help interpret DWI because they 
do not have a T2 component and are typically reduced, produc-
ing hypodense images, in the �rst 7–10  days of clinical onset. 
�ey then typically become iso-intense (pseudo-normalization) 
and then hyper-intense compared to normal brain (22, 70, 72). 
However, ADC values may take hours (73) or many months (37) 
to normalize with notable inter-individual variation. No ADC 
values (even if severely reduced) reliably de�ne infarction, even 
though trends have been observed (29, 35, 74, 75). Further, ADC 
values can be reduced in many conditions other than acute brain 
ischemia (67).

�ere is other evidence that MRI (including DWI) does not 
just detect infarction. It may also detect “penumbra” (salvageable 
tissue) as evidenced by patients with acute de�cits and correspond-
ing DWI changes who make a full spontaneous clinical recovery, 
within minutes to days of onset (56, 74, 76–78). In addition, DWI 
abnormalities can completely vanish and leave no signal abnor-
malities on repeat DWI, T1, T2, and/or FLAIR imaging several 
days, weeks or months later, whether or not de�cits resolve spon-
taneously (23, 74, 76, 79–81). Further, penumbra or infarcted 
tissue may be missed by initial MRI because “infarct” growth  
(as de�ned using MRI) may occur in about 50% of patients without 
di�usion/perfusion imaging mismatch (29, 82). In addition, DWI 
lesions may �rst appear only days a�er isolated perfusion de�cits 
which are seen within 24 h of the clinical onset of suspected stroke 
or TIA (83). �ese populations require further study.

Studies of DWI reversal a�er thrombolysis have usually focused 
on the �rst 1–7 days a�er clinical onset, demonstrating some or 
complete “early sustained” DWI reversal over sequential scans in 
0–50% of patients or “DWI lesions” (79, 84–87). To account for 
possible confounding e�ects of DWI “pseudo-normalization” in 
the �rst 7–10 days, partial late and sustained DWI reversal has 
also been described involving an average of 20% of the initial 
DWI hyperintensity volume in 7% of patients 30 or 90 days a�er 
thrombolysis (44). DWI reversal a�er thrombolysis (by varying 
de�nitions) is more likely, or more noticeable, with absence 
of baseline perfusion de�cits, thrombolysis <3  h, evidence of  
reperfusion or small lesions (44, 85, 88, 89). In some studies, DWI 
reversal within a week of clinical onset was associated with better 
clinical outcomes (79, 86–90).
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Limited Sensitivity and Specificity of 

Spinal Cord Neuroimaging
Research regarding spinal cord stroke or infarction and imaging 
is less common than for cerebrovascular disease and challenged 
by perceived rarity of spinal cord stroke, variable clinical mani-
festations, complex spinal arterial supply, technical challenges, 
and overall limitations in di�erentiating ischemia from other 
pathological processes (91, 92). Sensitivities of 67–100% have 
been reported for initial plus/minus repeat T2 MRI in detecting 
evidence of ischemic injury in patients with sudden spinal cord 
de�cits of no other apparent cause (91, 93, 94). As with cerebro-
vascular disease, negative T2 is more likely with less severe de�-
cits or hyperacute imaging (93, 94). Spinal DWI is an emerging 
application which appears to improve early diagnostic sensitivity 
(92). Pathologically diagnosed lacunar type cord infarcts are 
common in patients dying of cerebrovascular disease, indicating 
scope for improved case ascertainment (95).

The Important Role of the 

Neuropathologist
Finally, the 2002 and 2009 AHA/ASA proposals, in particular, 
abolish the role of the pathologist in stroke medicine. Brain 
tissue sampling carries risk and is not usually required to opti-
mize outcomes (38). However, occasionally a biopsy is the only 
mechanism for a correct diagnosis when the cause of a patient’s 
neurological de�cit is unclear or atypical from the clinical and 
imaging information (38). Maintaining the pathological de�ni-
tion of infarction, the clinical de�nition of stroke and TIA and 
acknowledging the additive information from imaging recog-
nizes that imaging does not always accurately identify ischemia 
or infarction and that not all ischemic events are symptomatic or 
produce speci�c clinical or imaging features (36, 52, 54, 96, 97).

Brain images (including DWI, ADC and perfusion measure-
ments) in patients with stroke symptoms are only snap shots of a 
complex dynamic process. Although helpful with other informa-
tion, they alone are not fail-safe diagnostic markers of clinical 
status, infarction, “lesion core” or tissue at risk (29, 34, 57, 73,  
75, 98). �e AHA/ASA proposals to use imaging to replace clini-
cal and pathological information are scienti�cally incorrect and 
confuse existing, purposeful terminology.

THE PROPOSALS ARE RESEARCH 

DISRUPTING

Problems Making Measurements  

and Comparisons
Research is about discovering new knowledge which is applied 
in clinical practice to improve patient outcomes. New knowledge 
discovery and its application require standardization of terminol-
ogy and concepts, which is removed by the AHA/ASA proposed 
de�nitions. Further, over-reliance on a test (such as DWI) which 
is highly variable with respect to availability, acquisition methods 
and interpretation is likely to reduce diagnostic accuracy (99). 
Stroke and TIA incidence and prevalence measurements will 
arti�cially change in proportion to the use of MRI and attempted 

use of the proposed de�nitions (99–101) and most likely in ways 
that are di�cult or impossible to decipher depending on when 
and how MRI is used and to the extent research methods are 
described. �e proposed shi� to an imaging-dominant diagnostic 
approach will also arti�cially change outcome measurements. 
For instance, classifying clinical de�cits lasting less than 24 h and 
accompanied by a DWI lesion as stroke would increase the pro-
portion of patients with good outcomes, according to the avail-
ability of neuroimaging and not through any health-care change. 
Countries with good access to MRI would likely see “improved” 
stroke outcomes compared to those without.

Particular Problems with Low Rates  

and Differentiating Transient Events  

with an Example Regarding Stroke  

Risk Associated With Asymptomatic 

Carotid Stenosis
�e AHA/ASA focus on imaging is causing confusion in dif-
ferentiating rates of extremely transient neurological de�cits 
compared to long-term and permanent de�cits caused by 
ischemia. �is is particularly problematic in  situations where 
event rates are low and the principal objective is to prevent 
long-term neurological de�cits, as with carotid procedures. For 
example, an attempt to use an AHA/ASA imaging-dominant 
“de�nitions” caused confusion and disruption while updating a 
2009 meta-analysis (3) of temporal change in the average annual 
ipsilateral stroke rate in patients with 50–99% asymptomatic 
carotid stenosis given medical (non-procedural) treatment 
alone (102). �e original 2009 methods were repeated with 
inclusion of studies published from January 2009 to December 
2013 and identi�ed using all PubMed listings with “carotid” in 
the title (8,480 listed a�er duplicate removal).

Five new measurements of average annual ipsilateral stroke 
rate from �ve apparently eligible studies were identi�ed, see 
Table 1 (103–107). Two of these included a major update of stud-
ies included in the 2009 meta-analysis (105, 107). Only the most 
recent data were used in this meta-analysis update (105, 107). 
Two others were identi�ed which were otherwise eligible except 
that they included a minority of patients (≤18%) with remote 
ipsilateral stroke or TIA (>18–24 months prior to recruitment) 
(17, 108). Analyses were made with and without including these 
two studies. As before, temporal changes in ipsilateral stroke 
rate were sought using ordinary least squares linear regression 
analysis, weighted according to sample sizes, using the new and 
previously identi�ed studies (3).

With respect to change in the average annual ipsilateral stroke 
rate over time, there was a notable outlier with a statistically 
signi�cant, approximately �ve times higher stroke rate compared 
to most other studies also published around 2010, see Figure 1 
(106). �e reason was the use of proposed new stroke and TIA 
de�nitions from Easton et al. (19) (personal communication with 
Mauro Silvestrini). As mentioned, these proposed de�nitions 
were ambiguous. However, in the study by Silvestrini et  al., it 
meant that stroke was de�ned as “focal events (including tran-
sient) in which neuroimaging [MRI or CT] identi�ed an ischemic 
lesion.” No “imaging-negative” de�cits were noted. �erefore, the 

http://www.frontiersin.org/Neurology/
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TABLE 1 | Average Annual Ipsilateral “Stroke” Rates in studies considered for the 2013 updated meta-analysis of patients with moderate–severe (≥50%) asymptomatic 

carotid stenosis given medical treatment alone.a,b

Reference Sample size % Stenosis Follow-up (years) Ipsilateral stroke rate Included in Figure 1?

Gronholdt et al. (103) 111 ≥50 by US 4.4 mean 3.1 Yes

Marquardt et al. (104) 101 ≥50 by US or MRI 3 mean 0.3 Yes

Markus et al. (17) 477 ≥70 by US 2 for all patients 0.6 Yesc

Nicolaides et al. (105) 923 70–99% by US 4 mean 1.5 Yes

Silvestrini et al. (106) 162 60–99 by US 2.8 mean 2.9 No

Madani et al. (108) 253 ≥60 by US 3 for all patients 0.7 Yesc

den Hartog et al. (107) 293 50–99 by US 6.2 mean 0.3 Yes

aAll ipsilateral stroke rates were calculated using raw data and only the first ipsilateral stroke/patient. Further, patients with a first ipsilateral stroke and a prior ipsilateral transient 

ischemic attack (TIA) during follow-up were excluded when this distinction was possible. US, ultrasound; MRI, magnetic resonance imaging.
bDefinitions of stroke and TIA were clinically based except in the study by Silvestrini et al. which was imaging-dominant (106). Definitions of stroke in all other studies also included 

a 24-h differentiation from TIA (personal communication from Doctors Hugh Markus and Gert deBorst), except in the earliest study by Johnson et al. in which the time distinction 

between TIA and stroke was not defined (109).
cDid not meet the meta-analysis inclusion criteria for minor reasons (see text and Figure 1). Analyses were performed with and without the results of these two studies.
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“stroke” de�nition used in that study (and the follow-up paper) 
(110) was consistent with what others had called “stroke or TIA.” 
�e results from Silvestrini et  al. had to be removed from this 
analysis to avoid arti�cial over-estimation of stroke risk using 
medical treatment alone. Meanwhile, all other studies in Figure 1 
used a clinically based de�nition of stroke. Two other outlying 
results from relatively small studies were attributed to random 
variation (103, 111).

Attempts to use the AHA/ASA proposals highlight the vital 
importance of always providing complete de�nitions of stroke 
and TIA, particularly de�nitions that are unambiguous and uni-
versally applicable (at least at a fundamental level). Moreover, 
attempts to use the AHA/ASA proposals force incompatibility 
with all past measurements of stroke and TIA rate (101). In this 
instance, the documentation of a continuing fall in the risk of 
ipsilateral stroke in patients with asymptomatic carotid stenosis 
given medical treatment alone (lifestyle coaching and medica-
tion) was almost lost because of attempts to use the AHA/ASA 
proposals. �is kind of signi�cant problem is avoidable if we 
continue to record the persistence, or not, of clinical de�cits 
beyond 24 h (a practical time-point) (20, 100) and sub-classify 
patients according to this timing and, where appropriate, then 
according to the neuroimaging �ndings.

THE PROPOSALS ARE OTHERWISE 

CLINICALLY UNHELPFUL

Limitations Imposed by Access  

to Neuroimaging
�e proposed de�nitions are constrained by access to acute state-
of-the-art brain imaging, specialized acute stroke services and 
patient compatibility with certain imaging techniques. Stroke and  
imaging services are most available in high-income countries 
and, even there, access is variable (99, 114). Further, approxi-
mately 70% of strokes world-wide occur in low-middle income 
countries (115). Hence, the proposed imaging-dominant de�ni-
tions would be applicable to a very biased selection of patients.  
To de�ne all stroke and TIA by a subcategory of imaged patients is 
inappropriate. By contrast, the established clinically based de�ni-
tions are accessible to all patients because they are dependent only 
on clinical status with sub-classi�cation as resources allow.

FIGURE 1 | Continued fall in the rate of ipsilateral stroke in patients with >50% 

carotid stenosis given medical treatment alone since 2007. Sixty-seven percent 

relative (or 1.7% absolute) fall in the reported average annual ipsilateral stroke rate 

in patients with >50% ACS given medical intervention alone from 1985 to 2013. 

Black diamonds are study results with corresponding sample sizes. As in 2009, 

the Ryan-Holm stepdown Bonferroni correction was made for multiple 

comparisons (converting raw P values to P′ values, SYSTAT 13, SYSTAT Software 

Inc.) (3). UPL and LPL, respectively, upper and lower 95% prediction limits for new 

population rate estimates; UCL and LCL (dashed lines), respectively = upper and 

lower 95% confidence limits for the population regression line; WRL, weighted 

regression line; ACAS, Asymptomatic Carotid Atherosclerosis Study (112); 

CREST1, Carotid Revascularization Endarterectomy versus Stenting Trial (113). ** 

indicates two studies including a small minority with remote ipsilateral stroke/

transient ischemic attack at baseline (17, 108). These were included in this analysis 

because the regression line was not very different with (y = 2.861 – 0.061x, P′ for 

slope and y intercept <0.00000 and r2 = 0.379) or without them (y = 2.720 – 

0.051 x, P′ for slope and y intercept <0.00000 and r2 = 0.275). Both analyses 

showed a statistically significant fall in stroke risk from 1985 to 2013 although it 

was a little less in magnitude when the studies by Markus et al. (17) and Madani et 

al. (108) were excluded (57% relative and 1.4% absolute fall in rate). The outlier 

result (white diamond) (106) was not included in these analyses (see text). 

Abbreviations: CEA, carotid endarterectomy; CAS, carotid stenting.
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Negative Patient Psycho-Social 

Implications
�e negative psycho-social implications of the proposals need 
to be considered. With a growing focus on imaging alone to 
diagnose stroke, we are seeing more patients in clinical practice 
with non-speci�c symptoms and non-speci�c imaging �ndings 
being diagnosed with stroke when this is not justi�ed. Further, 
patients who would have previously been diagnosed with TIA are 
now being diagnosed with stroke because of imaging �ndings. 
Stroke, in contrast to TIA, implies the likelihood of persisting 
de�cits. Persons diagnosed with stroke are expected to inform 
other clinicians, licensing authorities, insurance companies, 
potential employers, and others of their diagnosis. �ey are likely 
to be unfairly restricted if the diagnosis is inaccurate relative 
to the established clinically based de�nitions upon which the 
evidence base is derived. Such over-diagnosis of stroke is likely 
to cause avoidable anxiety (116) and exposure to unnecessary 
stroke prevention treatments which carry risk and �nancial cost 
without bene�t.

Encouragement of Over- and  

Under-Treatment
Over-treatment is likely to be compounded by the AHA/ASA 
proposed lumping together of asymptomatic and symptomatic 
patients with brain imaging �ndings under a diagnosis of stroke. 
As already discussed, imaging can only ever provide evidence 
of infarction. MRI evidence of brain lesions, commonly referred 
to as “infarction,” in asymptomatic people becomes increasingly 
common with age and is also highly dependent on reporting 
methods (36, 117). Further, the asymptomatic and symptomatic 
states should be distinguished as clearly as possible because they 
di�er so much with respect to prognosis and potential gain 
from intervention (118). Under-treatment is also encouraged 
by the proposals. “Imaging-negative” TIA or stroke patients 
(without “positive” neuroimaging evidence of ischemia) may 
not be recognized as likely to bene�t from treatment. �ey risk 
being denied proven therapies according to a large evidence 
base established using clinically based de�nitions and that was 
not reliant on detecting “positive” neuroimaging evidence of 
ischemia (5, 6, 51, 119).

THE PROPOSALS DO NOT SOLVE  

THE CHALLENGES OF DELIVERING 

HYPERACUTE STROKE THERAPY

Reasons Given to Change to  

Imaging-Dominant Definitions
Reasons given for the AHA/ASA proposals relate to the chal-
lenges of administering hyperacute ischemic stroke therapy and 
are listed below:

 i. �e 24-h symptom duration misclassi�es up to one-third of 
patients who have experienced tissue infarction as not hav-
ing tissue infarction (19).

 ii. TIA is not seen as urgent (18).
 iii. A 24-h limit for transient cerebral ischemia is arbitrary 

and not re�ective of the typical TIA duration (usually 
<30–60 mins) (18).

 iv. A 24-h di�erentiation has the potential to delay e�ective 
hyperacute stroke therapies (18, 19).

 v. �ere is no biological justi�cation to continue to treat the 
24-h time-point as particularly helpful to recognize (19).

 vi. Physicians need to focus on the cause of ischemia rather than 
duration of symptoms (18, 19).

 vii. A “tissue-based” de�nition of TIA encourages use of neuro-
diagnostic tests (19).

How These Issues Should Be Addressed
�ese perceived challenges will not be addressed by changing 
to imaging-dominant de�nitions of stroke and TIA. For the 
reasons already given, neuroimaging is unreliable for identifying 
histological infarction or for providing a “tissue-based” diagnosis. 
Neuroimaging provides a radiologically based diagnosis (or, 
more accurately, a radiologically based part of the diagnosis). 
Rather, the best approach is similar to non-invasively diagnosing 
acute myocardial infarction (also a pathologically de�ned tissue 
state). Here, clinical features, electrocardiographic changes, and 
cardiac enzyme levels, which are limited individually, have addi-
tive diagnostic value (120).

In particular, most patients (about 65%) with clinical features 
of acute focal brain ischemia lasting <24 h have no correspond-
ing DWI or other imaging evidence of ischemia (99). DWI 
�ndings in patients with acute clinical features of brain ischemia 
are more likely with increasing de�cit duration and severity and 
other clinical and pathophysiological markers of poorer outcome  
(55, 78, 121, 122). We acknowledge reports that DWI-positive 
patients (including particularly those with clinical de�cits last-
ing less than 24 h) have a poorer outcome than DWI-negative 
patients (55, 78, 121, 122). However, imaging results must be 
shown to independently predict outcome, despite all other 
predictive clinical and pathophysiological markers. Moreover, 
even if ‘positive’ imaging evidence of ischaemia (or the nature of 
it) (123) proves to be such an independent predictor, treatment 
decisions are not currently altered (51). Even if patient outcomes 
are somehow shown to improve by using advanced imaging 
techniques and detecting “positive” evidence of ischemia, cost-
e�ectiveness must be measured (119). Further, changes in de�ni-
tion of stroke and TIA will not necessarily be required to exploit 
such knowledge. Moreover, “imaging-positive” patients are likely 
to remain a subset of patients with acute central-neurovascular 
syndromes. �erefore, it is important to maintain the clinical 
focus and subcategorize according to available neuroimaging 
results.

�ere is no reason why the established clinically based 
de�nitions of stroke and TIA should cause complacency or 
delay appropriate therapy. Such problems are best addressed by 
education. �e public and clinicians should be educated that 
to optimize patient outcomes, hyperacute therapies (such as 
thrombolysis and/or clot evacuation) should be administered 
as soon as possible within the �rst 4–6  h of clinical onset  
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FIGURE 2 | Diagnostic and classification framework for syndromes due to focal, intrinsic, central-neurovascular compromise*,**,#.

(Continued)
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FIGURE 2 | Continued  

*These are the sequential layers of information that should be specified as far as possible when describing syndromes due to focal, intrinsic central-neurovascular 

compromise. These are syndromes referable to intrinsic disorders of particular blood vessels supporting the brain, retina, or spinal cord. This classification may be 

expanded when there is reason. As far as possible, qualifying terms such as “likely” or “confirmed” should be included to improve clarity.  

**This framework recognizes that the presence of a condition does not always mean causation (124). The mechanism of stroke or transient ischemic attack (TIA) in 

an individual is always about assigning probabilities (0–100%). Therefore, it is more accurate to speak of risk factors and their likeliness of contributing causation.  
#This is a classification of clinical syndromes (symptoms and/or signs). Asymptomatic neuroimaging findings should be classified separately and according to 

whether or not pathological characterization has occurred. Pathologically unconfirmed asymptomatic neuroimaging findings, such as suspected asymptomatic 

infarcts, should be classified as such with the reasons for suspecting a particular pathology. Asymptomatic neuroimaging findings can be sub-classified using the 

same principles as presented in Figure 2 where relevant, when known and when there is purpose.  
+The most commonly recognized “characteristic” “focal” clinical deficits associated with stroke and TIA include sudden facial weakness, weakness or incoordination 

involving one or more limbs, dysphasia, dysarthria, visual impairment, vestibular or cranial nerve dysfunction which are manifested according to the particular 

vascular territory involved and neural tissue being secondarily compromised (7, 12, 13, 15).  
++For computed tomography, these include hypo-attenuation relative to “normal” areas, loss of white/gray matter differentiation, focal cortical swelling, hyper-dense 

arterial signs, and/or compression of adjacent structures (25, 26). For magnetic resonance imaging these include diffusion-weighted, T2, and fluid attenuation 

inversion recovery hyperintensity (26, 39, 46).  
^TIA is rapidly developed clinical symptoms and/or signs of cerebral, retinal, or spinal cord dysfunction lasting <24 h, with no apparent cause other than of focal 

neurovascular origin where resolution is swift and leaves no detectable permanent neurologic deficit. It is recognized that transient ischemic attacks commonly last 

2–15 min. Adapted from the National Institutes of Health 1975 publication (12).  
^^Stroke is rapidly developed clinical symptoms and/or signs of cerebral, retinal, or spinal cord dysfunction lasting >24 h or leading to death, with no apparent cause 

other than of focal neurovascular origin. It is recognized that the deficits typically appear suddenly but may progress or fluctuate (not resolving), particularly over 

minutes to hours after onset. Adapted from Aho et al. (7).  
^^^Infarction is a pathological term used to describe tissue that has lost its blood supply for long enough to undergo ischemic necrosis (death) with characteristic 

macroscopic and microscopic findings (21).  
##Severity may be measured according to meaningful scales such as the modified Rankin (for activities of daily living) (125). “Fully resolved, mild, moderate, severe, 

or fatal” should be used in preference to “disabling” versus “non-disabling” to describe severity because even mild strokes are associated with disability unless all 

measurable deficits have resolved.

(5, 6). �is is because imaging evidence of brain damage and 
the likelihood of a permanent de�cit is seen in proportion to 
the duration of the de�cit. Further, it should be acknowledged 
that in trials of thrombolysis and clot evacuation it was likely 
that some patients would have improved spontaneously and this 
was not predictable. However, overall, patients were better with 
treatment. It needs to be communicated that the aim in trials 
and clinical practice is to improve overall chances of converting 
long-term de�cits (strokes) into transient ones (TIAs) and severe 
de�cits into milder ones. �erefore, delaying transfer to hospital 
or hyperacute therapy to see if a de�cit resolves is not justi�ed. 
Further, the established de�nitions do not need to hinder patho-
physiological work up.

Finally, at least one universally standardized time-point is 
required to di�erentiate short-lived, fully resolved clinical de�cits 
from long-term ones, whether or not there has been any infarction 
or hyperacute therapy. As already explained, there is great clinical 
value in continuing this. �ere is no compelling data showing that 
an alternative time threshold is superior to, or more useful than 
24 h (20). Further, the shorter the time-point used to di�erenti-
ate stroke (long-term de�cits) from TIA (short-term de�cits) the 
harder it is to administer treatment to abort “stroke.” Anything 
less than 24 h will still be subject to the problems of being sure 
about how much tissue infarction has occurred. Moreover, the 
de�cit duration and severity are more important than proving 
the presence or not of infarction and should remain the primary 
targets of treatment strategies. �e 24-h time-point should be 
retained because it predominates in past research and is practical 
and useful to measure, whether or not patients are admitted to 
hospital or they receive hyperacute therapy. Additional times may 
be documented where there is reason.

CONCLUSION AND THE WAY FORWARD

The Importance of Clinically Based 

Definitions
In conclusion, the patient’s clinical status (nature and dura-
tion of de�cits) needs to remain the basis of stroke and TIA 
de�nitions because this is what matters most and has been the 
main outcome of prognostic and therapeutic studies. Further, 
de�nitions focused on the clinical de�cit allow inclusion of all 
a�ected persons, reduce the risk of mis-diagnosis, and encour-
age continued collection of data regarding asymptomatic as 
distinct from symptomatic patients, and typical stroke and TIA 
patients as distinct from other presentations which may have 
di�erent causation. Simpli�ed clinical assessment and imaging 
interpretation cannot replace assessment by a stroke specialist 
(119). �e value of a highly experienced expert physician is 
priceless and should be more highly valued by the profession as 
well as by patients.

�e duration of the clinical de�cit with respect to lasting more 
or less than 24 h should still always be recorded so that brief resolv-
ing de�cits can be systematically distinguished from lasting ones, 
whether or not hyperacute stroke therapies are administered. TIA 
and stroke, respectively, de�ne outcomes up to and beyond 24 h 
of clinical onset. �erefore, they are used retrospectively. Terms 
like “acute central-neurovascular syndrome” (19) or “threatening 
stroke” may help with communication during the �rst 24  h of 
clinical onset. However, patients fundamentally want to know if 
they have a stroke-related de�cit and the likelihood that treat-
ment may help resolve or minimize it.

Brain imaging remains a critical tool to characterize and 
sub-classify clinically de�ned stroke and TIA patients and help 
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determine appropriate therapy. It is a signi�cant advance that 
modern neuroimaging is now more likely to provide positive 
evidence of neural ischemia or infarction rather than to only help 
exclude other pathological processes, such as bleeding. However, 
the limitations of neuroimaging (especially if used as the pre-
dominant or only source of information) must be kept in mind. 
Further, infarction should remain a pathological term, allowing 
recognition that it is not reliably identi�ed by neuroimaging and 
that accurate identi�cation of infarction is not usually required 
to optimize patient outcomes. Challenges regarding the new era 
of hyperacute stroke therapy are best faced through appropriate 
education and resource organization. �e AHA/ASA proposals 
to merge the established clinically based de�nitions of stroke and 
TIA with each other and with pathologically de�ned infarction 
according to “positive” imaging �ndings must not be accepted. 
�e AHA/ASA proposed new “de�nitions” are ambiguous, 
scienti�cally incorrect, research disrupting, otherwise clinically 
unhelpful, and do not solve the problems they were proposed to 
solve.

Improving the Use of Clinically  

Based Definitions
Research, and its application in clinical practice, requires standard 
de�nitions, and these need to be scienti�cally valid and optimized 
with respect to clinical relevance. Although the established 
clinically based de�nitions of stroke and TIA provide the best 
foundation (using sub-classi�cation according to the available 
results from imaging and/or other investigations), use of these 
terms should be improved by:

 i. providing detail about typical clinical presentations and if/
how stroke mimics were distinguished (34, 119).

 ii. specifying the inclusion, or not, of stroke and TIA of the 
retina, brain and/or spinal cord and

 iii. specifying as clearly as possible the inclusion, or not, of 
syndromes due to arterial and/or venous infarction or hemor-
rhage (20).

In addition, it should not be forgotten that episodes of apparent 
global dysfunction (such as impaired consciousness) may occasion-
ally be caused by ischemic or haemorrhagic compromise directly 
referable to one or more cerebral artery (8–11). A summary of 
these and other proposed improvements for using the established 
clinically based de�nitions of stroke and TIA is given in Figure 2. 
�is framework is universally accessible at the most fundamental 
levels and, at the same time, can be used as we advance further into 
“personalized” (more individually tailored) medicine.

AUTHOR NOTE

Anne L. Abbott, Mauro Silvestrini, Ra� Topakian, Jonathan 
Golledge, Alejandro M. Brunser, Gert J. de Borst, Robert E. 
Harbaugh, Fergus N. Doubal, Tatjana Rundek, Ankur �apar, 
Alun H. Davies, Anthony Kam, and Joanna M. Wardlaw are 
members of the Faculty Advocating Collaborative and �oughtful 
Carotid Artery Treatments (FACTCATS at FACTCATS.org).

AUTHOR CONTRIBUTIONS

All authors contributed to the writing, editing, and �nal approval 
of this manuscript.

FUNDING

AA was the lead investigator and author for this publication. Her 
work on this manuscript was supported by her fellowship from the 
Bupa Health Foundation, Australia. �ere were no other speci�c 
funds for the work involved with producing this publication.

REFERENCES

1. World Health Organization. World Health Statistics 2014. (2014). 

180 p. Available from: http://www.Who.Int/gho/publications/world_ 

health_statistics/en/

2. Murray CJ, Barber RM, Foreman KJ, Abbasoglu Ozgoren A, Abd-Allah F,  

Abera SF, et  al. Global, regional, and national disability-adjusted 

life years (DALYs) for 306 diseases and injuries and healthy life 

expectancy (HALE) for 188 countries, 1990-2013: quantifying the 

epidemiological transition. Lancet (2015) 386:2145–91. doi:10.1016/

S0140-6736(15)61340-X 

3. Abbott AL. Medical (nonsurgical) intervention alone is now best for preven-

tion of stroke associated with asymptomatic severe carotid stenosis: results 

of a systematic review and analysis. Stroke (2009) 40:e573–83. doi:10.1161/

STROKEAHA.109.556068 

4. Dorhout Mees SM, Molyneux AJ, Kerr RS, Algra A, Rinkel GJ. Timing of 

aneurysm treatment a�er subarachnoid hemorrhage: relationship with 

delayed cerebral ischemia and poor outcome. Stroke (2012) 43:2126–9. 

doi:10.1161/STROKEAHA.111.639690 

5. Emberson J, Lees KR, Lyden P, Blackwell L, Albers G, Bluhmki E, et al. E�ect 

of treatment delay, age, and stroke severity on the e�ects of intravenous 

thrombolysis with alteplase for acute ischaemic stroke: a meta-analysis of 

individual patient data from randomized trials. Lancet (2014) 384:1929–35. 

doi:10.1016/S0140-6736(14)60584-5 

6. Goyal M, Menon BK, van Zwam WH, Dippel DW, Mitchell PJ, 

Demchuk AM, et  al. Endovascular thrombectomy a�er large-vessel 

ischaemic stroke: a meta-analysis of individual patient data from �ve 

randomized trials. Lancet (2016) 387:1723–31. doi:10.1016/S0140-6736(16) 

00163-X 

7. Aho K, Harmsen P, Hatano S, Marquardsen J, Smirnov VE, Strasser T. 

Cerebrovascular disease in the community: results of a WHO collaborative 

study. Bull World Health Organ (1980) 58:113–30. 

8. Stark RJ, Wodak J. Primary orthostatic cerebral ischaemia. J Neurol Neurosurg 

Psychiatry (1983) 46:883–91. doi:10.1136/jnnp.46.10.883 

9. Davidson E, Rotenbeg Z, Fuchs J, Weinberger I, Agmon J. Transient isch-

emic attack-related syncope. Clin Cardiol (1991) 14:141–4. doi:10.1002/

clc.4960140210 

10. Arnold M, Nedeltchev K, Schroth G, Baumgartner RW, Remonda L,  

Loher TJ, et  al. Clinical and radiological predictors of recanalization and 

outcome of 40 patients with acute basilar artery occlusion treated with 

intra-arterial thrombolysis. J Neurol Neurosurg Psychiatry (2004) 75:857–62. 

doi:10.1136/jnnp.2003.020479 

11. Bederson JB, Connolly  ES Jr, Batjer HH, Dacey RG, Dion JE, Diringer MN,  

et  al. Guidelines for the management of aneurysmal subarachnoid 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
FACTCATS.org
http://www.Who.Int/gho/publications/world_health_statistics/en/
http://www.Who.Int/gho/publications/world_health_statistics/en/
https://doi.org/10.1016/S0140-6736(15)61340-X
https://doi.org/10.1016/S0140-6736(15)61340-X
https://doi.org/10.1161/STROKEAHA.109.556068
https://doi.org/10.1161/STROKEAHA.109.556068
https://doi.org/10.1161/STROKEAHA.111.639690
https://doi.org/10.1016/S0140-6736(14)60584-5
https://doi.org/10.1016/S0140-6736(16)
00163-X
https://doi.org/10.1016/S0140-6736(16)
00163-X
https://doi.org/10.1136/jnnp.46.10.883
https://doi.org/10.1002/clc.4960140210
https://doi.org/10.1002/clc.4960140210
https://doi.org/10.1136/jnnp.2003.020479


11

Abbott et al. Definitions of Stroke, TIA, and Infarction

Frontiers in Neurology | www.frontiersin.org October 2017 | Volume 8 | Article 537

hemorrhage: a statement for healthcare professionals from a special writing 

group of the Stroke Council, American Heart Association. Stroke (2009) 

40:994–1025. doi:10.1161/STROKEAHA.108.191395 

12. Advisory Council for the National Institute of Neurological and 

Communicative Disorders and Stroke, National Institutes of Health, 

Bethesda, Maryland 20014. A classi�cation and outline of cerebrovascular 

diseases II. Stroke (1975) 6:564–616. doi:10.1161/01.STR.6.5.564 

13. Pessin MS, Duncan GW, Mohr JP, Poskanzer DC. Clinical and angiographic 

features of carotid transient ischemic attacks. N Engl J Med (1977) 296:358–62. 

doi:10.1056/NEJM197702172960703 

14. Levy DE. How transient are transient ischemic attacks? Neurology (1988) 

38:674–7. doi:10.1212/WNL.38.5.674 

15. Weisberg LA. Clinical characteristics of transient ischemic attacks in black 

patients. Neurology (1991) 41:1410–4. doi:10.1212/WNL.41.9.1410 

16. Abbott AL, Chambers BR, Stork JL, Levi CR, Bladin CF, Donnan GA. 

Embolic signals and prediction of ipsilateral stroke or transient ischemic 

attack in asymptomatic carotid stenosis: a multicenter prospective 

cohort study. Stroke (2005) 36:1128–33. doi:10.1161/01.STR.0000166059. 

30464.0a 

17. Markus HS, King A, Shipley M, Topakian R, Cullinane M, Reihill S, et al. 

Asymptomatic embolization for prediction of stroke in the asymptomatic 

carotid emboli study (ACES): a prospective observational study. Lancet 

Neurol (2010) 9:663–71. doi:10.1016/S1474-4422(10)70120-4 

18. Albers GW, Caplan LR, Easton JD, Fayad PB, Mohr JP, Saver JL, et  al. 

Transient ischemic attack – proposal for a new de�nition. N Engl J Med 

(2002) 347:1713–6. doi:10.1056/NEJMsb020987 

19. Easton JD, Saver JL, Albers GW, Alberts MJ, Chaturvedi S, Feldmann E, et al. 

De�nition and evaluation of transient ischemic attack: a scienti�c statement 

for healthcare professionals from the American Heart Association/American 

Stroke Association Stroke Council; Council on Cardiovascular Surgery and 

Anesthesia; Council on Cardiovascular Radiology and Intervention; Council on 

Cardiovascular Nursing and the Interdisciplinary Council on Peripheral Vascular 

Disease. Stroke (2009) 40:2276–93. doi:10.1161/STROKEAHA.108.192218 

20. Sacco RL, Kasner SE, Broderick JP, Caplan LR, Connors JJ, Culebras A, et al. 

An updated de�nition of stroke for the 21st century: a statement for health-

care professionals from the American Heart Association/American Stroke 

Association. Stroke (2013) 44:2064–89. doi:10.1161/STR.0b013e318296aeca 

21. Anderson JR, editor. Chapter 9: Disturbances of Blood Flow and Body 

Fluids. Muir’s Textbook of Pathology. 11th ed. London, UK: Edward Arnold 

Publishers (1980). p. 226–268.

22. Warach S, Gaa J, Siewert B, Wielopolski P, Edelman RR. Acute human stroke 

studied by whole brain echo planar di�usion-weighted magnetic resonance 

imaging. Ann Neurol (1995) 37:231–41. doi:10.1002/ana.410370214 

23. Lansberg MG, Norbash AM, Marks MP, Tong DC, Moseley ME, Albers GW. 

Advantages of adding di�usion-weighted magnetic resonance imaging to 

conventional magnetic resonance imaging for evaluating acute stroke. Arch 

Neurol (2000) 57:1311–6. doi:10.1001/archneur.57.9.1311 

24. Keir SL, Wardlaw JM, Bastin ME, Dennis MS. In which patients is di�u-

sion-weighted magnetic resonance imaging most useful in routine stroke care? 

J Neuroimaging (2004) 14:118–22. doi:10.1111/j.1552-6569.2004.tb00227.x 

25. Fiebach JB, Schellinger PD, Jansen O, Meyer M, Wilde P, Bender J, et  al. 

CT and di�usion-weighted MR imaging in randomized order: di�usion- 

weighted imaging results in higher accuracy and lower interrater variability 

in the diagnosis of hyperacute ischemic stroke. Stroke (2002) 33:2206–10. 

doi:10.1161/01.STR.0000026864.20339.CB 

26. Barber PA, Hill MD, Eliasziw M, Demchuk AM, Pexman JH, Hudon ME, 

et al. Imaging of the brain in acute ischaemic stroke: comparison of computed 

tomography and magnetic resonance di�usion-weighted imaging. J Neurol 

Neurosurg Psychiatry (2005) 76:1528–33. doi:10.1136/jnnp.2004.059261 

27. Chalela JA, Kidwell CS, Nentwich LM, Luby M, Butman JA, Demchuk AM, 

et al. Magnetic resonance imaging and computed tomography in emergency 

assessment of patients with suspected acute stroke: a prospective comparison. 

Lancet (2007) 369:293–8. doi:10.1016/S0140-6736(07)60151-2 

28. Wintermark M, Fischbein NJ, Smith WS, Ko NU, Quist M, Dillon WP. 

Accuracy of dynamic perfusion CT with deconvolution in detecting acute 

hemispheric stroke. AJNR Am J Neuroradiol (2005) 26:104–12. 

29. Wardlaw JM. Neuroimaging in acute ischaemic stroke: insights into 

unanswered questions of pathophysiology. J Intern Med (2010) 267:172–90. 

doi:10.1111/j.1365-2796.2009.02200.x 

30. Schaefer PW, Souza L, Kamalian S, Hirsch JA, Yoo AJ, Kamalian S, et  al. 

Limited reliability of computed tomographic perfusion acute infarct volume 

measurements compared with di�usion-weighted imaging in anterior 

circulation stroke. Stroke (2015) 46:419–24. doi:10.1161/STROKEAHA. 

114.007117 

31. Mintorovitch J, Moseley ME, Chileuitt L, Shimizu H, Cohen Y, Weinstein PR. 

Comparison of di�usion- and T2-weighted MRI for the early detection of 

cerebral ischemia and reperfusion in rats. Magn Reson Med (1991) 18:39–50. 

doi:10.1002/mrm.1910180106 

32. Hjort N, Christensen S, Solling C, Ashkanian M, Wu O, Rohl L, et  al. 

Ischemic injury detected by di�usion imaging 11 minutes a�er stroke. Ann 

Neurol (2005) 58:462–5. doi:10.1002/ana.20595 

33. Mintorovitch J, Yang G, Shimizu H, Kucharczyk J, Chan P, Weinstein P. 

Di�usion-weighted magnetic resonance imaging of acute focal cerebral 

ischemia: comparison of signal intensity with changes in brain water and 

Na+,K(+)-ATPase activity. J Cereb Blood Flow Metab (1994) 14:332–6. 

doi:10.1038/jcbfm.1994.40 

34. Ay H, Buonanno FS, Rordorf G, Schaefer PW, Schwamm LH, Wu O, et al. 

Normal di�usion-weighted MRI during stroke-like de�cits. Neurology 

(1999) 52:1784–92. doi:10.1212/WNL.52.9.1784 

35. Rivers CS, Wardlaw JM. What has di�usion imaging in animals told us about 

di�usion imaging in patients with ischaemic stroke? Cerebrovasc Dis (2005) 

19:328–36. doi:10.1159/000084691 

36. Smith EE, Schneider JA, Wardlaw JM, Greenberg SM. Cerebral microin-

farcts: the invisible lesions. Lancet Neurol (2012) 11:272–82. doi:10.1016/

S1474-4422(11)70307-6 

37. Schulz UG, Flossmann E, Francis JM, Redgrave JN, Rothwell PM. Evolution 

of the di�usion-weighted signal and the apparent di�usion coe�cient in the 

late phase a�er minor stroke: a follow-up study. J Neurol (2007) 254:375–83. 

doi:10.1007/s00415-006-0381-y 

38. Cunli�e CH, Fischer I, Monoky D, Law M, Revercomb C, Elrich S, et  al. 

Intracranial lesions mimicking neoplasms. Arch Pathol Lab Med (2009) 

133:101–23. doi:10.1043/1543-2165-133.1.101

39. Doubal FN, Dennis MS, Wardlaw JM. Characteristics of patients with 

minor ischaemic strokes and negative MRI: a cross-sectional study. J Neurol 

Neurosurg Psychiatry (2011) 82:540–2. doi:10.1136/jnnp.2009.190298 

40. Choi P, Srikanth V, Phan T. ‘Fogging’ resulting in normal MRI 3 weeks a�er 

ischaemic stroke. BMJ Case Rep (2011). doi:10.1136/bcr.04.2011.4110 

41. Brunser AM, Hoppe A, Illanes S, Diaz V, Munoz P, Carcamo D, et  al. 

Accuracy of di�usion-weighted imaging in the diagnosis of stroke in patients 

with suspected cerebral infarct. Stroke (2013) 44:1169–71. doi:10.1161/

STROKEAHA.111.000527 

42. Simonsen CZ, Madsen MH, Schmitz ML, Mikkelsen IK, Fisher M,  

Andersen G. Sensitivity of di�usion- and perfusion-weighted imaging 

for diagnosing acute ischemic stroke is 97.5%. Stroke (2015) 46:98–101. 

doi:10.1161/STROKEAHA.114.007107 

43. Barber PA, Darby DG, Desmond PM, Gerraty RP, Yang Q, Li T, et  al. 

Identi�cation of major ischemic change. Di�usion-weighted imaging 

versus computed tomography. Stroke (1999) 30:2059–65. doi:10.1161/01.

STR.30.10.2059 

44. Campbell BC, Purushotham A, Christensen S, Desmond PM, Nagakane Y, 

Parsons MW, et al. �e infarct core is well represented by the acute di�usion 

lesion: sustained reversal is infrequent. J Cereb Blood Flow Metab (2012) 

32:50–6. doi:10.1038/jcbfm.2011.102 

45. Burdette JH, Ricci PE, Petitti N, Elster AD. Cerebral infarction: time course 

of signal intensity changes on di�usion-weighted MR images. AJR Am 

J Roentgenol (1998) 171:791–5. doi:10.2214/ajr.171.3.9725318 

46. Oppenheim C, Stanescu R, Dormont D, Crozier S, Marro B, Samson Y, et al. 

False-negative di�usion-weighted MR �ndings in acute ischaemic stroke. 

AJNR Am J Neuroradiol (2000) 21:1434–40. 

47. Schaefer PW, Hunter GJ, He J, Hamberg LM, Sorensen AG, Schwamm LH, 

et al. Predicting cerebral ischemic infarct volume with di�usion and perfu-

sion MR imaging. AJNR Am J Neuroradiol (2002) 23:1785–94. 

48. Schulz UG, Briley D, Meagher T, Molyneux A, Rothwell PM. Di�usion-

weighted MRI in 300 patients presenting late with subacute transient 

ischemic attack or minor stroke. Stroke (2004) 35:2459–65. doi:10.1161/01.

STR.0000143455.55877.b9 

49. Sylaja PN, Coutts SB, Krol A, Hill MD, Demchuk AM, For the Vision 

Study Group. When to expect negative di�usion-weighted images in stroke 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1161/STROKEAHA.108.191395
https://doi.org/10.1161/01.STR.6.5.564
https://doi.org/10.1056/NEJM197702172960703
https://doi.org/10.1212/WNL.38.5.674
https://doi.org/10.1212/WNL.41.9.1410
https://doi.org/10.1161/01.STR.0000166059.
30464.0a
https://doi.org/10.1161/01.STR.0000166059.
30464.0a
https://doi.org/10.1016/S1474-4422(10)70120-4
https://doi.org/10.1056/NEJMsb020987
https://doi.org/10.1161/STROKEAHA.108.192218
https://doi.org/10.1161/STR.0b013e318296aeca
https://doi.org/10.1002/ana.410370214
https://doi.org/10.1001/archneur.57.9.1311
https://doi.org/10.1111/j.1552-6569.2004.tb00227.x
https://doi.org/10.1161/01.STR.0000026864.20339.CB
https://doi.org/10.1136/jnnp.2004.
059261
https://doi.org/10.1016/S0140-6736(07)60151-2
https://doi.org/10.1111/j.1365-2796.2009.02200.x
https://doi.org/10.1161/STROKEAHA.
114.007117
https://doi.org/10.1161/STROKEAHA.
114.007117
https://doi.org/10.1002/mrm.1910180106
https://doi.org/10.1002/ana.20595
https://doi.org/10.1038/jcbfm.1994.40
https://doi.org/10.1212/WNL.52.9.1784
https://doi.org/10.1159/000084691
https://doi.org/10.1016/S1474-4422(11)70307-6
https://doi.org/10.1016/S1474-4422(11)70307-6
https://doi.org/10.1007/s00415-006-0381-y
https://doi.org/10.1043/1543-2165-133.1.101
https://doi.org/10.1136/jnnp.2009.190298
https://doi.org/10.1136/bcr.04.2011.4110
https://doi.org/10.1161/STROKEAHA.111.000527
https://doi.org/10.1161/STROKEAHA.111.000527
https://doi.org/10.1161/STROKEAHA.114.007107
https://doi.org/10.1161/01.STR.30.10.2059
https://doi.org/10.1161/01.STR.30.10.2059
https://doi.org/10.1038/jcbfm.2011.102
https://doi.org/10.2214/ajr.171.3.9725318
https://doi.org/10.1161/01.STR.0000143455.55877.b9
https://doi.org/10.1161/01.STR.0000143455.55877.b9


12

Abbott et al. Definitions of Stroke, TIA, and Infarction

Frontiers in Neurology | www.frontiersin.org October 2017 | Volume 8 | Article 537

and transient ischemic attack. Stroke (2008) 39:1898–900. doi:10.1161/

STROKEAHA.107.497453 

50. Saber Tehrani AS, Kattah JC, Mantokoudis G, Pula JH, Nair D, Blitz A, 

et al. Small strokes causing severe vertigo: frequency of false-negative MRIs 

and nonlacunar mechanisms. Neurology (2014) 83:169–73. doi:10.1212/

WNL.0000000000000573 

51. Makin SD, Doubal FN, Dennis MS, Wardlaw JM. Clinically con�rmed stroke 

with negative di�usion-weighted imaging magnetic resonance imaging: 

longitudinal study of clinical outcomes, stroke recurrence, and systematic 

review. Stroke (2015) 46:3142–8. doi:10.1161/STROKEAHA.115.010665 

52. Gouw AA, Seewann A, van der Flier WM, Barkhof F, Rozemuller AM, 

Scheltens P, et al. Heterogeneity of small vessel disease: a systematic review of 

MRI and histopathology correlations. J Neurol Neurosurg Psychiatry (2011) 

82:126–35. doi:10.1136/jnnp.2009.204685 

53. Wardlaw JM. Post-mortem MR brain imaging comparison with macro- and 

histopathology: useful, important and underused. Cerebrovasc Dis (2011) 

31:518–9. doi:10.1159/000326846 

54. van Veluw SJ, Zwanenburg JJ, Engelen-Lee J, Spliet WG, Hendrikse J,  

Luijten PR, et  al. In vivo detection of cerebral cortical microinfarcts with 

high-resolution 7T MRI. J Cereb Blood Flow Metab (2013) 33:322–9. 

doi:10.1038/jcbfm.2012.196 

55. Redgrave JN, Coutts SB, Schulz UG, Briley D, Rothwell PM. Systematic 

review of associations between the presence of acute ischemic lesions 

on di�usion-weighted imaging and clinical predictors of early stroke risk 

a�er transient ischemic attack. Stroke (2007) 38:1482–8. doi:10.1161/

STROKEAHA.106.477380 

56. Neumann-Haefelin T, Wittsack HJ, Wenserski F, Li TQ, Moseley ME, 

Siebler M, et al. Di�usion- and perfusion-weighted MRI in a patient with a 

prolonged reversible ischaemic neurological de�cit. Neuroradiology (2000) 

42:444–7. doi:10.1007/s002340000303 

57. Dani KA, �omas RG, Chappell FM, Shuler K, MacLeod MJ, Muir KW, 

et al. Computed tomography and magnetic resonance perfusion imaging in 

ischemic stroke: de�nitions and thresholds. Ann Neurol (2011) 70:384–401. 

doi:10.1002/ana.22500 

58. Lovblad KO, Laubach HJ, Baird AE, Curtin F, Schlaug G, Edelman RR, 

et al. Clinical experience with di�usion-weighted MR in patients with acute 

stroke. AJNR Am J Neuroradiol (1998) 19:1061–6. 

59. Kim JA, Chung JI, Yoon PH, Kim DI, Chung TS, Kim EJ, et al. Transient 

MR signal changes in patients with generalized tonicoclonic seizure or status 

epilepticus: periictal di�usion-weighted imaging. AJNR Am J Neuroradiol 

(2001) 22:1149–60. 

60. Server A, Hovda KE, Nakstad PH, Jacobsen D, Dullerud R, Haakonsen M.  

Conventional and di�usion-weighted MRI in the evaluation of 

methanol poisoning. Acta Radiol (2003) 44:691–5. doi:10.1080/ 

02841850312331287779 

61. Butteriss DJ, Ramesh V, Birchall D. Serial MRI in a case of familial hemiplegic 

migraine. Neuroradiology (2003) 45:300–3. doi:10.1007/s00234-003-0979-z 

62. Schaefer PW, Huisman TA, Sorensen AG, Gonzalez RG, Schwamm LH. 

Di�usion-weighted MR imaging in closed head injury: high correlation 

with initial Glasgow coma scale score and score on modi�ed Rankin scale at 

discharge. Radiology (2004) 233:58–66. doi:10.1148/radiol.2323031173 

63. Shiga Y, Miyazawa K, Sato S, Fukushima R, Shibuya S, Sato Y, et  al. 

Di�usion-weighted MRI abnormalities as an early diagnostic marker for 

Creutzfeldt-Jakob disease. Neurology (2004) 63:443–9. doi:10.1212/01.

WNL.0000134555.59460.5D 

64. Kiroglu Y, Calli C, Yunten N, Kitis O, Kocaman A, Karabulut N, et  al. 

Di�usion-weighted MR imaging of viral encephalitis. Neuroradiology (2006) 

48:875–80. doi:10.1007/s00234-006-0143-7 

65. Enzinger C, �imary F, Kapeller P, Ropele S, Schmidt R, Ebner F, et al. Transient 

global amnesia: di�usion-weighted imaging lesions and cerebrovascular 

disease. Stroke (2008) 39:2219–25. doi:10.1161/STROKEAHA.107.508655 

66. Yong AW, Morris Z, Shuler K, Smith C, Wardlaw J. Acute symptomatic 

hypoglycemia mimicking ischaemic stroke on imaging: a systemic review. 

BMC Neurol (2012) 12:139. doi:10.1186/1471-2377-12-139 

67. Citton V, Burlina A, Baracchini C, Gallucci M, Catalucci A, Dal Pos S, 

et  al. Apparent di�usion coe�cient restriction in the white matter: going 

beyond acute brain territorial ischemia. Insights Imaging (2012) 3:155–64. 

doi:10.1007/s13244-011-0114-3 

68. Pauli W, Zarzycki A, Krzysztalowski A, Walecka A. CT and MRI imaging of 

the brain in MELAS syndrome. Pol J Radiol (2013) 78:61–5. doi:10.12659/

PJR.884010 

69. Mansour A, Qandeel M, Abdel-Razeq H, Abu Ali HA. MR imaging features 

of intracranial primary CNS lymphoma in immune competent patients. 

Cancer Imaging (2014) 14:22. doi:10.1186/1470-7330-14-22 

70. Lansberg MG, �ijs VN, O’Brien MW, Ali JO, de Crespigny AJ, Tong DC, 

et  al. Evolution of apparent di�usion coe�cient, di�usion-weighted, and 

T2-weighted signal intensity of acute stroke. AJNR Am J Neuroradiol (2001) 

22:637–44. 

71. Eastwood JD, Engelter ST, MacFall JF, Delong DM, Provenzale JM. 

Quantitative assessment of the time course of infarct signal intensity on 

di�usion-weighted images. AJNR Am J Neuroradiol (2003) 24:680–7. 

72. Fiebach JB, Jansen O, Schellinger PD, Heiland S, Hacke W, Sartor K. Serial 

analysis of the apparent di�usion coe�cient time course in human stroke. 

Neuroradiology (2002) 44:294–8. doi:10.1007/s00234-001-0720-8 

73. Fiehler J, Knudsen K, Kucinski T, Kidwell CS, Alger JR, �omalla G, et al. 

Predictors of apparent di�usion coe�cient normalization in stroke patients. 

Stroke (2004) 35:514–9. doi:10.1161/01.STR.0000114873.28023.C2 

74. Kidwell C, Alger JR, Di Salle F, Starkman S, Villablanca P, Bentson J, et al. 

Di�usion MRI in patients with transient ischemic attacks. Stroke (1999) 

30:1174–80. doi:10.1161/01.STR.30.6.1174 

75. Fiehler J, Foth M, Kucinski T, Knab R, von Bezold M, Weiller C, et al. Severe 

ADC decreases do not predict irreversible tissue damage in humans. Stroke 

(2002) 33:79–86. doi:10.1161/hs0102.100884 

76. Lecouvet FE, Duprez TP, Raymackers JM, Peeters A, Cosnard G. Resolution 

of early di�usion-weighted and FLAIR MRI abnormalities in a patient with 

TIA. Neurology (1999) 52:1085–7. doi:10.1212/WNL.52.5.1085 

77. Terasawa Y, Iguchi Y, Kimura K, Kobayashi K, Aoki J, Shibazaki K. Reversible 

di�usion-weighted lesion in a TIA patient without arterial recanalization: 

a case report. J Neurol Sci (2008) 272:183–5. doi:10.1016/j.jns.2008.04.033 

78. Giles MF, Albers GW, Amarenco P, Arsava EM, Asimos AW, Ay H, et  al. 

Early stroke risk and ABCD2 score performance in tissue- vs time-de-

�ned TIA: a multicenter study. Neurology (2011) 77:1222–8. doi:10.1212/

WNL.0b013e3182309f91 

79. Albach FN, Brunecker P, Usnich T, Villringer K, Ebinger M, Fiebach JB, et al. 

Complete early reversal of di�usion-weighted imaging hyperintensities a�er 

ischemic stroke is mainly limited to small embolic lesions. Stroke (2013) 

44:1043–8. doi:10.1161/STROKEAHA.111.676346 

80. Wardlaw JM, Smith C, Dichgans M. Mechanisms of sporadic cerebral small 

vessel disease: insights from neuroimaging. Lancet Neurol (2013) 12:483–97. 

doi:10.1016/S1474-4422(13)70060-7 

81. Asdaghi N, Campbell BC, Butcher KS, Coulter JI, Modi J, Qazi A, et al. DWI 

reversal is associated with small infarct volume in patients with TIA and 

minor stroke. AJNR Am J Neuroradiol (2014) 35:660–6. doi:10.3174/ajnr.

A3733 

82. Kane I, Sandercock P, Wardlaw J. Magnetic resonance perfusion di�usion 

mismatch and thrombolysis in acute ischaemic stroke: a systematic review 

of the evidence to date. J Neurol Neurosurg Psychiatry (2007) 78:485–91. 

doi:10.1136/jnnp.2006.100347 

83. Hotter B, Ostwaldt AC, Levichev-Connolly A, Rozanski M, Audebert HJ, 

Fiebach JB. Natural course of total mismatch and predictors for tissue infarc-

tion. Neurology (2015) 85:770–5. doi:10.1212/WNL.0000000000001889 

84. Kidwell CS, Saver JL, Starkman S, Duckwiler G, Jahan R, Vespa P, et al. Late 

secondary ischemic injury in patients receiving intraarterial thrombolysis. 

Ann Neurol (2002) 52:698–703. doi:10.1002/ana.10380 

85. Sakamoto Y, Kimura K, Shibazaki K, Inoue T, Uemura J, Aoki J, et al. Early 

ischaemic di�usion lesion reduction in patients treated with intravenous 

tissue plasminogen activator: infrequent, but signi�cantly associated 

with recanalization. Int J Stroke (2013) 8:321–6. doi:10.1111/j.1747-4949. 

2012.00902.x 

86. Luby M, Warach SJ, Nadareishvili Z, Merino JG. Immediate changes in stroke 

lesion volumes post thrombolysis predict clinical outcome. Stroke (2014) 

45:3275–9. doi:10.1161/STROKEAHA.114.006082 

87. Inoue M, Mlynash M, Christensen S, Wheeler HM, Straka M, Tipirneni A, 

et al. Early di�usion-weighted imaging reversal a�er endovascular reperfu-

sion is typically transient in patients imaged 3 to 6 hours a�er onset. Stroke 

(2014) 45:1024–8. doi:10.1161/STROKEAHA.113.002135 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1161/STROKEAHA.107.497453
https://doi.org/10.1161/STROKEAHA.107.497453
https://doi.org/10.1212/WNL.0000000000000573
https://doi.org/10.1212/WNL.0000000000000573
https://doi.org/10.1161/STROKEAHA.115.010665
https://doi.org/10.1136/jnnp.2009.204685
https://doi.org/10.1159/000326846
https://doi.org/10.1038/jcbfm.2012.196
https://doi.org/10.1161/STROKEAHA.106.477380
https://doi.org/10.1161/STROKEAHA.106.477380
https://doi.org/10.1007/s002340000303
https://doi.org/10.1002/ana.22500
https://doi.org/10.1080/
02841850312331287779
https://doi.org/10.1080/
02841850312331287779
https://doi.org/10.1007/s00234-003-0979-z
https://doi.org/10.1148/radiol.2323031173
https://doi.org/10.1212/01.WNL.0000134555.59460.5D
https://doi.org/10.1212/01.WNL.0000134555.59460.5D
https://doi.org/10.1007/s00234-006-0143-7
https://doi.org/10.1161/STROKEAHA.107.508655
https://doi.org/10.1186/1471-2377-12-139
https://doi.org/10.1007/s13244-011-0114-3
https://doi.org/10.12659/PJR.884010
https://doi.org/10.12659/PJR.884010
https://doi.org/10.1186/1470-7330-14-22
https://doi.org/10.1007/s00234-001-0720-8
https://doi.org/10.1161/01.STR.0000114873.28023.C2
https://doi.org/10.1161/01.STR.30.6.1174
https://doi.org/10.1161/hs0102.100884
https://doi.org/10.1212/WNL.52.5.1085
https://doi.org/10.1016/j.jns.2008.04.033
https://doi.org/10.1212/WNL.0b013e3182309f91
https://doi.org/10.1212/WNL.0b013e3182309f91
https://doi.org/10.1161/STROKEAHA.111.676346
https://doi.org/10.1016/S1474-4422(13)70060-7
https://doi.org/10.3174/ajnr.A3733
https://doi.org/10.3174/ajnr.A3733
https://doi.org/10.1136/jnnp.2006.100347
https://doi.org/10.1212/WNL.0000000000001889
https://doi.org/10.1002/ana.10380
https://doi.org/10.1111/j.1747-4949.
2012.00902.x
https://doi.org/10.1111/j.1747-4949.
2012.00902.x
https://doi.org/10.1161/STROKEAHA.114.006082
https://doi.org/10.1161/STROKEAHA.113.002135


13

Abbott et al. Definitions of Stroke, TIA, and Infarction

Frontiers in Neurology | www.frontiersin.org October 2017 | Volume 8 | Article 537

88. Olivot JM, Mlynash M, �ijs VN, Purushotham A, Kemp S, Lansberg MG, 

et al. Relationships between cerebral perfusion and reversibility of acute dif-

fusion lesions in DEFUSE: insights from RADAR. Stroke (2009) 40:1692–7. 

doi:10.1161/STROKEAHA.108.538082 

89. Labeyrie MA, Turc G, Hess A, Hervo P, Mas JL, Meder JF, et al. Di�usion lesion 

reversal a�er thrombolysis: a MR correlate of early neurological improve-

ment. Stroke (2012) 43:2986–91. doi:10.1161/STROKEAHA.112.661009 

90. Soize S, Tisserand M, Charron S, Turc G, Ben Hassen W, Labeyrie MA, et al. How 

sustained is 24-hour di�usion-weighted imaging lesion reversal? Serial mag-

netic resonance imaging in a patient cohort thrombolyzed within 4.5 hours of 

stroke onset. Stroke (2015) 46:704–10. doi:10.1161/STROKEAHA.114.008322 

91. Novy J, Carruzzo A, Maeder P, Bogousslavsky J. Spinal cord ischemia: clinical 

and imaging patterns, pathogenesis, and outcomes in 27 patients. Arch Neurol 

(2006) 63:1113–20. doi:10.1001/archneur.63.8.1113 

92. Nogueira RG, Ferreira R, Grant PE, Maier SE, Koroshetz WJ, Gonzalez RG, 

et al. Restricted di�usion in spinal cord infarction demonstrated by magnetic 

resonance line scan di�usion imaging. Stroke (2012) 43:532–5. doi:10.1161/

STROKEAHA.111.624023 

93. Weidauer S, Nichtweiss M, Lanfermann H, Zanella FE. Spinal cord infarc-

tion: MR imaging and clinical features in 16 cases. Neuroradiology (2002) 

44:851–7. doi:10.1007/s00234-002-0828-5 

94. Robertson CE, Brown  RD Jr, Wijdicks EF, Rabinstein AA. Recovery a�er 

spinal cord infarcts: long-term outcome in 115 patients. Neurology (2012) 

78:114–21. doi:10.1212/WNL.0b013e31823efc93 

95. Fieschi C, Gottlieb A, De Carolis V. Ischaemic lacunae in the spinal cord 

of arteriosclerotic subjects. J Neurol Neurosurg Psychiatry (1970) 33:138–46. 

doi:10.1136/jnnp.33.2.138 

96. Furie KL, Ay H. Perfusion- and di�usion-weighted magnetic resonance 

imaging in transient global amnesia – reply from the authors. Neurology 

(1999) 53:240–240. 

97. van Rooij FG, Vermeer SE, Goraj BM, Koudstaal PJ, Richard E,  

de Leeuw FE, et  al. Di�usion-weighted imaging in transient neurological 

attacks. Ann Neurol (2015) 78:1005–10. doi:10.1002/ana.24539 

98. An H, Ford AL, Vo K, Powers WJ, Lee JM, Lin W. Signal evolution and 

infarction risk for apparent di�usion coe�cient lesions in acute ischemic 

stroke are both time- and perfusion-dependent. Stroke (2011) 42:1276–81. 

doi:10.1161/STROKEAHA.110.610501 

99. Brazzelli M, Chappell FM, Miranda H, Shuler K, Dennis M, Sandercock PA, 

et al. Di�usion-weighted imaging and diagnosis of transient ischemic attack. 

Ann Neurol (2014) 75:67–76. doi:10.1002/ana.24026 

100. Degan D, Ornello R, Tiseo C, De Santis F, Pistoia F, Carolei A, et  al. 

Epidemiology of transient ischemic attacks using time- or tissue-based 

de�nitions: a population-based study. Stroke (2017) 48:530–6. doi:10.1161/

STROKEAHA.116.015417

101. Coupland AP, �apar A, Qureshi MI, Jenkins H, Davies AH. �e de�nition of 

stroke. J R Soc Med (2017) 110:9–12. doi:10.1177/0141076816680121 

102. Abbott AL. Stroke Rates Associated with Asymptomatic Carotid Stenosis 

and Medical Treatment Alone Continue to Fall: Results of an Updated Meta-

analysis (Late Breaking Science Abstract Presented at the AHA International 

Stroke Conference, 2013). American Heart Association (2017). Available 

from: http://my.americanheart.org/idc/groups/ahamah-public/@wcm/@

sop/@scon/documents/downloadable/ucm_448656.pdf

103. Gronholdt ML, Nordestgaard BG, Schroeder TV, Vorstrup S, Sillesen H. 

Ultrasonic echolucent carotid plaques predict future strokes. Circulation 

(2001) 104:68–73. doi:10.1161/hc2601.091704 

104. Marquardt L, Geraghty OC, Mehta Z, Rothwell PM. Low risk of ipsilateral 

stroke in patients with asymptomatic carotid stenosis on best medical 

treatment: a prospective, population-based study. Stroke (2010) 41:e11–7. 

doi:10.1161/STROKEAHA.109.561837 

105. Nicolaides AN, Kakkos SK, Kyriacou E, Gri�n M, Sabetai M, �omas DJ,  

et al. Asymptomatic internal carotid artery stenosis and cerebrovascular 

risk strati�cation. J Vasc Surg (2010) 52:1486–96.e1–5. doi:10.1016/j.

jvs.2010.07.021  

106. Silvestrini M, Cagnetti C, Pasqualetti P, Albanesi C, Altamura C, Lanciotti C, 

et al. Carotid wall thickness and stroke risk in patients with asymptomatic 

internal carotid stenosis. Atherosclerosis (2010) 210:452–7. doi:10.1016/j.

atherosclerosis.2009.12.033 

107. den Hartog AG, Achterberg S, Moll FL, Kappelle LJ, Visseren FL, van der 

Graaf Y, et al. Asymptomatic carotid artery stenosis and the risk of ischemic 

stroke according to subtype in patients with clinical manifest arterial disease. 

Stroke (2013) 44:1002–7. doi:10.1161/STROKEAHA.111.669267 

108. Madani A, Beletsky V, Tamayo A, Munoz C, Spence JD. High-risk asymp-

tomatic carotid stenosis: ulceration on 3D ultrasound vs TCD microemboli. 

Neurology (2011) 77:744–50. doi:10.1212/WNL.0b013e31822b0090 

109. Johnson JM, Kennelly MM, Decesare D, Morgan S, Sparrow A. Natural 

history of asymptomatic carotid plaque. Arch Surg (1985) 120:1010–2. 

doi:10.1001/archsurg.1985.01390330022004 

110. Silvestrini M, Altamura C, Cerqua R, Pasqualetti P, Viticchi G,  

Provinciali L, et al. Ultrasonographic markers of vascular risk in patients with 

asymptomatic carotid stenosis. J Cereb Blood Flow Metab (2013) 33:619–24. 

doi:10.1038/jcbfm.2013.5 

111. Chambers BR, Norris JW. Outcome in patients with asymptomatic neck 

bruits. N Engl J Med (1986) 315:860–5. doi:10.1056/NEJM198610023151404 

112. Executive Committee for the Asymptomatic Carotid Atherosclerosis Study. 

Endarterectomy for asymptomatic carotid artery stenosis. JAMA (1995) 

273:1421–8. doi:10.1001/jama.1995.03520420037035 

113. Brott TG, Hobson  RW II, Howard G, Roubin GS, Clark WM, Brooks W, 

et al. Stenting versus endarterectomy for treatment of carotid-artery stenosis. 

N Engl J Med (2010) 363:11–23. doi:10.1056/NEJMoa0912321 

114. McLane HC, Berkowitz AL, Patenaude BN, McKenzie ED, Wolper E,  

Wahlster S, et  al. Availability, accessibility, and a�ordability of neurodiag-

nostic tests in 37 countries. Neurology (2015) 85:1614–22. doi:10.1212/

WNL.0000000000002090 

115. Feigin VL, Forouzanfar MH, Krishnamurthi R, Mensah GA, Connor M, 

Bennett DA, et al. Global and regional burden of stroke during 1990-2010: 

�ndings from the Global Burden of Disease Study 2010. Lancet (2014) 

383:245–54. doi:10.1016/S0140-6736(13)61953-4 

116. McCoy KJ. Patient Page. Even a minor stroke might lead to stress and anxiety. 

Neurology (2006) 66:E15–6. doi:10.1212/01.wnl.0000203810.16277.32 

117. Fanning JP, Wong AA, Fraser JF. �e epidemiology of silent brain infarction: 

a systematic review of population-based cohorts. BMC Med (2014) 12:119. 

doi:10.1186/s12916-014-0119-0 

118. Abbott AL. Bias in the use of randomized trials for carotid stenosis 

management. Gefasschirurgie (2015) 20:252–7. doi:10.1007/s00772-015- 

0036-3 

119. Wardlaw J, Brazzelli M, Miranda H, Chappell F, McNamee P, Scotland G, et al. 

An assessment of the cost-e�ectiveness of magnetic resonance, including 

di�usion-weighted imaging, in patients with transient ischaemic attack and 

minor stroke: a systematic review, meta-analysis and economic evaluation. 

Health Technol Assess (2014) 18:1–368. doi:10.3310/hta18270 

120. �ygesen K, Alpert JS, Ja�e AS, Simoons ML, Chaitman BR, White HD, 

et al. �ird universal de�nition of myocardial infarction. Circulation (2012) 

126:2020–35. doi:10.1161/CIR.0b013e31826e1058 

121. Wardlaw JM, Keir SL, Bastin ME, Armitage PA, Rana AK. Is di�usion 

imaging appearance an independent predictor of outcome a�er ischemic 

stroke? Neurology (2002) 59:1381–7. doi:10.1212/01.WNL.0000032495. 

71720.C3 

122. Al-Khaled M, Eggers J. MRI �ndings and stroke risk in TIA patients with 

di�erent symptom durations. Neurology (2013) 80:1920–6. doi:10.1212/

WNL.0b013e318293e15f 

123. Bang OY, Lee PH, Heo KG, Joo US, Yoon SR, Kim SY. Speci�c DWI lesion 

patterns predict prognosis a�er acute ischaemic stroke within the MCA 

territory. J Neurol Neurosurg Psychiatry (2005) 76:1222–8. doi:10.1136/

jnnp.2004.059998 

124. Caplan L. Clinical diagnosis of brain embolism. Cerebrovasc Dis (1995) 

5:79–88. doi:10.1159/000107829 

125. Bruno A, Shah N, Lin C, Close B, Hess DC, Davis K, et al. Improving mod-

i�ed Rankin scale assessment with a simpli�ed questionnaire. Stroke (2010) 

41:1048–50. doi:10.1161/STROKEAHA.109.571562 

Con�ict of Interest Statement: AA is a neurologist and receives a part-time salary 

from the Bupa Health Foundation to continue independent activities to improve 

outcomes for patients at risk of stroke and other complications of arterial disease. 

RT serves on the advisory board for Novartis and Shire-Baxalta. He has received 

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1161/STROKEAHA.108.538082
https://doi.org/10.1161/STROKEAHA.112.661009
https://doi.org/10.1161/STROKEAHA.114.008322
https://doi.org/10.1001/archneur.63.8.1113
https://doi.org/10.1161/STROKEAHA.111.624023
https://doi.org/10.1161/STROKEAHA.111.624023
https://doi.org/10.1007/s00234-002-0828-5
https://doi.org/10.1212/WNL.0b013e31823efc93
https://doi.org/10.1136/jnnp.33.2.138
https://doi.org/10.1002/ana.24539
https://doi.org/10.1161/STROKEAHA.110.610501
https://doi.org/10.1002/ana.24026
https://doi.org/10.1161/STROKEAHA.116.015417
https://doi.org/10.1161/STROKEAHA.116.015417
https://doi.org/10.1177/0141076816680121
http://my.americanheart.org/idc/groups/ahamah-public/@wcm/@sop/@scon/documents/downloadable/ucm_448656.pdf
http://my.americanheart.org/idc/groups/ahamah-public/@wcm/@sop/@scon/documents/downloadable/ucm_448656.pdf
https://doi.org/10.1161/hc2601.091704
https://doi.org/10.1161/STROKEAHA.109.561837
https://doi.org/10.1016/j.jvs.2010.07.021
https://doi.org/10.1016/j.jvs.2010.07.021
https://doi.org/10.1016/j.atherosclerosis.2009.12.033
https://doi.org/10.1016/j.atherosclerosis.2009.12.033
https://doi.org/10.1161/STROKEAHA.111.669267
https://doi.org/10.1212/WNL.0b013e31822b0090
https://doi.org/10.1001/archsurg.1985.01390330022004
https://doi.org/10.1038/jcbfm.2013.5
https://doi.org/10.1056/NEJM198610023151404
https://doi.org/10.1001/jama.1995.03520420037035
https://doi.org/10.1056/NEJMoa0912321
https://doi.org/10.1212/WNL.0000000000002090
https://doi.org/10.1212/WNL.0000000000002090
https://doi.org/10.1016/S0140-6736(13)61953-4
https://doi.org/10.1212/01.wnl.0000203810.16277.32
https://doi.org/10.1186/s12916-014-0119-0
https://doi.org/10.1007/s00772-015-0036-3
https://doi.org/10.1007/s00772-015-0036-3
https://doi.org/10.3310/hta18270
https://doi.org/10.1161/CIR.0b013e31826e1058
https://doi.org/10.1212/01.WNL.0000032495.
71720.C3
https://doi.org/10.1212/01.WNL.0000032495.
71720.C3
https://doi.org/10.1212/WNL.0b013e318293e15f
https://doi.org/10.1212/WNL.0b013e318293e15f
https://doi.org/10.1136/jnnp.2004.059998
https://doi.org/10.1136/jnnp.2004.059998
https://doi.org/10.1159/000107829
https://doi.org/10.1161/STROKEAHA.109.571562


14

Abbott et al. Definitions of Stroke, TIA, and Infarction

Frontiers in Neurology | www.frontiersin.org October 2017 | Volume 8 | Article 537

support for Conference attendance from Novartis, P�zer, Abbvie, and Bayer and 

Speaking honoraria from P�zer. JG is supported by an NHMRC Practitioner 

Fellowship and funding from the NHMRC and Queensland Government. GB is 

a member of the steering committee ECST-2 trial. FD receives research salary 

funding from the Stroke Association and Gar�eld Weston Foundation. TR holds 

National Institutes of Health (NIH) grants. AD holds a number of National 

Institute for Health Research grants. JW has no current grants that are of direct 

relevance to this paper. However, she holds other grants for research in stroke and 

aging and dementia that are managed by the University including from the MRC, 

Engineering and Physical Sciences Research Council, Wellcome Trust, Fondation 

Leducq, European Union Horizon 2020 fund, Stroke Association, British Heart 

Foundation and Alzheimer’s Society. All other authors declare that the research was 

conducted in the absence of any commercial or �nancial relationships that could 

be construed as a potential con�ict of interest.

Copyright © 2017 Abbott, Silvestrini, Topakian, Golledge, Brunser, de Borst, 

Harbaugh, Doubal, Rundek, �apar, Davies, Kam and Wardlaw. �is is an open- 

access article distributed under the terms of the Creative Commons Attribution 

License (CC BY). �e use, distribution or reproduction in other forums is permitted, 

provided the original author(s) or licensor are credited and that the original publica-

tion in this journal is cited, in accordance with accepted academic practice. No use, 

distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Optimizing the Definitions of Stroke, Transient Ischemic Attack, and Infarction for Research and Application in Clinical Practice
	Introduction
	The Meaning of Stroke, TIA, and Infarction
	The Established Clinically Based Definitions
	Proposals to Change to Imaging-Dominant Definitions

	The Proposals are Ambiguous
	2002 Proposals
	2009 Proposals
	2013 Proposals

	The Proposals are Scientifically Incorrect
	Limited Sensitivity of Cerebral Neuroimaging
	Limited Specificity of Cerebral Neuroimaging
	Limited Sensitivity and Specificity of Spinal Cord Neuroimaging
	The Important Role of the Neuropathologist

	The Proposals are Research Disrupting
	Problems Making Measurements 
and Comparisons
	Particular Problems with Low Rates 
and Differentiating Transient Events 
with an Example Regarding Stroke 
Risk Associated With Asymptomatic Carotid Stenosis

	The Proposals are Otherwise Clinically Unhelpful
	Limitations Imposed by Access 
to Neuroimaging
	Negative Patient Psycho-Social Implications
	Encouragement of Over- and 
Under-Treatment

	The Proposals Do not Solve the Challenges of Delivering Hyperacute Stroke Therapy
	Reasons Given to Change to 
Imaging-Dominant Definitions
	How These Issues Should Be Addressed

	Conclusion and the Way Forward
	The Importance of Clinically Based Definitions
	Improving the Use of Clinically 
Based Definitions

	Author Note
	Author Contributions
	Funding
	References


