WHOLE BODY DIFFUSION MRI
W
PET (T

EINIETHMONIKH OMAAA:
2. LTpaxdadag ,X. Adyovng, A.ITamadomoviog

Ayomnté cuvAdeAPE ,

Ol TEXVOAOYIKES €EEMEEIC OTNV LAyVNTIKY] TOLOYPOQPIO TPOCPEPOVY CTUAVTIKES VEES
duvatdTTEG otV JAyvVeoT, TNV OTAdlomoinon Kol TNV Tapakolovdnon tov
0YKOAOYIKOV acBevav. XKomdc g emwkowvaviag pall cag givar 1 evnuépwon cag,
MOTE VO EMAEYETE TNV KATOAANAOTEPN dtoyveoTtikn néBodo yia tovg acbeveig cag.

H teyvikn ohocopung duayveng (whole body diffusion ) eivou mAéov d1a0éciun otovg
TEAEVTOLOG YEVIAG LOyVITIKOVG TOLOYPAPOVG G KAVIKO eTimedo.

H ovowm g Baon sivon n perétn g toyoiog kivnong twv tpotoviov Tov vepol
péoa og éva mepifaiiov. Iotol évrova kuttapoPpibeic, Onmg eivar o1 KapKivikol 16Tol,
epeavifovv meploptopévn otdyvon kot dtaywpilovror edKOA KoL e pHeyain avtifeon
a0 TOLS PLGLOAOYIKOVS 1GTOVG.

e o ovvedpia yivetor ELeyx0g OAOKANPOV TOV GMOUOTOG OO TOV EYKEPOAO £WG TNV
uecoTTA TOV PNpodv. O xpodvog ¢ e€étaong eivar poic 30 min.

H teyvucn  emroyyaver oxpifn] otadlomoinon Tov  OyYKOAOYIKOV  oacOevov
AVAOEIKVOOVTAG TNV TPOTOTOON £0TIAL, AEUPAIEVIKEG OIOYKDGELS KO LETACTACELS .
Xapn omv gveMéilo g HoyvnTIKAG TOHOYPOQOIiag T EMUEPOLS gvPNUaTE Elval
dVVATOV VoL S1EVKPIVIGTOVV TEPAUTEP®, OGOV OPOPE TNV EVIOMIGN 1] TOV YOPAKTNPIGUO
TOVG, UE KAOOGIKEG TOUEG HE M YOPIG TNV €/¢p YOpPNYNoN TOPOUAYVNTIKNG OLGIog
avaroyo pe TNV EVOEIEN.

H teyvikn emupéner emiong, v mopakoAovOnon TovV oyKoAOYIKOV acBevov kol
EKTIUA TNV OVTATOKPIOT] TOV VEOTAAGLOTIKMV E0TIOV 6NV £pappolopevn Bepameia
pe Baon TG petaforég oTIG TIHEG TOV GLVTEAECT O1dXVONC.

Av ko1l T0 PLGLOAOYIKO VIOPaOPO eivarl SLOPOPETIKO Ol EIKOVEG Kol Ol TANPOPOPIES
givon Tapopoteg pe avtég tov PET/CT, og apketéc pehéteg mov £xovv onuooctevdsei ,
1 evacOnocia, 1N eWOIKOTNTA KoL 1] oKpifera TV 6V0 pedod®V givar Tapopora.
A@opobv acBeveic pe 014(OPES VEOTAUCUOTIKES KATOOTAGELS, ONMMG AELPOUATO,
LIKPOKLTTOPIKO KO U] IMKPOKVTTAPIKO VEOTAAGLLO TOV TVEVLOVOG, VEOTTAAGLOTO. TOV
YOOTPEVTEPIKOV, VEOTTAAGLOTO TOV LOOTOV, LEAGVOLLO K.AT.



H teyvicn oAdcmpng d1dyvong omoTeAEl aLTAV TNV GTIYUN TNV HOVASIKT aS10TIeTY)
evoloktiky péBodo tov PET/CT emurpémoviag oe pion povo ovvedpio okpifn
otadlomoinon TtV  oykoAoyik®v acBevov  .Tavtdypova eupavilelt  opkeTd
TAEOVEKTNNLOTA, OGS £ivol 1 OL0OECINOTNTA, TO KOGTOG, O YPOVOg eEETaoNS KOt TO
oNUAVTIKOTEPO OA®V: YPic 10vTilovoa akTivoforio KaOLIGTAOVTAC dVVATO,

0 0060gv|c Vo VTTOKELTAL O TOKTIKOTEPOLG EXAVELEYYOVG.

IMieovektpota emiong civor, 1N OVVETOTNTO  OVIYVELONGS MIKPOTEPOV
VEOTAUGUUTIK®OV E£6TIAV, AOY® NG LYNAGTEPNG OLOKPITIKNG KAVOTNTOS KOl 1)
KOADTEPT dlEPELVNON VEOTAOCUAT®V UE YaUnAT cvykévipmon 18F-FDG oto PET/CT
Om®MG UEPIKA VEOTMAACUOTO TOL BLPEOEWOVE, MNTATOUATO, VEOTAAGUOTO TOL
TPOCTATN, KOAMG OL0POPOTOMUEVE, VEOTAAGLLOTO TOV HOGTOV, OPIGUEVOL TUTOL
AELPOUATOV K.AT.

INo ™y kKeAvTtepn evnuéPOOT] 6OS GLVOOEVOVUE TNV EMGTOA] pe 6V0 GpOpa
avaoKomnong, Omov pmopeite va mAnpogopnlsite Tic Pacwkéic apyic, TIg
EQPUPUOYES, TO TAEOVEKTINATO KOl TO, LELOVEKTI|OTA TS TEYVIKNG TS OAOGOUNG
owdyvong. Xe oavtd vaapyovv Piproypagikés ava@opéc Yo peyaio apipo
VEOTAUGUUTIKAOV VOGOV KUl 6VYKPITIKEG perétes pe 1o PET/CT.

Tavtdypova eipocte oy ddbeon cog yo olesdnmote TANpopopieg Bernoete, 6Gov
apopd d1yveoTIKE 1 TpaxTikd O&upata.

Mg ektipnon
Avdpéag [Tamadomoviog
Awdxtop tov [Mavemotpiov AGnvav



Diffusion-Weighted MR
Imaging for Whole Body
Metastatic Disease and
Lymphadenopathy

Russell N. Low, MD>*

KEYWORDS

® Fast imaging ® Echo planar imaging

e Diffusion-weighted imaging ® MR imaging

e Diffusion-weighted whole-body imaging
with background body signal suppression

e \Whole body imaging

Diffusion is a physical property that describes the
microscopic random movement of molecules in
response to thermal energy. Also known as Brow-
nian motion, diffusion may be affected by the
biophysical properties of tissues such as cell orga-
nization and density, microstructure and microcir-
culation. Diffusion weighted (DW) imaging uses
pulse sequences and techniques that are sensitive
to very small-scale motion of water protons at the
microscopic level. Single shot echo planar imaging
(EPI) DW imaging is used to provide very rapid
imaging sensitive to subtle small-scale alternations
in diffusion. Areas of restricted water diffusion are
displayed as areas of high signal intensity.'"

The application of DW imaging for the evaluation
of intracranial abnormalities, such as acute cerebral
infarcts, is well established.’® DW imaging often
shows areas of altered diffusion in the abnormal
brain long before any changes are manifested on
conventional anatomic MR images. However, the
challenges posed by DW imaging of the abdomen
and pelvis initially limited its application for body
MR imaging. With use of DW imaging, artifacts
related to physiologic motion, susceptibility, and
chemical shift are compounded by inherent limita-
tions in signal-to-noise ratio and image resolution.
The larger fields of view used for abdominalimaging
accentuate many of the artifacts inherent in DW
imaging and single shot EP1.7:"

Hardware and technical advances in MR
imaging, including rapid echo planar imaging,
larger amplitude gradient systems, multi channel
coils, and parallel imaging techniques, have over-
come many of these limitations and, as a result,
DW imaging is feasible for abdominal and pelvic
MR imaging. By allowing for more rapid imaging
with shorter echo time, reduced echo train length,
and more rapid k-space filling, many of the arti-
facts inherent to DW imaging can be
reduced.”"-12

Oncologic applications of DW imaging take
advantage of restricted diffusion shown by most
tumors.*"%"" The higher cellularity of solid
tumors and their increase in cell membranes
per unit volume results in restriction of water
movement and corresponding high signal inten-
sity on DW images (Fig. 1). Areas of tumor
necrosis show a decrease in tumor cellularity
with an associated increase in diffusion and
loss of signal on DW images. Similarly, tumor
edema or cystic components of a tumor will
show an increase in water diffusion and loss of
signal on DW images.’

The routine use of DW imaging for abdominal
and pelvic oncologic MR imaging is being evalu-
ated. Recent works have described the use of
single shot EPI DW imaging for evaluation of
lymphadenopathy,’"3 liver tumors (Fig. 2),1423
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Fig.1. 71-year-old man with pancreatic cancer. Coronal gadolinium-enhanced 3D FSPGR image (A) shows tumor
(long arrow) encasing a biliary stent and liver metastases (short arrows). 3D MRCP (B) shows a double duct sign
with obstruction of the common bile duct (arrow) and the pancreatic duct. Breath-hold DW image (C) b-value 400
s/mm? confirms multiple liver metastases (arrows) all showing restricted diffusion. Note the high contrast of the
liver metastases and their sharp definition on this image obtained during suspended respiration. Breath-hold DW
image (D) b-value 400 ss/mm? at a lower level depicts tumor (short arrows) encasing the biliary stent and retroper-

itoneal nodal metastases (long arrows).

renal masses,?*~°0 prostate cancer,*"*? and colo-
rectal cancer (see Fig. 2),3334 pancreatic cancer,*®
uterine cancer,**%° ovarian tumors,*® peritoneal
tumor,*® and lung cancer.*! Prior studies have
documented the value of DW imaging for tumor
detection in the abdomen and pelvis when added
to routine unenhanced and gadolinium-enhanced
MR imaging in the oncology patient.* The ability
to generate qualitative and quantitative data using
an entirely new contrast mechanism makes DW
imaging an attractive tool for tumor assessment
in the oncology patient.

TECHNICAL CONSIDERATIONS

Abdominal DW imaging can be performed on
commercially available high field MR systems.
Most vendors currently use a single shot spin-
echo EPI pulse sequence for DW imaging. DW
imaging can be performed as a breath-hold acqui-
sition or as a breathing-averaged acquisition with
multiple excitations.'™ The later may be acquired
as a free breathing or respiratory triggered acquisi-
tion.’ In the DW pulse sequence, paired diffusion
sensitizing gradients are centered on either side
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Fig.2. 66-year-old man with colon cancer. Breath-hold DW image (A) b-value 400 ssfmm? depicts innumerable liver
metastases (long arrows) replacing most of the liver parenchyma. Osseous metastases (short arrows) are present
in the thoracic spine vertebral bodies. Breath-hold DW image (B) b-value 400 s/fmm? shows a mass in the right
lower quadrant representing the patient’s primary colon carcinoma.

of the 180 degree refocusing pulse. In the absence
of motion, water molecules will acquire phase infor-
mation from the first diffusion gradient that will be
refocused by the second diffusion gradient with
no net change in signal. However, with moving
water molecules the situation is different. The water
molecules will accumulate phase information from
the first gradient that will not be completely refo-
cused by the second diffusion gradient because
of movement of the water molecule producing
a loss of signal. The paired diffusion gradients will
thus detect water motion as areas of signal
loss.”” Tumors with a higher cellular density
possess more cell membranes per unit volume,
which restricts mobility of water molecules and
diffusion. These tumors will exhibit restricted diffu-
sion and corresponding high signal on DW imaging.

The sensitivity of the DW imaging sequence to
water motion can be varied by changing the
b-value, which depends on the amplitude and
the timing of the paired bipolar diffusion sensitizing
gradients.” One typically acquires at least two
b-values of 0 s/mm2, combined with a second
intermediate to a high b-value of 400-1000 s/
mm?2. Acquiring additional b-values will improve
the accuracy of the quantitative data obtained
from DW imaging. Higher b-values result in more
diffusion weighting with better background
suppression, at the expense of reduced signal
and increasing artifacts.”'" At our institution, clini-
cians typically use b-value 0 s/mm? combined with
intermediate b-values of 400-600 s/mmZ.
For anatomic DW imaging, these intermediate

b-values achieve reasonable diffusion weighting
while maintaining good image quality.

Diffusion experiments can be independently
made in the phase, frequency, or slice directions
by applying the diffusion gradient in the selected
direction. One may also combine the diffusion
signal from all three directions to create a summed
image known as an index or magnitude diffusion
image.” A summed diffusion image loses its direc-
tional information but will improve scanning effi-
ciency, allowing for shorter breath hold scan
times while maintaining signal-noise-ratio.

Fat suppression is implemented to improve the
contrast to background ratio on the DW images.
Fat suppression can be accomplished with a short
inversion time inversion recovery prepulse (STIR)
sequence for maximal background suppres-
sion.”"" This may be particularly advantageous
for whole body diffusion where suppression of all
background tissues is desirable when generating
inverted maximum intensity projections (MIPs) of
the DW dataset.!" In our experience, for anatomic
DW imaging, less complete suppression of back-
ground tissues is actually preferable to facilitate
anatomic localization of tumors relative to adja-
cent anatomy. For anatomic DW imaging, fat
suppression with spectral presaturation by inver-
sion recovery (SPIR) prepulse or a frequency
selective chemical shift selective (CHESS) pre-
pulse achieves an optimal balance of partial back-
ground suppression to increase tumor conspicuity
while maintaining anatomic landmarks for tumor
localization.”
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Phased array surface coils are used when per-
forming anatomic DW imaging to improve signal-
to-noise ratio and overall image quality. Surface
coils also allow one to use parallel imaging, which
reduces scan time. The read-out time is also
decreased with SENSE, which reduces some of
the artifacts that are inherent with DW imaging.
Similarly, these artifacts may also be minimized
by using a minimum echo time (TE) and decreasing
the resolution in the frequency direction.” !

The following is a typical protocol for breath-hold
abdominal DW imaging used for anatomic imaging.

Single Shot Spin-Echo EPI

Phased array surface coil

B-value 0, 500 s/mm?

Slice thickness 7 mm, 1 mm interslice gap
FOV 320-400 cm

TR 2700

TE 58 (min)

Matrix 115 x115

SPIR fat suppression

24 slices

2-3 nex

Direction of motion probing gradients:
phase, frequency, slice

Acceleration factor 2

® Time: 24 sec breath-hold

Whole-body DW imaging is performed with
multiple stacks of axial DW acquisitions covering
large anatomic areas that may include head,
neck, chest, abdomen, pelvis and lower extremi-
ties."42747 The axial plane is chosen to minimize
image distortion. A three- to five-station whole-
body DW imaging protocol can be prescribed
with overlap between the stations. Some MR
systems allow for whole-body imaging with
multiple surface coils. On other systems, whole-
body DW imaging will require imaging with the
integrated large body coil. After the multiple axial
DW imaging stacks are prescribed and pre-
scanned, automatic table movement between
stations facilitates scanning and data acquisition.

Post-processing the whole-body DW imaging
typically includes binding the multiple stacks of axial
DW images into one large data set. The large whole-
body DW data set can be further post processed by
generating a 3D model using a MIP post-processing
algorithm. The MIP can be inverted to create an
image in which tumors are displayed as dark struc-
tures on a white background. Automation of post
processing of the whole-body DW imaging dataset
is available from some vendors.

Typical imaging parameters for whole-body DW
imaging include:

e Single shot spin—echo EPI
e Body coil

B-value 600-1000 s/mm?

3 stations - axial

50 slices/station 6 mm thickness
FOV 420 x 345

TR 3560 TE 58 (min)

Matrix 104 x 288 phase x frequency
STIR fat suppression

Covers 30 cm per stack

NEX 4

Direction of motion probing gradients:
phase, frequency, slice

e Time: 1:39 per stack-free breathing

DIFFUSION-WEIGHTED IMAGE ANALYSIS
AND DISPLAY

DW images can be evaluated qualitatively by
observing changes in signal intensity from areas
of the image with minimal restriction of water,
such as liver parenchyma, to those with high
restriction of water diffusion, such as tumors. In
the author’s experience, the DW images typically
show excellent tumor conspicuity but relatively
poor anatomic localization because of suppres-
sion of background tissues. For this reason, the
DW images are often most useful when interpreted
in conjunction with routine anatomic MR images.
The DW images can be evaluated as a separate
series side-by-side with the T1-, T2- and gadoli-
nium-enhanced acquisitions. In the future, fusion
of DW images with anatomic MR images may
further improve image interpretation.

Simple visual inspection of magnitude DW
images can lead to a potential pitfall and image
misinterpretation because observed signal repre-
sents the combination of effects from water diffu-
sion and T2 relaxation.”'"%¢ Tissues with
prolonged T2 relaxation may appear bright on
a DW image representing “T2 shine through.”
This effect is decreased with higher b-values.
With an intermediate b-value, T2-shine through
typically occurs with fluid-containing structures,
such as gastrointestinal tract, gallbladder, urinary,
bladder, and cerebrospinal fluid. Cystic lesions in
the liver, kidney, and elsewhere may show similar
high signal on DW images because of their pro-
longed T2 relaxation. Most of these fluid filled
structures will show at least partial suppression
on DW images obtained with an intermediate
b-value. In practice, it is fairly simple to distinguish
high signal on a DW image that is caused by T2
shine through from tumors with restricted diffu-
sion. Tsushima and colleagues® confirmed the
importance of comparing high b-value DW images
with T2-weighted images or fused images for
maximal accuracy in malignant tumor screening.
By comparing the DW images with T2-weighted
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images or the BO DW images, one can identify
structures that are fluid-containing on the T2-
weighted images or BO images. A more rigorous
elimination of high signal from T2 prolongation
can be achieved using apparent diffusion coeffi-
cient (ADC) maps, which depict changes in signal
intensity that are solely caused by water diffusion.
On the ADC map, a tumor with restricted diffusion
is displayed as an area with low signal intensity as
opposed to the DW image in which the tumor is of
high signal intensity.”-*?

A qualitative display of DW images can also be
performed following simple post-processing of
the data set to generate thin section MIPs refor-
matted into the coronal or sagittal planes. A
whole-volume MIP can also be generated creating
a 3D model that can be rotated to display
anatomic relationships of tumor to normal struc-
tures. This volumetric approach to displaying the
DW imaging data requires maximal background
suppression (see DWIBS below) and in our experi-
ence works best for lymphadenopathy.

Quantitative analysis of DW images can be
performed if at least two b-values are ob-
tained.'®16:30:48-51 Qptaining additional b-values
will increase the accuracy of measurements. This
quantitative analysis can be performed easily on
the MR scanner or workstation, generating ADC
parametric maps that are independent of field
strength and T2-shine through. By drawing regions
of interest on the ADC map over tissues of interest,
a numerical value known as the ADC is gener-
ated.” The ADC value can help to characterize
tumors as benign or malignant and can assess
interval change in a tumor in response to therapy.
Areas of highly cellular tumor with restricted

diffusion demonstrate low ADC values while
tissues with free water diffusion demonstrate
high ADC values. It has also been observed quan-
titatively that, following therapy, tumors show
a significant increase in ADC values with a corre-
sponding loss of signal on visual inspection of
the DW image.?":50-53

TUMOR DETECTION

The addition of DW imaging to conventional
abdominal and pelvic MR imaging improves the
detection of many types of primary and metastatic
tumor in oncology patients (Fig. 3).* This improved
sensitivity for tumor is caused by the improved
conspicuity of tumor on DW imaging compared
with conventional T1-, T2-, and gadolinium-
enhanced imaging. On DW imaging, background
tissues are relatively suppressed while most forms
of tumor show restricted water diffusion, which
results in moderate to marked tumor conspicuity.

In a study of 169 oncology patients, the addition
of breath-hold DW imaging to routine abdominal
MR images resulted in detecting additional sites
of tumor in 40% and 46% of patients for two
observers* when compared with conventional
MR imaging alone. An intermediate b-value 500
s/mm? was used. The additional sites of tumor de-
tected on the DW imaging include 43 patients with
lymphadenopathy, 15 with peritoneal metastases,
1 with a renal tumor, 12 with liver tumors, and
2 with osseous tumors. For observer two, the cor-
responding sites of addition tumor on DW images
included 37 with lymphadenopathy, 12 with perito-
neal tumors, 1 with renal tumors, 6 with liver tumor,
4 with osseous tumor, and 1 with a gastrointestinal

Fig. 3. 60-year-old woman with breast cancer. Arterial phase gadolinium-enhanced 3D FSPGR image (A) is
unremarkable without evidence of liver metastasis. T1-weighted, T2-weighted, and portal venous phase gadoli-
nium-enhanced images (not shown) were also normal. Breath-hold DW image (B) b-value 20 s/fmm? shows small
subcapsular and parenchymal liver metastases (arrows). Findings were confirmed by biopsy. This case demon-
strates the sensitivity of DW imaging to small tumors. The “black blood” appearance of the DW image facilitates

depiction of small perivascular tumors.
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Fig.4. 68-year-old man with prostate cancer and rising PSA. T1-weighted (A), T2-weighted (B), and fat suppressed
gadolinium-enhanced SGE (C) images were interpreted as showing unopacified bowel but no evidence of tumor.
Breath hold DWI (D) b-value 500 s/mm? shows a 3 cm right-sided retroperitoneal tumor (arrow).

tumor. The conventional MR examination was
entirely normal while the DW images showed
tumor in 6%-7% of patients (Fig 4).

Studies evaluating DW imaging for depicting
liver metastases have found similar improvements
in lesion detection compared with conventional
unenhanced and contrast enhanced MR imaging
(Fig. 5). Parikh and colleagues®® compared DW
imaging and breath-hold T2-weighted images for
detection and characterization of liver metastases.
Overall detection was significantly higher for DW
imaging (87.7%) versus T2-weighted (70.1%)
imaging, while lesion characterization was not
significantly different. Nasu and colleagues?®
found that the addition of DW imaging to
T1-weighted and T2-weighted MR imaging
showed higher accuracy in the detection of
hepatic metastases than did reading of SPIO-
enhanced MR images. In a comparison, DW
imaging performed before and after SPIO adminis-
tration found a synergistic effect between iron
oxides and DW imaging noting that post-SPIO
DW imaging showed improved contrast-to-noise
ratio between malignant lesions and liver.5*

DW imaging can be useful to depict tumors in
the nonsolid abdominal organs, such as the
gastrointestinal tract and peritoneum (Figs. 6

and 7).233440 |n evaluating patients with colorectal
cancer, Nasu and colleagues®® noted that tumors
were hyperintense on DW images using a b-value
1000 s/mm? and were easily distinguished from
the normal colon wall and feces, which was always
hypointense. Primary and metastatic tumor in the
chest, involving the lung parenchyma, medias-
tinum, pleura, and chest wall, are also well de-
picted on DW imaging (Fig. 8).*'

DW imaging improves the depiction of a wide
spectrum of primary and metastatic tumors in
the abdomen and pelvis. When implemented as
a breath-hold acquisition the DW imaging will
add very little time to the examination and can
be routinely performed in all patients.*” 42 |t is
important to note that areas of restricted diffusion
on DW images are not specific for tumor. Normal
lymph nodes show restricted diffusion and are dis-
played as hyperintense on DW images.”'"#2 Simi-
larly, infectious and inflammatory conditions will
show restricted diffusion. For example, pancrea-
titis, cholecystitis, osteomyelitis, an abdominal
abscess, and colitis will show restricted diffusion
on DW imaging.®°-°® Therefore, interpretation of
DW images requires consideration of the patient’s
clinical presentation and history, as well as an
assessment of conventional MR images.
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Fig. 5. 56-year-old man with prostate cancer. T1-weighted image (A) shows a few scattered small liver lesions
(arrows). Arterial phase gadolinium-enhanced 3D FSPGR image (B) is unremarkable, as were the portal venous
phase and equilibrium phase images (not shown). Breath-hold DW image (C) b-value 500 s/mm2 depicts many
additional small liver metastases (arrows).

WHOLE-BODY DIFFUSION-WEIGHTED IMAGING described by Takahara and colleagues’” in 2004
(Fig. 9). Using DW imaging with a short Tl inversion
recovery-echo planar imaging (STIR-EPI) sequence
and free breathing scanning, the author generated

Diffusion-weighted whole-body imaging with back-
ground body signal suppression (DWIBS) was first

Fig. 6. Patient with pseudomyxoma peritonei. Delayed gadolinium enhanced SGE MR image (A) depicts bulky
upper abdominal peritoneal tumors (arrows) encasing the liver, spleen, stomach, and pancreas. Breath hold
DW image (B) b value 400 s/mm? depicts bulky upper abdominal peritoneal tumors (arrows) showing restricted
diffusion. Ascites is low signal intensity on DW images while tumors are high signal intensity.
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Fig. 7. Patient with treated ovarian cancer and rising serum CA-125 value. Coronal gadolinium enhanced 3D
FSPGR image (A) depicts a thin rim of right subphrenic peritoneal tumor (arrow). Reformatted thin section axial
and coronal DW images (B) b-value 400 s/mm? confirm a thin rim or right subphrenic peritoneal tumor adjacent
to the right hepatic lobe. Thin section reformatted images are useful for anatomic localization of tumors in

multiple planes.

whole-body DW images that depicted various
tumors and lymphadenopathy, providing volumetric
diffusion weighted images of the entire body. These
projectional volumetric images provide a quick
display of tumor in the chest, abdomen, and
pelvis and can simplify display of complex cases
facilitating comparison with follow-up MR examina-
tions (Fig. 10).

Interpretation of DWIBS examinations should be
performed by reviewing the source images (see
Fig. 8). Projectional MIP images can be useful for
displaying tumor relationships but can also mask
a tumor or falsely create a pseudotumor.’’42-47
The potential for false positive interpretations with
whole-body diffusion may be because of incom-
plete background suppression, T2 shine-through,
and susceptibility artifact. Because of the degree
of background suppression, the DWIBS images
often lack information for anatomic localization.
For this reason, viewing the DWIBS images

side-by-side with anatomic MR images is essential
for accurate interpretation (Fig. 11). Fusion of the
DW images and anatomic images may provide
the most accurate means of image display.
Certainly, not all structures showing restricted
diffusion on a whole-body DW imaging study are
tumor. Some normal anatomic structures may
show restricted diffusion and be displayed as
hyperintense on DWIBS images. For example,
normal lymph nodes are readily apparent on whole
body DW images and probably cannot be distin-
guished from malignant nodes based solely upon
their appearance on DW imaging.”“? Other normal
structures including brain, salivary glands, tonsils,
spleen, gallbladder, small intestine, colon, pros-
tate, testes, endometrium, cerebrospinal fluid,
and bladder may exhibit high signal intensity on
DWIBS images.*? Finally, just as with anatomic
DW imaging, restricted diffusion can be seen in
benign inflammatory and infectious diseases.?>8
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Fig. 8. Patient with appendiceal cancer. Gadolinium-enhanced SGE image (A) through the chest demonstrates
bilateral enhancing pleural metastases (arrows). Breath hold DW image (B) b-value 500 s/mm? shows the bilateral
pleural tumors. The marked tumor conspicuity facilitates depiction of the full extent of the pleural metastases.

Potential clinical applications for whole-body
diffusion include staging of cancer because both
the primary tumor and distant metastases demon-
strate restricted diffusion.”*? Small metastases
can be easily seen because of suppression of
background tissues. Certain anatomic areas,
including the diaphragms and heart, may be prob-
lematic because of artifacts from susceptibility or
motion. Interpretation of whole-body DW images
in conjunction with anatomic MR imaging will
increase overall accuracy for tumor depiction
and staging.*?

Whole-body diffusion can also be used to eval-
uate response of primary tumor and metastases
to interval chemotherapy or radiation therapy.*?
After the tumors are depicted, follow-up whole
body diffusion can be used to monitor changes
in tumor size and ADC values with treatment. Dis-
tinguishing residual or recurrent tumor from post-
treatment benign changes may be a role for DW
imaging but will need to be validated with large
patient groups.

One of the most compelling applications of
whole-body DW imaging is the evaluation of lymph-
adenopathy in patients with predominantly nodal
metastases.’! Patients with lymphoma or leukemia
are excellent candidates for surveillance with
whole body DW imaging (Figs. 9 and 10). Because
of suppression of background tissues, the highly
cellular lymph nodes are depicted with very high
tumor-to-background tissue contrast. Even small
nodes are easily depicted. In addition, the volu-
metric display of the whole-body DW dataset can
give a more accurate presentation of the location
and distribution of nodal tumor than can routine
planar anatomic MR images. Follow-up whole-
body DW imaging very quickly displays any interval

change in nodal status. Interpretation of whole-
body DW examination for lymphadenopathy is
simplified by the predictable locations of lymph no-
des in the neck, chest, abdomen, and pelvis. In
contrast, the volumetric display of other dissemi-
nated tumors involving the peritoneum, bowel,
and mesentery can be confusing. In the later situa-
tion, thin section multiplanar reformatted images or
subvolume MIPs may be a more effective way to
display data from whole-body DW imaging.

Comparisons of whole-body DW imaging and
PET have been favorable. Ohno and colleagues*®
found that in patients with non-small cell lung
cancer (NSCLC), whole-body MR imaging with
DW imaging can be used for M-stage assessment
with accuracy as good as that of PET/CT. In
a comparison of DWIBS and FDG PET, Komori
and colleagues”® found 25 (92.6%) of the 27 malig-
nant lesions were detected visually with DWIBS
imaging in contrast to 22 malignant tumors
(81.5%) with "®F-FDG PET/CT imaging. Compared
to PET/CT, whole-body DW imaging offers several
important advantages, including lack of ionizing
radiation and much shorter examination times.
Currently, the effective radiation dose per PET/
CT examination is about 25 mSv and the examina-
tions require 2-3 hours to complete. Whole-body
DW imaging can be performed safely without radi-
ation exposure in a fraction of the time required for
PET/CT.

Application of the whole-body DW technique for
specific malignancies has also been evaluated.
For colorectal cancers, Ichikawa and
colleagues.>* evaluated the usefulness of DWIBS.
Visual assessment of the DWIBS images resulted
in high sensitivity (91%, 20/22) and specificity
(100%, 15/15) for detection of the primary tumor.
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Fig. 9. 82-year-old man with lymphoma. Three projections (A) from the inverted MIP of a whole-body DW
imaging examination show bulky lymphadenopathy in the neck, chest, abdomen and pelvis. Source DW image
(B) b-value 500 ss/mm? obtained through the chest shows bilateral axillary lymph nodes (arrows). Note the marked
high contrast of the lymph nodes. DW image (C) b-value 500 s/fmm? obtained through the abdomen depicts
moderately bulky retroperitoneal lymphadenopathy (arrows).

For pancreatic adenocarcinoma, 26 patients with
pathologically proven pancreatic adenocarcinoma
and another 23 controls, assessment of the
DWIBS images resulted in high sensitivity
(96.2%, 75/78) and specificity (98.6%, 68/69).%°

DEPICTION OF RECURRENT TUMOR

Detecting recurrent tumor is an imaging challenge
that demands high levels of sensitivity and speci-
ficity. Small-volume tumor recurrence must be
accurately distinguished from normal anatomy

was well as from benign sequela of therapy,
including surgery, radiation, percutaneous abla-
tion, and chemoembolization (Fig. 12). DW
imaging provides such a high tumor-background
contrast that its sensitivity for small tumors is
markedly increased over normal anatomic MR
imaging (Figs. 13 and 14). In the author’s experi-
ence, DW images may depict small volume tumor
recurrence before other conventional anatomic
images are abnormal.* The specificity of areas of
restricted diffusion on DW imaging is still being
evaluated. It is possible that a quantitative analysis
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Fig.10. 55-year-old man with lymphoma. Whole-body DW imaging examination performed in December 2007 (A)
shows small retroperitoneal lymph nodes (arrows). Follow-up whole-body DW imaging examination from July
2008 (B) shows interval progression of lymphadenopathy (arrows).

of DW imaging with ADC values will improve the
distinction of small tumors from post therapeutic
changes. For neuroimaging, distinguishing recur-
rent neoplasm from radiation necrosis can be chal-
lenging. Using DW imaging, significant differences
have been found in maximal ADC values between
radiation necrosis and recurrent tumor.>°

A

TUMOR CHARACTERIZATION

A quantitative analysis of DW images may allow
one to distinguish benign from malignant tumors
in the abdomen and pelvis. As a general rule,
benign processes would be expected to have
a higher ADC than highly cellular malignant

Fig. 11. 55-year-old woman with treated ovarian cancer and a rising serum CA-125 value. Inverted MIP from
a whole-body DW imaging acquisition (A) shows a small focal lesion in the upper abdomen. Breath-hold DW
image (B) b-value 400 s/mm? shows portal caval lymphadenopathy (arrow) representing nodal metastases.
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Fig.12. 65-year-old man with colon cancer. Inverted MIP (A) from a whole-body DW imaging examination shows
a focal intense area of restricted diffusion in the left pelvic sidewall. DW image (B) b-value 600 ssfmm? shows
a focal tumor in the left side of the pelvis. Fat suppressed, gadolinium-enhanced image (C) confirms the 2 cm

left iliac nodal metastases (arrow).

process, which demonstrates restricted diffusion
and lower ADC values. Some of the challenges in
implementing this type of analysis include: varia-
tions in the ways that DW imaging is implemented
on different scanners and obvious differences in
DW imaging protocols, all of which will affect the
numerical ADC value. It is also not surprising that
there is considerable overlap in the ADC values
for benign and malignant diseases. However, the
ADC values obtained from DW imaging provide
an intriguing new tool to characterize abdominal
tumors.

In several studies, malignant liver tumors have
shown significantly lower ADC values than benign
liver cysts and hemangiomas.'®'® Renal masses
may be similarly characterized with quantitative
DW imaging. Zhang and colleagues*® noted that
renal tumors had significantly lower ADCs
compared with benign cysts and that solid
enhancing tumors had significantly lower
ADCs compared with nonenhancing necrotic or
cystic regions. Cystic renal neoplasms behave

differently than solid renal cell cancers on
DW imaging. In one study, ADC values of cystic
renal cell carcinomas were higher than those of
clear cell carcinomas. The ADC value of
cystic renal cell carcinomas overlapped with that
of normal renal parenchyma but was less than
that of a simple renal cyst.*°

ASSESSMENT OF RESPONSE TO THERAPY

This quantitative approach to diffusion imaging
can also be used to assess tumor response to
treatment.2"49-53 |njtially, high-signal tumors with
a low ADC have been observed to lose signal
intensity with a corresponding increase in diffusion
coefficient following treatment (Fig. 15). Hepato-
cellular cancer showed an increase in tumor ADC
values following trancatheter chemoemboliza-
tion.%° Similarly, a significant increase in mean
ADC value was observed in liver metastatic lesions
that responded to chemotherapy (Fig. 16).2°
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Fig. 13. 59-year-old man with pancreatic cancer status post Whipple procedure. Whole-body DW image
(A) shows liver metastasis (long arrow) and retroperitoneal nodal metastases (short arrows). DW image (B) b-
value 500 s/fmm? confirms the moderately bulky retroperitoneal lymphadenopathy (arrows). DW image (C) b-
value 500 s/mm? depicts liver metastasis (long arrow) and smaller retroperitoneal lymph nodes (short arrows).

Findings represent recurrent pancreatic cancer.

PREDICTING RESPONSE TO THERAPY

Evaluating pretreatment ADC values of tumors
may also shed light upon which tumors will
respond to subsequent therapy. Koh and
colleagues®® noted that for colorectal hepatic
metastases, high pretreatment mean ADC values

were predictive of poor response to chemo-
therapy. Similarly, Cui and colleagues®' evaluated
patients with 38 responding and 49 nonrespond-
ing metastatic liver lesions from colorectal and
gastric cancer. Pretherapy mean ADC values in re-
sponding lesions were significantly lower than
those of nonresponding lesions (P = .003).5" DW

Fig.14. Patient with lung cancer status post radiation therapy. T1-weighted image (A) show parenchymal changes
from radiation therapy but no definite evidence of residual tumor. Breath hold DW image (B) b-value 500 s/mm?

shows a small focal nodule with marked restriction of water diffusion. Findings represent tumor recurrence and
correlated with results of subsequent PET scan (not shown).
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Fig. 15. Patient with a 2.5 cm hepatocellular cancer treated with radiofrequency ablation (RFA) shown on serial
MR examinations. Pretreatment DW image (A) shows the focal HCC (arrow) with marked high signal intensity.
Follow up DW image (B) obtained 3 months following treatment shows decrease in signal intensity of the treated
HCC (arrow). Final DW image (C) obtained 8 months following treatment shows further loss of signal within the
HCC indicating response to RFA. Corresponding increase in ADC value also indicates treatment response.

Fig. 16. Patient with metastatic colon cancer. Pretreatment DW image b-value 400 ss/mm2 (A) shows a 2.5 cm
metastasis (arrow) in the right hepatic lobe with marked restriction of diffusion. Follow-up DW image b-value
400 s/mm? (B) obtained following chemotherapy shows decrease size of the metastasis and corresponding loss
of signal intensity. Corresponding ADC values for the liver metastasis showed interval increase with treatment
indicating response to chemotherapy.
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imaging has been advocated as a means to
assess tumor necrosis in patients with hepatocel-
lular cancer undergoing chemoembolization®? with
a linear correlation between ADC values and the
degree of tumor necrosis at histopathologic
evaluation.

SUMMARY

DW imaging provides qualitative and quantitative
information that can be critical in the oncology
patient. Accurate depiction of the primary tumor
and whole-body metastases makes it an ideal
sequence for oncologic imaging. Additional infor-
mation obtained from a quantitative analysis of
ADC values can be used to characterize tumors
and assess response to treatment. Speculating
on the future role of diffusion weighted body
imaging compared with PET/CT is intriguing. DW
imaging is clearly a powerful new tool that
improves the sensitivity and specificity of body
MR imaging for oncologic imaging. Because DW
imaging does not provide true metabolic informa-
tion, it seems unlikely to entirely replace PET/CT.
Rather these two examinations will play comple-
mentary roles. There is growing concern about
the radiation exposure and the cost of PET/CT.
MR imaging combined with DW imaging is in
a unique position to augment the role of PET/CT
in cancer imaging. Initial evaluation with PET/CT
might be used to identify sites of primary and
metastatic tumor. Follow up MR imaging and DW
imaging could be performed to monitor the tumor
response to therapy. In other clinical settings, the
limitations of PET/CT in depicting some tumors,
including peritoneal metastases and small liver
metastases, makes MR imaging with DW imaging
the initial examination of choice. In the author’s
experience, DW imaging combined with conven-
tional MR imaging leads to more accurate imaging
diagnoses, better treatment decisions, and
improved patient care.
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