
Received: 12 June 2002
Revised: 12 November 2002
Accepted: 2 January 2003
Published online: 6 March 2003
© Springer-Verlag 2003

Abstract Diffusion-weighted imag-
ing (DWI) of the brain represents a
new imaging technique that extends
imaging from depiction of neuro-
anatomy to the level of function and
physiology. DWI measures a funda-
mentally different physiological 
parameter compared with conven-
tional MRI. Image contrast is related
to differences in the diffusion rate 
of water molecules rather than to
changes in total tissue water. DWI
can reveal pathology in cases where
conventional MRI remains unre-
markable. DWI has proven to be
highly sensitive in the early detec-
tion of acute cerebral ischemia and
seems promising in the evaluation 

of traumatic brain injury. DWI can
differentiate between lesions with
decreased and increased diffusion. In
addition, full-tensor DWI can evalu-
ate the microscopic architecture 
of the brain, in particular white mat-
ter tracts, by measuring the degree
and spatial distribution of anisotro-
pic diffusion within the brain. This
article reviews the basic concepts of
DWI and its application in cerebral
ischemia and traumatic brain injury.
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Introduction

Diffusion-weighted magnetic resonance imaging (DWI)
provides image contrast based on differences in diffusion
of water molecules within the brain. Diffusion represents
the random thermal movement of molecules, also known
as Brownian motion. Diffusion within the brain is deter-
mined by a variety of factors including the type of mole-
cule under investigation, the temperature and the micro-
environmental architecture in which the diffusion takes
place. For example, diffusion of molecules within the 
cerebrospinal fluid (CSF) is less limited than diffusion of
molecules within the intra- and intercellular space. By
using the appropriate magnetic resonance sequences that
are sensitive for diffusion, these differences in diffusion
rates can be used to produce image contrast. The first
diffusion-weighted pulse sequences were described as
early as 1965 by Stejskal and Tanner [1]. The demanding
MR hard- and software requirements, however, delayed

the introduction as a clinical imaging technique for many
years. It was not until the mid-1980s that diffusion-
weighted imaging became available for clinical routine
[2]. The recent development of high-performance gradi-
ents accelerated the use of DWI over the past few years.
Meanwhile, quantitative maps that display the spatial
distribution of the diffusion rate within the brain are gen-
erated within minutes.

Next to the magnitude of the diffusion rate, the direc-
tion of the strongest diffusion within three-dimensional
(3D) space, which may differ between brain structures,
can be displayed. The microstructural architecture as
well as physiological factors influences the diffusion of
water molecules within the brain. Within fiber tracts, the
effective molecular diffusion is larger in the direction
along the long axis of the fiber tract compared with the
direction perpendicular to the fiber tract. This kind of
diffusion is termed anisotropic diffusion in contrast to
isotropic diffusion. In isotropic diffusion, the effective
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diffusion is equal in all directions (e.g., CSF). The prob-
able location of free movable water molecules will re-
semble a sphere, whereas the spatial distribution of water
molecules within fiber tracts will resemble an ellipsoid
or cigar after a time period. By measuring the full tensor
of the diffusion, the 3D shape of diffusion can be mea-
sured. Maps of the spatial distribution and magnitude of
the anisotropic component of diffusion can be generated.
These maps provide information about the architecture
and integrity of ordered tissues.

Multiple disease processes, including cerebral isch-
emia and traumatic brain injury, are characterized by
changes in the rate and 3D shape of diffusion. In many
cases, changes in the diffusion can be seen early, even
before neurological symptoms become manifest or irre-
versible. Moreover, DWI allows the discrimination 
between lesions with increased and decreased diffusion.
Many investigators believe that restricted water mobility
is seen in lesions with cytotoxic edema, whereas in-
creased water mobility is seen in lesions with vasogenic
edema. Because cytotoxic edema is thought to occur ear-
ly in brain ischemia, DWI is highly sensitive in the early
detection of brain infarctions [3, 4, 5, 6]. As part of this
early detection, DWI may provide important pathologi-
cal–physiological information and might well give infor-
mation about the possible reversibility of tissue injury. In
addition, the early detection of signal changes, before
conventional MR sequences show pathology, can be
used to start treatment as early as possible [3, 4, 5, 6].
Because “time is brain,” early diagnosis with early treat-
ment is expected to improve outcome. In addition, infor-
mation about changes in the degree of anisotropic diffu-
sion could give early information about the disruption of
fiber tracts before the overall diffusion rate is changed.

The goal of this article is to review the basic princi-
ples of full-tensor diffusion-weighted MRI and its clini-
cal application in cerebral ischemia and traumatic brain
injury.

Technical principles of DWI

In the most typical approach of DWI, the MRI sequences
are made sensitive to molecular diffusion by adding two
extra gradient pulses that are located symmetrically be-
fore and after the 180° refocusing pulse. This pair of 
gradient pulses was first added to a standard spin-echo
(SE) sequence in 1965 by Stejskal and Tanner [1]. The
physical principle behind DWI is analogous to that of
phase-contrast MR angiography (MRA). The first gradi-
ent pulse causes molecules to acquire phase shifts, the
second gradient pulse will cancel the phase shifts by re-
phasing the (stationary) spins. Moving spins will, how-
ever, acquire a phase shift (incomplete rephasing) due to
their motion. This dephasing results in an MR signal
loss. As water diffusion is random, the resulting phase

shifts accumulated by the water molecules are also 
random leading to dephasing with substantial signal loss.
The degree of signal loss is determined by the degree of
random motion (characterized by the diffusion coeffi-
cient) and by the strength and duration of the diffusion-
encoding gradients. The higher the degree of random
motion (e.g. CSF), the larger the degree of signal drop;
conversely, the lower the degree of random motion (e.g.
corpus callosum, thalamus, basal ganglia, cortex), the
lower the degree of resulting signal drop (Fig. 1).

The degree of signal drop can be enhanced by in-
creasing the strength and duration of the diffusion-
encoding gradients. This relationship is characterized by
the following equation:

(1)

where SD represents the signal drop, D the diffusion co-
efficient, and the variable b depends on the amplitude,
duration, and interval of the diffusion-encoding gradients
and can be calculated from the Stejskal–Tanner equation:

(2)

where γ is the gyromagnetic ratio, and G, δ, and ∆ corre-
spond to the amplitude, duration, and interval of the gra-
dients.

As the DWI sequences rest upon a T2-weighted 
sequence, the signal intensity of a voxel of tissue is equal
to the signal intensity on a T2-weighted image (or
b≈0 s/mm2) decreased by an amount of signal drop relat-
ed to the diffusion coefficient and the applied b value.
The resulting signal intensity (SI) can be calculated as
follows:

(3)

where SI0 is the signal intensity on the T2-weighted 
image (or b≈0 s/mm2).

In clinical practice, images are generally acquired
with a b value of 1000 s/mm2. The diffusion-weighted
images have shown their greatest clinical utility to date
in the identification of abnormal diffusion as encoun-
tered in acute cerebral ischemia. The area of restricted
diffusion is identified as an area of signal increase
against a hypointense background (Fig. 2).

Maps of diffusion rates are calculated by measuring at
least two image sets with different b values: one with a
low b value (b near to zero) and one with a high b value
(typically b=1000 s/mm2). By plotting the ln of the mea-
sured signal intensity vs the b values, the diffusion rate
can be derived from the slope of this plot. The rate of
diffusion is measured in units of area divided by time
(e.g. square millimeters per second). The observed diffu-
sion of molecules within biological environments is 
determined by a variety of known and unknown factors.
This includes the previously mentioned microenviron-
mental architecture but also energy dependent transpor-
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Fig. 1 Full tensor diffusion data set with reconstruction of A low-b
images, B isotropic diffusion-weighted imaging (DWI) images,
C apparent diffusion coefficient (ADC) maps, and D fractional 
anisotropy (FA) maps. The low-b images are essentially without
diffusion weighting and the images are consequently T2-weighted.
The isotropic DWI images show a clear gray–white matter con-

trast, whereas the signal intensity is homogeneous on the ADC
maps because the ADC values of the gray and white matter 
are similar. The FA images show a high degree of anisotropic dif-
fusion (hyperintense) along the white matter tracts, whereas the
central and cortical gray matter show a low degree of anisotropy
(hypointense)



tation mechanisms that enhance the motion of water
molecules across cell membranes. To respect this variety
of factors that influence the measured diffusion, the rate
of diffusion in living systems is referred to as the appar-
ent diffusion coefficient (ADC). The ADC values of the
single voxels can be displayed as an ADC map revealing
the spatial distribution of the different ADC values 
within a slice of brain tissue (Fig. 1). Areas with a high
diffusion will have a high ADC value and appear conse-
quently hyperintense on the ADC maps (e.g. CSF). 
Areas with restricted diffusion, like areas with acute
ischemia, will appear hypointense (Fig. 2). Advantage of
this representation is the independence of the signal in-
tensity to T2 phenomena or to the magnetic field
strength and gradient strength. The ADC value is an ab-
solute quantitative measurement of translational water
motion, which can be compared in serial examinations.

On most commercial MRI scanners, DWI gradient
pulses are applied in at least three orthogonal sampling
directions as diffusion within the brain, especially within
the white matter, has a strong directional preponderance.
As mentioned previously, diffusion within the white mat-
ter is not isotropic but anisotropic [7, 8]. The exact caus-
es of the anisotropic features of the white matter are not
yet completely understood, but most investigators 
believe that the myelin sheaths play a contributory role,
enhancing the diffusion of water molecules along the ax-

is of myelinated white matter tracts, whereas the diffu-
sion across the myeline sheaths is restricted. In addition
to the axonal direction and myelination, physiological
processes, such as axolemmelic flow, extracellular bulk
flow, capillary blood flow, and intracellular streaming,
may also contribute to white matter anisotropy [9, 10].
Anisotropy can become apparent in clinical practice as
diffusion gradients are typically applied in only one geo-
metric direction at a time. On these individual images,
diffusion can appear either increased or restricted de-
pending on the geometric relation between the applied
diffusion gradients and predominant course of the fiber
tracts. The anisotropic nature of diffusion within the
brain can be appreciated by evaluating the individual
DWI images (Fig. 3). Each image represents information
about the direction and magnitude of the diffusion. Be-
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Fig. 2A–C An 80-year-old woman with acute right-sided hemi-
plega. Imaging reveals the characteristic signal intensities of an
acute left-sided ischemia. A The ischemic brain tissue is only
faintly T2 hyperintense, whereas B it is markedly hyperintense on
isotropic DWI images. C The low ADC values indicate restricted
diffusion Fig. 3 Diffusion-weighted images with six different axes of diffu-

sion sensitizing gradients (top and middle rows). The DWIs have
different contrast depending on the anisotropic nature of diffusion
in the brain and the direction of the applied diffusion gradients. The
diffusion gradients in this example were sequentially played out in
a 1:1:0 ratios: the used order of the diffusion sensitivities was
[1,1,0], [1,–1,0], [0,1,1], [0,–1,1], [1,0,1], and [–1,0–1]. White mat-
ter tracts parallel to the diffusion-sensitizing gradient appear hypo-
intense, whereas white matter tracts perpendicular to the diffusion
sensitizing gradient are relatively hyperintense because of their re-
stricted diffusion in that direction. The isotropic DWI (bottom row)
is calculated from the previous images (arrows). The signal-to-
noise ratio (SNR) is consequently improved by signal averaging. In
addition, the anisotropic components are cancelled out



cause the hyperintensities due to anisotropy can mimic
pathology, most clinical imaging is performed by using
methods to reduce these anisotropy artifacts. The sim-
plest way to do this is by acquiring multiple images,
each with different gradient-encoding directions (along
three orthogonal directions: x, y, and z axes), and then
averaging the images (Fig. 3).

By sampling the diffusion in at least three orthogonal
directions the “trace” or average of the diffusion can be
appreciated. The trace represents the average ADC in all
three principal directions and is related to the magnitude
of the ADC rather than the directionality of the ADC.
The resulting DWI image is described as the isotropic
DWI image (Fig. 3). The signal intensity of the isotropic
DWI image is essentially the cube root of the multiplied
signal intensities of the three individual images acquired
with a diffusion gradient in each of the three orthogonal
directions. The isotropic DWI image also incorporates
T2 contrast.

For clinical evaluation of brain injury in addition to
conventional MRI sequences, isotropic DWI images and
ADC maps are calculated and studied.

Advances in diffusion-weighted MRI

There are ongoing advances in the theory and practice of
DWI. Some of these advances are progressively intro-
duced in routine imaging. These advances are too nu-
merous and technical to describe in detail here, but a
brief mention of a few of these techniques may be appro-
priate.

One area of active pursuit represents the analysis of
the shape of the full diffusion tensor (diffusion tensor
imaging, DTI) rather than simply the mean, or trace, of
the tensor. The diffusion tensor is a 3D data set in which
each element in the tensor has an associated magnitude
and direction of diffusion. The diffusion tensor of white
matter tracts should be considered as a 3D structure with
three principal diffusivities (eigen values) associated
with three mutually perpendicular principal directions
(eigen vectors). While the trace-weighted images, the
signal intensity of which is equal to the magnitude of
diffusion, are currently used in clinical practice, there is
now evidence that suggests that the shape of the diffu-
sion tensor may change independently from the overall
size or magnitude of the diffusion tensor [8, 11, 12, 13].
The shape has been quantified through the calculation of
one of a variety of scalar metrics. The most widespread
appears to be the calculation of fractional anisotropy.
Fractional anisotropy (FA) is defined as the ratio of the
anisotropic component of the diffusion tensor to the
whole diffusion tensor [11]. The FA has been reported to
be the best rotationally invariant scalar metric for mea-
suring diffusion anisotropy [11]. The FA metrics are sca-
lar indices ranging from 0 to 1. Zero represents maximal

isotropic diffusion as in a perfect sphere. One represents
maximal anisotropic diffusion as in the hypothetical case
of a long cylinder of minimal diameter. While there are
only preliminary results, it appears that the fractional 
anisotropy decreases in subacute and chronic stroke, sug-
gesting tissue breakdown and increased disorganization
in the infarcted voxels, consistent with breakdown of the
cellular microstructure. Intriguingly, however, there are
data that suggest that fractional anisotropy may increase
in hyperacute and acute stroke [14]. The pathophysiolog-
ical mechanisms and full implications of this are not yet
understood.

Prerequisite for diffusion-tensor imaging (DTI) is that
the entire diffusion tensor is sampled. The tensor has
three degrees of freedom and is represented by a 
3×3 symmetric matrix (Dxx,Dxy,Dxz,Dyx,Dyy,Dyz,
Dzx,Dzy,Dzz). The tensor is sampled for a high b value
by using a diffusion-weighted sequence repeated in six
different directions instead of nine because Dxy=Dyx,
Dxz=Dzx and Dyz=Dzy. A seventh measurement is per-
formed with a low b value. These seven measurements
are the minimum required for solving for the diffusion
coefficients that characterize the diffusion tensor. The
FA maps are displayed as gray-scale maps. Areas with
high degrees of FA are bright (e.g. corpus callosum), ar-
eas with low degrees of FA are dark (e.g. gray matter;
Fig. 1).

In addition, the spatial direction of the mean anisotro-
pic diffusion gradient within each voxel can be displayed
graphically by adding a color coding to the FA maps
(Fig. 4). Red indicates a predominant left–right, green an
anterior–posterior, and blue a superior–inferior anisotro-
pic diffusion gradient. This color coding can help to 
display selective injury of fiber tracts running in pre-
dominantly one direction [15, 16].

Another area of active pursuit is that of very high b
values. While in clinical practice a b value of
1000 s/mm2 has been widely used with good success,
some investigators believe there may be additional value
at higher b values. This additional value will probably
not be in lesion conspicuity. In fact, there is probably
lower lesion conspicuity due to increased gray–white
ADC differences at higher b values and much lower sig-
nal-to-noise ratio (SNR) [17, 18]. As the b value increas-
es, ADC values decrease in both gray and white matter
(Fig. 5). Furthermore, the ADC of the white matter de-
creases more than that of the gray matter. As a result, an
increasing white matter vs gray matter differentiation is
seen on the ADC maps with increasing b values [17]. In
addition, the white matter becomes brighter than the gray
matter on the isotropic DWI images. Quantitative analy-
sis has shown that these changes were due to nonmono-
exponential diffusion signal decay of the brain tissue,
which is more prominent in white matter than in gray
matter [17]. The FA values are not affected by changes
in the b values [17]. The use of very high b values
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(>3000 s/mm2) may, however, shed light on different
portions of the cellular anatomy and therefore may pro-
vide new insight into stroke pathophysiology.

Finally, it appears clear that the assumption that a sin-
gle tensor can describe the diffusion of water in a voxel
is inadequate, particularly in areas of crossing white mat-
ter fiber tracts [15, 16]. The presence of multiple fibers
is likely to require more advanced diffusion measure-
ment techniques, which in turn may eventually result in
implications for the diagnosis and management particu-
larly of white–matter injury. Supertensor DWI with the
acquisition of up to 126 vertices of a fivefold tessellated
icosahedron will allow to resolve crossing fiber tracts,
eventually resulting in tractography techniques.

T2 shine-through phenomena

Because the ADC values of gray and white matter are
similar, there is typically no contrast between the gray
and white matter on ADC maps (Fig. 1). The signal in-
tensity of the gray matter is, however, higher than that of
the white matter on isotropic DWI images (Fig. 1). This
results from residual T2 contrast on the isotropic DWI
images. It is important to understand that the DWI imag-

es have residual T2 contrast and that this can mimic 
lesions on DWI images. Consequently, it is important to
view the ADC maps to differentiate between a lesion
with restricted diffusion and a T2 shine-through phe-
nomenon (Fig. 6).

2288

Fig. 4 Color-coded maps derived from diffusion tensor imaging.
Brightness represents the degree of anisotropy and color repre-
sents fiber orientation (red: left–right; green: anterior–posterior;
blue: superior–inferior). The descending (blue coded) fibers of the
corticospinal tracts can be followed from the cortex, through the
centrum semiovale, internal capsula, and brain stem. The fibers
within the genu and splenium corpus callosum that run predomi-
nantly from left to right, and vice versa, are red coded

Fig. 5a, b Display of isotropic DWI images (A), ADC maps (B),
and FA maps (C) that have been measured with different b-values
(b=300, 500, 700, 1000, 3000, 5000, and 7000 s/mm2). Note the
changes of gray–white matter contrast in relation to the increasing
b-value in the isotropic DWI images and the corresponding ADC
maps. The image contrast on the FA images does not change with
the b-values. The SNR decreases with increasing b-values



Misregistration artifacts

Misregistration artifacts will affect the spatial resolution
and accuracy of the calculated diffusion and anisotropy
parameter (Fig. 7). Misregistration results from geomet-
ric distortions and misalignment by small motion be-
tween the sampled images. The short acquisition times
of single-shot echo-planar DWI sequences usually effec-
tively freeze motion artifacts. Geometric distortions can
result from static field inhomogeneity due to imperfect
shimming, by differences in magnetic properties between
adjacent tissues (especially at the skull base) and can 
result from diffusion sensitization gradient-induced eddy
currents. The static field inhomogeneity can be corrected
by unwarping algorithms using inhomogeneity field
maps. The eddy-current artifacts can be reduced by using
a bipolar design of the applied diffusion gradients. 
Eddy-current artifacts from pairs of positive and nega-
tive transitions cancel each other out. Reese et al.
showed that misregistration artifacts due to eddy currents
are consequently negligible without any calibration
and/or correction of diffusion images [19]. In addition,
various postprocessing algorithms can partially compen-
sate for these misregistrations.

Signal-to-noise ratio

Measurements of diffusion anisotropy are known to be
highly noise dependent, especially in areas of low anisot-
ropy where the relation between the sizes of the eigen
values of the diffusion tensor to the background noise is
less favorable [11, 13, 20, 21]. Consequently, the imag-
ing parameter should be optimized for an adequate SNR.
Increasing b values decrease SNR, and higher field
strengths increase SNR.

Clinical application of diffusion-weighted MRI

To date, the most important clinical application of DWI
is focused on the early identification of cerebral stroke.
Most reports suggest that DWI is able to visualize
changes in diffusion rate and shape within minutes after
the onset of ischemia [3, 4, 5, 6, 22, 23, 24]. This allows
an evaluation of the extent of ischemia in a time frame
where possible interventions (e.g. revascularization,
thrombolytic agents, tPA) or the use of neuroprotective
agents could limit or prevent further brain injury or pos-
sibly even reverse brain injury. This is of essential im-
portance as conventional spin-echo MR sequences and
conventional CT does not reliably detect infarction with-
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Fig. 6A–D “T2 shine-through effect” displayed in a subacute left
thalamic infarction. A The lesion is hyperintense on T2-weighted
fast-spin-echo (FSE) sequence as well as on B the fluid-attenuated
inversion-recovery (FLAIR) sequence. C The lesion appears DWI
hyperintense due to the “T2-shine through effect” which is con-
firmed by D the absence of a signal abnormality on the ADC map

Fig. 7 Eddy-current-induced image warping of the elementary dif-
fusion tensor images produces geometric distorsions that depend
on the strength and orientation of the applied diffusion sensitizing
gradients. The misregistration can produce severe artifacts. These
artifacts are especially apparent on FA maps as a bright rim sur-
rounding the brain (arrows). In addition, the boundaries of white
matter tracts can be blurred



in the first hours after stroke onset. Several studies have
reported a limited sensitivity for ischemia within 6 h af-
ter stroke onset between 38 and 45% for CT and between
18 and 46% for conventional MR imaging [4, 25]. With
an increasing time delay between onset of stroke and im-
aging the sensitivity consequently increases. Lövblad et
al. reported an increased sensitivity of 58% for CT and
82% for MR imaging when examined at 24 h [5]. The
sensitivity of DWI is, however, reported to be substan-
tially higher with a sensitivity between 88 and 100% and
a specificity between 86 and 100% for acute and hyper-
acute ischemia underlining the importance of this tech-
nique [4, 5, 26]. Next to the early positive identification
of ischemia, a negative imaging, excluding ischemia, can
often be equally important to the clinicians, as acute
stroke is included in the differential diagnosis of almost
any neurological process that manifests with sudden 
neurological deficits. Cerebral venous thrombosis with
stasis of blood flow and possible venous stroke can, for
example, mimic arterial stroke. The pathophysiological
mechanisms and final outcome are, however, essentially
different. In venous stroke a considerably larger compo-
nent of vasogenic (potentially reversible) edema (Fig. 8)
develops rather than cytotoxic edema [27, 28, 29]. The
neurological deficits can, however, be very similar. In
other words, diffusion imaging appears to be of value in
the management of patients with suspected acute cere-
bral ischemia both because of its sensitivity and its spec-
ificity.

The pathophysiological basis for the diffusion chang-
es in acute ischemia is not yet completely understood.
One widely accepted theory for the restriction of water
diffusion in acute stroke relies on a disruption of the en-
ergy metabolism with consecutive cellular retention of
water, termed cytotoxic edema. The reduced concentra-
tion of the main intracellular energy metabolite, adeno-

sine triphosphate (ATP), will result in a failure of the
Na+/K+ and Ca2+ membrane pumps. The resulting dis-
ruption of the ion-homeostasis induces a shift from water
from the extracellular to the intracellular space with cel-
lular swelling (cytotoxic edema). Other investigators be-
lieve that the predominant reason for the decrease in the
diffusion of free water within the cells is due to a direct
lack of energy, and only secondarily due to the reduction
of the extracellular space by the cellular swelling [30]. In
addition, multiple other factors are thought to contribute
to the reduced mobility of free water including an in-
creased tortuosity of the extracellular and intracellular
space and an increased intracellular viscosity [30]. While
there is still active investigation in this area, fortunately
for the basic understanding of the clinical application
and value of diffusion-weighted MR imaging in acute
stroke, the exact mechanisms need not be completely re-
solved. Instead, a reasonable (over)simplifying hypothe-
sis is that cytotoxic edema occurs early in ischemia and
results in a reduction of diffusion. This reduction in dif-
fusion can be identified as an area of hyperintensity on
isotropic DWI images and a corresponding hypointensity
(reduced ADC values) on ADC maps (Fig. 9). In the 
appropriate clinical setting the combination of hyperin-
tensity on DWI images and a normal signal on T2-
weighted images is pathognomonic for acute stroke. 
Only acute ischemia can produce cytotoxic edema so
rapidly without concomitant vasogenic edema that T2-
weighted images remain without signal alterations.

The diffusion signal characteristics of acutely dam-
aged tissue have been shown to follow a temporal evolu-
tion paralleling the neuropathological progression of 
infarcted brain tissue (Fig. 10) [7, 23, 31]. The ADC 
values decrease within the first few minutes of ischemic
insult, usually reaching a minimum ADC value at
8–32 h. The ADC will remain reduced for 3–5 days. On
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Fig. 8A–D A 66-year-old
woman with deep venous
thrombosis. A The initial MR
examination (top row) shows
extensive T2 FSE and
B FLAIR hyperintense signal
changes within the central gray
and white matter. The lesions
are C DWI- and D ADC hyper-
intense indicating increased
diffusion. These signal changes
most likely represent potential-
ly reversible vasogenic edema
due to venous stasis, instead 
of irreversible infarction. Fol-
low-up imaging after 2 months
(bottom row) shows that most
signal changes were indeed 
reversible
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Fig. 9A–H Acute left middle cerebral artery (MCA) ischemia in a
45-year-old woman who presented with acute onset of lethargy,
aphasia, and right-sided weakness. A Acute CT shows a faint hypo-
density within the distribution of the left MCA. B, C Angio-CT re-
veals an aortic dissection with extension into the left internal carotid
artery and occlusion of the left MCA. D The left-sided ischemia can
barely be identified by T2 FSE. The ischemia is well depicted on
DWI and presents with the characteristic E DWI hyperintensity and
F ADC hypointensity indicating acute ischemia with restricted diffu-
sion (cytotoxic edema). G Perfusion-weighted MRI shows a match-
ing area of hypoperfusion. H Follow-up CT confirms the acute find-
ings with progressive hypodensity of the ischemic brain tissue

T2-weighted images the lesion will slowly appear as a
hyperintense lesion due to the increasing amount of
vasogenic edema. Because the signal intensity on DWI
has both T2-weighting as well as diffusion weighting,
the progressive T2 hyperintensity will raise the cons-
picuity of the lesion on DWI. After approximately
1 week, the ADC value will slowly return to baseline as
the injured cell membranes start to disintegrate, thereby
reducing the amount of cytotoxic edema [32]. During
this period a “pseudonormalization” will be encountered
on the ADC maps. Eventually, the ADC values will start
to increase significantly above the baseline, presumably
reflecting the progressive tissue resorption and cavita-
tion. On DWI images the lesion will appear hypo-, iso-,
or hyperintense depending on the balance between the
T2- and diffusion components. The lesion will be hyper-

intense on T2-weighted sequences. The stereotypical
time course of the signal characteristics allows the neu-
roradiologist to estimate the age of the infarction if the
onset of symptoms is uncertain (Fig. 10). Recent studies
have also shown the evolution of the ADC within the
core of an ischemic stroke varies with patient age or in-
farct etiology. These studies suggested that older patients
have a slower rate of pseudonormalization than younger
patients do, that ischemic tissue damage may occur more
rapidly in older patients, and that there is a heterogeneity
in the time course of ADC changes among patient popu-
lations [33].

The evolution of signal changes on DWI and ADC
maps allows the visualization and diagnosis of new 
infarctions within or next to chronic infarctions (Fig. 11).
This can be a major clinical advantage, as many patients
with cerebrovascular disease will have recurrent infarc-
tions within the course of their disease process. Acute
and subacute infarctions can be obscured by chronic in-
farctions on T2-weighted or fluid-attenuated inversion
recovery (FLAIR) sequences. The signal characteristics
on DWI make this differentiation easy to perform. Acute
infarctions will appear hyperintense on DWI images
with reduced ADC values as chronic, old infarctions will
usually appear iso– or hypointense on DWI images with
increased ADC values (Fig. 11).

Finally, the high contrast-to-noise ratio on diffusion-
weighted MR imaging enhances lesion conspicuity



tissue represents the primary goal of any diagnostic tool.
Previous experimental animal stroke studies have shown
that the penumbra may remain viable for some time [37,
38, 39, 40, 41, 42]. This offers a time window for thera-
peutic interventions to salvage tissue at risk for infarct
evolution. In human studies viable tissue was found
within the ischemic penumbra up to 48 h after stroke on-
set [38, 39]. It is, however, known that the ischemic pen-
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Fig. 11A–D An 80-year-old woman with extensive periventricular
white matter changes and multiple previous embolic infarctions
who presented with an acute neurologic deficit. A T2 FSE and
B FLAIR show the well-known chronic white matter signal changes
but cannot identify which lesion is acute/new. C Diffusion-weight-
ed imaging clearly shows the small acute embolic infarction with
the characteristic DWI hyperintensity combined with D an ADC
hypointensity (arrows)

Fig. 10A–E Right-sided infarction along the descending white
matter tracts: evolution of signal changes over time in a 74-year-
old man with dizziness and confusion. The top row shows the
acute imaging with a mildly A T2 FSE and B FLAIR hyperintense
acute infarction. The lesion is typically C DWI hyperintense and
D ADC hypointense. E The FA map does not show any change in
anisotropic diffusion. The late follow-up imaging (bottom row)
shows the characteristic signal changes of a subacute/chronic in-
farction with a T2 FSE and FLAIR hyperintensity, and a slowly
developing ADC hyperintensity indicating cavitation and tissue
resolution. The cavitation with disruption of the fiber tracts is con-
firmed by the FA maps which show a loss of anisotropic diffusion
within the lesion

(Fig. 12). An up to 20-fold higher percentage contrast-
to-noise ratio on DWI of acute ischemic stroke compared
with T2-weighted MRI has been demonstrated [4]. The
brightness of an acute infarction against the fairly uni-
form background on DWI images is especially helpful in
the identification of small embolic infarctions (Fig. 12).

It would go beyond the scope of this manuscript to
discuss the value of perfusion-weighted imaging (PWI)
in cerebral stroke. It is, however, noted that many inves-
tigators believe that by correlating DWI findings with
PWI findings, tissue at risk for injury within the near and
late future can be identified [6, 34, 35]. Multiple studies,
dating back to the early 1980s, have described the con-
cept of the “core of an infarction” surrounded by an
“ischemic penumbra” [36, 37]. As originally defined, the
ischemic penumbra encompasses that portion of oligem-
ic territory where electrical failure has occurred but 
cellular integrity is maintained [36]. In other words, the
cerebral perfusion is believed to be sufficient to keep the
neurons alive, but the perfusion is too low to keep the
neurons functioning [37]. In the core of the infarction,
the perfusion has, however, dropped below the critical
threshold where the neurons can survive, and tissue isch-
emia is usually irreversible [37]. The early identification
of the ischemic penumbra with potentially salvageable



umbra does not remain viable for extended periods of
hypoperfusion. Moreover, there is experimental evidence
that the cerebral blood flow thresholds to maintain cellu-
lar ionic gradients and neuronal integrity increase with
increasing duration of the ischemia [40, 43]. Without
therapeutic interventions, the initial core of the infarct
often gradually expands into the ischemic penumbra [41,
44]. The early identification of the ischemic penumbra is
consequently essential in deciding which patients would
benefit from a treatment and which would not, in which
patients tissue at risk for infarct progression can be sal-
vaged, and in which patients no tissue at risk for infarc-
tion progression is present. Schlaug et al. hypothesized
that a combination of DWI and PWI studies can be used
to define cerebral tissue at risk for infarction in stroke
[45]. The DWI is an ideal tool for defining ischemic tis-
sue in the hyperacute stage of human stroke, and areas
with reduced ADC values are indicative for the ischemic
core of the infarction. PWI can be used to assess the 
regional blood perfusion and can delineate regions of 
decreased perfusion that may or may not proceed to in-
farction. Schlaug et al.’s [45] analysis showed that the
ischemic penumbra can operationally be defined by cor-
relating the area of initial diffusion abnormality with the
area of hypoperfusion on PWI. Matching areas of DWI
and PWI abnormalities were considered as a possible im-
aging correlate to the core of the infarction (Fig. 13) [6,
34, 35], whereas a DWI/PWI mismatch (PWI>DWI) is

considered to correlate with the ischemic penumbra
(Figs. 14, 15) [6, 34, 35]. More recent studies extended
these results by showing that algorithms combining hy-
peracute (imaging within 12 h after onset of symptoms)
diffusion (T2, ADC, DWI) and perfusion (cerebral blood
flow, cerebral blood volume, and mean transit time) data

2293

Fig. 12A–D An 83-year-old woman with acute right-sided weak-
ness and a previous history of hypertony. Conventional T2 FSE
and A, B FLAIR imaging show multiple small chronic infarctions.
C The DWI in combination with D the corresponding ADC maps
allow localization of the new, acute infarction (arrows). In analogy
to Figs. 12 and 13, the unique signal features on DWI facilitate the
early detection of infarctions

Fig. 13A–D A 72-year-old man with acute aphasia and left-sided
weakness. A Acute DWI hyperintense, and B ADC hypointense
right MCA infarction. C The area of restricted diffusion matches
with the area of decreased cerebral blood flow and D cerebral
blood volume

Fig. 14 A, B A 68-year-old woman with acute aphasia after
thrombendarterectomy of the left MCA shows that multiple small
areas of restricted diffusion are seen within the supply of the left
MCA. C There is a large area of reduced cerebral blood flow and
D an increased mean transit time that does not match with the dif-
fusion abnormalities indicating tissue at risk for future infarction



can access the risk of infarction with greater sensitivity
and specificity than algorithms using diffusion and per-
fusion data separately [46]. Wu and co-workers showed
that thresholding and generalized linear model algo-
rithms combining DWI and PWI data predicted with
66% sensitivity, as well as 83 and 84%, respectively,
specificity, voxels that proceeded to infarction [46].
These methods which quantitatively assess the risk of 
future infarction on a voxel-by-voxel basis do not only
guide acute and chronic treatment but can also be used to
evaluate efficacy of novel treatments in reducing the risk
for future ischemia.

In analogy to stroke-related brain injury, DWI is in-
creasingly investigated for its value in the evaluation of
traumatic brain injury [47]. Especially in the evaluation
of diffuse axonal injury (DAI), DWI may prove to be
valuable (Figs. 16, 17, 18). DAI lesions with increased
and decreased diffusion have been observed in traumatic
brain injury. One study showed that the majority of the
lesions (>67%) show a decreased diffusion [30]. In hu-
mans, DAI lesions may be characterized by restricted
diffusion as long as 18 days after injury [48]. Smith et al.
showed a decreased diffusion within 1 h of injury of
moderate severity in a rat brain injury model [49]. 
Hanstock et al. found that by 4 h following injury of low

severity there appeared to be an increase in the diffusion
coefficient in injured cortical and hippocampal tissue, 
reflecting increased extracellular water [50]. Barzo et al.,
using an impact acceleration (severe) head-injury animal
model, demonstrated a significant increase in ADC dur-
ing the first 60 min post-injury. This transient increase
was followed by a continuing decrease in ADC that be-
gan 40–60 min post-injury and reached a minimum value
on days 7–14 [51]. Ito et al. [52], who used a similar 
severe head trauma model as Barzo et al. [51], showed a
transient and slight decrease in ADC at 1–3 h after trau-
ma with no significant difference from baseline values
when rats were subjected to head injury alone; however,
when trauma was coupled with hypotension and hypox-
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Fig. 15 Mismatch between A initial DWI and B Perfusion-weight-
ed imaging with progression of the area of diffusion abnormality
on C follow-up DWI

Fig. 16 Diffuse axonal injury with A multiple DWI hyperintense
and B partially ADC hypointense subcortical shearing injuries (ar-
rows) within both hemispheres

Fig. 17 Severe shearing injury of the splenium corpus callosum
with A DWI hyperintensity and B ADC hypointensity

Fig. 18 Extensive shearing injuries within both hemispheres in-
volving the corticospinal tracts and the splenium and body of the
corpus callosum. The lesions are typically A DWI hyperintense
and B ADC hypointense indicating restricted diffusion



ia, the ADCs in rat cortex and thalamus decreased signif-
icantly and neuronal injury was observed histologically
[52]. These findings indicate that lesions with restricted
diffusion may be secondary to ischemic and neurotoxic
edema.

When lesions with restricted diffusion are encoun-
tered in head trauma it is important to assess the lesion
location and distribution. Both DAI lesions and ischemic
lesions secondary to vascular injury show restricted dif-
fusion. If the lesions are arranged within a vascular dis-
tribution rather than at the predilection sites of DAI, a
vascular injury should be excluded by additional imag-
ing sequences.

In one of our studies we showed that DWI identifies
the largest number of lesions as well as the largest vol-
ume of trauma-related signal abnormalities in DAI com-
pared with conventional MRI sequences that include T2-
weighted fast-spin-echo, fluid-attenuated inversion re-
covery and T2*-weighted gradient-echo sequences [53].
In addition, the total volume of DWI signal abnormali-
ties encountered in DAI demonstrated the highest corre-
lation with acute Glasgow coma scale score and subacute
Rankin scale score [54]. These findings indicate that
DWI can be a valuable adjunct in the evaluation of DAI
in traumatic brain injury.

In another study we showed that in patient with trau-
matic brain injury, changes in diffusion anisotropy occur
within tightly packed white matter tracts (e.g. internal
capsula, corpus callosum) [55]. Fractional anisotropy
values were significantly reduced within the posterior
limb of the internal capsula and within the splenium of
the corpus callosum on initial trauma imaging. Further-
more, we found a statistically significant correlation be-

tween these FA values and the severity of head injury as
measured by the acute and subacute neurologic assess-
ment tests (acute Glasgow coma scale, Rankin score at
discharge from hospital). These results suggest that FA
measurements at predilection sites of diffuse axonal inju-
ry may serve as a non-invasive biomarker for severity of
tissue injury and a possible predictor for later outcome.
A major advantage of DTI is that these FA measure-
ments can be performed in a fully sedated or intubated
patient in which clinical or neurological examinations
cannot assess the patient adequately. The objective, DTI
measurements are unlikely to be tainted by the central
nervous system side effects of medications or intubation
like clinical scores. With further validation, DTI could
possibly provide the ability to evaluate responses to
treatment when clinical scores are limited to assess the
patient’s status adequately.

Appendix

In all presented images (with exception of Fig. 1) full-
tensor DWI was performed averaged over three data sets
for a total acquisition time of 126 s. The entire diffusion
tensor was sampled using a spin-echo single-shot echo-
planar sequence repeated in six colinear directions. Im-
aging parameters were TR=6000 ms, TE=118 ms, slice
thickness 6 mm, interslice gap 1 mm, field of view
40×20 cm, and acquisition matrix 256×128 pixels. Diffu-
sion gradients were applied at a finite low b value
(3 s/mm2) and a high b value (1221 s/mm2). The se-
quence has been previously described in detail [10]. In
Fig. 1, images were averaged over eight data sets.
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