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Abstract

Diffusion-weighted magnetic resonance imaging (DW-MRI) provides image contrast through measurement of the
diffusion properties of water within tissues. Application of diffusion sensitising gradients to the MR pulse sequence
allows water molecular displacement over distances of 1–20 µm to be recognised. Diffusion can be predominantly
unidirectional (anisotropic) or not (isotropic). Combining images obtained with different amounts of diffusion
weighting provides an apparent diffusion coefficient (ADC) map. In cancer imaging DW-MRI has been used to
distinguish brain tumours from peritumoural oedema. It is also increasingly exploited to differentiate benign and
malignant lesions in liver, breast and prostate where increased cellularity of malignant lesions restricts water motion
in a reduced extracellular space. It is proving valuable in monitoring treatment where changes due to cell swelling and
apoptosis are measurable as changes in ADC at an earlier stage than subsequent conventional radiological response
indicators.
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Introduction

The excellent soft tissue contrast of magnetic resonance
imaging (MRI) has made it an invaluable technique in
oncological assessment. A variety of pulse sequences
providing a range of contrast allows detailed evaluation
of the size and spread of disease and, to some extent,
the heterogeneity within a tumour or its metastases—
i.e. the presence of cysts or necrosis or the existence
of a vascularised rim. The majority of clinical MR
measures the rate at which signal from hydrogen nuclei
(protons) in a static magnetic field decays following
perturbation by a sequence of rf pulses. This decay is
described by the protons’ T1 and T2 relaxation rate.
Mobile protons, such as those present in a small water
molecule, take a relatively long time for their signal
to decay in the detector plane and, as a result, the
long T2 values produce a large signal on T2-weighted

imaging. Protons attached to larger, less mobile fatty
molecules have smaller T2 values, that is, their signal
decays quickly and results in a lower signal intensity on a
T2-weighted image. Pathological processes within tissue
such as oedema, necrosis or fibrosis change the water
content and vascularity of tissue, and haemorrhage affects
local magnetic fields, leading to susceptibility effects.
Thus, the presence of a tumour causes changes in the
tissue that may alter its T1 or T2 relaxation rates, and
be manifest as observable changes on conventional T1-
and T2-weighted images. However, changes in T1 and T2
relaxation are often insufficient to detect or characterize
the lesion.

Another mechanism for developing image contrast is
through ‘apparent diffusivity’ (the displacement of tissue
water due to random, thermally driven motion over
distances of ∼1–20 µm). The visualization of changes in
the diffusion properties of tissue water with MR imaging
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has become a useful, multifaceted tool to characterize
tissue structure and to identify and differentiate disease
processes [1–6]. The degree of motion measured by DW-
MRI relates to the mean path length ‘L’ travelled by
protons in the body within a specific observation time
period (its ‘diffusion time’) as a result of thermally
driven, random motion (Fig. 1).

Figure 1 A representation of a tumour or tissue
displaying heterogeneous cellularity. The mean path
length ‘L’ travelled by protons in the extracellular
fluid within a specific observation time is much
greater in regions of low cellularity where random
motion is not impeded by the presence of cellular
membranes.

Technique

Imaging sequences

The MR signal is made dependent on motion by the
inclusion of two additional magnetic field gradients
within the pulse sequence. The first gradient pulse alters
the phase shift of each proton by an amount dependent
on the water molecule’s spatial location relative to the
gradient. The second gradient pulse (equal and opposite
in effect to the first) will reverse this phase shift if the
water molecule does not move between the application of
the first and second gradient pulses. If there is movement
of the water molecule between application of the first and
second gradient pulses, then complete rephasing cannot
happen, causing signal loss from this spatial location.
The amount of signal loss is directly proportional to the
degree of water motion, which in turn is dependent on
the protons’ mean diffusional path length ‘L’ (Fig. 2).
Figure 2 also demonstrates that signal loss is proportional
to the motion component in the same direction as the
diffusion gradient. No signal loss would occur if the
motion was perpendicular to the gradient direction. DW-
MRI is thus sensitive not only to the extent to which
protons are free to diffuse but also to their preferential
diffusion direction. Both magnitude and direction of

diffusion are influenced by the architecture of the tissue
under investigation.

Technical limitations

DW-MRI can be adversely affected by artifact from
motion other than diffusion. As molecular displacement
of the order of micrometres is being observed on
diffusion-weighted images, it is no surprise that any
motion, even vascular pulsation, interferes with these
measurements. Motion present within the body, e.g.
voluntary, respiratory, even arteriole level perfusion is
capable of producing displacement much greater than
that to which DW-MRI has been sensitized. The need
to develop ‘snap-shot’ imaging techniques, to account
for bulk motion, has been achieved largely via the
implementation of echo-planar imaging (EPI). Single-
shot EPI can acquire a complete image within a second,
single-shot, or in multiple shots employing navigator
MR signals for each shot to correct for bulk motion.
While single-shot methods are robust to motion, their
elevated sensitivity to magnetic field inhomogeneities
leads to image distortion and artifacts in areas exhibiting
large variations in magnetic susceptibility, e.g. air–tissue
interfaces, or chemical-shift effect, e.g. fat–water inter-
faces. Owing to the effects of chemical shift, single-shot
EPI is performed with fat suppression as standard, the
quality of the fat suppression being of great importance
in extracranial applications. Spatial resolution tends to
be sacrificed to obtain high imaging speeds and signal
averaging is likely to be necessary to increase signal-to-
noise ratio (SNR), especially when using larger values of
diffusion sensitive gradients. A train of single-shot EPI
images acquired with a long TR are T2- or T2∗-weighted,
their effective TE being the time at which the central lines
of k-space are filled. Strong frequency encoding gradients
enable images to be acquired with a shorter effective
TE and consequently better SNR. Multi-shot methods
can provide better spatial resolution with fewer image
distortion artifacts and higher SNR, but are not as robust
to the effects of motion and require acquisition times of
10 min or more.

Image analysis

A DW-MRI sequence’s sensitivity to diffusion (charac-
terised by its b-value) can be adjusted by altering the
combination of gradient pulse amplitude, the time for
which the gradients are applied and the time that elapses
between their application (sometimes termed ‘diffusion
time’). The higher the b-value, the more sensitive an
image is to the effects of diffusion.

Even if stringent measures have been taken to avoid
the effects of gross motion and flow, a diffusion-weighted
image is still affected by MR properties other than that of
diffusion, e.g. T2 weighting. To remove all effects other
than that of diffusion, the apparent diffusion coefficient
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Figure 2 Signal change during application of diffusion gradients. Water that remains in the same location
relative to diffusion gradient experiences firstly the dephasing effects of the first gradient followed by equal and
opposite rephasing via the second diffusion gradient: it is not dephased as a result of the diffusion gradients
(top row). Water that moves in the direction of the diffusion gradients between their application will experience
either too much or too little phase reversal, because it moves to a position where it experiences a different
field strength in the second diffusion pulse than it did in the first (lower row, green). The resulting ‘dephasing’
causes a drop in signal in the diffusion-weighted image. Note that water moving perpendicularly to the diffusion
gradient experiences an equal and opposite gradient field strength and is rephased (lower row, red).

(ADC) map is used. ADC is measured by acquiring the
MR signal at least twice, typically with (Sb) and without
(S0) diffusion weighting. Equation 1 describes how two
diffusion-weighted images, identical in every way other
than their diffusion weighting, can be combined to create
an ADC map free of all contrast influences other than
the displacement of water during the application of the
diffusion gradients.

ADC =
1
b

ln
(

S0

Sb

)
. (1)

An ADC map created in this way by combining two
images, with and without diffusion weighting or using
two b-values, the lower of which is not large enough
to remove the effects of perfusion, contains information
about perfusion as well as diffusion components. To
differentiate between perfusion and diffusion multiple b-
values are needed. Figure 3 demonstrates the difference
between a diffusion-weighted image and an ADC map.
In the diffusion-weighted image protons within a brain
tumour are able to diffuse more freely than in surrounding
white matter and are associated with a loss of signal.

In the resulting ADC map, the corresponding area of
high diffusion is represented as a bright area; a high
ADC value. It is therefore crucially important to identify
whether a diffusion-weighted image or an ADC map is
being presented.

Signal loss in DW-MRI is proportional to the com-
ponent of molecular displacement in the same direction
as that of the diffusion gradient [7]. In some areas of the
body, such as in the brain, tissue architecture such as fibre
tracts makes it much easier for tissue water to diffuse
in a specific direction, e.g. water diffuses preferentially
along rather than perpendicular to myelinated axons.
This property is exploited in MR tractography where
diffusion tensor imaging (DTI) can create a tensor
for each image voxel which describes diffusion in
multiple directions [8]. At least six independent diffusion-
encoding directions are required for such a technique.
Alternatively, for some applications, it may be desirable
to ‘average out’ the effects of preferential directions
of diffusion. Most clinical machines now offer the
capability to create ADC maps by averaging three
diffusion-weighted images which have encoded diffusion



138 E M Charles-Edwards and N M deSouza

Figure 3 Primary brain tumour. Transverse DW-MRI (EPI 4184/91 ms [TR/TE]) through the brain at the
mid-ventricular level at b-values of 0 (A), 500 (B) and 1000 s/mm2 (C) sensitized in the antero-posterior
direction and isotropic ADC map (D). A mass lesion in the right parieto-occipital region is seen in (A) (arrow)
with surrounding high signal intensity from peritumoural oedema in the white matter (open arrow). In (B)
there is a reduction of signal from within the tumour which becomes more marked as diffusion weighting
increases ((C), arrow). This reflects breakdown of brain tissue structure and increased diffusion. On the ADC
map this region of tumour with high diffusivity is bright. In the surrounding oedematous tissue water diffuses
less freely because of intact tissue architecture (open arrow). Note also the high diffusivity in the ventricular
CSF and in the white matter tracts running antero-posteriorly in the direction of diffusion sensitization ((C),
black arrow). The anisotropic diffusion within the white matter tracts is not represented in the ‘trace’ ADC
image (D).

in the slice, frequency (read) and phase-encode directions
respectively. Such techniques are termed ‘isotropic’ and
the associated averaged ADC maps sometimes termed
‘trace’ or ‘isotropic’.

Pathological correlates

The majority of DW-MRI performed clinically to date
has focused on the measurement of extracellular water
diffusion. In tissues, the random paths extracellular water
molecules may otherwise take are hindered by structural
interfaces. In a highly cellular tissue, extracellular
water would not be able to diffuse far during the
MR observation period without being blocked by cell
membranes; this would lead to a short diffusional path
and a reduced ADC (Fig. 3). Conversely, in cystic
or necrotic portions of tumours with fewer structural
barriers present, the diffusional path-length would be
associated with a high ADC value. ADC maps, derived
from diffusion-weighted imaging, can therefore provide
a non-invasive measure of cellularity [9]. In terms of
oncological imaging this has obvious potential for
diagnosis, treatment planning and monitoring.

Animal systems have been used to separate extracel-
lular and intracellular components of tissue diffusion.
Diffusion of water in the extracellular microenvironment
is approximately two-fold slower than that of free water
while diffusion within the intracellular compartment is
about one order of magnitude slower than that of free
water. By using a broad range of diffusion times and
gradient strengths it was possible to distinguish water
diffusion in extracellular and intracellular compartments
in hormonal-dependent MCF7 breast tumours implanted

orthotopically in immunodeficient mice, and evaluate
the effect of restricted diffusion and water exchange on
the water diffusion in these compartments [10]. Pixel-by-
pixel analysis yielded parametric maps of the estimated
volume fraction and apparent diffusion coefficient of
each compartment. Mapping of the water fraction in
each compartment can make DW-MRI more specific
to changes during tumour progression and response.
Hormonal manipulation with the antiestrogenic drug
tamoxifen methiodide showed that in parallel with the
growth arrest by this drug, the volume fraction of the
slowly diffusing water increased, suggesting a tamoxifen-
induced cell swelling.

Novel diagnostic applications

Le Bihan in 1986 [11], and Moseley in 1990 [12] conducted
ground-breaking animal studies that demonstrated the
value of DW-MRI for the early detection of stroke.
Since then, DW-MRI has been used in both clinical
and research settings for detecting cerebral ischaemia as
well as cancer-related pathologies. In cancer imaging, it
has been used primarily in characterizing brain tumours
although a number of important applications in the body
are emerging.

Brain

In the early days of DW-MRI, apparent diffusion
coefficient (ADC) maps of brain tumours provided useful
information regarding the architecture of the tissue, but
were not particularly helpful for the characterization of
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Figure 4 Liver metastasis from colorectal cancer. Transverse T2W (FSE 2500/80 ms [TR/TE] (A), post-
contrast T1W (GRE 200/12/700 ms [TR/TE/FA] (B), and diffusion-weighted images (single-shot EPI 1850/56
ms [TR/TE], (C) (b = 0, 150, 500 s/mm2) through the liver showing a metastatic deposit (arrow) and a cyst
(open arrow). The metastasis shows increasingly restricted diffusion at increasing b-values. Signal from the
cyst on the other hand decays away as diffusivity is high.

tumour vs. peritumoural oedema compared to standard
contrast-enhanced imaging. This was related to the choice
of b-values: routine diffusion imaging of the brain
generally involved the use of b-factors within the range
of 0–1000 s/mm2. ADC maps were then generated,
based on the assumption that the relationship between
the MR signal and b-factor was monoexponential. It
has been shown by using multiple b-factors of up to
6000 s/mm2 that the signal decay is better described
with a bi-exponential curve [13], that is, more that one
distinct value of ADC is present. As signal losses
due to perfusion effects are only observed with b-
factors of less than 300 s/mm2, exclusion of low
b-values (and thus perfusion effects) and use of a
bi-exponential fit for larger b-values shows greater
distinction between tumour, peritumoural oedema and
normal white matter. The fast diffusion component of
both tumour tissue and peritumoural oedema is increased
by almost 50% compared with the value in white
matter, while the slow component increases significantly
in tumour tissue compared to peritumoural oedema.
Variable changes also occur within tumour tissue itself,
which reflects the fact that tumours do not represent a
single tissue type; for example, cystic regions are easily
distinguished by their mono-exponential diffusion and
high ADC (Fig. 3). Thus in DW-MRI employing low
b-values peritumoural oedema and tumour tissue are
both brighter than white matter; at increased diffusion
weighting (500–1000 s/mm2) the contrast between the

different tissues is minimal; and at very high diffusion
weighting tumour tissue is brighter than white matter and
peritumoural oedema since tumour has a higher signal
amplitude arising from its slow-diffusing component [14].
Increasingly the clinical utility of these images to provide
a surrogate marker for treatment response in patient
studies is becoming apparent [5,15]. Diffusion tensor
imaging adds further information about the directional
dependence of molecular diffusion and may also help
in demarcating tumour margins and in defining the
relationship of the tumour to fibre tracts prior to surgical
excision.

Head and neck

DW-MRI has also been applied in head and neck
tumours. One large study by Wang et al. in 2001 [16] that
included 81 evaluable lesions (carcinomas, lymphomas,
benign salivary gland adenomas and benign cysts)
showed that there was a significant difference in the
ADCs of the four groups of lesions. Surprisingly only
16% of lesions were not evaluable because of distortion
artifacts. These lesions were predominantly around
airspaces—in the paranasal sinuses or larynx. DW-MRI
thus may have some role in lesion characterization in the
head and neck, although the anatomical site of the lesion
is the overriding factor in determining diagnosis.
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Figure 5 Primary prostate cancer. Transverse T2W image (FSE 2096/90 ms [TR/effective TE] (A) and an
isotropic ADC map (B) at the same level through the prostate apex calculated from images (b = 0, 300, 500,
800 s/mm2) with diffusion-weighted gradients sensitised in three planes. The tumour which is poorly seen as
an ill-defined low-signal intensity area on T2W (arrow) is clearly demarcated as an area of restricted diffusion
(arrow) on the ADC map.

Breast

DW-MRI has been applied to diagnose breast cancer
and identify cancer extension [17,18]. Isotropic DW-MRI
performed with echo-planar sequences (b-values 0, 750
and 1000 s/mm2) showed that the mean ADC value of
breast cancer was 1.12 + / − 0.24 × 10−3 mm2/s, which
was lower than that of normal breast tissue, and that
the sensitivity of the ADC value for breast cancer using
a threshold of less than 1.6 × 10−3 mm2/s was 95%.
Also, the ADC value for invasive ductal carcinoma was
lower than that of noninvasive ductal carcinoma. Seventy-
five percent of all cases showed precise distribution
of low ADC value as cancer extension. Guo et al. [19]

also confirmed that DW-MRI may be potentially useful
in distinguishing between malignant and benign breast
lesions. Further, tumour cellularity has a significant
influence on the ADCs obtained in both benign and
malignant breast tumours. Limitations of the technique in
the breast arise from underestimation of ADC, primarily
due to susceptibility artifact from blood products and the
limit of spatial resolution.

Liver

In the liver, DW-MRI measurements have been plagued
by poor motion compensation. Recently, use of an echo-
planar technique with breath-hold has allowed relatively
robust mapping of lesions in the right lobe of the liver [20].
Cardiac triggering has proved useful in some cases. In
the left lobe, cardiac and abdominal wall motion reduce
the sensitivity of the technique. However, data from

phantom studies suggest that a free-breathing technique
may be possible [21]. In multiple studies quantitative
measures of ADC in abdominal organs and liver lesions
have been achieved, but discrepancies in the mean
ADC values remain and are associated with the choice
of b-values used. Low b-values of under 55 s/mm2

lead to overestimation of ADC due to the contribution
of perfusion to the diffusion measurement, while use
of large b-values over 1200 s/mm2 underestimate the
ADC [22] due to low SNR. A range of b-values from zero
up to a maximum of 1000 s/mm2 with a more common
maximum value of 500 s/mm2 produces better quality
diffusion-weighted images and ADCs that are within
the same range. A significant difference in ADC value
between benign and malignant liver lesions allows them
to be differentiated (Fig. 4), but comparison between
studies is still difficult owing to variation in the data.
However, ADC accuracy may be improved by reducing
artifacts through use of techniques such as parallel
imaging. Multiple diffusion gradient directions are not
necessarily useful as the liver appears isotropic with no
demonstrable difference in reported ADC values related
to the direction of the diffusion gradient [23]. Early data
are also showing that ADC may predict the response of
hepatic metastases to treatment [24], as low pre-treatment
ADCs correspond to a subsequent good therapeutic
response.

Prostate

There are a few recent reports of the utility of DW-MRI
in prostate cancer, where its role appears promising but
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Figure 6 Recurrent ovarian cancer. Coronal T1W (FSE 600/14 ms [TR/TE] (A), STIR (IR 1833/15/165 ms
[TR/TE/TI] (B) images and maximum intensity projection of a whole body diffusion-weighted image ((C),
b = 0, 1000 s/mm2) showing left pelvic side-wall lymphadenopathy. Although the nodes are well defined in (A)
and (B), the differentiation between cystic (open arrow) and solid (small arrow) component of tumour is clearly
apparent on the diffusion-weighted image.

has not been established. The extensive branching ductal
structure of the normal prostate compared with the highly
restricted intracellular and interstitial spaces encountered
in prostate cancers produces a substantial differential in
ADC and, thus, the potential for high image contrast
(Fig. 5). Also, the ADC values of malignant prostate
nodules appear significantly lower than in non-malignant
prostate tissue [25]. This has particular implications for
identifying the 30% of cancers that arise within the
central gland. Improved discrimination of malignant
tissue in both the peripheral and central zones of
the prostate would improve local staging performance,
increase accuracy in performing biopsy, focusing of
irradiation for intensity-modulated radiotherapy, follow-
up of therapy response, and earlier detection of tumour
recurrence. For DW-MRI of the prostate, single-shot
echo-planar sequences are favoured over turbo spin-
echo sequences because of the need to freeze bulk
motion. However, the susceptibility-induced distortion to
which single-shot EPI is prone can be problematic in
prostate imaging where air in the rectum or within the
balloon of the endorectal coil causes significant local

magnetic field inhomogeneity and susceptibility artifact.
In future, use of DW-MRI as an adjunct to T2-weighted
sequences would complement techniques such as MR
spectroscopy and dynamic contrast-enhanced imaging
which are increasingly used in tumour detection. It may
also be valuable for characterization of highly cellular
regions of tumours versus acellular regions, as well as for
detecting treatment response, manifested as a change in
cellularity within the tumour over time.

Whole body studies

Until recently, DW-MRI for whole body malignancy
screening has been significantly limited because of
relatively thick slices required (to achieve coverage
during a breath-hold) and unreliable fat suppression.
Takahara et al. [26] have developed a multiple thin
slice whole body DW-MRI using: (a) a free-breathing
approach that affords multiple slice excitations and signal
averaging over an extended period of time; and (b) a
short TI inversion recovery (STIR)-EPI sequence that
allows potent fat suppression, which improves the quality
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of the 3D reconstructed images in whole body imaging.
The sequence provides good background body signal
suppression including vessel, muscle and fat signal by
the heavy diffusion weighting and/or the STIR pulse.
The longer scan time affords more slices with multiple
signal averaging, higher SNR, and potent fat suppression,
enabling quality MIP reconstruction. Also, the free
breathing averages out unwanted signal. The STIR pulse
is useful for the detection of lesions because most of the
pathologic lesions have increased free water, and thus
prolonged T1 and T2 values, resulting in a bright signal
on STIR. STIR also may be useful in suppressing the
intestinal signal that has a short T1 value. However, SNR
is lower in STIR than in spin-echo, which makes it time-
consuming, with an average acquisition time of 10 min
for a 60-slice coverage. Images are displayed with an
inverted grey-white scale familiar to clinicians, as they
resemble those seen in scintigraphy or in PET (Fig. 6).
A disadvantage is that only one b-value of 1000 s/mm2

is used, and reliable ADC values cannot be obtained.
Adding b-values is feasible, but prolongs acquisition
time.

Prediction and early monitoring of
treatment response

DWI-MRI is being widely used to assess treatment
response [27–29]. Mardor et al. in 2004 [30] demonstrated
that pre-treatment ADC values of primary and metastatic
malignant brain lesions could predict response to
radiotherapy treatment, i.e. tumours with higher ADCs
responded less favourably. The regions of interest used
in this work were defined over the entire apparent
tumour on the contrast-enhanced T1-weighted image and
included necrotic or cystic portions of the tumour in the
ADC analysis. In patients with locally advanced rectal
cancer, low mean pre-treatment tumour ADC predicted
for a larger percentage size change of tumours after
chemotherapy [31]. Quantitative DW-MRI also has been
shown to have potential to predict response of colorectal
hepatic metastases to chemotherapy: a high pre-treatment
ADC predicts for a poor response [32]. The results of
each of these studies are consistent with the hypothesis
that a high ADC may be indicative of tumour necrosis
and consequently greater resistance to treatment. Animal
and clinical studies have reported that an increase in
ADC values early after treatment initiation is associated
with a subsequent reduction in tumour volume. Similarly,
in clinical studies Galons et al. [6] demonstrated that
a clear, substantial, and early increase in the ADC
after successful therapy in drug sensitive breast tumours
treated with paclitaxel was potentially of great value in
identifying response within a much shorter time-scale
than the associated changes in gross tumour volume.
Theilman et al. showed that in 60 measurable liver
metastases from breast cancer monitored by diffusion

MRI after initiation of new courses of chemotherapy,
DW-MRI predicted response by 4 or 11 days after
commencement of therapy, particularly in tumour lesions
that were less than 8 cm3 in volume at presentation [24].
These observations are thought to be associated with
an initial decrease in tumour cellularity in response to
cell kill (and subsequent increase in extracellular space)
reflected in an increase in tumour ADC value.

Conclusion

Diffusion-weighted imaging offers huge potential in
oncology. It is relatively easy to implement, and echo-
planar single- and multi-shot imaging incur very little
time penalty as part of a standard MR examination. Image
distortion and motion artifacts remain limitations, but
its ability for quantification of data and ease of therapy
monitoring ensure its future as an invaluable diagnostic
tool.
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