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Abstract: Since its inception in 1985, diffusion weighted magnetic resonance imaging has been evolving

and is becoming instrumental in diagnosis and investigation of tissue functions in various organs including

brain, cartilage, and liver. Even though brain related pathology and/or investigation remains as the main

application, diffusion weighted magnetic resonance imaging (DWTI) is becoming a standard in oncology and

in several other applications. This review article provides a brief introduction of diffusion weighted magnetic

resonance imaging, challenges involved and recent advancements.
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Principles and concepts

Diffusion is the movement of molecules in a system
and is one of the transport phenomena, depending on
the surrounding environment like temperature, size of
molecules, etc. The motion of molecules in any fluid (e.g.,
water) is random. Since it is difficult to estimate diffusion
pattern of individual molecules, diffusion of a group
of molecules (e.g., in a voxel) is studied. This diffusion
represents the net displacement of that entity of molecules,
from time t, to time t,. In a free medium, molecules can
diffuse freely in all directions. This is termed as isotropic
diffusion where there is no preferred direction for diffusion.
An example is cerebrospinal fluid where diffusion rate
of molecules is equal in all directions. In a restricted
medium however, the motion of molecules will be limited
in the direction of obstruction. In this case, diffusion is
anisotropic, which means that the amount of diffusion
in not equal in all directions. This directionality largely
depends on the cellularity and cell integrity in the tissues (1).
An example is diffusion in neural tracts, where water
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molecules diffuse more in the direction longitudinal to tract
than to the sides.

Diffusion weighted magnetic resonance imaging (DWI)

Water forms a large percentage of body weight composition
as intra and extra cellular fluids in human body. In
biological tissues, diffusion of water molecules follows
a pattern according to tissue structure and properties.
In some pathological conditions like acute stroke, this
diffusion pattern is disturbed and the amount of diffusion
changes in affected area. Through studying these changes
in diffusion, the abnormalities can be detected. This
can be achieved using a specialized magnetic resonance
imaging technique called Diffusion Weighted MRI
(DW-MRI) or DWI, wherein the diffusion of the water
molecules is exploited to visualize internal physiology.
The image contrast in DWI reflects the difference in rate
of diffusion between tissues. The first quantification of
diffusion changes was pioneered by Stejskal and Tanner,
in which they made image contrast to be dependent on
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Figure 1 Diffusion weights addition to MR spin echo sequence.
Two gradient pulses (denoted on diffusion gradient line, Gy) of
amplitude G and duration §, equal and opposite in effect, are
applied in a span of time A, symmetric to the 180° radiofrequency
pulse (denoted on the line, RF) in a spin echo sequence. After the
application of first gradient, protons dephase and on application
of second gradient, the uniform phase of protons is regained
(rephasing). In case of no net movement of protons in between the
two gradient applications, both the gradient effects cancel out each
other and there will be no signal attenuation. However, if proton
diffuses, there will not be complete rephasing of proton spins and
there will be attenuation in signal resulting in darker regions on

captured DW images.

diffusion (2). However, it was Le Bihan er a/. (3), Taylor
et al. (4), Merboldt ez 4. (5), who implemented DWTI first in
1985. Subsequently, Le Bihan ez a/. applied DWI on human
brain for the first time in 1986 (6).

To generate diffusion weighting in an MRI image, the
readout signal is made dependent on applied diffusion
gradients, which can be added to conventional MR sequences
like a spin-echo sequence. Figure I depicts diffusion
weighting addition to a MRI spin echo sequence. Two
diffusion gradients (shown on G,) of magnitude G, one
dephasing and one exactly opposite rephasing gradient are
added to a MR sequence, symmetric to the 180° RF pulse.

The first gradient introduces phase shift to the protons
depending on their positions while the second gradient
will reverse the changes made by first gradient. If there
are movements of protons, the second gradient will not
be able to completely undo the changes induced by the
first gradient. As a result, there will be signal attenuation.
"This signal loss from net movement of particles is given by
Stejskal-Tanner equation:

S(b)=S,e™™” [1]

where S(b) refers to the signal received for that particular
gradient value (or b-value ‘0’) and S, is the signal strength
without any diffusion weighting, D is diffusion or ‘Apparent
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Diffusion Coefficient’ (4DC). The b-value or ‘b’, is given
by the equation

b=y2G25? [A—gj 2]

where y is the gyromagnetic ratio of hydrogen proton,
a constant, given as 42.58 MHz/T, G is the magnitude
of applied gradient, & is the duration of gradient and A
is the time between the application of the two gradients.
From equations 1 and 2, it is evident that the signal loss is
dependent on time between pulses, strength and duration
of gradients applied. Through this signal dependency on
particle motion, DWI is able to generate image contrast
through exploiting the diffusion property of water
molecules in tissues. For detailed physics and mechanics of
diffusion and DWI, readers can refer to (1).

Clinically, several DW images can be obtained by
altering the applied gradients’ strength and magnitude
(b-value), which are referred as DW images at particular
b-value. At higher b-values, the effect of diffusion is more
pronounced in the images (7) and tissues with high diffusion
are seen as hypo-intense regions in the image while tissues
with restricted diffusion are seen as hyper-intense regions.
Figure 2 shows three example prostate DW images obtained
at b-values 0, 50 and 1,000. The DW image at b-value 0
is obtained without gradient application (b=0) and hence
does not carry diffusion information. Figure 2B,C are DW
images with increasing diffusion weighting.

Since the DWI sequence is a modified MR sequence,
all DW images have T1 and T2 contrast in addition to
the intended diffusion contrast. Therefore, sometimes,
even though there is hyper-intense signal on DW image, it
might be due to high T2 signal (T2 shine-through effect)
rather than restricted diffusion (e.g., in the case of sub-acute
stroke). To avoid these effects, complete diffusion maps
called ADC maps are derived from at least two DW images
using the Stejskal-Tanner equation. ADC value at any
given voxel is calculated as the slope of the log of the signal
intensity ratios of the corresponding voxels in two images
versus the net b-value graph.

ADC ;[mw}.# 3]
S(b) | b-b,

In addition to eliminating T'1 and T2 contrast effect in
the images, ADC maps also help in quantifying diffusion.
Further, the diffusion changes inside the tissue and the
signal intensity on ADC map are directly related—if
diffusion is lower in the tissue, it shows as a hypo-intense
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Figure 2 Diffusion weighted images of prostate obtained at (A) b-value 0, (B) b-value of 50 and (C) b-value of 1,000. All images are taken in

transversal plane.

area on ADC maps and if diffusion is higher, it is shown as
hyper-intense region on the map.

Advantages of adding DWI to conventional MRI sequences

DWI is particularly useful in several cases, where
conventional MR sequences like T2 weighted imaging
(T2WI) do not show significant changes in the images.
For instance, in pathological conditions like stroke arising
from ischemia, signal intensity on T2WI does not change
until at least 8 h after the onset of stroke and then appears
hyper-intense in the stroke region. However, DWI and
ADC maps can show the changes in brain as early as
30 min or even earlier, after the onset of stroke (8,9). The
signal intensity changes over time in DWI and ADC maps,
changing from hyper-intense signal to hypo-intense signal
on DW images and from hypo-intense to hyper-intense
signal on ADC maps, from acute to chronic stage (9,10).
Pathological changes like these can be detected in its early
stages using diffusion images of DWI, even when other
modes of imaging might not show significant changes in
tissue.

Typically, diffusion is restricted in solid tumors. While
conventional MR sequences like T2WI can detect most of
the tumors, employing only these conventional sequences
would limit the diagnosis due to false positive findings that
are commonly present, such as benign prostatic hyperplasia,
hemorrhage, hormonal therapy and concomitant prostatitis.
Employing DW images and ADC maps, which show hyper-
intense signal and hypo-intense signal in tumor regions
respectively, would limit false positive diagnosis. However,
the conventional MR sequences cannot be completely
replaced by DWT alone because of the lower image quality
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(resolution, noise, blur, etc.) and artifacts present in the
DW images. In addition, sequences like T2WI provide
anatomical information, which DW imaging cannot provide
since it concerns more with diffusion related changes in
the tissue. Hence, DWI is suitable to complement the
conventional MR sequences by providing diffusional
information, to increase the clinical confidence and
reduce false positives arising from using only one imaging
technique.

In ischemia, DW images clearly show superiority in
identifying stroke onset area, even when conventional MR
sequences couldn’t show any significant changes. Lansberg
et al. (11) concluded that the addition of DWI improves
the accuracy of stroke region identification in the first 48 h
after onset of stroke. Kinner ez 2/. (12) showed a 10%
improvement in diagnostic confidence by the addition of
DW images to T2 weighted and contrast enhanced T'1
weighted images for the detection of lesions in bowel MRI.
Haradome er 4/. (13) studied the value addition of DWI
for discriminating malignant and benign focal liver lesions
and concluded that the combination of T2 weighted and
DWTI improves diagnostic confidence. Similar conclusion
was drawn by Le Moigne ez 4. (14) for characterizing small
hepatocellular carcinoma in case of cirrhotic liver and
Fruehwald-Pallamar (15), in identifying false positive lesions
in liver. Nishie et al. (16) concluded that the combination
of super-paramagnetic iron oxide (SPIO)-enhanced
MRI and DWI improved the detection of hepatocellular
carcinoma in comparison to SPIO alone. Finally, Haider
et al. (17) concluded that combination of T2 and DW MRI
is better in detection and localization of prostate cancer
than using T2 MRI alone. Therefore, employing DWI with

conventional MR imaging improves diagnostic confidence.
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Figure 3 Illustration of a (A) T2 weighted image, (B) DW image of b-value 50, (C) ADC map in grayscale and in (D) color map. The ADC

maps are derived from DW images of b-values 50 and 1,000, in a prostate cancer patient. Left apex, Mid-pole and base are confirmed to be

malignant through the multi-modality protocol approach and subsequent TRUS Biopsy. ADC, Apparent Diffusion Coefficient.

Since DWI has the advantage of being acquired very
rapidly without specialized hardware, it can be performed
in the same sitting along with conventional MR sequences.
A basic sequence can be completed in 1.5 to 3 min and
may be interpreted either visually (as greyscale imaging)
or quantitatively (as a function of diffusivity, i.e., ADC).
Figure 3 shows T2WI and DWI scan images of a prostate
cancer patient. Figure 3B is diffusion weighted image
and Figure 3C,D are corresponding ADC maps shown in
greyscale and in color map.

Clinical significance

Even though DWI is widely used for brain related
applications now, it was initially applied to distinguish liver
tumors from angiomas by Denis Le Bihan as stated in (1).
However, it was not an successful attempt because of the
presence of large amount of respiratory motion related
artifacts and hence, the application was soon switched to
human brain (6). Since then, human brain study has been the
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major domain of application with several studies establishing
the potential of DWI in early detection of ischemic
stroke (18-23), discriminating brain tumors (24-26),
tracking of fibers, etc.

DWI for brain imaging

DWT1 is currently a standard in diagnosis of ischemic stroke
since diffusion changes can be seen early in DW images
and ADC maps (9,19,27). In addition to stroke, DW1 is also
used in diagnosis of epilepsy and neurotoxicity (28,29).
Fiber tracking or tractography was achieved through
Diftusion Tensor Imaging (DTT) (30-33), which branched
off from DWI. DTI relies on estimating diffusion tensors,
which can be obtained through taking DW images in
multiple directions. In white matter of brain, diffusion is
assumed to be highest, parallel to the tract and studying
this anisotropic diffusion would enable us in mapping
white matter pathways (white matter tractography).
Through DTT of gray matter, connectivity in brain could be
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understood better. Studying white matter and gray matter
in brain, not only helps advance our knowledge on anatomy
of brain (34-39) but also allows the diagnosis of white
matter and gray matter related pathologies like lesions,
axonal injuries, demyelination, multiple sclerosis (40,41),
psychiatric disorders like Schizophrenia, ADHD (42-44) and
neurological and neuro-degenerative disorders like cognitive
impairment, Alzheimers’ disease etc. (45,46). Currently,
tractography is also used in parcellation and connectivity
mapping in brain, in the Human Connectome Project,
which aims at mapping the brain at regional level (47,48).

DWI for cancer diagnosis

Another major application of DWI is in oncology. Currently
DWI plays an important role in diagnosis and treatment of
cancer. Even though the initial attempt of utilizing DWI
in liver to discriminate tumors from angiomas was not
successful, Yamada ez /. (49) first showed that employing
DWI could be beneficial in discriminating hepatic lesions
in 1999. Since then effort has been done to extend DWI to
oncological applications involving other organs. As a result,
DWI has been increasingly incorporated in routine clinical
imaging as an adjunct MRI technique and has shown great
promise for tumor detection, staging, monitoring and
predicting treatment response in various organs (50,51).

In oncological diagnosis, DW images and ADC maps are
combined with conventional MR sequences (e.g., T2WI) for
diagnosis. In the diagnosis of cancers like localized prostate
cancer, conventional MRI evaluation utilizes high resolution
fast spin echo MRI (T2WI) to provide visualization of the
structure (prostate gland) and surrounding structures and
DWI, to improve lesion detection and localization. Lim
et al. (52) showed that combining T2WT and DWI imaging
significantly increased the area under the receiver operating
characteristics curve (AUROC) among readers from 0.66-
0.79 for T2WI to 0.76-0.9 for combined DWI and T2WI
(P<0.001) in prostate cancer.

DW images and ADC maps are also employed for
characterizing the lesions as either benign or malignant,
using ADC values. Malignant tumors usually have lower
ADC values than the ADC of benign tumors, which can
help in differentiating between the two (53). During
cancer treatment, DWI can also be used to determine the
effectiveness of cancer treatment, where cell death and
subsequent necrosis (decreased diffusion) can be indicators
(54,55). Therefore, DWI is also useful in estimating
treatment response in radiotherapy and chemotherapy.
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DWI been used in many applications in oncology for a
wide range of tissues including prostate (56-58), breast (59),
liver (60), kidneys (61), musculoskeletal system (62),
liver (51) and is also being employed in whole-body imaging
as well (DWIBS—Diffusion-weighted whole-body imaging
with background body signal suppression) (54). A recent
study by Ai er al. (63) employed DWI with DCE-MRI in
the diagnosis of benign and malignant tumors in tongue.

DWI for other applications

Apart from brain tractography, DTT can also provide
information which could direct towards the integrity of
muscle and nerve fibers, aiding in the diagnosis of muscle
related injuries or abnormalities. D'TT has been employed
in studying nerve plexus (64-69) and muscle fibers including
skeletal muscles (70). These studies include applications in
tongue, thigh and leg muscles, pelvis, spinal cord as well as
optical and peripheral nerve related injuries (71-79).

Challenges with DWI

In current clinical settings, most of the MR scanners operate
at 1.5T or 3T. The gradient coils can generate gradient
magnitudes around 40 mTm™" and can switch up to a rate
of 200 Tm™"-s™" (80), and would enable DW measurements
up to b-values, approximately of order 1,000 (81). So far,
Echo Planar Imaging (EPI) sequences like Single-Shot
EPI (SS-EPI) that enable faster image acquisition in short
time, typically 20-100 ms are being used clinically. On a 3T
scanner, SS-EPI can achieve a DW image with acquisition
matrix of 128 x 128 and an isotropic resolution limited
to 2 mm. In anisotropic scans, in-plane resolution can be
improved to 1 mm, but at a lower Signal-to-Noise Ratio
(SNR) (82).

The physics behind diffusion image acquisition assumes
perfect field homogeneity, infinitely fast gradient changes,
perfectly shaped RF pulses, etc. However, in reality, this
is impossible because of power requirements, hardware
limitations and other external factors, which limit DWI
accuracy and result in lower image quality and other
artifacts in the image. Due to its requirements like the need
for faster acquisition, very strong gradients, perfect field
homogeneity etc., which are not feasible with the existing
hardware, the images acquired from DWTI fall short of
other MR images like T2WI in terms of image quality, like
distortion, noise, low resolution, and limited morphological
interpretability.
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Resolution, SNR and contrast

DW images are usually of lower resolution than
conventional MR images like T2WI. This is due to multiple
factors like low strength scanners, faster image acquisition
techniques like Single-Shot Echo Planar Imaging and
limitations of general acquisition parameters like field of
view (FOV), slice thickness, etc. Lower strength scanners
contribute weaker signals to the image compared to high
strength scanners and thereby provide lower resolution
than the low strength scanners. Fast acquisition techniques
like SS-EPI concentrate on acquiring images in a very
short time before complete signal decay and therefore
have limitations on the maximum achievable resolution
of DW images. General MR acquisition parameters like
FOV, slice thickness, matrix size etc. are also related to
spatial resolution. Increasing FOV but maintaining same
matrix size would decrease resolution of image (in-plane
spatial resolution of an image can be calculated by dividing
FOV with matrix size) and increasing the matrix size
would increase the in-plane resolution if FOV remains
constant. In general, the resolution along the slice direction
(through-plane) is poorer compared to direction of image
(in-plane). However, the maximum resolution achievable
by optimizing these parameters is limited by the hardware
limitations of scanner. Low resolution can be a challenge in
radiotherapy planning treatment since DW images, along
with ADC maps are used in conjunction with T2-weighted
images, which typically are of higher resolution. Given the
difference in the respective resolutions, if ADC and T2WI
were to be super-imposed, due to the low resolution of
ADC/DWI, it would over estimate lesion area due to its
lower resolution. And in general, higher resolution images
are preferred since they offer more data and accurate details
compared to lower resolution images.

In addition to low resolution, DW images also suffer
from low SNR, because of the presence of large amount
of noise. Image contrast is also a crucial issue since higher
contrast is very beneficial in delineating the regions of
abnormality accurately using diffusion coefficient values
from ADC maps. Lower SNR and contrast-to-noise-ratio
(CNR) can limit the ability of accurate interpretation of
ADC maps and DW images.

Artifacts

DW images are often susceptible to various artifacts like
distortion, ringing etc. which arise from a multitude of
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factors. One of the most important artifacts in DW images
is distortion. Distortion in images can occur due to field
inhomogeneity and differences in magnetic susceptibility in
the region being imaged.

Widely used 3T scanners were introduced in early
2000s and were adapted quickly due to their ability to
achieve increased spatial resolution, higher SNR and better
contrast than 1.5T machines. However, increasing field
strength contributed to higher magnetic susceptibility
related artifacts in the image. The B1 magnetic field, in
which the patient is placed, becomes more inhomogeneous
as field strength increases, contributing to more errors in
image acquisition (83). Sequences like EPI require very
homogeneous magnetic fields so that the proton spins
conform to the spin rate and do not dephase, ensuring
accuracy in imaging. However in several cases, like at air-
tissue interfaces for instance, protons at the interface
undergo phase change different from the expected due
to magnetic susceptibility differences thereby causing
geometric distortion in the image. Figure 44 shows a T2
weighted image and Figure 4B shows the corresponding
DW image of a phantom. The phantom is placed in air and
scanned due to which distortion occurred around the edges
with air-interfacing in the DW image, Figure 4B.

This distortion can also be observed when imaging is
done in tissues with metal implants, due to field variation
in the region. This susceptibility related artifacts can also
be caused by the gradient system, which could introduce
inhomogeneity in magnetic field. Powerful and rapidly
switching gradients induce local currents called eddy
currents, which in turn produce local magnetic fields of their
own, disturbing the field homogeneity. These eddy currents
contribute to distortion and image shift, by manipulating
the gradient strengths experienced by spins (84),
which affect accurate image interpretation and ADC
estimation and thereby, clinical diagnosis. Eddy currents
can also cause other artifacts such as ghosting (84).

Apart from distortion, EPI sequences are sensitive to
motion, microscopic or macroscopic, arising from various
factors. Macroscopic motion leads to severe motion related
artifacts resulting in ghosting or blurring of the DW image.
For DW imaging, this could affect diffusion measurements
greatly and might render incorrect data in the image
(2,85). Even though precautions can be taken to minimize
voluntary patient movement, involuntary movements like
breathing, blood flow or mechanical vibrations arising from
patient table of the scanner are still unavoidable.
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Figure 4 Illustration of a (A) T2 weighted image (scanned resolution: 0.4x0.4 mm’) and (B) a distorted DW image of b-value 50 (scanned

resolution: 1.4x1.4 mm®) of a rectangular phantom. The phantom had air interface during scanning and the resulting distortion can be seen

in DW image Figure 4B.

Other

Currently most of the ADC measurements rely on
acquiring at least two DW images and deriving ADC maps
using Stejskal-tanner equation. However, this holds true
only when the diffusion inside tissue is mono-exponential,
which might not be the case always as there have been some
studies which deduced that diffusion in some tissues is more
accurately characterized by a bi-exponential model or multi-
exponential model (86) and in cases like these, deriving
ADC maps through mono-exponential model would not
accurately estimate diffusion in tissues.

Technological advancement in addressing the
challenges

DW images often have lower image quality compared
to other conventional MR images due to image quality
issues like distortion, noise, low resolution and presence
of artifacts, most of which arise due to the usage of faster
image acquisition techniques such as EPI, essential for
capturing the diffusion signal before it becomes null.

Most of these challenges can be circumvented by altering
DW-MR protocol factors like echo time (TE), gradient
strengths, changing image acquisition techniques etc.
Broadly, the approaches to counter the inherent challenges
associated with DWI fall into four categories: hardware
upgrading or improvements, usage of contrast agents,
optimizing acquisition parameters, and software based post-
processing techniques (7uble I). None of these approaches
fully address all the challenges individually, as these might
come with their own challenges like increased acquisition
time, etc. This section deals with these four categories
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of approaches, challenges they minimize and any other
challenges they might bring in. Choice of opting for an
approach in addressing issues therefore, is dependent on its
limitations as well as other considerations like patient safety,
cost, value addition, accuracy, etc.

Hardware improvements

Effectiveness of diffusion imaging largely depends on the
ability of hardware in mimicking ideal behavior as well as
on the imaging parameters. Though ideal behavior from
hardware is expected even in conventional MR imaging, T'1
and T2 imaging is relatively stable to the deviations from
this ideal behavior compared to DWI. This deviation can
limit DWI accuracy and result in image artifacts. However,
approaches involving hardware upgrade or improvements
could be beneficial in tackling some the challenges involved
in DW imaging.

Increasing field strength

Employing higher strength MR scanners provides much
better contrast, resolution and SNR, in DW imaging.
This also reduces the acquisition time in case of DTI. A
study by Polders ez al. (87) assessed D'TT at 1.5T, 3T and
7T and showed an increase in SNR and reduction in the
uncertainty in DTT estimates with 7T scanners. At the
current clinical scanner strengths, low resolution DW
images are preferred, to ensure good SNR, at the cost of
finer details in the image (85) since increasing resolution
would mean reduction in SNR. Therefore, employing
ultra-high field scanner like 7T scanners could improve
spatial resolution without sacrificing SNR, enabling better
diagnosis (88). However, at higher fields, the T2 and T2*
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Challenge Some common approaches to address challenges

SNR Hardware improvements
Increasing field strength of scanners; High strength gradients
Multi-shot sequences
Acquisition parameters

Averaging

Acquisition time Hardware improvements
Increasing field strength of scanners; high strength gradients
Single-shot sequences
Parallel imaging
Acquisition parameters

Optimal TR, TE, number of b-values

Motion artifacts Hardware improvements
Single-shot EPI; Non-EPI based sequences;

Cardiac and Respiratory triggering or bi-polar gradient pulses
Navigator based and readout-segmented acquisition methods

Acquisition parameters

Averaging

DWI, diffusion weighted magnetic resonance imaging; SNR, Signal-to-Noise Ratio; EPI, Echo Planar Imaging; ADC, Apparent
Diffusion Coefficient.
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relaxation times are reduced and B0 inhomogeneity is
increased causing blurring and distortion in the images.

Powerful gradients and hardware appendages

The gradients used in DWI determine the signal strength
which will be used in the reconstruction of image. Therefore,
these gradients must be highly stable and powerful, i.e.,
they should be able to provide homogeneous field and also
be able to switch the field very rapidly. The strong external
static magnetic field BO, which is used for magnetization
of protons, must be extremely homogenous. This ensures
that the proton spins conform to the spin rate and do not
dephase, ensuring accuracy in imaging. In addition to BO
homogeneity, RF pulse field, also called B1 field, should
also be extremely homogeneous. This is to ensure proper
energy transfer from RF pulses (from transmitting coils) to
the patient and from the patient to the readout coils (receiver
coils). Gradients, which can switch very rapidly, can minimize
eddy currents and thereby related artifacts, lower acquisition
time, ensure good SNR and minimize susceptibility related
artifacts (89). However, as the strength of gradients increases,
eddy currents may increase and also vibrations may introduce
motion artifacts. To minimize eddy currents in the system,
shimming coils can be used. These shimming coils shield the
gradients and minimize unnecessary fields outside desired
area and thereby stray fields.

"To minimize the effect of motion in diffusion imaging,
one can opt for hardware based approaches like respiratory
triggering, cardiac triggering etc. to minimize effect of motion
in the images. Cardiac motion effect can be minimized by
employing cardiac triggering at a cost of increased scan time
(90,91). Respiratory triggering can be employed to acquire
DW images in the same respiratory phase, which can be
averaged to get a high SNR image. However, respiratory
triggering increases scan time and might have an adverse

effect on the reproducibility of ADC values (92,93).

Imaging sequences and parallel imaging

In addition to hardware upgrades, the sequence pulses being
employed for DWI have a major role in image quality.
Typically the sequence pulses chosen for DW imaging
should be capable of acquiring diffusion signal before its
complete signal attenuation. Since this attenuation happens
very fast in the case of diffusing protons, the sequences
employed would be able to generate image in a very short
time. In addition, they should be able to avoid phase
accumulation errors and other artifacts and enable faster
acquisition of multiple diffusion images in minimal time,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

415

especially for DTT.

The popular sequence employed for DWI is single
shot EPI. These SS-EPI sequences are popular due to its
ease and shorter image acquisition time, which minimize
motion artifacts in the image. However, images obtained
through SS-EPI have low SNR and resolution and are
prone to EPI related artifacts like nyquist ghosting and
chemical shift artifacts. To overcome the challenges posed
by SS-EPI, multi-shot EPI sequences have been developed.
Typically used for higher resolution scans, multi-shot EPI
sequences have been gaining momentum and offer excellent
SNR compared to single-shot sequences. The drawback of
multi-shot EPI however is the increased acquisition time,
typically few seconds (57) and its susceptibility to motion
artifacts, especially inter-shot phase inconsistencies. Motion
artifacts have been successfully minimized using navigator
based acquisition methods which were extended to DWI. A
recent navigator based, readout-segmented, multi-shot EPI
called RESOLVE is a promising technique, allowing higher
resolution and reduced susceptibility and motion related
artifacts (94,95).

Parallel imaging is one another strategy employed to
reduce the scan times and susceptibility and eddy currents
related blurring and distortions. In parallel imaging,
redundant acquisition is minimized by acquiring only
needed lines in k-space. Parallel imaging techniques like
GRAPPA (96) and SENSE (97) can be merged with either
single-shot or multi-shot EPI (98). Recent developments in
DWTI have enabled acquiring 1 mm isotropic resolution at
7T by using a technique called ZOOPPA, which combines
zoomed imaging with parallel imaging (51). The drawback
of employing parallel imaging however is that there will be
loss in SNR.

Non-EPI based pulses can also be employed for diffusion
imaging, though not as popular as echo planar sequences.
These can either be single-shot or multi-shot sequences
like line scan imaging, radial imaging, steady-state free
precession diffusion imaging methods instead of single or
multi-shot EPI (84,99) and these are much more robust to
susceptibility differences. However, some of the drawbacks
of these methods are increased acquisition time, motion
sensitivity, introduction of phase errors and other artifacts.

To minimize eddy currents effect, using calibration
scans (100) or using modified EPI pulses with pre-emphasized
pulses (101,102) have also been suggested in the literature.
Employing bipolar gradients can effectively minimize motion,
eddy currents and ghosting artifacts, even though at an
increased acquisition time (103).
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However, hardware upgrades and sequence alterations
are not always feasible, considering the cost factor and
limited relevancy for other applications of MRI.

Optimizing acquisition parameters

Acquisition parameters largely influence the image quality and
optimizing these parameters can give minimize artifacts and
improve image quality. One of the main problems with DWI
is the effect of eddy currents, which contributes to distortion
and image shift, by manipulating the gradient strengths
experienced by spins (84), affecting image interpretation
accuracy and ADC estimation. The effects of eddy currents
effect can be reduced through increasing receiver bandwidth
or by decreasing peak gradient amplitudes (104).

Averaging is one of the most commonly employed
techniques, which minimizes the effect of motion on images
and increases SNR. In this approach, multiple images are
acquired and averaged to reduce the effect of noise and
microscopic motion. While averaging is the easiest way
to increase SNR compared to hardware upgrades, this
increases acquisition time. A common practice to ensure
good SNR yet not increase acquisition time is to employ
parallel imaging with multiple averages.

Another area where optimizing acquisition parameters like
repetition time (TR), TE, choice and the number of b-value
measurements etc. could be beneficial in DWI is estimation
of ADC. ADC is typically calculated from at least two images.
However, more number of b-value DW measurements help
in accurate determination of ADC value. Otherwise, two
optimal b-value DW images, whose difference is given by 1/
D (105), could provide good estimation for ADC within least
amount of time irrespective of imaging conditions. It will
be a trade-off between better image quality and acquisition
time in most of the cases, which should be considered when
optimizing. For accurate estimation of ADC, it is also
important to know the diffusion profile of water inside the
imaging tissue. Diffusion in a tissue largely depends on its
structure and properties and since diffusion pattern might
differ from one tissue to another (having multi-exponential
diffusion profile in the tissue, for instance), ADC calculation
must be done considering this into account.

Contrast agents

DW images often suffer with poor interpretability given its
limited spatial resolution, limited morphological information
and the presence of artifacts. An approach to increase image
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contrast is to use magnetic nanoparticle contrast agents with
DWI, called magnetic nanoparticles (MNPs)-enhanced MRI.
Magnetite (Fe;O,) NPs or MNPs, are made in sizes smaller
than 20 nm in diameter whose magnetization directions are
subject to thermal fluctuation at room temperature (106).
Without external magnetic field, their net magnetization
is zero because the fluctuation in magnetization direction
minimizes the magnetic interactions between NPs. This
makes the dispersion stable in solutions and facilitates NP
coupling with biological agents. When being exposed to
external magnetic field, however, they align along the field
direction, achieving magnetic saturation at a very high
magnitude, greater than that of any of the known biological
entities. This unique magnetic property has allowed their
detectability by T2 and T2*-weighted MRI. In addition,
similar to other nano-sized particles, MNPs have a large
surface-to-volume ratio, providing abundant chemically
active sites for biomolecule conjugation. This property can
be used to target specific tissues.

Thoeny et al. combined MNP-enhanced MRI and
DW-MRI (USPIO-DW-MRI) to detect pelvic lymph
node metastases in normal-sized nodes of bladder and
prostate cancer patients (107,108). In this study, dextran
coated ultra-small super-paramagnetic particles of iron
oxide (USPIO) were intravenously injected, transported
through vascular endothelium into the interstitial space
and subsequently to lymph nodes where particles were
taken up by macrophages. The accumulation of USPIO
led to the signal decrease on T2 and T2*-weighted MR
images. However, in metastatic lymph nodes, tumor cells
replace normal tissue and macrophages. Thus the take-
up of USPIO is decreased, which do not change the signal
intensity in T2 and T2*-weighted MR images (109).
Through two consecutive clinical studies [21 patients and
256 patients (107,108)], diagnostic accuracy (90% per
patient) was comparable for the classic histopathology and
the USPIO-DW-MRI method, while time of analysis with
80 min for the histopathology and 13 min for the USPIO-
DW-MRI method was much shorter. Histopathological
analysis showed metastasis in 26 of the 802 analyzed nodes
(3.2%), of which 92% (24 nodes) were correctly diagnosed
as positive on USPIO-DW-MRI.

Software post-processing

To increase image quality and reduce artifacts, post-
processing techniques can be employed. The common
outcome of magnetic susceptibility differences is geometric
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distortion in DW images, which is especially severe at the
air-tissue interfaces. Due to the nature of EPI sequences,
magnetic susceptibility distortions introduce pixel shift. This
shift can be corrected by acquiring field maps (110) and
employing post-processing techniques, to certain extent.

To increase the spatial resolution of DW images,
various image processing techniques have also been used
to increase resolution. Traditional interpolation techniques
rely on interpolating a high resolution voxel from various
low resolution voxels, using finite size kernels like linear,
cubic, quadratic, B-Spline, nearest neighbor, Gaussian etc.
Some of the newer interpolation methods rely on adaptive
methods, which take image features into consideration
and utilize it for interpolation. These adaptive methods
are computationally much more expensive than non-
adaptive methods (111). Each of these methods has their
own advantages and disadvantages and the methods are
dependent on the type of the application. Comparison
of some of the types of interpolation techniques, their
performance and comparison can be found in (112,113).
Classical interpolation techniques are inherently limited
as they do not add any extra information or recover lost
high frequency components and they also have associated
staircase and ringing artifacts in addition to blurring (114).
Another approach to increase spatial resolution of DW
images is super-resolution reconstruction method.
Unlike traditional interpolation methods, most of the
super-resolution reconstruction methods rely on adding
information to an image from other sources and minimizing
the degradation that occurs in imaging process, to generate
a high resolution images. Scherrer et /. (82) corrected for
the distortion and motion alignment in DWI and generated
a isotropic high resolution DW image, which could not
be generated clinically within a short time. Several others
(85,115-118) have also applied super-resolution on DWI
and DTT images in brain.

Discussion and perspective

DWI has become a standard for tractography, diagnosis of
brain related pathologies and oncology as well. In recent
years, research in oncology has been directed at uncovering
potential uses of DWI. This includes improving detection
of tumor foci in areas where conventional high resolution
fast spin echo MRI has limitations. It is advantageous, for
example in cases like prostate cancer, to monitor areas of
hemorrhage following TRUS biopsy in the transitional zone
and also for extra-prostatic involvement such as urinary
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bladder and seminal vesicle invasion (119). Preliminary
studies have shown potential of DWI for prognostication
of disease since diffusivity appears to correlate with tumor
grade (differentiation) and tumor burden (120). This might
help in non-invasive monitoring of response to treatment
and for detection of local tumor recurrence (121).

DWI has come a long way since its inception in mid-
1980’s and is becoming a standard in many clinical
applications. With the advent of faster acquisition
techniques and other technological advancements, the gap
between current state-of-art imaging and ideal diffusion
imaging is reducing. Diffusion measurements are more
accurate than before, image resolution has increased and
there has been significant reduction in artifacts as well.
Powerful gradients, artifact minimizing image acquisition
systems and methods are being employed to acquire
much more accurate information. Even though hardware
upgrades like having higher strength MR machines and
image acquisition and reconstruction methods enable
much better image quality, these are often expensive. Also,
these advances translating into clinical usage is subjected
to patient safety and other external factors. Usage of post-
processing methods and contrast agents is being employed
when possible and viable but there is still need for more
research in all these areas to increase the interpretability and
quality of DW images. In summary, this paper has discussed
some of these issues and solutions addressed in literature so
far. Recent advancements look very promising in addressing
the challenges involved, which could potentially widen the
range of applications where diffusion imaging can be used.
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