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Diffusion-weighted magnetic resonance (MR) imaging (DWI) is increasingly applied to
evaluate tumors in the abdomen and pelvis. However, DW1I is susceptible to a variety of ar-
tifacts that arise from motion, use of strong gradient pulses, and echo-planar imaging tech-
nique. We discuss practical issues to help radiologists optimize the use of DWI to evaluate
tumors in the body, including breath-hold DWI, multiple-acquisition non-breath-hold
DWI, and diffusion-weighted whole-body imaging with background body signal suppres-
sion (DWIBS). Considerations of meticulous technique, sequence optimization, and quali-
ty assurance are emphasized for consistent acquisition of high quality images. We illustrate
the potential use of these techniques to detect and characterize tumors and to monitor

treatment effects.

Keywords: magnetic resonance imaging, diffusion, technique

Introduction

Diffusion-weighted magnetic resonance imaging
(DWI) probes the diffusion of water in the body.
The motion of water molecules in the extra- and in-
tracellular spaces and intravascular space contrib-
utes to the net water displacement measured by
DWI. The technique yields qualitative and quan-
titative information that reflects tissue cellularity
and cell membrane integrity and thus complements
morphological information obtained by conven-
tional MR imaging.

Performing DWI in the body is challenging be-
cause the inhomogeneity of the magnetic field over
a large imaging area and motion arising from
different organs conspire to degrade image quality.
In the past decade, a series of technological ad-
vancements in MR imaging, including higher am-
plitude gradients, echo-planar imaging (EPI),
parallel imaging techniques, and the use of respira-
tory gating and cardiac triggering for motion com-
pensation, has helped overcome many of these is-

*Corresponding author, Phone: +44-208-661-3340, E-mail;
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sues. Of these, the development of parallel imaging
has been critical because its enables use of very
short echo time and reduced echo-train length for
very quick acquisition of images with good signal-
to-noise that are relatively undegraded by motion
and local field gradients.

High quality DWI images can be routinely ob-
tained using modern 1.5T MR imaging systems
from the major manufacturers (e.g., General Elec-
tric, Milwaukee, USA; Siemens, Erlangen, Germa-
ny; Philips, Eindhoven, The Netherlands). How-
ever, implementation of DWI sequences differs
among manufacturers, and the reader should be
familiar with the strengths and limitations of their
own imaging systems to optimize imaging perform-
ance. In this regard, the radiologist should work
closely with the physicist and technologist in estab-
lishing scanning protocols to ensure acquisition of
images of consistently high quality.

We discuss the advantages and disadvantages of
commonly applied DWI strategies in the body and
important considerations for image optimization to
ensure high quality images for qualitative visual as-
sessment or quantitative analysis, and we illustrate
the potential use of these techniques to detect and
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characterize tumors and to demonstrate treatment
response. We assume knowledge of and will not
discuss the basic principles of DWI.!

DWI Imaging Strategies in the Body

DWI imaging in the body is frequently per-
formed using modified single and dual spin-echo se-
quences with the application of motion-probing
gradients placed on either side of the 180° refocus-
ing pulses. This is combined with echo-planar imag-
ing (EPI) readout and parallel acquisition tech-
niques (e.g. SENSE, GRAPPA) to minimize imag-
ing time, thus preserving image signal-to-noise and
reducing motion-related artifacts, without sig-
nificantly impacting apparent diffusion coefficient
(ADC) calculations.?

Current widely used imaging strategies for DWI
in the body include: (1) breath-hold single-shot
DWI, (2) non-breath-hold multiple averaging
DWI, and (3) non-breath-hold multiple averaging
DWI performed at multiple body stations (diffu-
sion-weighted whole-body imaging with back-
ground body signal suppression [DWIBS]). Al-
though each of these strategies is suitable for gener-
al imaging of the abdomen and pelvis, the selection
of imaging sequence may be influenced by the ana-
tomical region being investigated, whether the im-
ages are to be analyzed qualitatively or quantita-
tively, and the size and heterogeneity of lesions
evaluated. Table summarizes typical examples of
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these imaging approaches.

Breath-hold single-shot DWI. The key advantage
of using breath-hold single-shot DWTI is the short
image acquisition time. For example, the entire
liver can be evaluated over 2 breath-holds, each
lasting only 20 s. Combining parallel imaging and
single-shot EPI measurements allows very short
echo times (e.g., 45 to 75 ms), thereby preserving
signal-to-noise.** Furthermore, breath-hold single-
shot DWI would be theoretically more effective in
characterizing lesion heterogeneity (e.g., on a pixel-
by-pixel basis) and in quantifying the ADC of
smaller lesions because such information is less
likely to be degraded by the volume averaging that
occurs with free-breathing techniques.

However, single-shot measurements are inher-
ently noisy because of the low signal-to-noise of the
source data. Although artifacts arising from
breathing motion are reduced, pulsatile motion
from the heart and the aorta can still induce ar-
tifacts. Therefore, some advocate combining this
technique with cardiac pulse triggering to improve
image quality and ADC calculation.’ However, the
use of pulse triggering increases image acquisition
time and may render the images more prone to bulk
motion. Cardiac pulsation artifacts have been
shown to increase ADC measurement in the left
lobe of the normal liver compared with the right
lobe.® The need for good signal-to-noise also means
that breath-hold imaging may require thicker slice
partitions (6 to 8 mm). Another potential disadvan-

Table. Diffusion-weighted MR imaging sequences for evaluating tumors in the body*

Breath-hold single-shot

Free-breathing multiple

Whole-body DWI with

Technique echo-planar (EPI) diffusion- averaging single-shot ;
weighted imaging (DWI) EPI DWI betiground suppression
Field of view 340-400 cm 340-400 cm 380-400 cm
Matrix size 112 %256 112 %256 160 % 256
Repetition time 2500 3900 > 3500 ms
Echo time 56-68 ms 78 72 ms
Fat suppression SPAIR SPAIR/STIR STIR
EPI factor 65 59 47
Parallel imaging factor 2 2 2
NSA Single-shot 5 6
Section thickness 7 mm contiguous 5 mm 4 mm/1 mm overlap

Directions of motion-
probing gradients
b-factors (s/mm?)

Phase, frequency, and slice

usually
3 b-values (e.g., 0, 100, 500
s/mm?)

Phase, frequency, and slice

allows multiple b-values

Phase, frequency, and slice

0 and 1000 s/mm?

(e.g., 0, 50, 100, 250, 500,
750 s/mm?)

* Imaging protocols as implemented on a Philip’s 1.5T magnetic resonance imaging system

* STIR = Short-tau inversion recovery

» SPAIR = Spectral selected attenuated inversion recovery

Magnetic Resonance in Medical Sciences
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tage of this technique is the number of b-values that
can be accommodated within a single breath-hold,
which may have bearing on the accuracy of ADC
determination.

Free-breathing multiple-averaging DWI. The
principle advantages of free-breathing multiple-
averaging DWI are that signal averaging allows use
of multiple b-values and thin slice partitions (e.g. 4
to 5 mm) and the technique yields images with high
signal-to-noise. These images can be qualitatively
assessed using multi-planar reconstruction (MPR)
or maximum intensity projection (MIP) (Fig. 1).]
In addition, DWI or ADC maps may be effectively
laid over morphological information to produce fu-
sion images that combine diffusion-weighted func-
tional information with anatomical details (Fig. 1).
Using multiple b-values also enables evaluation of
the ADC of lesions. Thus, free-breathing multiple
averaging DWI appears to be a versatile technique
that allows good use of DWI images for both
qualitative and quantitative analysis.

However, ADC calculation using this technique
may be less optimal in characterizing smaller le-
sions or in reporting lesion heterogeneity because
of volume averaging. So, there is considerable in-
terest in combining such sequences with respirato-
ry*? and cardiac triggering techniques to improve
image registration and ADC assessment. Not sur-
prisingly, it has been shown that compared with
free-breathing acquisition, the use of respiratory
triggering in the liver lead to better contrast-to-
noise ratio and a decrease in the scattering of ADC
values.®* However, implementing such a scheme in
clinical imaging is challenging because it may fur-
ther increase the already noticeable scan time of 4
to 6 min for each acquisition. Novel techniques that
enable more efficient gains in signal acquisition dur-
ing respiratory gating are being investigated and de-
veloped.

Diffusion-weighted whole-body imaging with
background body signal suppression (DWIBS).
DWIBS was conceived primarily as a method to
visualize tumors in the body by their restricted
water mobility. Because these images are usually
evaluated qualitatively, only b-values of 0 and 1000
s/mm? are employed. Fat suppression and high b-
value are used to maximize background suppres-
sion. Free-breathing multiple averaging DWI is
repeated at contiguous imaging stations. The im-
ages are processed by MIP, composed together and
displayed using an inverted gray scale.” The dataset
can also be visualized in 3D using MPR and volume
rendered (VR) displays (Fig. 2).

Signals from normal tissue, such as blood ves-
sels, fat, muscle and bowel are usually suppressed,
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whereas other normal structures, such as the
spleen, prostate, testes, ovaries, endometrium, and
spinal cord, remain visible.” DWIBS detects not
only tumor (i.e., restricted diffusion) but also
hyperviscous fluids (i.e., nonrestricted diffusion
with hyperviscosity), such as abscesses. The tech-
nique appears promising for detecting tumors of
small volume in the lymph nodes, peritoneum, and
other sites of occult disease.” It can also be used to
visualize peripheral nerves as diffusion-weighted
MR neurography (Fig. 3)."°

DWIBS can be obtained using a sophisticated
whole-body coil array system, like the total imaging
matrix system (TIM, Siemens Medical Solutions,
Malvern, Pennsylvania) or other commercially
available long coil arrays. However, such imaging
can also be achieved using just a single coil array.
To do this, the patient lies on a table extension
elevated from the MR table-top at the 2 ends by
spacers. A 4-cm gap between the table extension
and the MR table-top allows the posterior coil ele-
ments to be placed under the patient. Placing the
posterior coil in this gap enables movement of its
element freely to another imaging station without
moving the patient or altering the referenced scan
position. In this way, images acquired at different
imaging stations can be composed to yield a whole-
body image (Fig. 4).

DWIBS shares many of the advantages of free-
breathing multiple averaging DWI, such as thin im-
age partitions and good signal-to-noise. Its main
disadvantage is the relatively long image acquisi-
tion time required to evaluate the entire body.

Optimization of DWI in the Body

The image contrast at DWI relies on intrinsic
differences in the water diffusion between tissues.
To maximize this contrast to detect and character-
ize lesions, scanning parameters must be chosen
that optimize signal and contrast-to-noise between
the tumor and surrounding tissues and that
minimize artifacts and other effects that may modi-
fy or confound the native diffusion-weighted con-
trast. Appreciation of these factors will help the
radiologist make informed decisions at clinical
scanning.

Fat suppression. Fat suppression is routinely em-
ployed to increase the dynamic range of the DWI
images and reduce the chemical shift-induced
ghosting that is prevalent in EPI. When performing
DWI over a large area of the body, an inversion-
recovery (e.g., STIR) approach is preferred because
it is likely to produce more uniform fat suppression
and is the method adopted for DWIBS. However,
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b = 750 s/mm? axial image

Coronal MPR Sagittal MPR

*

Fig. 1. Free-breathing multiple averaging diffusion-weighted imaging. Study in a 54-year-old woman shows a
large mass within the rectouterine pouch that demonstrates restricted diffusion on the b=750 s/mm? image dis-
played using an inverted gray scale. Thin image partitions produce images of good signal-to-noise that allow mul-
ti-planar reformats. Note the corresponding T,-weighted image and the apparent diffusion coefficient map. The
diffusion-weighted axial image could also be displayed using a color scale (tumor colored red and orange) and
fused with the T,-weighted image to provide combination of functional and anatomical information.

£ i ,._{7
F

d €

Fig. 2. Three-dimensional displays of diffusion-weighted images with background suppression (DWIBS) tech-
nique. A 66-year-old woman with bladder cancer. (a) Axial T,-weighted image shows large bladder cancer in the
posterior wall and small daughter nodule anteriorly. (b) T,-weighted magnetic resonance urography shows
bilateral hydronephrosis from obstruction of the ureterovesicle junctions. (¢) Maximum intensity projection of
DWIBS image showing main tumor and metastatic left common iliac nodes. (d) Axial reformat (8-mm slice thick-
ness, obtained from 4-mm source image) demonstrates metastatic left iliac nodes. (e) Sagittal reformat shows
main posterior tumor and small anterosuperior daughter nodule. (f) Volume rendering image shows 3D shape of
the tumor. Images (c) to (f) are derived from one thin section data set.

Magnetic Resonance in Medical Sciences
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in imaging selected areas in the body, such as the
liver, chemical fat selective saturation (e.g., spec-
tral selected attenuation with inversion recovery
[SPAIR], chemical shift selective [CHESS]) or
water-selective excitation may be more useful be-
cause these methods produce better signal-to-noise
because the repetition time is increased using the
STIR technique as the nulling period is of the order

Fig. 3. Diffusion-weighted magnetic resonance neu-
rography. Inverted gray scale maximum intensity
projection diffusion-weighted imaging with back-
ground suppression image of the lumbar spine of a
healthy volunteer showing details of the lumbar plex-
us.
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of 0.693 % 300 ms per slice. In addition, using con-
ventional STIR imaging, some of the potential sig-
nal is lost by the inversion of all spins, including
those associated with water molecules. With
SPAIR imaging, only the protons associated with
fat are affected by the inversion pulse. One practi-
cal step to ensure optimum fat suppression is to
perform higher order or advance shimming prior to
image acquisition.

Minimize T; saturation and T; shine-through
effects. When performing DWI in the body, the
repetition time should be sufficiently long to avoid
T, saturation effects, particularly for the target tis-
sues under evaluation. T, saturation can result in
spuriously low calculated ADC values. In the liver,
for example, malignant lesions such as metastases
have a mean T, relaxation time of approximately
610 ms." As such, a repetition time of at least 3
times the T; relaxation time of the tissue would help
to avoid T, saturation effects. (N.B. This provides
95% of the longitudinal magnetization recovery.
Ideally, a choice of 5 times the T, relaxation time of
tissue provides 99% magnetization recovery, but
this can be impractical, particularly for breath-hold
studies). However, even longer repetition times
would be required to ensure elimination of this
effect in structures with longer T, relaxation times
(e.g., liver cysts with mean T, relaxation time of up
to/l to 2:5).

The other confounding influence on the diffu-
sion-weighted contrast is the T, shine-through ef-
fect that occurs as a result of high signal intensity

Fig. 4.

Vol. 6 No. 4, 2007

Example of whole-body diffusion-weighted imaging with background suppression (WB-
DWIBS) image obtained from merging 3 image segments acquired using a single coil array. Using
the operator console allows merging and display of diffusion- (left), T;- (middle), and T,-weighted
(right) images from 3 contiguous datasets acquired using the coil sliding technique.
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returned from tissues with long intrinsic T; relaxa-
tion times contributing to the overall measured
diffusion-weighted signal. Visual assessment alone
may falsely ascribe the high signal intensity ob-
served to restriction in water diffusion. This phe-
nomenon is more difficult to avoid but may be
overcome by using an exponential image'® or cal-
culating the ADC (Fig. 5).

Choice of b-values. When choosing the magni-
tude and number of b-values to be applied for
DW!I, considerations should include the DWI tech-
nique used, the anticipated image signal-to-noise,
the target organ being evaluated, and whether DWI
is primarily used for qualitative or quantitative
analysis.

When DWI is performed with increasing b-
values, the attenuation of the signal intensity in ab-
dominal organs has been shown to be biexponential
for the range used for clinical imaging in the body
(e.g., b=0 to 1000 s/mm?). An initial rapid de-
crease in signal intensity with a small increase in
b-value is followed by a more gradual slope of sig-
nal attenuation as the b-value increases further. A
summary plot derived from published literature
values and our own experiments suggests that the
initial rapid signal attenuation extends to a b-value
of about 100 s/mm? (Fig. 6).

With this in mind, the use of only 2 b-values at
DWI" will not adequately characterize this biex-
ponential behavior, but it would be possible to der-
ive ADC calculations to reflect this phenomenon
using at least 3 b-values. An ADC calculated using
only low b-values (=<100s/mm?; sometimes re-
ferred to as ADCfast or ADClow) will be sensi-
tive to intravoxel capillary perfusion. By contrast,
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ADC calculations derived from images of b-values
greater than 100 s/mm? (sometimes referred to as
ADCslow or ADChigh) will be relatively perfusion
insensitive and theoretically more reflective of tis-
sue cellularity and the integrity of cellular mem-
branes. Of course, ADC can still be calculated over
an entire range of b-values, and such an approach
has been established in clinical practice for many
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Fig. 6. Signal attenuation in intra-abdominal or-

gans. Graph showing biexponential signal attenua-
tion in major intra-abdominal organs with increasing
diffusion weighting. Note the initial rapid signal at-
tenuation with a small increase in b-value, followed
by a more gradual slope of signal attenuation beyond
approximately b= 100 s/mm?2.

Fig. 5.

Overcoming T, shine-through using apparent diffusion coefficient (ADC) maps. (a) T;-
weighted axial image of the liver showing a small cyst (arrow) and larger metastases (arrowhead).
(b) At diffusion-weighted imaging, both cyst and metastasis return high signal on b=500s/mm?
image. (¢) The ADC map confirms the cyst as showing high ADC (bright) compared with the
metastases, which return a low ADC value.

Magnetic Resonance in Medical Sciences
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years. Indeed, the intravoxel incoherent motion
(IVIM) equation has been applied to characterize
the biexponential behavior. However, fractionating
the ADC calculations into ADCfast and ADCslow
may potentially be more informative, especially for
evaluating treatment response, because drug treat-
ment (e.g., antiangiogenic drug) may reduce blood
flow (decrease ADCfast) and tissue cellularity (in-
crease ADCslow) with little change in overall ADC
value. (Fig. 7)

The influence of the choice of b-value on ADC
calculations can be observed in the literature.
For example, in liver metastases, ADC values cal-
culated using relatively low b-values (e.g., <100
s/mm?*)"* are higher than ADC calculations
obtained wusing larger b-values (e.g.,>100s/
mm?)."*7 It has also been shown that the mean
ADC of colorectal liver metastases calculated over
a range of b-values (0, 150, and 500 s/mm?) is
higher than that calculated using higher b-values
only (150 and 500s/mm?)."® Similarly, ADCfast
calculated using low b-values are usually higher
than ADCslow derived from higher b-values (Fig.
8). More recently, it was shown in normal volun-
teers that portal perfusion exerted a significant
effect when a b-value of 200 s/mm? was used, and
the ADC measurement of the liver was more
reproducible when only higher b-values (b=3500
and 750 s/mm?) were employed.”

Although it may seem prescriptive to recommend
b-values for tumor imaging in the body, DWI for

a

ADC (x 10°° mmls)
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quantifying tumor ADC should include a range of
b-values that enables calculation of the ADCfast
and ADCslow. When using non-breath-hold multi-
ple averaging DWI imaging, multiple b-values can
be employed to achieve this (e.g., b=0, 50 100,
250, 500, 750 s/mm?). However, when breath-hold
imaging is used, there is a limit to the number of b-
values that can be accommodated within each
breath-hold without increasing the echo or acquisi-
tion time. Thus, the choice of 3 appropriate b-
values (e.g., b=0, 100, 500 s/mm?) is practical
when using breath-hold imaging and still enables
the fractionating of the ADCs.

Some authors have employed very low b-values
(e.g., b=3 s/mm?) for DWI study.?® However, en-
suring the validity of these small b-values requires
proper account of the diffusion weighting intro-
duced by the imaging sequence read-out gradients.
Furthermore, some MR systems do not permit the
use of very low b-value. Hence, to facilitate mean-
ingful data comparison between centers, it would
be useful to ensure that the smallest diffusion weight-
ing applied for imaging can be effectively achieved
on other MR systems.

When performing DWIBS, a higher b-value
(1000 s/mm?) is typically used to maximize back-
ground signal attenuation and suppression.” How-
ever, it has to be remembered that the greater sig-
nal attenuation at higher b-values usually requires
a larger number of signal averages (e.g., n=4 to
6) to maintain good signal and contrast-to-noise.

400 +
300 - —

200 4

e

ADCslow

L]
-

ADCfast

Pre-treatment Post-treatment Pre-treatment Post-treatment
c

Fig. 7. Evaluating treatment response. Assessment of response made using free-breathing multiple
averaging diffusion-weighted imaging, (a) apparent diffusion coefficient (ADC)fast and (b) T,-
weighted image showing an irregular 3-cm left inguinal node (arrow) in a 54-year-old woman with
metastatic ovarian cancer. (¢) Box and Whisker plots of the pixel values of ADCfast and ADCslow
within a region of interest drawn over the lymph node before and at one week after treatment with a
novel antivascular drug. Lines through boxes indicate median ADC value, and the whiskers indicate
the 5th and 95th percentile values. Rounded circles define the 95% confidence interval. After treat-
ment, there was a significant decrease in the ADCfast with a contemporaneous significant increase in
the ADCslow (P < 0.001, Wilcoxon signed rank test).
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Fig. 8.

ADCslow

Apparent diffusion coefficient (ADC)fast and ADCslow. (a) T,-

weighted magnetic resonance imaging showing a 4-cm left external iliac lymph
node (arrow). A similar region of interest was drawn encompassing the node
(arrows) on the (b) ADCfast (from b=0 and 150 s/mm? images) and (c)
ADCslow (from b=150 and 500 s/mm? images) maps. (d) The mean ADCfast
was higher than the mean ADCslow (gray bars). Individual pixel values within
the region of interest are plotted as black dots.

Motion-probing gradients. Because water diffu-
sion in tumors and major abdominal organs (except
the kidneys) is typically isotropic, it has been sug-
gested that the motion-probing gradient can be ap-
plied in just a single direction in abdominal organs
showing isotropic diffusion.’* However, it may still
be useful to perform DWI using 3 orthogonal
motion-probing gradients in the body to yield both
directional and trace DWI images. One clear ad-
vantage of calculating the trace image is an im-
provement in the signal-to-noise ratio by square
root of 3 in isotropic regions. In nonisotropic
regions (e.g., the kidneys), the trace provides a
direction-independent estimate of diffusivity. Rev-
iew of the directional DWI images can also be help-
ful when random susceptibility, motion, or EPI ar-
tifacts that are present in images of one direction
propagate to degrade the trace image.

The use of tetrahedral encoding allows 3 or-
thogonal motion-probing gradients to be applied
simultaneously. Tetrahedral encoding provides the

ability to reduce echo-time by combining gradients
to obtain high b-values with shorter lengths of
MPGs. The reduced echo-time can substantially
improve image quality and signal-to-noise and can
be used as a strategy to improve the quality of DWI
images, but the individual directional images are
usually not available for review. Nevertheless, such
a technique has been successfully implemented for
imaging in the body, including multiple-averaging
non-breath-hold DWI.

Reducing artifacts. Diffusion-weighted MR imag-
ing is susceptible to a range of artifacts related to
motion, EPI, and susceptibility effects. A detailed
account of these is beyond the scope of this article,
and the reader is referred to an excellent recent
review.

Perhaps, it is worth reflecting upon the nature of
motion to which DWI is susceptible. Motion in the
body can be thought of as either incoherent or co-
herent. The former leads to phase dispersion by the
motion-probing gradient and results in signal de-
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crease at DWI. However, the latter leads only to
phase shift and so does not result in significant sig-
nal attenuation.

Interestingly, respiratory movement can be
viewed as analogous to coherent motion. Muro and
colleagues” demonstrated this effect in an experi-
ment using fluid-filled phantoms that moved
periodically in their long axes along the z-direction
of the MR system to simulate respiratory motion.
They found that such motion resulted in less than
10% error in ADC measurements of the fluid in the
phantom (Fig. 9), and their results suggested that
uniform respiratory motion may not lead to sig-
nificant decrease in DWI signal or substantial er-
rors in ADC measurements, especially over a large
nearly uniform structure (e.g., liver). However,
respiratory motion can still result in ADC errors in
small focal lesions, caused by contamination of sig-
nal from adjacent tissues. In addition, movement
of the diaphragm at higher speed (or wider excur-
sion) can still lead to blurring of small objects and
ADC errors. Bowel peristalsis can also be consid-
ered coherent motion (Fig. 10). By contrast, cardi-
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ac motion appears to be largely incoherent and
can result in severe signal loss in the mediastinum
or over the left lobe of the liver (Fig. 11). One tech-
nique to minimize such errors and artifacts is to
synchronize image acquisition with the source of
motion, such as by using cardiac gating and naviga-
tor echoes for respiratory triggered acquisitions.

The use of periodically rotated overlapping par-
allel lines with enhanced reconstruction (PRO-
PELLER) can also help minimize motion effects.
PROPELLER is a radial fast spin-echo sequence
used with multi-shot imaging. The data is acquired
using a series of concentric blades, each of which
rotates through the center of the k-space, which
reduces any rotation and translation artifacts that
occur between the acquisitions of the blades and
distributes artifacts uniformly throughout the im-
age.

A major source of artifacts is the eddy currents
induced by the rapid switching on and off of the
motion-probing gradients, which can lead to geo-
metric distortion as well as image-shearing artifacts
that may become more pronounced with increasing
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Fig. 9. Effect of motion on apparent diffusion coefficient (ADC) measure-

ments. ADC map of phantoms containing water (W; left), fat (F; middle), and
detergent (A; right) embedded in agar. The phantom was scanned moving along
the axis of the magnetic resonance scanner simulating respiration. Graphs show
the calculated ADC values measured when the phantom was moving at speed of
10 mm/s (lower left) and 20 mm/s (lower right) in the different directions of
motion-probing gradients and b-values compared with measurements taken
when stationary. Note that the errors for ADC measurement were less than 0.1.
This suggests that coherent motion may not affect the ADC measurements.
(Permission for reprint obtained by Dr. Takahara from the Nippon Hoshasen
Gijutsu Gakkai Zasshi 2005; 61:1551-1558).
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Fig. 10. Small bowel peristalsis. A 52-year-old woman with suspected bowel
obstruction. Cine magnetic resonance imaging (not shown) shows good move-
ment in a dilated jejunal loop. Coronal single-shot echo-planar images (a) at b
=0 s/mm? and (b) at b=50 s/mm? shows that the signal from the jejunal wall
(white arrows) is maintained when diffusion weighting is applied in (b).
However, there is signal attenuation of the luminal contents. This suggests that
peristaltic intestinal wall motion is relatively coherent compared with the inco-

herent motion of luminal turbulence.

Fig. 11.
resulting from cardiac motion. Coronal reformat im-
age of diffusion-weighted imaging (b=50s/mm?)
shows significant signal attenuation (arrow) over the
left lobe of the liver, especially just adjacent to the
heart.

Signal loss in the left lobe of the liver

b-values. When EPI is employed, there can also be
significant magnetization phase shifts that cause
“‘ghosting’ artifacts, which are usually worst in the
phase-encoding direction. Several adjustments at
imaging can help improve image quality, such as
changing the band-width, which alters the echo-
spacing; and reducing the field of view in the phase
encoding direction to a minimum. Increasing the
band-width reduces geometric artifacts but can lead
to reduction in signal-to-noise and increased ghost-
ing. Because these issues can be complex, it is valu-
able to engage the expertise of an MR physicist to

finely tune the system for optimal performance.

Diffusion-weighted imaging is highly sensitive to
susceptibility artifacts. In the abdomen, air in the
gastrointestinal tract can cause susceptibility ar-
tifacts that obscure visualization of adjacent struc-
tures. Intriguingly, it was recently reported that the
administration of intravenous Buscopan prior to
imaging can worsen the degree of artifacts encoun-
tered over the left lobe of the liver.®

Quality assurance. To ensure that the MR system
is optimized, it is important to develop quality as-
surance testing as part of the imaging program.
One method® uses diffusion phantoms made of
copper sulphate and sucrose solutions. This allows
the precision and accuracy of the ADC measure-
ment to be determined in relation to the noise of the
MR imaging system, signal reproducibility, and
differences between nominal and effective b-
values.? In addition, use of these phantoms will al-
low early recognition of geometric distortion and
other eddy current-induced artifacts, thereby ena-
bling their rectification or minimization prior to
clinical scanning.

Applications of DWI Techniques for Tumor
Assessment

The range of DWI imaging methods described
has been employed to assess tumors in the body.*
Diffusion-weighted imaging has been used to de-
tect*?* and characterize'®*** tumors, assess treat-
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ment response,’’*? and provide prognostic informa-
tion.**-* Although not exhaustive, the following ac-
count of the clinical applications of DWI illustrates
the potential of these techniques.

Breath-hold single shot DWI. Breath-hold single-
shot echo planar DWI has been used successfully to
evaluate target areas within the abdomen and pel-
vis. DWI has been applied to detect and character-
ize tumors in the liver,'®?*% pancreas,” kid-
neys,** colon,* and prostate.*

For example, in the liver, breath-hold DWI imag-
ing alone could accurately detect the presence of
colorectal hepatic metastases with high sensitivity
and specificity”’ (Fig. 12). Application of low diffu-
sion weighting at image acquisition nulls the high
signal within intrahepatic blood vessels, thereby
facilitating the detection of small metastases lying
adjacent to blood vessels. Quantitative ADC mea-
surements can also be calculated using breath-hold
DWI, which may aid lesion characterization. It has
been shown that malignant hepatic lesions return
lower ADC values than do benign lesions, but there
is significant overlap.'® More recently, it was found
that high pretreatment ADC values in colorectal
hepatic metastases predicted for poor response to
chemotherapy.® ADC values have also been shown
to increase in colorectal hepatic metastases, thus
showing at least a partial response to chemother-
apy, but not in the nonresponders.*

Free-breathing multiple averaging DWI. Free-
breathing multiple averaging DWI is a versatile
imaging technique that can be applied to virtually
any area in the body (Fig. 11). It has been used to e-
valuate tumors in diverse areas, such as the head
and neck,*** pancreas,* kidneys,*-** and prostate.®
ADCs can be calculated from the multiple-b-value
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DWI images acquired, which may help in assessing
treatment response.

Diffusion-weighted whole-body imaging with
background body signal suppression (DWIBS). Be-
cause DWIBS images are usually evaluated quali-
tatively, the use of just two b-values is usually
sufficient (b=0 and 1000 s/mm?). The choice of a
higher b-value in combination with fat suppression
results in good background suppression. However,
more b-values may be accommodated within the
measurement to facilitate the calculation of ADCs.

Initial experience in applying the technique to
clinical studies has shown substantial promise.
However, DWIBS should be interpreted with other
imaging sequences because benign lesions may
result in false positives, and certain malignant le-
sions, such as sclerotic bone metastases, can lead
to false negative results. Furthermore, because
DWIBS discriminates tissues on the basis of cel-
lularity rather than malignancy, its ability to distin-
guish between benign and malignant lymph nodes
remains uncertain. Its implementation in the evalu-
ation of lymphoma appears promising, but further
studies evaluating the clinical applications of the
technique are being undertaken. There is also con-
siderable interest in establishing the diagnostic ac-
curacy of the technique in tumor detection com-
pared with whole-body STIR imaging and 18-
flurodeoxyglucose positron emission tomography.

Conclusions

Diffusion-weighted MR imaging is useful for as-
sessing tumors. In the body, 3 main DWI strategies
are currently applied for tumor imaging. These
techniques show considerable promise for detecting

Fig. 12. Lesion detection in the liver using free-breathing diffusion-weighted imaging (DWI). A
45-year-old woman with breast cancer. In this example, metastases were difficult to visualize on the
(a) unenhanced axial T,- and (b) T,-weighted images However, at DWI, (c) the high signal from in-
trahepatic vessels is suppressed by application of diffusion gradient on the b= 100 s/mm? image,
enabling the metastases (arrows) to be clearly identified. Note also the incidental finding of a
hemangioma within the vertebral body (arrowhead).
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and characterizing tumors and evaluating treat-
ment response. However, careful optimization of
these techniques is required to ensure high quality
images for both qualitative and quantitative assess-
ment. Radiologists should be acquainted with the
key factors that affect the quality of DWI studies to
ensure effective implementation of these techniques
in clinical practice.
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Background: In Japan, an increase in age-adjusted incidence rates of lung adenocarcinoma
(ADC) and a decrease in lung squamous cell carcinoma (SQCC) have been reported.
Methods: The number of lung cancer incidence, age-adjusted rates, and age-specific rates
by birth-cohort according to histological type were examined using the data from Osaka
Cancer Registry.

Results: The numbers of lung cancer incidence among men and women have increased,
particularly in ADC. The age-adjusted incidence rates of ADC among men and women have
continuously increased, while those of SQCC and small cell carcinoma (SMCC) turned to
decrease since 1990s. A trough of lung cancer incidence rates was observed among men in
1935—39 birth-cohorts. The declining trend appeared in 1955-59 birth-cohorts. Lung cancer
incidence rates among women have increased since 1895-99 birth-cohorts, but those rates
leveled off or decreased in 1950s birth-cohorts. Trends of ADC by birth-cohort were almost
the same as those of all histological types. The SQCC among men peaked in 1915-19 birth-
cohorts, and decreased in the subsequent birth-cohorts. The SMCC among men peaked in
1920s birth-cohorts, and decreased or leveled off in the subsequent birth-cohorts.
Conclusions: Lung cancer incidence rates by birth-cohorts were almost parallel to the
smoking prevalence. However, those for ADC among young women in 1950s birth-cohorts
were not parallel to the smoking prevalence, which requires careful monitoring to confirm

such findings.

Key words: lung cancer — incidence — histological type — birth-cohort

BACKGROUND

Lung cancer is the leading cause of cancer deaths in Japan,
with 45 927 men and 17 307 women dying from lung cancer
in 2006. To date, increase in the incidence rates of lung ade-
nocarcinoma (ADC) and decrease in the incidence rates of
squamous cell carcinoma (SQCC) and small cell carcinoma
(SMCC) have been reported in Japan (1,2). The same trend
has been reported in Western countries also (3—5). Some
previous studies reported that there was a trough of lung
cancer incidence or mortality in Japanese male 1935-39
birth-cohorts because of the limited cigarette supply just
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after World War II (6—10). Soda et al. (7) reported the birth-
cohort analysis by histological type using Nagasaki Cancer
Registry in 2000. However, this study was based on the
small number of registered lung cancer cases and excluded
the cases without histological diagnoses.

In the present study, we updated the recent trends in lung
cancer incidence by histological type and tried to clarify
their characteristics by birth-cohort, using the data from
Osaka Cancer Registry (OCR) with the large number of lung
cancer incidence.

MATERIALS AND METHODS

OCR, which started in 1962, is the population-based cancer
registry covering Osaka prefecture (population: 8.8 million,
2005 census). Using OCR data on lung cancer incidence
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(International Classification of Diseases 10th revision C33—
C34) diagnosed between 1975 and 2003, we calculated the
number of lung cancer incidence per year, age-adjusted rates
and age-specific rates by birth-cohort according to histologi-
cal type.

Histological types were categorized into three major
types: ADC (ICD-O: 8140, 8141, 8200, 8211, 8250, 8251,
8260, 8310, 8323, 8440, 8470, 8480, 8481 and 8490), SQCC
(ICD-0O: 8050, 8052 and 8070—8076), SMCC (ICD-O:
8041-—8045) and the others.

Incident years are divided into 5-year periods: 1975—78,
197983, 198993, 199498 and 1999-2003. Birth years
were also divided into 5-year periods. The population data
by age group in Osaka prefecture were obtained from the
data of Population Census. For age-standardization, the
Japanese model population in 1985 was used.

The data from OCR included the cases without specific
histological diagnosis: a maximum of 60.4% in 1975—78
and a minimum of 31.4% in 1994-98. Based on the assump-
tion that distributions of histological types in the same sex
and age group were the same between those with and
without a specific histological type, we compensated for the
proportion of cases without a specific histological type. The
detailed procedure was followed to the previous study (1);
first, the sex-, age (5-year)- and incident year (or birth-
cohort)-specific numbers of incidence were calculated for all

histological types including the cases without histological -

diagnosis. Second, the sex-, age (10-year)- and incident year
(or birth-cohort)-specific proportion of each histological type
among the cases with histological diagnosis were calculated
for three major histological types. Finally, the sex-, age
(5-year)-, incident year (or birth-cohort)-specific number of
incidence were multiplied by the corresponding sex-, age-
and incident year (or birth-cohort)-specific proportion to
approximate the number of incidence by histological type.

Jpn J Clin Oncol 2008,38(8) 535

RESULTS

Table 1 shows the trends in tk > number of lung cancer inci-
dence per year according to histological type. Lung cancer
incidence per year for all histological types among men and
women increased consistently; from 1086 in 1975—78 to
3487 in 1999-2003 among men and from 395 in 1975—78
to 1482 in 1999-2003 among women. As for histological
type, the number of ADC incidence has increased remark-
ably among men and women. The shift in main histological
type among men occurred in the 1990s.

Table 2 shows the trends in the age-adjusted rates accord-
ing to the histological type. The age-adjusted rates for all
histological types peaked in 1994—98 and recently leveled
off among men, while those consistently increased among
women. The rates for ADC consistently increased among
men and women. In contrast, the rates for SQCC and SMCC
peaked in 1989-93 among men, and decreased sub-
sequently. Those rates for SQCC and SMCC peaked in
198488 and 198993, respectively, among women, and
decreased subsequently.

Fig. 1 shows the trends in the age-specific lung cancer
incidence rates with 95% confidence interval by birth-cohort
for all histological types. Among men, there was a trough in
rates for all age groups in 1935—39 birth-cohorts, which was
consistent with the previous findings (7,10). In the sub-
sequent birth-cohorts, the rates increased for all age groups,
but the declining tendency appeared in 1955-59 birth-
cohorts. Among women, the trough in rates in 193539
birth-cohorts was not confirmed. The rates for aged >50
years increased gradually, while it seemed that the rates for
aged <{50 years turned to decrease or level off after 1950—
54 birth-cohorts: however, these trends were unstable
because of the wide confidence intervals due to the small
number of incidence.

Table 1. Trends in the number of lung cancer incidence per year according to histological type

Histological type Incident year
1975-78 197983 198488 1989-93 199498 1999-2003
Men
Adenocarcinoma (%) 372 (34.2) 510 (35.7) 696 (35.5) 853 (35.8) 1191 (40.2) 1497 (42.9)
Squamous cell carcinoma (%) 474 (43.6) 582 (40.8) 760 (38.8) 921 (38.6) 1086 (36.6) 1208 (34.7)
Small cell carcinoma (%) 142 (13.0) 203 (14.2) 315 (16.1) 410 (17.2) 483 (16.3) 543 (15.6)
Others (%) 99 (9.1) 132 (9.3) 189 (9.7) 200 (8.4) 204 (6.9) 239 (6.8)
All histological types (%) 1086 (100) 1428 (100) 1961 (100) 2383 (100) 2964 (100) 3487 (100)
Women
Adenocarcinoma (%) 242 (61.2) 328 (60.2) 453 (58.7) 579 (60.3) 792 (64.8) 996 (67.2)
Squamous cell carcinoma (%) 86 (21.9) 106 (19.5) 163 (21.2) 184 (19.2) 218 (17.9) 241 (16.3)
Small cell carcinoma (%) 32 (8.0) 73 (13.3) 97 (12.5) 132 (13.7) 152 (12.5) 178 (12.0)
Others (%) 35(8.9) 38 (6.9) 59 (7.5) 65 (6.8) 60 (4.9) 66 (4.4)
All histological types (%) 395 (100) 545 (100) 772 (1C0) 961 (100) 1223 (100) 1482 (100)




B BT R T SR TR

s e —

-

—— e ——— 7

536 Trends in lung cancer incidence by histological type

Table 2. Trends in age-adjusted lung cancer incidence rates per 100 000 person-years according to histological type

Histological type Incident year
1975-78 ©1979-83 198488 198993 199498 1999-2003
Men
Adenocarcinoma 15.5 189 21.7 223 26.0 272
Squamous cell carcinoma 20.4 22 25.0 25.6 248 223
Small cell carcinoma 6.0 7.6 10.1 1.1 10.8 10.0
All histological types 462 537 62.9 64.7 66.5 64.3
Women
Adenocarcinoma 19 92 10.5 113 13.1 13.8
Squamous cell carcinoma 28 3.0 38 35 34 3.1
Small cell carcinoma 1.0 2.0 23 25 24 23
All histological types 12.9 152 17.9 18.6 19.9 202
Men Women
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Figure 1. Trends in age-group-specific lung cancer incidence rates with 95% confidence interval by birth-cohort for all histological types.

Figs 2—4 show the trends in the age-specific incidence
rates with 95% confidence interval by birth-cohort for ADC,
SQCC and SMCC, respectively. The rates for ADC among
men increased gradually for all age groups, but the declining
tendency appeared in 1955—59 birth-cohorts. Furthermore, it
seemed that there was a slight trough in rates in 1935-39
birth-cohorts, as well as findings in all histological types. The
trends in ADC among women were almost similar with those
in all histological types. The rates for SQCC among men
peaked in 191014 birth-cohorts and decreased in the sub-
sequent birth-cohorts. The trough in rates during 193539
birth-cohorts was not clear for SQCC among men. Trends in
the rates for SQCC among woimen aged >65 years were
similar with those among men. The trends in aged <65 years
were, however, unclear because of the wide confidence

interval. The rates for SMCC among men peaked around
1920s birth-cohorts and turned to slightly decrease or level
off in the subsequent birth-cohorts. The rates for SMCC
among women were unclear because of the wide confidence
interval.

DISCUSSION

In the present study, we reported the population-based trends
in lung cancer incidence includin ; birth-cohort analyses
according to histological type usin ; OCR. The number of
lung cancer incidence per year increased continuously
because >f the population aging. The main histological type
of lung cancer switched from SQCC to ADC among men in
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Figure 2. Trends in age-group-specific incidence rates with 95% confidence interval by birth-cohort for adenocarcinoma.
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Figure 3. Trends in age-group-specific incidence rates with 95% confidence interval by birth-cohort for squamous cell carcinoma.

1990s. The declining trends for SQCC and SMCC continued
in the updated present study.

Smoking prevalence by birth-cohort among Japanese men
was reported to have two peaks: around the 1925 birth-
cohort and around the 1950 birth-cohort (11). In addition,
there was a trough of smoking prevalence in 193040 birth-
cohorts because of the limited cigarette supply just after
World War II (11). In jeneral, the trends in lung cancer inci-
dence or mortality by birth-cohort were parallel to the trends
in the smoking prevalence. Our results were consistent with

the findings from previous studies, showing that lung cancer
mortality and incidence rates among men in 1935—39 birth-
cohorts were lower than the subsequent birth-cohorts (6
10). Since the smoking pre ‘alence among Japanese men was
declining after 1950s birth- ohorts, the appearance of declin-
ing trends of lung cancer ir zidence among men in 1955—59
birth-cohorts was an expect: d result.

Classically, smoking behavior was considered to be more
strongly associated with SQCC thar w.th ADC. However,
3QCC incidence rates by birth-cohort among men were not
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Figure 4. Trends in age-group-specific incidence rates with 95% confidence interval by birth-cohort for small cell carcinoma.

parallel to the smoking prevalence by birth-cohort. SQCC
incidence rates among men after 1940—44 birth-cohorts
leveled off, whereas the smoking prevalence among men
after 1940-44 birth-cohorts increased. One reason would be
the switching from non-filtered cigarettes to filtered ciga-
rettes. Filtered cigarettes were considered to be associated
with peripheral ADC because of the deep inhalation
(3,12,13). According to the information from Japan Tobacco
Inc., the switching from non-filtered cigarettes to filtered
cigarettes occurred in the 1960s in Japan (14). The shift
from SQCC to ADC among men in 1990s observed in the
present study might have been the result of this shift in ciga-
rette types.

The smoking prevalence by birth-cohort among women is
continuously increasing after 1930s birth-cohorts (11).
However, lung cancer incidence among women in 1950s
birth-cohorts, particularly for ADC, seemed to be leveling
off or decreasing. Marugame et al. (15) also reported the
trends in lung cancer mortality by birth-cohort using the
National Vital Statistics. In that study, lung cancer mortality
trends appeared to be decreasing for female birth-cohorts
born after 1960. Although our results were unstable because
of the wide confidence intervals, those were not contradic-
tory to this previous study. There is no clear explanation for
these findings among younger Japanese women. There
would be some factors other than active smoking for lung
cancer incidence imong them.

The present st idy has some limitations. First, there may
be some missing zases in the OCR. The proportion of death
certificate only for lung cancer in OCR was 19.3% in
1998—2002 (:6). Therefore, lung cancer incidence may be
under-estimated as a whole. 3econdly, the trends by histo-
logical type among young women were unstable because of

the small number of incidence; the number of lung cancer
incidence among women aged <50 years per year was ~80
cases in 2003. Finally, the data from OCR included many
lung cancer cases without specific histological diagnoses.
We had to use assumption in order to calculate the number
of incidence according to histological type. The proportions
of lung cancer cases without histological diagnoses for aged
<80 years decreased between 1975—78 and 1999-2003;
from 49.7 to 16.4% among aged 40—49 years, from 47.4 to
17.6% among aged 50—59 years, from 55.9 to 22.7% among
aged 60—69 years and from 70.8 to 31.6% among aged
70—79 years, respectively. However, those for aged >80
years were still high: from 78.9 to 64.1%. Therefore, we
require carefulness to interpret the findings, particularly for
elderly.

In conclusion, we reported recent trends in lung cancer
incidence according to histological type. The increase in
ADC incidence and the decrease in SQCC and SMCC inci-
dence were confirmed. The trends in lung cancer incidence
among young women in 1950s birth-cohorts, particularly for
ADC, were not parallel to the smoking prevalence. We need
careful monitoring of the trends in lung cancer incidence,
particularly for ADC among young women.
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