
Introduction

Diffusion-weighted magnetic resonance imaging
(DWI) is helpful in the diagnosis and management of
acute stroke [4, 19]. Its main advantages in this set-
ting are that it shows ischaemic lesions earlier than
other imaging modalities [20], and that its interpre-

tation is very reliable [11]. The time course of lesion
evolution in the acute phase has been studied exten-
sively [6, 18, 29] In contrast, the evolution of the DW-
signal in the late phase after stroke has not been
studied in detail. Data on signal evolution in the late
phase after stroke have either been extrapolated from
cross-sectional data [2, 9], or are limited to follow-up
studies of acute stroke with a single scan in the late
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j Abstract Introduction Diffu-
sion-weighted imaging (DWI) is
mainly used in acute stroke, and
signal evolution in the acute phase
has been studied extensively.
However, patients with a minor
stroke frequently present late.
Recent studies suggest that DWI
may be helpful at this stage, but
only very few published data exist
on the evolution of the DW-signal
in the weeks and months after a
stroke. We performed a follow-up
study of DWI in the late stages
after a minor stroke. Methods 28
patients who presented 48 hours
to 14 days after a minor stroke
underwent serial MRI at baseline,
4 weeks, 8 weeks, 12 weeks,
6 months and ‡9 months after
their event. Signal intensity within
the lesion was determined on
T2-weighted images, DW-images
and the Apparent Diffusion Coef-
ficient (ADC) map at each time-
point, and ratios were calculated
with contralateral normal values
(T2r, DWIr, ADCr). Results T2r

was increased in all patients from
the beginning, and showed no
clear temporal evolution. ADCr

normalized within 8 weeks in 83%
of patients, but still continued to
increase for up to 6 months after
the event. The DW-signal de-
creased over time, but was still
elevated in 6 patients after
‡6 months. The evolution of ADCr

and DWIr showed statistically
highly significant inter-individual
variation (p < 0.0001), which was
not accounted for by age, sex,
infarct size or infarct location.
Conclusion The ADC and the
DW-signal may continue to evolve
for several months after a minor
ischaemic stroke. Signal evolution
is highly variable between indi-
viduals. Further studies are re-
quired to determine which factors
influence the evolution of the ADC
and the DW-signal.
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phase [13, 29], which did not allow determination of
signal changes over time during the late stage after
stroke, or of differences between patients. Although
some authors commented that the DW-signal may
remain elevated for several weeks or months after a
stroke, and that rarely the Apparent Difusion Co-
efficient (ADC) may remain reduced for longer than
14 days [9, 13], the evolution of the ADC and the DW-
signal beyond two weeks after an ischaemic event has
not been studied systematically.

Two recent studies have shown that DWI is fre-
quently helpful in the management of patients with
minor, non-disabling stroke who present late [17, 28].
It identifies recent infarction more frequently than
T2-weighted imaging [17], and provides additional
information, such as clarification of the affected vas-
cular territory [28]. However, if DWI is to be used
widely in such patients, more detailed knowledge
about its time course in the late phase after stroke is
required. This information cannot necessarily be
extrapolated from previous studies, since patients
who present late differ from patients in studies of
acute stroke: minor strokes will generally be milder,
which may have led the patients to defer seeking
medical attention. Minor strokes will generally be
smaller than acute strokes which lead to immediate
hospital admission, minor strokes may also affect
different brain structures, and their appearance and
evolution on DWI may be different. In the absence of
any previous similar study, our aim was to study the
evolution of the ADC and the DW-signal in the late
stages after a minor stroke. We performed a follow-up
study of patients who were scanned within 14 days
after a minor stroke and then underwent repeated
follow-up scanning for up to a year after their event.

Methods

In this study, patients were recruited from the Oxford Vascular
Study (OXVASC), a population-based study of TIA and stroke [26].
The methodology of the OXVASC study has been published in
detail elsewhere [26]. Briefly, through collaboration with nine
general practices, an urban and rural population of 91 000 people
was studied. General practitioners (GPs) were encouraged to report
all patients who might have suffered a TIA or stroke during the
study period. Strokes were also identified by daily assessment of
hospital registers, hospital diagnostic coding, review of referrals for
brain and vascular imaging, and review of all death certificates and
coroner’s reports when relevant. A study neurologist assessed all
cases as soon as possible after notification. Details of the presenting
event, clinical characteristics, and medical history were recorded
from the patient, GP records, and hospital records. Stroke and TIA
were defined according to WHO criteria (sudden onset of neuro-
logical deficit, persisting for >24 hours in case of a stroke, or for
<24 hours in case of a TIA) [31]. Within OXVASC, one method of
ascertaining patients was the daily study clinic, to which GPs re-
ferred patients with a suspected TIA or stroke. Patients for the
present study were recruited from this clinic. All patients referred

to the clinic were reviewed by a study neurologist. If the study
neurologist diagnosed a minor stroke the patients were asked
whether they would be willing to participate in the study. Patients
who consented were scanned as soon as possible within two weeks
after their event. They were included in the follow-up study if a
relevant lesion was found on DWI. Subsequent follow-up scans
were conducted, where possible, 4 weeks after the event (2 weeks
after the first scan), and then at 8 weeks, 12 weeks, 6 months, and
‡9 months after the event. The study was approved by the local
ethics committee.

j Diffusion-weighted imaging

Scanning was conducted on a 1.5 Tesla Siemens Symphony system
with quantum gradients. Diffusion-weighted imaging was con-
ducted with the following imaging parameters: TR 5400 ms, TE
84 ms, 36 slices, slice thickness 4.0 mm, no interslice gap, matrix
128*128, FOV 200*200. The diffusion weighted sequence was ac-
quired with two different b-values (b = 0 and 1000 s/mm2). A
positive DWI scan was defined as high signal on the b1000 image.
The ADC-map was calculated pixel by pixel according to the fol-
lowing formula: ADC = )ln(Sib1000/Sib0)/1000; with Si describing
the signal intensity of the b1000 and the b0-image. To exclude
haemorrhage and mass lesions close to the area of interest on DWI,
the study protocol also included a T2-weighted turbo gradient spin
echo (TGSE) sequence and T1-weighted imaging. To ensure stable
imaging quality and signal intensity over time, routine quality
assessments of the scanner, which ensured that the scanner and the
coils were functioning correctly, were performed daily. Calibrations
of the gradients using a test phantom of known dimension were
performed regularly and no drift in size was observed. To minimize
differences in slice position for serial scans, we recorded head
positioning for the first scan. At each follow-up scan, we carefully
compared the scout images for the follow-up scans with the first
scan, ensuring consistent patient positioning between scans. Scans
were analysed with Leonardo Syngo (Siemens TM) software Ver-
sion 2003 A.

j Image analysis

A single observer reviewed all DW-images and ADC-maps. The
observer manually drew a region of interest (ROI) around the
lesion on the b1000 image. The imaging slice which showed the
largest extent of the lesion was used. The imaging software al-
lowed direct transfer of the ROI onto the b0-image, which was
used to study T2-effects over time, and the ADC-map. For each
ROI the mean signal intensity was determined. To control for any
potential residual variation in signal intensity between scans, we
calculated ratios with the signal intensities of normal control ROIs
in the contralateral hemisphere, which corresponded to the lesion
ROI in size and location (DWIR, T2R and ADCR). To minimise
intra-observer variation, all measurements were performed twice
and the mean of the two values was taken. To determine changes
in signal intensity over time, we then copied the ROIs from the
first scan onto the follow-up scans and measured signal intensity
within the ROIs. We measured the mean signal of the entire lesion
because we felt that this was the most reliable way of measuring
signal intensity within the same area of the brain on repeated
occasions. Although we had taken great care to ensure consistent
patient positioning, there may still have been minor misalignment
between scans. Small ROIs would have been difficult to position
into the same area of the brain at each scan, and minor mis-
alignment could have led to a proportionally large measurement
error. While a larger ROI might also not have been positioned in
exactly the same place, it was more likely to include the previ-
ously measured area.
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j Statistical analysis

Observer reliability was determined with the intra-class correlation
coefficient. To determine the evolution of the ADC and the DW-
signal over time, we calculated the mean signal intensities at each
time point for the entire patient cohort and tested them for het-
erogeneity and linearity. To determine whether signal evolution
was associated with age, sex, infarct size or infarct location, we
fitted a linear model for repeated measures to the data, and con-
secutively included these variables in the models. To test for the
extent of inter-individual variation in signal evolution, we plotted
the signal intensities versus each time point for each individual
patient and visually inspected the graphs. We also fitted a mixed
non-linear model and a fixed effect model to the data and com-
pared the models to determine whether there was significant inter-
individual variation in signal evolution. The statistical analyses
were performed with SPSS Version 12.0� and with S-Plus�.

Results

Twenty-eight patients (9 female, mean (SD)
age = 70.0 (11.6) years, range 39–90) were included in
the study. Median (IQR) NIH-score [14] at baseline
was 1 (0–3). Mean (SD) time from symptom onset to
first scan was 9 (3) days. All patients attended for a
second scan 4 weeks after their event, 23 attended for
a third scan. Ten patients attended for the final fol-
low-up scan at 9 months or more after the event. Of
these, five had missed the follow-up appointment at
either 3 or 6 months. (see also Table 1) There were 9
cortical infarcts, 13 subcortical infarcts, 2 brainstem
infarcts and 4 infarcts that affected both cortical and
subcortical tissue. Stroke aetiology according to
TOAST criteria [1] was: large vessel – 7 patients, small
vessel – 7 patients, cardioembolic – 1 patient, unde-
termined aetiology – 13 patients.

Intra-observer agreement for image analysis was
high. The intraclass correlation coefficient for the
DWI-measurements was 0.96 (95% confidence inter-
val = 0.92–0.98, p < 0.0001), for the ADC it was 0.98
(95% CI = 0.95–0.99, p < 0.0001).

In all patients, the T2-signal was and remained
increased from the first scan. Table 1 shows the
proportion of scans in which the signal on the b1000-

image had normalized or decreased, and the per-
centage of ADC-maps with normalized or increased
signal at each point during follow-up. These propor-
tions are likely to represent underestimates: between
each of the scans, some patients withdrew from fol-
low-up. If the DW-signal on their final scan had al-
ready normalized or was decreased, we included their
scans as ‘‘negative’’ in the analysis. However, if the
DW-signal was still increased at the final scan, we
excluded them, since it was not possible to estimate if
and when the signal would normalize. We proceeded
in a similar manner with the ADC-maps, assuming
that an increased ADC would remain elevated, but
excluding patients with decreased ADC on their final
scan. Allowing for these assumptions, Table 1 shows
that even ‡ 9 months after the event, the DW-signal
was decreased in only 60% of scans, and in some
patients who agreed to further follow-up, high signal
persisted beyond a year. In contrast, the proportion of
scans with a persistently decreased ADC was much
lower: the ADC had already normalised or was ele-
vated at baseline in 39% of patients. All of these
patients were scanned more than one week after their
stroke. Within 8 weeks, the ADC was normal or
increased in 83% of patients, and it had normalised or
was increased in all but one patient six months after
the event.

Table 1 also shows the mean signal intensities for
the T2-, DW- and ADC-images averaged across all
patients scanned at each time point.The T2-signal did
not change significantly over time (phet = 0.52),
whereas there was a significant decrease in the
intensity of the DW-signal (plin < 0.0001) and a sig-
nificant increase in the ADC (plin < 0.0001). These
findings are confirmed in Figure 1, which shows the
temporal evolution of the T2-signal, the DW-signal
and the ADC for patients who were scanned at least 4
times. The T2-signal was increased at all times, with
no obvious temporal evolution. The DW-signal, which
according to the inclusion criteria was increased on
all baseline scans, decreased during follow-up. This
decrease was most marked between baseline and first

Table 1 This table shows the number of patients scanned, the percentage of patients in whom DWI and ADC had normalized, and the mean signal intensity
(expressed as ratio of the signal intensity of the lesion divided by the signal intensity of the contralateral projected area) of the T2-signal, the DW-signal and the ADC
at each time point. Not every patient was scanned at each time point: more patients were scanned at ‡ 9 months than at 3 or 6 months. Phet = p-value for
heterogeneity, Plin = p-value for linear trend

Patients (N) Mean follow-up (Range) % low/ normal DWI % normal /high ADC Mean T2r Mean DWIr Mean ADCr

Baseline (0–2 weeks) 28 10 (4–17) 0/28 (0%) 11/28 (39%) 1.49 (0.19) 1.52 (0.28) 0.95 (0.18)
4 weeks 28 25 (18–36) 3/28 (11%) 15/28 (54%) 1.49 (0.31) 1.20 (0.19) 1.14 (0.29)
8 weeks 20 52 (39–64) 3/24 (12%) 20/24 (83%) 1.60 (0.31) 1.13 (0.21) 1.33 (0.31)
12 weeks 9 81 (67–99) 7/22 (32%) 22/24 (92%) 1.63 (0.30) 1.07 (0.20) 1.39 (0.39)
6 months 8 196 (140–220) 8/17 (47%) 22/23 (96%) 1.55 (0.32) 1.08 (0.09) 1.43 (0.14)
‡ 9 months 10 285 (256–443) 9/15 (60%) 22/23 (96%) 1.47 (0.32) 1.00 (0.08) 1.50 (0.32)

Phet 0.520 <0.0001 <0.0001
Plin 0.586 <0.0001 <0.0001
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follow-up 4 weeks after the event. The DW-signal
then continued to decrease more gradually over the
ensuing weeks and months. The mean ADC was still
reduced at baseline, but elevated 4 weeks after the
event. It continued to increase for up to six months
after the event. In a linear model for repeated mea-
sures, lesion size, infarct location (cortical versus
subcortical) and infarct aetiology according to TOAST

criteria did not have any significant effect on the time
course of the T2-signal, the DW-signal or the ADC.

These results indicate that while the ADC nor-
malizes earlier than the DW-signal, both continue to
change for several months after an ischaemic event.
However, this does not take into account that signal
evolution may vary between individuals. Figure 2
gives an example of such variation: while the DW-
signal of the medullary infarct shown in Figure 2a was
already decreased after 8 weeks, the DW-signal of the
subcortical infarct in Figure 2b only normalized after
a year. In our cohort, time to normalization of the
DW-signal was highly variable: it had normalized
within 8 weeks in only 12% of patients, and it was still
increased after 6 months in 53% of patients. (Table 1)
In contrast, after 8 weeks the ADC had normalised or
become elevated in 83% of patients. However, al-
though it was already elevated, between 8 weeks and
>9 months the ADC continued to rise in 7 of the 10
patients in whom measurements at this point were
available. The extent of interindividual variability in
the temporal evolution of the T2-signal, the DW-sig-
nal and the ADC is shown in Figure 3.

To analyse the inter-individual variation in signal
evolution formally, we fitted a non-linear mixed effect
model to the data, which allowed for a fixed effect of
time and a random effect of individuals, i.e. the model
allowed for inter-individual variation. We compared
this with a fixed effect model, which did not allow for
inter-individual variation. The models were signifi-
cantly different (p < 0.0001), which confirms that the
temporal evolution of the ADC and of the DW-signal
varies significantly between individuals. This vari-
ability was not accounted for by age, sex, infarct size,
infarct aetiology or infarct location.

Discussion

To our knowledge, our study is the first study of le-
sion evolution with multiple follow-up scans during
the late phase after a minor stroke. We have shown
that, although changes are most marked in the first
few weeks after an ischaemic event, both the ADC and
the DW-signal may continue to evolve for several
months. Signal evolution is highly variable between
individuals. In our study, this variability was not ac-
counted for by patient age, sex, infarct size or infarct
location.

It is generally accepted that the ADC increases to
supra-normal values within a few weeks after a stroke
[25]. However, since most follow-up studies to date
were limited to one scan in the late phase, [17, 18] it
has not been demonstrated if and for how long the
ADC may continue to change. We have shown that
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Fig. 1 Temporal evolution of the T2-signal, the DW-signal and the ADC in
patients who were scanned at least 4 times. It shows the overall trend for the
DW-signal to decrease and the ADC to increase even several months after the
event
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the ADC may continue to increase for several weeks
or months after an ischaemic event. The continuing
rise of the ADC explains why the DW-signal may also
continue to change for months, and why even high
DW-signal that has persisted for some months may
still normalise. Therefore, even several weeks after a
stroke DWI still provides additional information to
T2-weighted imaging: DW-lesions are more likely to

have occurred over the past few months, whereas on
T2-weighted imaging it is not possible to differentiate
whether lesions are several months or years old.
However, the great interindividual variability in lesion
evolution also shows that interpretation of DWI in the
subacute phase after an ischaemic event has to be
cautious, since there will be false negatives and false
positives: a lesion that evolves fast may not be visible

Fig. 2 a: MR-images at baseline, 4 weeks and 8 weeks in a 58 year-old patient who presented with dysarthria and right-sided incoordination. MRI showed a right
medullary infarction. The signal on DWI was markedly increased at baseline (4 days after the event), but reduced 8 weeks after the event. ADC was reduced at
baseline, pseudo-normal at first follow-up and markedly increased after 2 months. T2-signal was increased on the first and third scan, but showed fogging on the
second scan. b: MR-images of a 65-year-old man presenting with right sensori-motor hemiparesis. Signal intensity did not change markedly in the T2-weighted
images. The DW-signal progressively decreased over a one-year period. The ADC was slightly decreased at baseline, pseudo-normalised at 4 weeks, and increased
further until six months after the event
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any more only a few days after an ischaemic event,
whereas the presence of a lesion on DWI does not
necessarily imply an acute ischaemic event. DWI
therefore has to be interpreted within the context of
the clinical presentation. DWI is also increasingly
being used as a surrogate outcome measure in trials of
stroke. In some studies, presence of a high signal
lesion on DWI during follow-up is seen as evidence

for recent ischaemic events. However, our findings
suggest that high signal lesions may well be several
weeks or months old and do not necessarily indicate
recent ischaemic activity. This should be borne in
mind for any studies that use DWI to monitor for
recent ischaemic events. In such studies, a baseline
DWI-scan has to be available to which any follow-up
scans must be compared in detail.

In this study, the evolution of the DW-signal varied
significantly between patients. This may explain the
conflicting results of previous studies of the time
course of the DW-signal [6, 9, 18]. While one study
found that the DW-signal normalized within 14 days
[6], other studies found that it remained increased for
several months [9, 18]. There has been more agree-
ment that the ADC pseudo-normalises 7–10 days after
an ischaemic event [27, 29, 30] but some more recent
studies found that it may normalize much later [2, 9,
13]. Most of these studies were small, and some of
them tried to extrapolate the time course of the DW-
signal from cross-sectional data [2, 9]. However, given
the high degree of inter-individual variation the use-
fulness of a general model of the time course of the
DW-signal is doubtful. Any such model should be
based on a large number of patients and on follow-up
rather than on cross-sectional data.

The DW-signal is influenced by the ADC and by
T2-effects [9, 18]. If the T2-signal of a lesion is high,
high ADC-values are required to allow normalization
of the DW-signal. If T2-effects exceed the contribu-
tion of the ADC, the DW-lesion will appear persis-
tently bright. In the presence of vasogenic oedema
and infarcted tissue, both the T2-signal and the ADC
are high. Therefore strong T2-effects are often asso-
ciated with a concurrently high ADC. The speed of
change of the DW-signal is determined by the speed
of increase in the ADC. It is unlikely to be affected by
the T2-signal, because this did not change systemat-
ically over time. The relative contributions of T2-ef-
fects and of the ADC to the DW-signal are complex,
and they may at least partially account for the inter-
individual variation in the appearance and in the
evolution of DW-lesions. In this context, variation in
the extent of T2-effects and in the ADC will account
for variability in final lesion appearance, whereas
variation in lesion evolution will be accounted for
mainly by differences in the evolution of the ADC.

The appearance of DWI and of the ADC reflect
pathological changes in brain tissue. Animal studies
suggest that changes in the ADC and DW-signal may
reflect changes predominantly in glial cells rather
than neurons [24]. While the reduction of the ADC in
acute stroke represents cytotoxic oedema, the ensuing
rise in the ADC represents evolving vasogenic oede-
ma, cell necrosis and, at the chronic stage, gliosis and
cystic transformation [12]. The continuing change of
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shown separately for each patient
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the ADC provides imaging evidence that repair pro-
cesses, ongoing cystic transformation and necrotic
transformation may continue for several months after
an ischaemic event. In contrast, the variable extent
with which T2-effects and the ADC contribute to the
appearance of the DW-lesion may reflect differences
in local tissue composition and in local repair
mechanisms. Accordingly some authors have sug-
gested that the ADC may evolve differently in white
matter compared with grey matter lesions [21, 22]
although this was not confirmed by others [3, 11].
Another study found that the temporal evolution of
the ADC differed between watershed infarctions and
embolic infarcts [16]. We did not find any differences
in signal evolution according to infarct location, and
we also did not find any differences in signal evolu-
tion according to stroke aetiology. However, our
study was not designed to analyse such differences,
and patient numbers for such analyses were too small.

The variability in signal evolution in this study was
not accounted for by patient age or gender. To date,
there has only been one retrospective study of the
effect of age on the evolution of the ADC [7]. This
found a non-significant trend for the ADC to increase
earlier with increasing age. No published studies of
the effect of gender on the evolution of the DW-signal
exist. However, in normal brain tissue, no association
between the ADC and age or sex has been found [15].

In this study, we have been unable to identify any
factors accounting for the great interindividual vari-
ation in the temporal evolution of the ADC and the
DW-signal. However, our findings do indicate that
tissue evolution after an ischaemic event varies be-
tween individuals. Factors which determine lesion
presence on DWI may be of clinical relevance. For
example, lesion presence on DWI after a TIA has been
associated with a higher risk of future ischaemic
events [8]. At least in animal studies, the ADC has
been associated with functional outcome [23], al-
though in human studies the value of DWI in pre-
dicting outcome is less clear [14]. Identifying which
factors determine lesion presence and lesion persis-
tence on DWI may therefore also provide useful
prognostic information in patients with cerebral is-
chaemic events.

While our study provides important new infor-
mation about the evolution of the ADC and the DW-
signal in the late stages after stroke, it also has several
potential shortcomings. The frequency of follow-up at

the very late stage differed between patients, and
many patients only underwent three or four scans in
total. However, the aim of this study was to demon-
strate that lesions on DWI can persist for several
months after an ischaemic event, that they continue to
evolve for a considerable amount of time, and that the
evolution of ischaemic lesions is highly variable. To a
certain extent, our findings are qualitative rather than
quantitative, and less frequent follow-up during the
later stages did not seem to result in any significant
loss if information, in particular since the main
changes in ADC and DW-signal intensity occur dur-
ing the first few months after the event.

A further potential drawback was that we only
studied patients who still showed a lesion at a mean
time of nine days after their event. Even though we
would expect the large majority of patients with a
stroke to show a lesion at this stage, we may have
missed some patients in whom the lesion on DWI had
already normalized. However, our aim was to study
lesions occurring in a population representative of
patients with minor stroke who are seen sub-acutely.
Including DWI-lesions that normalize very early
would not have resulted in a cohort representative of
the population we wished to study.

j Conclusion

To our knowledge this is the first study to clarify the
temporal evolution of DWI signal with multiple fol-
low-up examinations during the late stages after a
minor stroke. The two main findings are that the ADC
and consequently the DW-signal may continue to
change for several months after an ischaemic event,
and that the extent and speed of this change are
highly variable between individuals. Although DWI is
helpful in diagnosing ischaemic events that happened
several weeks or months ago, this may only be true for
selected patients, with false negative imaging occur-
ring in others. Further studies are required to deter-
mine which factors influence the evolution of the ADC
and the DW-signal to be able to select patients more
specifically in whom DWI may show a lesion in the
late stage after a stroke.
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