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 Whole-Body Diffusion-weighted 
MR Imaging in Cancer:   Current 
Status and Research Directions  1   

Diffusion-weighted (DW) magnetic resonance (MR) imag-
ing is emerging as a powerful clinical tool for directing the 
care of patients with cancer. Whole-body DW imaging is 
almost at the stage where it can enter widespread clinical 
investigations, because the technology is stable and proto-
cols can be implemented for the majority of modern MR 
imaging systems. There is a continued need for further 
improvements in data acquisition and analysis and in display 
technologies. Priority areas for clinical research include 
clarifi cation of histologic relationships between tissues of 
interest and DW MR imaging biomarkers at diagnosis and 
during therapy response. Because whole-body DW imaging 
excels at bone marrow assessments at diagnosis and for 
therapy response, it can potentially address a number of 
unmet clinical and pharmaceutical requirements. There are 
compelling needs to document and understand how com-
mon and novel treatments affect whole-body DW imaging 
results and to establish response criteria that can be tested 
in prospective clinical studies that incorporate measures 
of patient benefi t.
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                                          Magnetic resonance (MR) imag-
ing plays pivotal roles in the care 
of patients with cancer, being 

used at every stage of the cancer pa-
tient’s journey. While clearly important, 
morphologic MR imaging assessments 
performed with conventional sequences 
before and after intravenous adminis-
tration of contrast material cannot be 
readily applied for whole-body imaging 

 Published online 
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    Abbreviations: 
  DW   =    diffusion weighted   
  ADC   =    apparent diffusion coeffi cient      

  Potential confl icts of interest are listed at the end 
of this article  

 Essentials  

   Most modern 1.5- and 3-T MR  n

imaging units with echo-planar 
and parallel imaging capabilities, 
high-performance gradients, and 
phased-array multichannel surface 
coils can be used to perform 
whole body diffusion-weighted 
(DW) imaging in reasonably short 
time intervals.  

  Whole-body DW imaging may  n

improve test performance of 
whole-body MR examinations 
because areas of increased cellu-
larity are highlighted as high-
signal-intensity regions, thus 
enabling “at-a-glance” assessment 
of normal tissues and disease 
burden and distribution.  

  To use visual inspection of high- n

 b -value images for metastasis 
detection, lesion characteriza-
tion, and therapy assessment, it 
is necessary to be familiar with 
normal appearances of soft tis-
sues and normal bone marrow 
distribution.  

  Whole-body DW imaging excels  n

at bone marrow assessment for 
diagnosis and for therapy evalua-
tion, where it can potentially ad-
dress unmet clinical and pharma-
ceutical needs for a reliable 
measure of tumor response.  

  There are compelling needs to  n

document and understand how 
treatments affect whole-body 
DW images and to establish 
response criteria, which can be 
tested in prospective clinical 
studies that incorporate 
measures of patient benefi t.    

without incurring severe time penalties. 
Whole-body MR imaging protocols have 
to be tailored for each tumor type, and 
imaging studies can be time consuming 
to acquire, analyze, and report ( 1 , 2 ). 
However, there are compelling clinical 
and pharmaceutical needs to move to-
ward whole-body imaging evaluations of 
cancer burden by using techniques that 
avoid radiation exposure ( 3 ). 

 In a recent National Cancer Institute–
sponsored consensus conference report 
( 4 ), it was noted that there was “an ex-
traordinary opportunity for [diffusion-
weighted MR imaging] to evolve into a 
clinically valuable imaging tool, poten-
tially important for drug development.” 
Major advantages of diffusion-weighted 
(DW) MR imaging include the fact that 
no ionizing radiation is administered 
and no injection of isotopes or any con-
trast medium is necessary. Importantly, 
whole-body examinations with DW MR 
imaging are possible in reasonably short 
data-acquisition times, allowing whole-
body DW imaging to be incorporated 
into routine clinical practice ( 5 ). The 
information obtained can be quanti-
fi ed and displayed as parametric maps, 
thus enabling spatial heterogeneity of 
tissues and tumors to be analyzed be-
fore and in response to treatment. DW 
MR imaging–derived parameters, such 
as the apparent diffusion coeffi cient 
(ADC), are theoretically independent 
of magnetic fi eld strength, and the rela-
tive simplicity of data acquisition fa-
cilitates multicenter and longitudinal 
studies ( 4 ). 

 In this article, we will not review in 
great depth what is already known about 
DW MR imaging, because this is al-
ready well described in many excellent 
reviews, scientifi c reports, and textbooks 
( 4 , 6 – 8 ). Instead, we will focus on what 
we do not know about whole-body DW 
imaging in clinically important areas, 
such as histologic correlates, lesion de-
tection, and assessment of tumor burden 
and therapy response. We will high-
light gaps in current knowledge, gaug-
ing the relative importance of gaining 
new understanding to support clinical 
deployment and pharmaceutical trials. 
In so doing, we hope to stimulate re-
search and development into this im-

portant new area of DW MR imaging 
applications.  

 Technical Requirements and 
Image Analysis  

 Data Acquisition 
 At human body temperature, thermally 
induced water movement in tissues is 
neither entirely free nor random; it is 
modifi ed by interactions with cell mem-
branes, intracellular organelles, macro-
molecules, and fl ows within tubular 
channels such as blood vessels and 
ducts. MR imaging can be used to 
measure water diffusivity by modifying 
fat-suppressed T2-weighted spin-echo 
sequences through incorporation of 
diffusion-sensitizing gradients within the 
measurement sequence design with the 
use of single-shot echo-planar readouts 
of the data. The strength and duration 
of application of diffusion-sensitizing gra-
dients is indicated by the  b  value. In 
general for whole-body DW imaging, 
two diffusion-sensitizing gradients are 
used. To minimize perfusion effects, the 
 b  value of the lower diffusion-sensitizing 
gradient can be set at 50–100 sec/mm 2 , 
resulting in “anatomic” intrinsically T2-
weighted images but with vessels and 
cerebrospinal fl uid showing marked sig-
nal attenuation; these images are often 
termed  black-blood images.  The higher 
diffusion-sensitizing gradient is typically 
set with  b  values between 800 and 1000 
sec/mm 2 ; at these values, the signal in-
tensity of many normal tissues will be 
attenuated to a small fraction of the ini-
tial signal intensity. Because water move-
ment is relatively impeded in tightly 
packed tissues such as tumors, high-
cellularity   tissues appear persistently 
bright against an attenuated background. 
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For the same reasons, several normal 
but highly cellular tissues also appear 
bright on high- b -value images, including 
the brain, spinal cord, normal lymphatic 
tissues (tonsils, adenoids, lymph nodes), 
and spleen (variable). For whole-body 
applications related to investigating can-
cer, it is assumed that impediments to 
tissue water movement are nondirec-
tional (isotropic), so the direction of 
application of the diffusion-sensitizing 
gradients is generally unspecifi ed or is 
obtained from data derived from three 
orthogonal DW measurements. 

 Recent technologic advances have 
enabled the development of whole-body 
DW imaging. Most modern 1.5- or 3-T 
MR imaging units with echo-planar and 
parallel imaging capabilities and with 
high-performance gradients and phased-
array multichannel surface coils can be 
used to perform whole-body DW imag-
ing in reasonably short time intervals. 
The ability to acquire very fast “snapshot” 
T2-weighted spin-echo echo-planar MR 
images by using very short echo times 
( , 80 msec) has resulted in improved 
signal-to-noise ratios for DW images. 
Whole-body DW imaging is currently 
best performed at 1.5 T because of the 
ability to suppress fat uniformly over a 
large fi eld of view. Whole-body DW im-
aging at 3.0 T has the potential to im-
prove image signal-to-noise ratios but is 
more technologically challenging owing 
to the greater frequency of susceptibil-
ity artifacts and poorer fat suppression 
over large fi elds of view. Recent techno-
logic advances, including improved shim-
ming routines and multitransmit-equipped 
MR imaging systems, allow whole-body 
DW imaging data acquisitions at 3 T. 
For whole-body DW imaging applica-
tions, a multiple-averaged free-breathing 
data acquisition method, as originally 
described by Takahara et al ( 9 ), is most 
often used with as many stations as 
needed to cover the body from the top 
of the head to the middle of the thighs. 
Signal reception can use the machine’s 
integrated body coil, but better qual-
ity images can be obtained with local 
surface coils. One suggested working 
protocol used to obtain the illustrative 
material in this article is provided in 
Appendix E1 (online). 

 High- b -value images are usually re-
constructed in orthogonal planes as thin 
(4–5-mm) multiplanar reconstructions 
or maximum intensity projections (MIPs) 
and as thick MIPs (usually displayed in 
inverted gray scale). It is also possible 
to fuse high- b -value images with ana-
tomic images by using advanced soft-
ware algorithms that can aid in lesion 
localization. Estimates of water diffusiv-
ity on whole-body DW images (employ-
ing two diffusion-sensitizing gradients) 
are calculated by using monoexponen-
tial fi tting to the signal decay. Voxelwise 
diffusivity values are displayed as para-
metric images, with areas of impeded 
diffusion appearing darker on gray-scale 
images. Since in vivo water movements 
are not free but are impeded, tissue dif-
fusivity is often termed the  apparent dif-
fusion coeffi cient  (ADC), which is re-
ported in square micrometers per second 
or 10  2 3  square millimeters per second.   

 Qualitative Image Analysis 
 In patients with cancer, DW MR images 
should be interpreted in association with 
ADC maps and images obtained with 
conventional MR sequences, which should 
include examinations of the spine, ab-
domen and pelvis. Whole-body DW im-
aging may improve test performance of 
whole-body MR imaging examinations 
( 10 , 11 ) because DW imaging highlights 
areas of increased cellularity as high-
signal-intensity regions, thus enabling 
“at-a-glance” assessments of normal tis-
sues and of disease burden and distri-
bution. Initial assessments of whole-body 
DW images are usually made by visually 
assessing the signal intensity distribution 
on reconstructed thin multiplanar ref-
ormations and MIPs and thick MIPs from 
high- b -value images. Similar processing 
methods used on images obtained with 
lower  b  values can be also be of value. 
The basic biologic premise for using 
high- b -value DW images is that malig-
nant tissues are generally more cellular 
and/or have higher water content than 
do benign and normal tissues, both of 
which contribute to the high signal in-
tensities of highly cellular tissues. Visual 
assessments of signal intensity are clin-
ically useful, particularly when global 
assessments of the tumor burden are 

being undertaken. This method of as-
sessment is practically useful and clini-
cally appealing for both radiologists and 
referring physicians. 

 In the therapy assessment setting, 
changes in the extent, symmetry (for 
bone disease), and signal intensity ab-
normalities can indicate the success of 
treatments ( Fig 1 ). When serial studies 
are being compared over time, it is im-
portant to normalize the signal intensity 
of the thick maximum intensity projec-
tions for effective comparisons to be 
made. Such normalization may be un-
dertaken by setting the window level to 
a tissue that is assumed to be unchang-
ing between examinations and main-
taining the window width between ex-
aminations.       

 Quantitative Image Analysis 
 There are a number of approaches for 
analyzing tissue ADCs, with most stud-
ies reporting median or mean values for 
tumor regions of interest on one or 
more sections ( 4 , 12 – 15 ). Whole-body 
DW imaging allows multiple or all lesions 
in the body to be evaluated together as 
volumes of interest. Visual inspection 
shows that tumors are often heteroge-
neous in their spatial ADC distributions, 
which can be evaluated with histograms. 
Thus, a bimodal histogram such as the 
one shown in  Fig 1  can display different 
water diffusivities that refl ect the cellular 
density distributions of tissues, which a 
mean or median value can never cap-
ture ( 16 ). Similarly, simple measures 
of central tendency have limited ability 
with regard to detection of treatment-
related changes, particularly if there are 
both increases and decreases in ADCs. 
In these cases, the net mean or median 
changes in ADCs may conceal treatment-
related effects ( 17 ). It is possible to 
capture some aspects of displayed het-
erogeneity in descriptors of histograms 
such as the range, standard deviation, 
centiles, skewness, kurtosis, and per-
centage of voxels above or below ADC 
cutoff values ( Fig 1 ). Changes in histo-
gram shape or descriptors can then be 
correlated with therapy response ( 17 ). 
Sophisticated histogram analysis ap-
proaches can also be found in the liter-
ature ( 18 ); unfortunately, these relatively 
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complex approaches tend to remove 
them from clinical usability because of 
uncertainty about their biologic mean-
ing. A major disadvantage of the his-
togram approach is that the spatial 
distribution of ADC information can be 
lost. 

  

Figure 1   

 Figure 1:      Three-dimensional data presentation: 
registration and histogram analysis in a 75-year-old 
man with relapsed multiple myeloma before and 
after therapy with lenalidomide plus dexametha-
sone.  (a)  Inverted-gray-scale whole-body DW MR 
images ( b  = 900 sec/mm 2 ) obtained before therapy 
(left) and after 7 months of treatment (middle) and 
software-enabled fusion of the pre- and posttherapy 
(right). Mixed response to therapy is seen, with 
signal intensity reductions in many lesions (spine, 
pelvic bone marrow) but persistent hyperintensity of 
right fourth rib and of lesion in the anterior left iliac 
crest.  (b)  Fusion images from short tau inversion-
recovery MR imaging and ADC map of right rib 
region of interest show no change in ADC (pre-
therapy, 874  m m 2 /sec; posttherapy, 834  m m 2 /sec) 
(top row) but increases in ADC of spinal (pretherapy, 
887  m m 2 /sec; posttherapy, 1215  m m 2 /sec) and left 
ninth rib lesions (pretherapy, 986  m m 2 /sec; post-
therapy, 1433  m m 2 /sec) (middle row). Bottom right: 
Histograms before (blue) and after (orange) therapy 
were obtained by using whole-body tumor regions 
of interest defi ned on pretherapy images applied to 
posttherapy volume after image registration. Pre-
therapy bimodal histogram changes to trimodal 
histogram (mean pretherapy  [PRIOR]  ADC, 1010 
 m m 2 /sec  6  573; ADC, 1366  m m 2 /sec  6  562). 
Bottom left: Segmented histogram with thresholds 
at 1500 and 2500  m m 2 /sec confi rm increasing 
percentage of voxels with higher ADCs after therapy 
 (CURRENT)  consistent with reductions in cellularity 
after therapy.        

 A recently introduced analytic method 
for retaining spatial information in re-
sponse to therapy is called the  func-
tional diffusion map  or the  ADC para-
metric response map  ( 19 ). This method 
requires that pre- and posttherapy ADC 
volumes are spatially registered by us-

ing sophisticated software. Differences 
in the registered voxel data between 
the two data sets are determined, and 
threshold values for ADC change are 
applied according to predetermined cri-
teria. Changes in voxels are then color 
labeled and overlaid on anatomic im-
ages, enabling the spatial distribution of 
changed voxels to be appreciated. This 
approach also allows the quantifi cation 
of the relative tumor volume in which 
changes have occurred. The method ap-
pears to work reasonably well for stud-
ies of the brain and for some bone re-
gions ( 20 ) but appears less suited for 
tumors located in areas of the body 
with substantial physiologic motion (eg, 
thorax and abdomen) and for organs 
with considerable tissue and tumor dis-
tortions. The technique also requires im-
ages with a high signal-to-noise ratio, be-
cause image noise can lead to substantial 
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variation of ADCs at the voxel-by-voxel 
level, thus confounding interpretations. 
In addition, the technique cannot be 
easily applied when there are observable 
changes in tumor size or shape after 
treatment. Furthermore, thresholds of 
individual voxel differences need to be 
prospectively defi ned to ascertain the 
percentage of voxels that are changed 
in response to a therapeutic interven-
tion; these thresholds are yet to be de-
fi ned in the various organs where the 
method is applicable. 

 An important consideration when 
assessing ADC changes in response to 
therapy is whether to adjust the volume-
of-interest sizes according to volume 
changes that occur in response to ther-
apy. It is attractive to retain region-of-
interest defi nitions if one can be assured 
that effective image registration has been 
performed between the examinations 
in question. As previously noted, this 
method is particularly applicable when 
evaluating lesions in the bone marrow 
and brain. With regard to its use for 
evaluating bone lesions, this method of 
analysis could be helpful when evaluat-
ing metastases that apparently “disap-
pear” on high- b -value DW images either 
because the signal intensity of the me-
tastasis becomes reduced to that of nor-
mal background levels or when therapy-
induced bone marrow hyperplasia (which 
effectively increases background sig-
nal intensities) is present. On the other 
hand, ROI defi nitions should be ad-
justed to size changes for soft tissues 
(because robust registration cannot al-
ways be ensured) and for bone metasta-
ses that progress with therapy. Volume-
of-interest adjustment is also required 
when there is a need to evaluate tumor 
volumetric response to therapy ( Fig 2 ). 
Volume-of-interest defi nitions and their 
clinical use are important new research 
areas. Further research and develop-
ment perspectives regarding data ac-
quisition and display methods are listed 
in  Table 1 .            

 Normal Appearances 

 To use visual inspection of high- b -value 
images for metastasis detection, lesion 
characterization, and therapy assess-

ment, it is necessary to be familiar with 
the normal appearances of soft tissues 
and the normal distribution of bone 
marrow and to correlate DW imaging 
fi ndings with those obtained with mor-
phologic imaging sequences  . Review of 
the literature shows that there is in-
complete documentation of what con-
stitutes normality on DW MR images in 
the various anatomic regions. Our ex-
perience suggests that normal signal 
intensity appearances need to take into 
account both hyperintense areas and 
hypointense areas ( Table 2 ). This is 
particularly true when assessing bone 
marrow, because bone metastases are 
a common disease manifestation in on-
cology. With regard to visual inspection, 
whole-body DW images are excellent 
at demonstrating the variability of nor-
mal bone marrow distribution. Readers 
should recall that the normal adult bone 
marrow distribution becomes estab-
lished by 25 years of age and that yel-
low bone marrow has low water con-
tent (10%–20%) ( 21 – 23 ), which results 
in decreased signal intensity on DW 
images. On the other hand, red bone 
marrow has increased cellularity and 
water content (40%–60%) ( 23 , 24 ), thus 
resulting in higher signal intensity on 
DW images. There are variable amounts 
of red bone marrow atrophy and tra-
becular bone loss after 40 years of age 
( 25 ), particularly in women (possibly 
related to estrogen defi ciency and oste-
oporosis [ 26 ]), resulting in increased 
adiposity, which thus lowers the signal 
intensity of bone marrow on whole-body 
DW images as age increases.     

 Variations in the cellularity of bone 
marrow affect the signal intensity of 
bones on high- b -value images. One of 
the most common causes of a reduction 
in the signal intensity of normal bone 
marrow is cytotoxic chemotherapy, which 
causes modest fatty bone marrow atro-
phy ( Fig 2 ). However, the extent, tim-
ing, and direction of change in normal 
bone marrow on DW MR images in re-
sponse to chemotherapy have not been 
established. Another area of potential 
diffi culty in the assessment of bone 
marrow is the effect of growth factors 
such as granulocyte colony stimulating 
factor (G-CSF). G-CSF administration 

during chemotherapy (for moderation 
of neutropenic complications during 
treatment) results in increased signal 
intensity on whole-body DW images that 
can mimic disease progression ( Fig 3 ) 
( 27 ). This is due to increased bone mar-
row cellularity and water content. The ef-
fects on bone marrow signal intensity can 
occur within 2 weeks of the fi rst G-CSF 
dose ( 28 ), but it is unclear whether ad-
ditional doses further alter bone mar-
row signal intensity or there is resolu-
tion of changes on cessation of therapy. 
It is, therefore, potentially challenging 
to differentiate between new pathologic 
bone marrow infi ltrations and benign 
red marrow reconversion changes re-
lated to G-CSF. Furthermore, bone me-
tastases can become less conspicuous 
with increasing bone marrow signal in-
tensity that has been caused by G-CSF, 
which makes therapy assessment more 
diffi cult. The effects on whole-body DW 
imaging of bone marrow of other com-
monly used hematopoietic growth factors 
(erythropoietin and granulocyte macro-
phage colony stimulating factor) re-
mains largely undefi ned. Other causes 
of bone marrow hypercellularity and 
hypocellularity commonly observed in 
cancer patients are listed in  Table 3 .         

 There are a number of potential con-
founding factors that demonstrate high 
signal intensity on high- b -value images 
(leading to false-positive interpretations) 
such as tissue edema and infl ammation 
after radiation therapy or surgery. In-
creased lesion or tissue signal intensity, 
relative to background signal intensity, 
on high- b -value images (with correspond-
ing increased ADCs) can result from 
increased water content and is termed 
 T2 shine through.  The T2 shine-though 
effect can be reduced by increasing the 
strength of  b  value gradients but at the 
expense of increasing image noise. Al-
ternative sources of increased signal 
intensity also include long T1 relaxation 
times and high proton density; tissue 
T1 is a substantial source of contrast when 
inversion-recovery techniques are used 
for fat suppression. T2 shine through is 
responsible for the visibility of normal 
salivary and prostate glands, gall bladder, 
liver hemangiomas, and occasionally nor-
mal breast parenchyma on whole-body 



STATE OF THE ART: Whole-Body Diffusion-weighted MR Imaging in Cancer Padhani et al

Radiology: Volume 261: Number 3—December 2011 n radiology.rsna.org 705

  

Figure 2   

 Figure 2:      Whole-body DW imaging versus fl uorine 
18 ( 18 F) fl uorodeoxyglucose (FDG) positron emission 
tomography (PET) for monitoring therapy response in 
a 23-year-old man with Hodgkin lymphoma treated 
with doxorubicin-bleomycin-vinblastine-dacarbazine 
chemotherapy.  (a)  Inverted-gray-scale DW images 
( b  = 900 sec/mm 2 ) obtained before (left) and 5 
months after treatment (right) show supradiaphrag-
matic distribution of nodal disease. Splenic signal 
intensity is considered to be within normal limits. 
There is some variation in signal intensity of the top 
station, compared with that of middle and lower 
stations, of DW images. Bone marrow signal is hy-
perintense but normal for age. Note that glans penis 
is projected over the left superior pubic ramus. After 
therapy, no hyperintense signal is seen at sites of 
nodal disease, consistent with therapy response. 
Note interval development of bone marrow hypoin-
tensity (both pre- and posttherapy DW images are 
normalized to right kidney signal intensity).  (b)  
Whole-body FDG PET scans obtained before (left) 
and after therapy (right) show complete response to 
therapy. FDG PET scan shows splenic deposit before 
therapy (arrow), which is not visible on  a. (c)  Axial 
short tau inversion-recovery MR images (top row) 
and ADC maps (middle row) through mediastinum 

show reductions in nodal tumor volume (pretherapy, 703 cm 3 ; posttherapy, 166 cm 3 ) and marked increases in ADC. Histograms before (bottom right: blue) and after 
(bottom right: orange) therapy were calculated by using regions of interest adjusted to visible volume of nodal disease. After therapy, there are few voxels in the histo-
gram because of reductions in tumor volume; marked increases in ADC are seen (pretreatment mean,1180  m m 2 /sec  6  550; posttreatment mean, 2550  m m 2 /sec  6  
380). Segmented histograms (bottom left) with thresholds at 1500 and 2500  m m 2 /sec confi rm increasing percentage of voxels at higher ADC values after therapy 
 (CURRENT),  consistent with reductions in cellularity, compared with pretherapy  (PRIOR)  values.      
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DW images ( Table 2 ). To prevent misin-
terpretations due to signal intensity as-
sessments, it is necessary to correlate high-
 b -value images with corresponding ADC 

values by using the interpretation guide-
lines given in  Table 4 , also taking into ac-
count morphologic features on images 
obtained with other MR sequences.     

 The following are further research 
and development perspectives regard-
ing normal appearances  : 

 1. Full documentation of the normal 
appearances in the various anatomic 
regions is needed. This includes the ap-
pearance of the cycling endometrium, 
elucidation of the causes of the variable 
signal intensity appearances of the spleen, 
and documentation of lymph node size 
and distribution at various anatomic lo-
cations. Absence of such knowledge is 
unlikely to hinder technique deployment. 

 2. An atlas of signal intensities and 
ADCs of the normal bone marrow dis-
tribution through the age decades and 
factors that affect appearances (eg, sex, 
race, fat-to-water ratio) need to be de-
veloped to improve the detection of path-
ologic bone infi ltrations and for assessment 
of therapy response. This information 
is a defi nite requirement for clinical de-
ployment and drug development. 

 3. Documentation of the appear-
ances of normal and benign conditions 
that may mimic pathologic bone infi ltra-
tions (eg, age-related arthritis, spinal 
and liver hemangiomas, nerve ganglia) 
could be clinically important.   

 Histologic Correlates 

 The high signal intensities observed on 
high- b -value images and lower ADCs of 
malignant tissues can be attributed to 
the fact that malignant tissues are gen-
erally more cellular and/or have higher 
water and protein content than do be-
nign and normal tissues ( 29 , 30 ). There 
are a number of microscopic organiza-
tional features that can also affect the 
water diffusivity of tissues, including 
microperfusion, cell density (number of 
cells per high-power fi eld), cell nuclear-
to-cytoplasm ratio, integrity of cellular 
membranes, distribution of cell sizes 
within a tissue, and tortuosity of the ex-
tracellular space–cytoarchitectural tissue 
organization. 

 Inverse correlations between ADC 
and cell density have been shown re-
peatedly in gliomas, metastatic brain 
tumors and renal, breast, and prostate 
cancers, as well as in some childhood 
tumors ( 31 – 41 ). ADC correlations in bone 
marrow as a consequence of disease 

 Table 1 

  Research and Development Needs for DW Imaging Data Acquisition, Display, and Analysis 

  Method Requirements  

  Image quality Developmental efforts to ensure that high-quality images can be 
  acquired for both qualitative and quantitative assessments across 

MR platforms to allow meaningful comparison of results from 
different imaging centers *  

 ADC estimates Increase accuracy of ADC estimates: Currently used two-point 
  monoexponential fi tting of  b  values may lead to erroneous ADC 

estimates, particularly if the higher  b  values are at the noise fl oor 
for a particular tissue  †   

 Signal intensity normalization Normalization of signal intensity between imaging stations in a 
  particular examination and for comparing whole-body maximum 

intensity projections acquired serially over time are needed to 
enable evaluations of changes *  

 Automatic segmentation Improve ability to automatically segment DW images to derive tumor 
  volumes (for discrete and diffuse infi ltrations) and to obtain 

whole-body tumor ADC histograms  †   
 Volume of interest defi nition Investigate best methods for defi ning volumes on whole-body DW 

  images (eg, anatomically defi ned, from high- b -value images, ADC 
maps, or combinations thereof) before and during therapy to 
minimize observer variability in ADC and tumor volume estimates  †   

 Image registration Improve ability to register multiple whole-body DW images to enable 
  comparison of whole-body and regional changes in tumor volume 

and ADCs in response to therapy  ‡   
 ADC parametric response mapping Investigate anatomic applicability and thresholds for ADC parametric 

 response mapping to assess clinical value of this approach  ‡    

   Note.—Authors’ subjective assessments of research needs.  

  *     Defi nite requirement for clinical deployment & drug development.  

  †     Could be clinically important.  

  ‡     Absence of knowledge unlikely to hinder technique deployment.   

 Table 2 

  Normal Appearances on Whole-Body DW MR Images 

  Tissue Appearance *   

  Brain, spinal cord, nerve plexuses, ganglia Hyperintense 
 Normal lymph nodes and spleen (highly variable) Hyperintense 
 Adrenal and salivary glands Hyperintense 
 Bowel mucosa and contents Hyperintense 
 Penis, testes, ovaries, normal endometrium and prostate gland Hyperintense 
 Normal red bone marrow Hyperintense 
 Breast tissue, according to menstrual cycle Hyperintense 
 Sluggish fl ow in veins (occasionally) Hyperintense 
 Mediastinum, left lobe of liver, heart, near diaphragm (incoherent motion) Hypointense 
 Lung (low water content) Hypointense 
 Normal yellow bone marrow Hypointense  

   *     Hyperintensity is due to long T2 relaxation times, impeded water movement, or both.   
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Figure 3   

 Figure 3:      Possible relationship between bone 
marrow cellularity and water content on DW MR 
images in a 51-year-old woman who had under-
gone left breast mastectomy and left axillary node 
dissection and in a 54-year-old man with multiple 
myeloma. Top: whole-body DW images. Top, three 
leftmost images: Pretherapy images (original gray 
scale) show low signal intensity and low ADC caused 
by abundance of fatty cells and low water content. 
ADC of sacrum is 800  m m 2 /sec  6  216. After 
two cycles of granulocyte colony stimulating factor 
 (G-CSFx2)  administration to support taxane chemo-
therapy, bone marrow cellularity increases due to 
replacement of fat cells and increases in water 
content, leading to increases in signal intensity and 
ADCs. ADC of sacrum now is 990  m m 2 /sec  6  65. 
After four cycles  (G-CSFx4),  further increases in 
signal intensity of humeral diaphyses are seen, but 
ADCs have decreased slightly. ADC of sacrum is 
920  m m 2 /sec  6  60. Top right image: Homogeneous 
infi ltrating bone marrow pattern and a paraspinal 
plasmacytoma (arrow) are shown. Patient had pre-
sented with pancytopenia. Low signal intensity of 
the spleen is due to transfusion hemosiderosis. 
Increased bone marrow cell density causes reduc-
tion in ADC of the sacrum (710  m m 2 /sec  6  85). 
(All whole-body DW images were normalized to 
right kidney signal intensity to enable comparisons 
among sequential DW images.) Bottom: Schematic 
representation of relationship among cellularity, 
signal intensity, ADC, and water content, with histo-
logic examples. Successful therapy  (Rx)  would result 
in increased ADCs and decreased signal intensity 
consistent with decreasing cellularity, but T2 shine-
through effects after therapy would increase both 
signal intensity and ADC.    

row cell density may then cause some ADC 
reductions (as in non–bone marrow tis-
sues [ 31 – 41 ]), but this effect has not 
been comprehensively documented. 

 There are other important histo-
logic properties that correlate with 
ADC, including tumor proliferation in-
dex ( 41 , 49 , 50 ), tumor grade ( 51 – 56 ), 
presence of necrosis ( 37 , 57 – 60 ), and, 
in the therapy setting, tumor cell apo-
ptosis ( 57 , 61 , 62 ). Thus, low ADCs in 
tumors have been correlated with histo-
logic features indicative of poor progno-
sis   such as tumor grade ( 55 , 63 ) in pros-
tate and breast cancers and vascular 
invasion in breast cancer ( 63 ), as well 
as with other markers of poor progno-
sis such as tumor size ( 52 , 64 ) and nodal 

merit separate consideration. Our ob-
servations, supported by the literature, 
suggest that ADC correlations with cel-
lularity of the bone marrow are nonin-
verse, but the explanation for this phe-
nomenon is incompletely understood 
( 42 – 45 ) ( Fig 3 ). On whole-body DW 
images, yellow fatty marrow is of lower 
signal intensity and has lower ADC ( 13 ), 
probably because of the reduced proton 
density of yellow marrow, the hydro-

phobic nature of fat, and lower bone 
marrow perfusion (compared with red 
bone marrow) ( 46 ). With increasing 
bone marrow cellularity (which displaces 
fat cells and increases vascularization of 
the bone marrow), the signal intensity 
on high- b -value images increases and 
appears to paradoxically return higher 
ADCs compared with yellow bone mar-
row ( 13 , 44 , 45 , 47 , 48 ). Once all fat cells 
are lost, however, increasing bone mar-
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metastases ( 63 – 65 ). Lower tumor ADCs 
also place patients into clinical groups 
with poor prognosis, according to the 
D’Amico classifi cation for prostate can-

cer ( 55 ) and the Nottingham prognostic 
index for breast cancer ( 63 ). 

 As a result, it has now been found 
that ADCs can also be used to deter-

mine the likelihood of a tumor respond-
ing to treatment. For example, a high 
ADC before treatment has been shown 
to predict an unfavorable treatment re-
sponse in preclinical and clinical studies 
( 66 – 69 ), probably because a high ADC 
refl ects the presence of tumor necrosis 
and low oxygen tensions. Tumor hyp-
oxia is known to mediate resistance to 
chemotherapy, radiation therapy, and 
photodynamic therapy, leading to the 
selection of aggressive tumor cell clones 
capable of evading the hostile tumor 
microenvironment ( 70 , 71 ). However, 
the association between high ADC and 
less favorable response to treatments 
does not apply to all therapy types ( 72 ). 
Indeed, the opposite has been found for 
vascular disruptive agents, which are 
known to induce massive central necro-
sis in tumors. The results from early 
preclinical ( 73 , 74 ) and clinical studies 
( 14 ) indicate that higher pretreatment 
ADCs were more susceptible to the ef-
fects of the vascular disruptive agent 
combretastatin A4 phosphate. 

 We believe that further research and 
development perspectives regarding nor-
mal bone marrow and its response to 
systemic therapies are needed, as follows  : 

 1. The relationship between DW 
imaging fi ndings   (signal intensity and 
ADC) and bone marrow cell density re-
quires mechanistic clarifi cation in terms 
of the relative infl uences of bone mar-
row cell type, cellular density, fat con-
tent and type, water, and trabecular 
bone density. This is a defi nite require-
ment for clinical deployment and drug 
development. 

 2. There is limited documentation 
on how common treatments such as 
chemotherapy and hormonal therapy 
affect the signal intensity of normal bone 
marrow. Such information could be clini-
cally important. 

 3. Knowledge is scarce regarding 
how novel antiproliferative and nonin-
vasive therapies affect normal appear-
ances on whole-body DW images; this 
is important because these therapies 
can be myelotoxic and thus affect bone 
marrow cellularity and bone scan ap-
pearances. Further knowledge is a defi -
nite requirement for clinical deployment 
and drug development. 

 Table 3 

  Common Causes and Diffuse Effects on Bone Marrow Cellularity That Affect DW MR 
imaging Signal Intensity in Cancer Patients 

  Cause Effect  

  Radiation changes (whole body radiation exposure or localized bone 
 radiation)

Hypocellularity resulting in lower 
 signal intensity 

 Neoplastic disorders of bone marrow (myelodysplasia and myelodysplastic 
 syndrome, primary myelofi brosis and myeloid metaplasia)

Hypocellularity resulting in lower 
 signal intensity 

 Marrow disorders: aplastic anemia (primary autoimmune; secondary: 
  metal poisoning [gold-, arsenic-containing compounds], drugs 

[including alcohol], viral infections [hepatitis, Epstein-Barr virus], 
chronic infection [tuberculosis]), and myelofi brosis

Hypocellularity resulting in lower 
 signal intensity 

 Drugs: cytotoxic chemotherapy and myelotoxic drugs, radiomimetic 
 drug administration and toxicity

Hypocellularity resulting in lower 
 signal intensity 

 Poor nutrition; iron, folate, and vitamin B 12  defi ciencies Hypocellularity resulting in lower 
 signal intensity 

 Chronic disease (renal failure, chronic liver disease, rheumatoid 
 disease)

Hypocellularity resulting in lower 
 signal intensity 

 Older age and osteoporosis (including postmenopausal 
 and drug induced)

Hypocellularity resulting in lower 
 signal intensity 

 Prolonged immobility Hypocellularity resulting in lower 
 signal intensity 

 Children and young adults Hypercellularity resulting in higher 
 signal intensity 

 Chronic anemia Hypercellularity resulting in higher 
 signal intensity 

 Living at high altitude and athletes Hypercellularity resulting in higher 
 signal intensity 

 Smoking Hypercellularity resulting in higher 
 signal intensity 

 Chronic cardiac failure Hypercellularity resulting in higher 
 signal intensity 

 Pregnancy or recent pregnancy Hypercellularity resulting in higher 
 signal intensity 

 Hematopoietic growth factors therapies, including granulocyte-colony 
 stimulating factor

Hypercellularity resulting in higher 
 signal intensity  

 Table 4 

  Image Interpretation Guidelines for DW MR Imaging   

  Signal Intensity * ADC Maps Interpretation  

  High Low Generally, high-cellularity tumor; rarely abscess, viscous fl uids, 
 or blood products 

 High High T2 shine through; liquefactive necrosis 
 Low High Fluid; necrosis; lower cellularity; occasionally well-differentiated 

 adenocarcinomas 
 Low Low Fibromuscular tissues, fat, susceptibility artifact 
 Low Low or intermediate Mature fi brous tissue with low water content  

   *     On high- b -value DW images.   
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 4. There is minimal documentation on 
the effects of hematopoietic growth fac-
tors (erythropoietin, granulocyte colony-
stimulating factor, granulocyte macrophage 
colony-stimulating factor) on whole-
body DW imaging results in terms of 
the timeline of changes and the extent 
and direction or potential reversibility 
of changes. More information is a defi -
nite requirement for clinical deployment 
and drug development. 

 5. There is minimal knowledge re-
garding how treatments that target bone 
trabeculae, such as bisphosphonates and 
denosumab, affect the signal intensity on 
whole-body DW images. Further knowl-
edge could be clinically important.   

 Lesion Detection and Characterization 

 Whole-body DW imaging is an attrac-
tive lesion detection technique because 
it enables “at-a-glance” assessments, 
where one’s attention is immediately 
drawn to potential abnormal regions, 
which helps reduce the image interpre-
tation times of anatomic whole-body MR 
imaging ( 5 ). Whole-body DW imaging 
can be considered a supplement to ana-
tomic whole-body MR imaging, leading 
to improved reader performance of the 
latter ( 75 ). The capability of whole-body 
DW imaging to improve sensitivity for 
detection of bone metastases is at the 
expense of specifi city, as was illustrated 
in a recent meta-analysis ( 76 ).  

 Lesion Detection 
 The ability to detect lesions on whole-
body DW images is highly dependent 
on tumor histologic type and grade, as 
well as on anatomic location. Thus, in our 
experience, detection ability is good for 
breast cancers, myeloma, and lymphoma 
and for tumors with tightly packed 
small cancer cells such as neuroendo-
crine tumors, small cell cancers, and 
many childhood tumors ( 13 , 77 – 80 ). Met-
astatic diseases from these tumor types 
generally appear bright on high- b -value 
images. In contradistinction, primary 
tumors and metastases from renal can-
cers are sometimes less well seen, with 
clear cell metastases appearing rela-
tively less conspicuous compared with 
other renal cancer histologic subtypes 

(papillary or chromophobe); this may be 
related to the relatively greater water 
diffusivity in clear cell cancers ( 31 , 54 , 
81 , 82 ). Furthermore, it has been noted 
that well-differentiated or low-grade 
masses are less well seen, probably be-
cause they often have a more normal-
appearing histomorphologic structure 
( 52 – 56 , 83 ). The latter point is not a hard 
and fast rule, because many cytologic 
features other than cellular density de-
termine tumor grade. 

 There are several anatomic “blind 
spots” where lesion detection is im-
paired (leading to false-negative results), 
including the mediastinum, at the pul-
monary hila, and in the most cranial 
aspect of the left hepatic lobe, just be-
neath the heart. At these sites, complex 
incoherent motion contributes to de-
creased signal intensity on high- b -value 
images. Motion-related signal intensity 
decreases may explain why metastatic 
lesions in the bone marrow of the ante-
rior chest wall are sometimes relatively 
less conspicuous than lesions found in the 
spine and paraspinal regions. Last, small 
lung metastases are poorly depicted on 
whole-body DW images, although a sen-
sitivity analysis by lesion size has not 
been performed, to our knowledge. 

 On the other hand, whole-body DW 
imaging excels at lesion depiction in 
the bone marrow; it is better than 
computed tomography (CT) and bone 
scans for demonstration of bone disease 
( 13 , 84 ) ( Fig 4 ). Causes of false-positive 
increases in bone marrow signal inten-
sity on DW images include bone marrow 
edema caused by fracture, degenerative 
disease, bone infarction, infection, and 
hemangioma. Other causes of false-
positive focal increases in signal inten-
sity on DW images include isolated is-
lands of red bone marrow within yellow 
marrow and treated, but inactive, le-
sions (T2 shine through). Many of these 
false-positive increases in signal inten-
sity on high- b -value images can be over-
come by performing image interpreta-
tions with ADC maps and conventional 
images. Causes of false-negative results 
in bone marrow tumor detection in-
clude low levels of tumor infi ltration, 
skull vault and skull base metastases 
(due to adjacent high signal intensity of 

the brain), and metastases that develop 
within hypercellular bone marrow. As a 
general rule, lytic bone metastases are 
better seen than sclerotic and treated 
lesions because of the lower water and 
cellular content ( 13 , 85 ). The latter may 
not be a substantial disadvantage for 
whole-body DW imaging in the response-
assessment setting, because many treat-
ments for osteolytic disease, including 
bisphosphonates, zelodronic acid, and 
denosumab, reduce the frequency of 
adverse skeletal-related events by inhib-
iting osteoclastic action, thus convert-
ing osteolytic to sclerotic lesions. In this 
regard, readers should remember that 
osteolytic disease is frequently associ-
ated with bone pain, the effects of hy-
percalcemia  , pathologic fractures, and 
spinal cord compression. Indeed, an 
osteoblastic reaction detected on CT 
scans is a recognized response crite-
rion when there are other signs of re-
sponse ( 86 ).       

 Lesion Characterization 
 The ability of whole-body DW imaging 
to characterize soft-tissue lesions is more 
limited when signal intensity informa-
tion alone is used for assessments, with-
out regard to morphologic appearance 
and ADC. We have already noted that 
this is due to the fact that signal inten-
sity on high- b -value DW MR images is 
related to long T2 relaxation times and/or 
impeded water movement. It is only 
when signal intensity information is com-
bined with ADCs that DW MR imaging 
fi ndings are able to serve as a biomarker 
of cellularity, which can then be used 
with anatomic knowledge for tissue 
characterization by using the guidance 
listed in  Table 4  ( 12 , 41 , 55 , 87 ). 

 Lymph node assessments are most 
commonly evaluated by using size crite-
ria on DW MR images ( 88 ), but nodal 
size is known to be relatively poor for 
discrimination between benign and ma-
lignant nodal disease. DW MR imaging 
has limited abilities with regard to char-
acterization of lymph nodes for involve-
ment by metastatic disease, because  (a)  
there is an overlap in ADCs of benign 
and malignant nodes,  (b)  the inconsistency 
of ADC cutoff values among different 
studies, and  (c)  high observer  variability 
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in defi ning regions of interest for mea-
surement of ADCs of small lymph nodes 
( 89 – 99 ). There is growing evidence 
that lymph node ADCs do provide some 
discriminatory value ( 89 – 99 ). For ex-
ample, Lin et al ( 89 ) evaluated patients 
with endometrial or cervical cancer 
and found that ADCs were signifi cantly 
lower for malignant than for benign 
nodes (600 vs 2100  m m 2 /sec;  P   ,  .001). 
Using a cutoff of 1000  m m 2 /sec, they 
found that the combination of nodal 
size and relative ADC demonstrated a 
signifi cant improvement in sensitivity 
for metastatic disease, from 25% to 
83%, while specifi city remained high at 
99% and 98% ( 89 ). Kim et al ( 100 ) also 
found signifi cantly lower ADCs in malig-
nant nodes than in nonmalignant nodes 
(765  m m 2 /sec  6  114 vs 1002  m m 2 /sec  6  
186;  P   ,  .001) in patients with cervical 
cancer. The sensitivity and specifi city of 

ADC for differentiation of metastatic 
from nonmetastatic lymph nodes were 
87% and 80%, respectively. However, 
two studies ( 101 , 102 ) did not demon-
strate an improvement in the charac-
terization of nodal disease. The combi-
nation of whole-body DW imaging and 
ultrasmall superparamagnetic iron ox-
ide contrast agents may improve diag-
nostic performance of DW imaging for 
discrimination of malignant from be-
nign nodes ( 103 ); investigations into 
this important new way forward have 
been hampered by the current nonavail-
ability of the contrast agent.   

 Comparisons of Whole-Body DW Imaging 
and FDG PET for Lesion Detection and 
Characterization 
  18 F fl uorodeoxyglucose (FDG) PET and 
whole-body DW imaging should be re-
garded as complementary techniques in 

the assessment of cancer patients, be-
cause they interrogate completely differ-
ent biophysical tissue properties (glu-
cose metabolism vs cellular density). 
Inverse correlations between specifi c 
uptake value at PET and ADC have been 
noted in some reports ( 63 , 104 , 105 ). In 
practice, it has been noted that FDG 
PET can be used to successfully evalu-
ate anatomic regions where whole-body 
DW imaging is often nondiagnostic, 
such as lymph nodes, mediastinal struc-
tures, lungs, and spleen ( Fig 2 ). On the 
other hand, whole-body DW imaging is 
of value when evaluating anatomic re-
gions where high levels of FDG accumu-
late, such as the brain, renal collecting 
system, and urinary bladder. Whole-
body DW imaging is also helpful for the 
evaluation of cancers associated with 
low levels of FDG uptake, such as pros-
tate cancer, neuroendocrine tumors, hepa-
tomas, thyroid cancers, and certain 
types of low-grade lymphomas ( 106 ), or 
when the metabolic dimensions are too 
small to be confi dently resolved on PET 
images. The recent introduction of hy-
brid PET/MR imaging systems will en-
courage investigations into the added 
value of combining PET and whole-body 
DW imaging information for lesion de-
tection and characterization and assess-
ment of therapy response ( 107 ). 

  Research and development perspec-
tives. —Further research and development 
perspectives regarding lesion detection 
and characterization are as follows  : 

 1. Investigations of the differences 
in ADCs between benign and malignant 
nodes for the entire range of malignant 
diseases are required. It may be that 
the success of ADC nodal measure-
ments is dependent on histologic sub-
type, including the relative incidence of 
microscopic to macroscopic disease. These 
investigations are a defi nite require-
ment for clinical deployment and drug 
development. 

 2. Documentation of observer vari-
ability of nodal ADC measurements (in-
cluding size dependence) is required 
and needs to be considered when eval-
uating the utility of ADC measurements 
to distinguish malignant and benign 
nodes. Such documentation could be 
clinically important. 

  
 Figure 4:      Whole-body DW imaging versus CT for detection of bone metastases in 51-year-old woman with 
metastatic breast cancer and history of right mastectomy and axillary nodal dissection. Extensive bone me-
tastases are well depicted on whole-body DW (left; inverted gray scale) and source DW (middle; original gray 
scale) images. Bone metastases are poorly depicted on corresponding unenhanced CT scans (right) obtained 
2 weeks later (bone and soft-tissue windows at various levels). Arrowhead = parasternal recurrence, 
arrow = liver metastasis.    

Figure 4   
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 3. Do tumor volume estimates on 
whole-body DW images or ADC histo-
grams correlate with biomarkers of tu-
mor load such as serum tumor markers, 
circulating tumor cells, and tumor 
DNA? Do DW MR imaging biomarkers 
correlate with other markers of chang-
ing tumor burden and cell death in 
therapy assessment settings? Answers 
to these questions could be clinically 
important. 

 4. Comparison of whole-body DW 
imaging with other whole body imaging 
techniques such as CT, conventional 
MR imaging, PET (with its varieties of 
tracers  ), and bone scintigraphy for le-
sion detection are required. This could 
be clinically important.    

 Treatment Response 

 As a general rule, any pharmacologic, 
physical, or radioactive process that 
causes necrosis or cellular lysis will lead 
to an increase in water diffusion in the 
extracellular space, with decreases in 
signal intensity on high- b -value images 
and corresponding increases in ADCs 
( 8 , 108 – 110 ) ( Figs 1 ,  2 ). On the other 
hand, disease progression is displayed 
as new areas of abnormal signal inten-
sity or as increases in the extent and 
intensity of previously documented ab-
normalities ( Fig 5 ). Because cellular 
death in response to treatment precedes 
changes in lesion size, changes in DW 
MR imaging fi ndings may be an effec-
tive early marker of response for ther-
apies that kill tumor cells. Increases 
in ADC accompanying tumor cell death 
may not persist, and ADC does decline 
subsequently as dead cells are removed 
by tissue macrophages, tissues become 
remodeled, the vasculature normalizes, 
and mature fi brosis develops ( 111 ). Of 
course, if tumors become resistant to 
therapy, that, too, may decrease ADC—
a potential pitfall.      

 Soft-Tissue Response 
 Increases in ADC after successful che-
motherapy and radiation therapy have 
been noted in several anatomic sites, 
including breast cancers ( 112 , 113 ), pri-
mary and metastatic liver cancers ( 68 , 
114 , 115 ), primary bone sarcomas ( 60 , 

116 – 118 ), and brain malignancies ( 119 , 
120 ). In soft-tissue sarcomas treated 
with chemotherapy, increases in ADC 
are associated with reduction in tumor 
size and vice versa; as a result, strong 
negative correlations between tumor 
volume and ADC changes have been re-
ported ( r  =-0.925,  P   ,  .0001) ( 121 ). 

 Studies of both animal tumors 
( 122 , 123 ) and some human cancers have 
shown that increases in ADC can occur 
rapidly after the fi rst dose of chemo-
therapy ( Fig 2 ). A recent study ( 68 ) in 
human patients examined the onset of 
changes in ADC in liver metastases 
from stomach and colorectal cancer; 
ADC increases were noted as early as 
3–7 days after the fi rst dose of chemo-
therapy and ADC increases were also 
seen to correlate with therapy response. 
Theilmann et al ( 114 ) evaluated 60 liver 
metastases before and after chemother-
apy in 13 women with breast cancer. 
Increases in ADC were observed 4–11 

days after the start of therapy, particu-
larly in smaller lesions. A number of 
studies have evaluated ADC changes in 
patients with primary breast cancer 
treated with neoadjuvant chemother-
apy. Stepwise increases in ADCs were 
shown with each therapy cycle in re-
sponding patients, with changes in dif-
fusivity preceding changes in tumor size 
or volume ( 112 , 124 ). 

 A number of preclinical and clinical 
studies have used DW MR imaging to 
evaluate the effects of external-beam 
radiation therapy. Preclinical studies 
show that ADC increases occur rapidly 
in tumors that are radiation sensitive 
( 125 ), with changes visible as early as 
24–72 hours after a single large radia-
tion fraction ( 126 ). This fi nding occurred 
in the absence of a change in tumor size 
and coincided with metabolic disruption 
shown with proton MR spectroscopy   
( 126 ). Such increases in ADC were not 
seen in squamous cell cancers that were 

  
 Figure 5:      Modifi cation of therapy on the basis of whole-body DW imaging fi ndings in a 45-year-old 
woman with metastatic breast cancer and history of left mastectomy and axillary nodal clearance. Left: 
Baseline image obtained in April shows widespread bone metastases, right-sided axillary nodal enlargement, 
and liver metastases (arrowhead) (confi rmed on axial images). Middle: First follow-up image (obtained in 
July) after 3 months of therapy with herceptin, anastrozole, and bisphosphonate shows disease progression 
in bones, right axillary and upper abdominal lymph nodes  (LN)  (short arrows), contralateral right breast (long 
arrow) and liver. Treatment was changed to gemcitabine and carboplatin chemotherapy. Right: Second 
follow-up image (obtained in September) shows responding disease at all disease sites.    

Figure 5   
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radiation resistant unless concomitant 
chemotherapy was administered ( 127 ). 
Increases in ADC appear to occur in-
crementally in fractionated regimens, 
with the greatest increases visible at the 
end of therapy ( 111 ). Increases in ADC 
are likely to be related to tumor cell 
death, the development of tissue edema 
due to infl ammation, and increased mi-
crovessel leakiness. 

 In patients with malignant liver le-
sions, increases in ADC have also been 
seen 7–14 days after the start of exter-
nal-beam radiation therapy, with greater 
increases correlating with higher doses 
( 128 ). Early increases in ADC (1–3 weeks) 
have also been noted for squamous cell 
head and neck cancers, brain gliomas, 
locally advanced rectal cancer, and uter-
ine cervical cancers treated with combi-
nation chemotherapy and radiation ther-
apy   ( 69 , 129 – 133 ). In fact, a number of 
clinical studies have shown that the fail-
ure to increase tumor ADC in response 
to radiation or combined chemo- and 
radiation therapy results in a poorer re-
sponse to therapy ( 119 , 128 , 130 , 134 ).   

 Bone Marrow Response 
 When bone marrow disease is treated 
successfully, then tumor cell death re-
sults in decreases in signal intensity 
on high- b -value images and increased 
ADC. This has been shown in patients 
with leukemia, who had marked increases 
in ADC that correlated with successful 
treatment ( 135 ). DW MR imaging to 
monitor treatment response of verte-
bral metastatic deposits also showed 
convincing changes from hyperintensity 
to hypointensity   on high- b -value images 
after chemotherapy in patients with clini-
cal improvement ( 136 ). T1-weighted 
and T2-weighted spin-echo MR images 
of spinal metastases often reveal no 
substantial interval changes, which in-
dicates that these MR sequences were 
of limited use for monitoring response 
to therapy ( 136 ). Equally, patients with 
no clinical improvement demonstrate 
persistent bone marrow hyperintensity 
on high- b -value images, which is sug-
gestive of persistent tumor hypercellu-
larity. The clear clinical value of DW 
MR imaging over that achieved with 
conventional T1- and T2-weighted 

spin-echo sequences perhaps best high-
lights the advantages of whole-body DW 
imaging for monitoring bone marrow 
response to therapy. 

 The data for the use of DW imaging 
to monitor metastatic bone disease are 
reinforced by observations in primary 
bone tumors such as osteogenic and 
Ewing sarcomas. MR imaging assess-
ments of the response of osteosarcomas 
to neoadjuvant chemotherapy are prob-
lematic, because the tumors do not sub-
stantially reduce in size and may even 
increase in size ( 116 ). Successful che-
motherapeutic response is gauged by 
the extent of tumor necrosis seen on 
resection specimens. Several investiga-
tors ( 60 , 116 – 118 ) have shown that there 
are signifi cant   differences in ADCs be-
tween patients who respond to treat-
ment (with higher tumor ADCs after 
therapy) than in patients who do not 
respond to treatment. 

 On occasion, when there is tumor 
necrosis in the bone marrow, the signal 
intensity may remain persistently high 
despite successful treatment, owing to 
T2 shine-through or T1 value effects 
( Fig 3 ). This has been noted particu-
larly in patients with multiple myeloma 
or lymphoma and occasionally in pa-
tients with other solid metastatic neo-
plasms. T2 shine-through effects are 
relatively easy to detect on ADC maps 
(very high values) and on T2-weighted or 
short tau inversion-recovery sequences. 
Thus, for lesions that are persistently 
hyperintense after therapy, it is necessary 
to review ADC maps and anatomic im-
ages before defi nite response assess-
ments are made. 

 The long-term changes on whole-
body DW images of bone marrow le-
sions that have been successfully treated 
are yet to be completely defi ned. Signal 
intensity and ADCs have been noted to 
decrease slowly, becoming visible   many 
months after the start of therapy ( 20 , 137 ), 
depending on the type of tumor and 
therapy administered. The timelines of 
signal intensity and ADC changes with 
bone marrow healing still remain to be 
fully defi ned, as do the underlying path-
ophysiologic mechanisms. It is likely 
that bone sclerosis, removal of dead tu-
mor cells, repopulation with normal mar-

row elements (including the reemergence 
of yellow bone marrow) ( 138 ), second-
ary chemotherapy-related myelofi brosis, 
tissue dehydration, and reduced perfu-
sion all contribute to long-term reduc-
tions in signal intensities and ADCs.  

  Research and development perspec-
tives. —Further research and develop-
ment perspectives regarding therapy re-
sponse are as follows  : 

 1. Bone metastases that do not re-
spond to cytotoxic therapy can show a 
slight increase ( 139 ), stability, or a de-
crease in ADC. The biophysical causes 
and limits for these ADC changes and 
the corresponding signal intensity ap-
pearances defi nitely require clarifi ca-
tion for clinical deployment and drug 
development. 

 2. The range of ADCs in untreated 
nonnecrotic bone metastases needs to 
be documented to defi ne the upper cut-
off beyond which a successful treatment 
effect can be said to be present. The 
infl uences of imaging protocol and tu-
mor type on such cutoff ADCs defi nitely 
need to be defi ned for clinical deploy-
ment and drug development. 

 3. It is not clear what proportion of 
tumor cells have to be killed or what 
the pattern of cell death must be (iso-
lated scattered cell death vs confl uent 
cell death) for ADC changes to become 
detectable on DW MR images. Clar-
ifi cation of this could be clinically 
important. 

 4. There is poor documentation on 
the reproducibility of whole-body DW 
imaging (ie, how much change is real for 
a given patient). It is also unclear what 
machine, patient, and analysis factors 
affect the measured reproducibility. This 
information is essential for the develop-
ment of whole-body DW imaging as a 
pharmacodynamic biomarker for use in 
drug trials. 

 5. There is no documentation, to 
our knowledge, of the extent to which 
changes in DW MR imaging biomarkers 
result in patient benefi t, as gauged by 
improvements in symptoms and sur-
vival for the variety of available ther-
apies. This information is essential 
for the development of whole-body 
DW imaging as a tool for personalized 
medicine. 
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 6. Concerning bone marrow re-
sponse, it is not clear how quickly ADC 
increases occur in responders and the 
extent of ADC changes in relation to 
different treatments (chemotherapy vs 
radiation therapy vs hormone therapy). 
This information is a defi nite require-
ment for clinical deployment and drug 
development. 

 7. The timelines of signal intensity 
and ADC changes that accompany bone 
marrow healing still remain to be de-
fi ned, as do the underlying pathophysi-
ologic mechanisms. These are defi nite 
requirements for clinical deployment and 
drug development. 

 8. The relative contribution of whole-
body DW imaging in comparison with 
other whole-body imaging techniques 
such as CT, conventional MR imaging, 
and PET   (with its varieties of tracers) 
and bone scintigraphy in a variety of 
clinical scenarios involving therapy as-
sessments are required. This knowledge 
could be clinically important.    

 Measurement Variability 

 When considering the clinical utility of 
DW MR imaging for the characteriza-
tion of a tissue by means of the mea-
surement of ADC, it is necessary to 
consider the interobserver and intraob-
server variability of the manual method 
of measurements. This is particularly 
true when evaluating the nature of small 
structures, such as in the determination 
of nodal involvement by cancer. The 
variability of ADC measurements needs 
to be compared with the mean differ-
ence between malignant and benign 
nodes. This aspect has not been com-
prehensively assessed, but in one study 
the coeffi cient of reproducibility for nor-
mal nodal ADC measurements in volun-
teers without cancer was estimated to 
be about 13%–27% ( 6 150 and  6 310 
 m m 2 /sec) for lymph nodes 5 mm or 
larger in diameter or those less than 
5 mm ( 99 ). The interobserver variabil-
ity of ADC measurement was as large 
as the intraobserver variability, which 
suggests that manual ADC measure-
ments may not be suffi ciently robust 
in daily practice for the evaluation of 
lymph nodes and is an argument for the 

development of software tools to enable 
automatic segmentation and ADC cal-
culation for nodal assessment. 

 To be able to use ADC and tumor 
volume as response biomarkers in phar-
maceutical trials, assessments of mea-
surement error are needed. Estimates 
of reproducibility enable us to decide 
the minimal level of change that can be 
considered “real” for both patients and 
individuals. Tumor test-retest assess-
ments in the absence of therapy are 
needed for this evaluation. For DW MR 
imaging, this can be undertaken by us-
ing the so-called coffee break examina-
tion approach wherein patients are 
studied twice, with repositioning be-
tween studies. An alternative approach 
sometimes reported in the literature is 
to obtain the measurement variability 
of normal tissues from pre- and post-
therapy examinations and then to as-
sume that the normal tissue (eg, mus-
cle) will not have been changed by the 
therapy administered; this normal tis-
sue threshold can then be used to de-
termine the effects of tumor therapy 
( 20 , 119 ). The measured difference in 
ADCs between pairs of examinations 
includes factors such as the natural bio-
logic variability of the parameter, the 
variability inherent in the MR imaging 
system, and the additional errors intro-
duced by appraisers or analysis methods, 
which, as we have noted, can be con-
siderable for small structures ( 99 ). There 
have been relatively few published stud-
ies that document the reproducibility of 
DW MR imaging outside the brain, and 
most published studies are from institu-
tions with considerable technical exper-
tise ( 83 , 94 , 95 ); there are few larger scale 
multicenter studies ( 96 ). A generally 
applicable threshold for ADC change in 
extracranial applications of the whole-
body DW imaging technique has not yet 
been established. 

 Reproducibility information needs to 
be combined with the expected magni-
tude of therapeutic effects, so as to allow 
determination of whether ADC change 
will be a useful tool. Data in the litera-
ture show that early ADC increases in 
response to therapeutic interventions 
may be of small magnitude. For exam-
ple, Cui et al ( 68 ) studied liver metasta-

ses from stomach and colorectal can-
cers and observed ADC changes 3 and 
7 days after the fi rst dose of chemother-
apy. Mean ADC increases from baseline 
values were approximately 25% in re-
sponding patients (quartiles, approxi-
mately +10 to +40%) and 8%–10% in-
creases (quartiles, approximately  2 10% 
to +25%) in nonresponding patients. 
These changes are of relatively small 
magnitude compared with the expected 
reproducibility of the technique. The 
ability to confi dently detect small in-
creases in ADC may not be useful with 
regard to personalized medicine for pa-
tients with bone metastases. This is be-
cause increases in ADC may be seen in 
responders and nonresponders; the im-
portant point to remember is that ADC 
increases in nonresponders may be 
modest, whereas ADC changes in re-
sponders are usually larger ( 139 ). 

 To use whole-body DW imaging for 
personalized medicine, it is also impor-
tant to determine how much of an in-
crease in ADC results in patient benefi t, 
as gauged by improvements in symp-
toms and survival. Concerning the lat-
ter, it may be that relative changes (ex-
pressed as percentage increase in ADC) 
are less powerful than the proportion of 
tumor pixels that exceed a threshold 
value for ADC, with the threshold rep-
resenting the presence of dying cells and 
therapy-induced necrosis. Such thresh-
olds have not yet been established for 
soft-tissue and bone metastases (see the 
list above in Bone Marrow Response).   

 Indications for Whole-Body 
DW Imaging 

 The use of whole-body DW imaging has 
not yet been proved to affect meaning-
ful health outcomes in patients with 
metastatic cancer. There are no conclu-
sive data in the published, peer-reviewed, 
medical literature to indicate that knowl-
edge gained from whole-body DW im-
aging can be used to alter the therapy 
that is offered to patients and improve 
outcomes. In addition, no head-to-head 
trials have demonstrated that this tech-
nology provides tumor markers that are 
equal to or better than those from any 
existing methods in terms of effi cacy 
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and clinical utility  . Thus, although the 
roles of whole-body DW imaging in pa-
tient care are not as yet defi ned, the tech-
nology is certainly interesting enough 
to begin to pursue in the clinic so as 
to determine its possible roles. 

 In our opinion, scenarios in which 
DW MR imaging should be considered 
include the evaluation of cancer pa-
tients when there is a need to mini-
mize radiation exposure (children and 
pregnant women) ( 3 ), cases where con-
trast-enhanced body CT evaluations are 
of inadequate quality (patients with re-
nal failure, poor venous access, contrast 
medium allergies), or cases when there 
is a need to survey the entire bone mar-
row at a time of a world-wide shortage 
of technetium 99m ( 140 ). When evalu-
ating the potential roles for whole-body 
DW imaging, it is important to examine 
patients with the appropriate histomor-
phologic cellular characteristics, prefer-
ably tumors with small-sized neoplastic 
cells such as multiple myeloma, neuro-
endocrine tumors, childhood tumors, 
melanoma, and small cell cancers. We 
have also found whole-body DW imag-
ing to be useful in assessing therapy re-
sponse in patients with mixed lytic and 
sclerotic metastatic bone disease (partic-
ularly from breast and prostate cancers).   

 Conclusions 

 DW MR imaging is emerging as a pow-
erful clinical tool for directing the care 
of patients with cancer. Whole-body 
DW imaging can be clinically useful for 
disease detection, lesion characteriza-
tion, and therapy response. Whole-
body DW imaging is almost at the stage 
where it can enter widespread clinical 
investigations, because the technology 
is stable and protocols can be imple-
mented on the majority of modern high-
fi eld-strength MR systems. We are now 
at the point where we can begin to de-
fi ne more clearly the potential roles for 
whole-body DW imaging by identifying 
clinical and pharmaceutical needs that 
it may be able to address. Whole-body 
DW imaging excels at bone marrow as-
sessment for diagnosis and for therapy 
evaluation, where it can potentially ad-
dress unmet clinical and pharmaceuti-

cal needs for a reliable measure of tumor 
response. Bone disease areas where 
whole-body DW imaging could make a 
substantial impact include therapy as-
sessment in patients with metastatic 
breast or prostate cancer, as well as 
in patients with myeloma. There are 
pressing needs to document and under-
stand the relationships between the mech-
anisms of action of treatments and the 
appearances on whole-body DW im-
ages. Therapy response criteria need to 
be established so that they can be then 
be tested in prospective clinical studies 
that incorporate conventional measures 
of patient benefi t. We can also begin 
the process of defi ning how cancer care 
pathways would need to be altered to 
accommodate this new technology, to 
learn if there are improvements in can-
cer care. Until these steps are under-
taken, DW MR imaging will not allow 
personalization of cancer care.     
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