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Abstract
Objective
Since use of diffusion-weighted imaging (DWI) positivity in the “tissue-based” definition of
stroke in patients with a clinical TIA is supported by the high associated 90-day risk of recurrent
stroke, we aimed to determine long-term prognostic significance, stratified by etiologic subtype,
and whether the same tissue-based distinction is predictive in minor strokes.

Methods
Consecutive eligible patients with TIA or minor stroke (NIH Stroke Scale [NIHSS] ≤3) in the
population-based Oxford Vascular Study underwent brain MRI at baseline. Stroke risk on 10-
year follow-up was stratified by NIHSS (0/1 vs 2/3) and Trial of Org 10172 in Acute Stroke
Treatment classification of the initial event.

Results
Among 1,033 patients (633 TIA; 400 minor stroke), 248 (24.0%) had acute lesions on DWI
(13.9% of TIAs; 40.0% of minor strokes). A positive DWI was associated with an increased 10-
year risk of recurrent ischemic stroke after an index TIA (hazard ratio [HR] 2.66, 95% con-
fidence interval [CI] 1.28–5.54, p = 0.009) or a stroke with NIHSS 0–1 (3.03, 1.29–7.08, p =
0.011), but not after a stroke with NIHSS 2–3 (0.70, 0.24–2.10, p = 0.53). Ischemic stroke risk
after DWI-positive TIA was at least equivalent to that after DWI-negative stroke (1.81,
0.82–4.00, p = 0.14). Among all patients, DWI positivity was most predictive of 10-year risk
after cryptogenic events (4.68, 1.70–12.92, p = 0.003).

Conclusion
DWI positivity is associated with an increased long-term risk of recurrent stroke after TIA and
minor stroke, supporting a tissue-based definition of minor stroke as well as TIA. Prognostic
value is greatest after cryptogenic events.

From the Centre for the Prevention of Stroke and Dementia, Nuffield Department of Clinical Neurosciences, University of Oxford, UK.

Coinvestigators are listed at links.lww.com/WNL/A888.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article. The Article Processing
Charge was funded by the Wellcome Trust.

This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0 (CC BY), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. e2455

http://dx.doi.org/10.1212/WNL.0000000000007531
mailto:peter.rothwell@ndcn.ox.ac.uk
mailto:peter.rothwell@ndcn.ox.ac.uk
http://links.lww.com/WNL/A888
http://n.neurology.org/lookup/doi/10.1212/WNL.0000000000007531
http://creativecommons.org/licenses/by/4.0/


Use of magnetic resonance diffusion-weighted imaging
(DWI) is recommended in investigation of stroke and TIA,1,2

and is the basis for the tissue-based definition of TIA as op-
posed to the traditional time-based definition.3 DWI has
a higher sensitivity for acute ischemia than plain CT,4–6 and
an acute DWI lesion is a predictor of 90-day recurrent is-
chemic stroke following a TIA,7–11 independent of the
ABCD2 score.8

Two other important issues remain to be clarified: whether
acute DWI lesions also predict longer-term outcome and
whether they predict risk after minor stroke as well as TIA.
First, in terms of long-term prognosis, until recently only a few
small studies had evaluated the prognostic implications of
DWI positivity beyond 1 year, with conflicting results.12–14 A
recent multicenter registry of nearly 5,000 patients withminor
stroke or TIA showed that acute lesions on brain imaging (CT
or DWI) were predictive of recurrent ischemic stroke at 90
days but not at 1 year15 or 5 years,16 although results were not
stratified by index stroke vs TIA. Second, although DWI-
negative minor stroke is widely recognized,17 the prognostic
implications remain uncertain.10,11 Whether patients and
physicians should be reassured by normal imaging even in the
presence of focal symptoms and signs lasting longer than 24
hours is unclear. Prognostic uncertainty is often greatest after
cryptogenic events, but any difference in prognostic value of
DWI between etiologic subtypes of TIA and stroke is also
uncertain.

We therefore studied the 10-year risk of recurrent ischemic
stroke in DWI-positive vs DWI-negative TIA and minor
stroke in a large population-based cohort, stratified according
to cryptogenic vs noncryptogenic etiology.

Methods
We studied consecutive patients referred to the Oxford Vas-
cular Study (OXVASC) with suspected TIA or stroke18 be-
tween December 2004 and March 2017. OXVASC is an
ongoing population-based study of the incidence and out-
come of all acute vascular events in a population of 92,728
individuals, registered with 100 general practitioners in 9
general practices in Oxfordshire, United Kingdom. The
multiple overlapping methods used to achieve near complete
ascertainment of all individuals with TIA and ischemic stroke
have been reported previously.18 Stroke and TIAwere defined
according to WHO criteria (acute onset of neurologic deficit,
persisting for >24 hours in case of a stroke, or for <24 hours in
case of a TIA),19 and for the current analyses, we included all
patients with DWI performed as part of the initial assessment

of TIA or minor ischemic stroke. The closest event prior to
the DWI scan was taken as the index event.

Patients were assessed by a neurologist or stroke physician
and all presentations and investigations were reviewed by the
senior study neurologist (P.M.R.) and TIA or stroke mimics
excluded. Demographic data and stroke risk factors were
collected from face-to-face interview and cross-referenced
with primary care records. Detailed clinical history was
recorded in all patients and assessments were made for stroke
severity using the NIH Stroke Scale (NIHSS) as recorded on
assessment. Minor stroke was defined as NIHSS ≤3. Cause of
ischemic events was classified according to the Trial of Org
10172 in Acute Stroke Treatment (TOAST) criteria.20

Patients routinely had brain imaging (CT or MRI), vascular
imaging (carotid Doppler or CT angiography/MR angiogra-
phy or digital subtraction angiography), 12-lead ECG, and
standard blood tests. Echocardiography, 24-hour ECG
(Holter), and 5-day ambulatory ECG monitoring were done
when clinically indicated. During the study period, OXVASC
brain imaging protocols changed: from 2002 to 2009, CT
brain was the first-line imaging modality with MRI for use in
selected cases when clinically indicated; from 2009 to 2012,
MRI was used routinely for suspected posterior circulation
events; and from 2012 onwards, MRI brain became the first-
line imaging modality for all patients with suspected TIA or
minor stroke. If a patient was reviewed in the emergency
department prior to referral to the TIA clinic, he or she would
typically receive a CT brain scan acutely followed by an MRI
brain scan in the OXVASC clinic. The parameters for MRI
scanners and MRI scanning protocols used in the study have
been described elsewhere.21 Of note, to exclude hemorrhage
and mass lesions close to the area of interest on DWI, the
study protocol also included a T2-weighted turbo gradient
spin echo sequence and T1-weighted imaging. All brain im-
aging was reviewed by a senior study neuroradiologist (W.K.),
blinded to any information about recurrent events. Restricted
diffusion (DWI-positive) was defined as hyperintensity on
DWI with decreased signal on apparent diffusion coefficient
images. Acute DWI lesions were classified as being positive
even if they did not correlate with the presenting symptoms.

Patients were followed up face to face at 1, 6, 12, 24, 60, and
120 months by a study nurse or physician to identify any
recurrent stroke, supplemented by review of primary care
records. Where patients were seen prior to symptom res-
olution, review at 1 month confirmed a TIA or minor stroke
diagnosis. All recurrent events that occurred during follow-
up would also be identified by the ongoing daily case

Glossary
CI = confidence interval; DWI = diffusion-weighted imaging; HR = hazard ratio; NIHSS = NIH Stroke Scale; OXVASC =
Oxford Vascular Study; TOAST = Trial of Org 10172 in Acute Stroke Treatment.
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ascertainment. Patients who had moved out of the study
area were followed up via telephone at the same time points
as face-to-face follow-up. We recorded all deaths during
follow-up with the underlying causes by direct follow-up,
via primary care records, and by centralized registration
with Office for National Statistics.

Statistical analysis
We used Kaplan-Meier survival analysis to calculate the 10-
year risks of recurrent ischemic stroke stratified by baseline
DWI positivity and compared risks by Cox regression analysis
adjusted for age and sex. Predefined subgroup analysis in-
cluded index event type (ischemic stroke or TIA), NIHSS
stroke category (0–1 and 2–3), and TOAST classification20

(cryptogenic and noncryptogenic). Analyses were censored at
the outcomes of interest: death or the end of follow-up
(March 31, 2018). All patients had at least 1 year of follow-up.

Heterogeneity in the prognostic values of DWI positivity was
assessed for using the Mantel-Haenszel test. A sensitivity
analysis was performed to identify any differences relating to
the changes in imaging protocol. All statistical analyses were
performed with IBM SPSS version 22.0 (SPSS Inc., Chi-
cago, IL).

Standard protocol approvals, registrations,
and patient consents
Written informed consent or assent from relatives was
obtained in all participants. OXVASC was approved by the
local research ethics committee (OREC A: 05/Q1604/70).

Data availability statement
Requests for access to the data reported in this article will be
considered by the corresponding author.

Table 1 Baseline characteristics of study participants

N = 1,033

TIA (n = 633) Minor stroke (n = 400)

DWI+ (n = 88) DWI2 (n = 545) p Value DWI+ (n = 160) DWI2 (n= 240) p Value

Median age, y (IQR) 70 (20) 72.5 (14) 70 (20) 0.19 70 (18) 66 (21) 0.01

Male (%) 529 (51.2) 53 (65.4) 248 (48.3) 0.01 83 (55.7) 113 (49.6) 0.36

Median NIHSS (IQR) 0 (0) — — — 1 (2) 1 (1) <0.01

Median days event to MRI (IQR) 3 (7) 2 (3) 3 (8) 0.01 3 (3) 5 (12) <0.01

Median days clinic to MRI (IQR) 0 (1) 0 (0) 0 (0) 0.83 0 (2) 0 (4) 0.37

History of stroke or TIA (%) 160 (15.5) 18 (20.5) 97 (17.8) 0.55 17 (10.6) 28 (11.7) 0.87

IHD (%) 125 (12.1) 9 (10.2) 57 (10.5) 1.00 26 (16.3) 33 (13.8) 0.57

Hypertension (%) 566 (54.8) 47 (53.4) 289 (53.0) 1.00 95 (59.4) 135 (56.3) 0.61

Hyperlipidemia (%) 350 (33.9) 29 (33.0) 182 (33.4) 1.00 59 (36.9) 80 (33.3) 0.52

Diabetes mellitus (%) 134 (13.0) 7 (8.0) 62 (11.4) 0.46 37 (23.1) 28 (11.7) <0.01

Ex or current smoker (%) 499 (48.2) 43 (48.9) 236 (43.3) 0.36 95 (59.4) 125 (52.1) 0.18

Atrial fibrillation (%) 192 (18.6) 24 (27.3) 92 (16.9) 0.03 39 (24.4) 37 (15.4) 0.03

TOAST classification (%)

Cryptogenic 388 (37.6) 31 (35.2) 234 (42.9) 0.20 32 (20.0) 91 (37.9) 0.02

Noncryptogenic 645 (62.4) 57 (64.8) 311 (57.1) 128 (80.0) 149 (62.1)

Abbreviations: DWI = diffusion-weighted imaging; IHD = ischemic heart disease; IQR = interquartile range; NIHSS = NIH Stroke Scale; TOAST = Trial of Org
10172 in Acute Stroke Treatment.

Figure 1 Stacked bar chart depicts the proportion of
patients with diffusion-weighted imaging (DWI)+
and DWI− scans categorized by index event type
TIA or minor stroke

The proportion of patients with acute ischemic lesions on baseline DWI
brain imaging (DWI+) and those without (DWI−) categorized by index event
type TIA or minor stroke. NIHSS = NIH Stroke Scale.
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Results
After exclusion of 745 patients referred in the study period
with TIA or stroke mimics, 1,033 patients fulfilled the in-
clusion criteria. Baseline patient characteristics are shown in
table 1. There were 400 (38.7%) patients with minor stroke
and 633 (61.3%) with TIA. There were 248 patients (24.0%)
with DWI-positive lesions: 13.9% of TIAs and 40.0% of minor
strokes.

The median time (interquartile range) from event to scan and
clinic assessment to scan was 3 days (7) and 0 days (1),
respectively. Among those cases (n = 632/61.2%) in-
vestigated after 2012, when the imaging protocol changed to
routine use of MRI in all eligible patients, 537 (90.3%) were
imaged within 24 hours of assessment.

Figure 1 shows the increasing prevalence of DWI-positive
scans with index event severity, ranging from 13.9% in
patients with TIA to 65.1% in those with stroke and NIHSS 3.

During 4,778 patient-years of follow-up, there were 70 re-
current ischemic strokes and 141 deaths; 9 and 11, re-
spectively, within 90 days from index event (these cases were
excluded from post-90-day analyses). The overall 10-year
risks (95% confidence interval [CI]) of recurrent ischemic
stroke and death were 9.5% (7.0–12.1) and 22.5%
(18.4–26.6), respectively.

Among all patients with TIA or stroke (figure 2), DWI positivity
was predictive of 10-year risks of recurrent ischemic stroke (p <
0.00001) and of death (p = 0.001). DWI positivity remained
predictive for risk of post-90-day recurrent ischemic stroke
(14.5%DWI-positive vs 8.9%DWI-negative; hazard ratio [HR]
2.24, 95% CI 1.35–3.72, p = 0.002) and death (23.1% vs 16.7%;
1.58, 1.10–2.29, p = 0.014). Sensitivity analyses stratified by
study phase also showed consistently increased risks in DWI-
positive patients with recurrent ischemic stroke (pre-2012 HR
2.00, 1.08–3.71, p = 0.03; post-2012 HR 2.70, 1.29–5.65, p =
0.008) and death (pre-2012 HR 1.94, 1.24–3.04, p = 0.003;
post-2012 HR 1.15, 0.86–2.65, p = 0.15).

When stratified by type and severity of index event (table 2),
there was a trend of increased risk of recurrent ischemic stroke
in minor stroke patients (NIHSS 0–3) with a positive DWI
(14.9% vs 7.3%; 1.87, 0.96–3.65, p = 0.064), driven by those
with minor stroke with NIHSS 0–1 (19.2% vs 4.9%; 3.03,
1.29–7.08, p = 0.011). These risks remained statistically sig-
nificant following adjustment for age and sex, and for post-90-
day risk. However, a positive DWI was not associated with an
increased risk of recurrent ischemic stroke in patients with
NIHSS 2–3 (0.70, 0.23–2.01; p = 0.53).

A positive DWI was most predictive of recurrent ischemic
stroke in patients with index cryptogenic events, both overall
(13.6% vs 3.2%; 4.68, 1.70–12.92, p = 0.003) and post 90 days

Figure 2 Kaplan-Meier survival graphs for 10-year risks of overall and post-90-day recurrent ischemic stroke (IS) and death

The overall 10-year risks and post-90-day 10-year risks of recurrent IS (A, B) and of death (C, D) in patients with acute ischemic lesions on baseline brain
diffusion-weighted imaging (DWI+) and in those without (DWI−).
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(12.2% vs 3.2%; 4.02, 1.40–11.59, p = 0.01; table 2 and figure
3). Findings were similar for the 10-year risk of death in DWI-
positive patients in index cryptogenic events (overall 26.7% vs
14.4%; 2.20, 1.05–4.60, p = 0.037; post 90 days 20.9% vs
11.2%; 2.08, 0.96–4.49, p = 0.06), but not in patients with
noncryptogenic event patients (data not shown).

Discussion
In this large, population-based study with routine MRI, we
found that an acute DWI lesion predicted an increased risk of
recurrent ischemic stroke after TIA and minor stroke with
NIHSS 0–1, and this risk remained elevated for up to 10 years.
Furthermore, we identified a particularly elevated risk in those
with cryptogenic TIA/stroke etiology.

The rate of DWI positivity (13.9% of TIAs and 65.1% of minor
strokes with NIHSS 3) in our study is comparable with pre-
vious studies that reported a range between 12% and 67%.22

However, the prevalence of positive DWI for TIA in our study
was somewhat lower than that reported in previous meta-
analyses.23 This is perhaps due to the difference in study
designs. We chose to include patients with delayed MRI scans
up to 1 month postevent, usually due to late presentation, to
replicate real-life practice and limit any exclusion bias. Our
approach is supported by one study that showed that DWI
sequences are still useful in the diagnosis of patients presenting
late with TIA or minor stroke (median 17 days), identifying
appropriate DWI lesions in 70% of minor strokes and 13% of

TIAs.24 Due to the delayed scan time, there is a risk of falsely
negative DWI; however, despite this potential bias, we have
identified a significantly lower risk in these patients, and
therefore any reclassification would strengthen the results.

Redefining TIA to a tissue-based (DWI) definition has the
benefits of conveying specific prognostic information, but the
same approach has not been applied to minor stroke. Our data
show that DWI positivity has similar prognostic importance after
minor stroke with NIHSS 0–1, which might also help in man-
aging these patients and is reassuring for those with a negative
DWI scan. Furthermore, all acute DWI lesions identified in this
study were considered, regardless of whether they correlated
with the patient’s clinical presentation. Our findings would
support standard investigation and treatment of such patients
with silent lesions, but further studies regarding the long-term
risk of asymptomatic DWI lesions would be required.

In addition to the strong existing evidence that TIA patients with
an acute ischemic lesion on DWI have a high 90-day risk of
stroke, we showed that the prognostic importance of DWI pos-
itivity is maintained on long-term follow-up. The reasons why
DWI-positive lesions were associated with long-term risks are less
clear, although some investigators have postulated that a positive
DWImight suggest increased intrinsic vulnerability of the brain to
infarction.We found that patients withDWI-positive lesions were
more likely to be male, have a noncryptogenic etiology (princi-
pally atherosclerotic and cardioembolic; there was a higher rate of
atrial fibrillation in DWI-positive patients), and there was a trend
to a higher prevalence of diabetes (table 1). The presence of

Table 2 Risk of overall and post-90-day recurrent ischemic stroke categorized by index event and Trial of Org 10172 in
Acute Stroke Treatment classification and diffusion-weighted imaging (DWI) appearance

Type of index event DWI-positivea, Events/total DWI-negative, Events/total

Unadjusted Adjusted (age, sex)

HR (95% CI) p Value HR (95% CI) p Value

Overall risk

TIA 10/87 25/543 2.66 (1.28–5.54) 0.009 2.54 (1.21–5.34) 0.014

Stroke (NIHSS 0–1) 13/90 9/186 3.03 (1.29–7.08) 0.011 2.99 (1.27–7.03) 0.012

Stroke (NIHSS 2–3) 6/64 7/52 0.70 (0.23–2.01) 0.53 0.67 (0.22–1.99) 0.47

Cryptogenic 7/62 8/324 4.68 (1.70–12.92) 0.003 4.59 (1.65–12.81) 0.004

Noncryptogenic 22/179 33/457 1.72 (1.00–2.95) 0.049 1.67 (0.97–2.87) 0.06

Post-90-day risk

TIA 8/85 23/541 2.33 (1.04–5.21) 0.04 2.27 (1.01–5.14) 0.048

Stroke (NIHSS 0–1) 12/89 9/186 2.79 (1.18–6.63) 0.02 2.74 (1.15–6.55) 0.023

Stroke (NIHSS 2–3) 5/63 5/50 0.77 (0.24–2.86) 0.76 0.81 (0.23–2.82) 0.74

Cryptogenic 6/61 8/324 4.02 (1.40–11.59) 0.01 3.88 (1.33–11.30) 0.013

Noncryptogenic 19/176 29/453 1.69 (0.95–3.02) 0.075 1.66 (0.93–2.96) 0.089

Abbreviations: CI = confidence interval; HR = hazard ratio; NIHSS = NIH Stroke Scale.
a Positive indicates the presence of one or more acute ischemic lesions.
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symptomatic intracranial stenosis has also been shown to strongly
associatewithDWIpositivity and recurrent stroke risk inTIA and
minor stroke patients.25

We showed that DWI positivity is most strongly predictive of
recurrent ischemic stroke and death in patients with crypto-
genic index events, driven partly by the benign prognosis of
patients with DWI-negative cryptogenic events. The lack of
a treatable cause of cryptogenic events, such as atrial fibrilla-
tion or carotid stenosis, makes secondary prevention in these
patients less targeted. The ability to select high-risk crypto-
genic TIA/stroke patients on the basis of DWI may allow
inclusion into future trials addressing the unmet need for
more effective secondary prevention.

Strengths of this study include the large population-based co-
hort, with stroke-specialist confirmed TIA, blinded radiologic
review, and high rates of secondary prevention. However, our
study did have some limitations. First, our findings were based
on amainly Caucasian population andmay not be generalizable
to a more ethnically diverse population. Second, some patients
with DWI-negative TIA/minor stroke could have had a non-
vascular cause for their symptoms, particularly perhaps those
with other normal investigations (i.e., cryptogenic events), but
we did use standard diagnostic criteria, administered by an
experienced vascular neurologist, and so our results are likely to
be generalizable to routine clinical practice. Of note, the 745

patients referred in the study period with a clear nonvascular
cause for their symptoms were excluded. Furthermore, we
cannot be certain that these results can translate to a hyperacute
setting, such as in the emergency department, as our study is
a predominantly outpatient, more inclusive cohort.

DWI positivity conveys useful, long-term prognostic in-
formation in patients with TIA and minor stroke, supporting
the tissue-based definition of TIA, which could also be ex-
tended to include those with minor stroke.
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