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Abstract
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Cancer is one of the major causes of worldwide mortality. Imaging plays a vital role in
the staging, follow-up, and evaluation of therapeutic response in cancer patients. Whole-
body (WB) magnetic resonance imaging (MRI), as a non-ionizing imaging technique, is a
promising procedure to assess tumor spreading in a single examination. New MRI technological
developments now enable the application of diffusion-weighted imaging (DWI) of the entire
body. DWI reflects the random motion of water molecules and provides functional information
of body tissues. DWI can be quantified with the use of the apparent diffusion coefficient (ADC).
The aim of this dissertation was to demonstrate the value of WB MRI including DWI in cancer
patients.

WB MRI including DWI, 18F-NaF PET/CT, and bone scintigraphy was performed on 49
patients with newly diagnosed, high-risk prostate cancer, for the purpose of detecting bone
metastases. WB DWI showed higher specificity, but lower sensitivity compared to 18F-NaF PET/
CT. In addition, WB MRI including DWI, and CT of the chest and abdomen was performed
in 23 patients with malignant melanoma. We concluded that WB MRI could not completely
supplant CT for the staging of malignant melanoma, especially with respect to the detection
of lesions in the chest region. In this study, WB MRI and DWI were able to detect more bone
lesions compared to CT, and showed several lesions outside the CT field of view, reinforcing
the advantage of whole-body examination.

WB MRI, including DWI, was performed in 71 patients with testicular cancer. This modality
demonstrated its feasibility for use in the follow-up of such patients. WB MRI, including DWI,
and 18F-FDG PET-CT, were carried out in 50 patients with malignant lymphoma. Both these
imaging modalities proved to be promising approaches for predicting clinical outcomes and
discriminating between different subtypes of lymphomas.

In conclusion, WB MRI, including DWI, is an evolving technique that is continuing
to undergo technical refinement. Standardization of image acquisition and analysis will be
invaluable, allowing for more accurate comparison between studies, and widespread application
of this technique in clinical practice. Both WB MRI, including DWI and PET/CT, have their
particular strengths and weaknesses in the evaluation of metastatic disease. DWI and PET/
CT are different functional techniques, so that combinations of these techniques may provide
complementary and more comprehensive information of tumor tissue.
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ADC apparent diffusion coefficient 
BS bone scintigraphy 
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CTM continuous table movement  
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body-signal suppression 
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MIP maximum intensity projection  
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Introduction 

Oncology imaging 
Cancer is the dominant cause of mortality in developed countries and the 
second cause of mortality in developing countries (1). In cancer patients, 
treatment strategies depend heavily on the malignancy stage, and if the dis-
ease has metastasized to distant organs. Furthermore, imaging plays an es-
sential role in follow-up, evaluation of therapeutic response, and detection of 
tumor recurrence (2).  

Patients with suspected malignancy commonly undergo various diagnos-
tic procedures, such as ultrasound, X-ray, computed tomography (CT), and 
magnetic resonance imaging (MRI), in order to monitor common sites of 
metastases. This approach, however, is often time-consuming, expensive and 
uncomfortable for patients. Whole-body (WB) techniques, such as positron 
emission tomography/computed tomography (PET/CT), and WB MRI, may 
be better procedures to assess the tumour spread in a single examination (3) 
(Figure 1). 

 

 

Figure 1. A1-3. Single-step examination, by WB MRI, in a man of 41-years of age 
with malignant melanoma; DWI (A1), STIR sequence (A2), T1-weighted sequence 
(A3). B1-5. Multimodality approach by different diagnostic modalities; contrast-
enhanced CT abdomen (B1), contrast-enhanced T1-weighted MRI (B2), ultrasound 
liver (B3), bone scintigraphy (B4), and chest X-ray (B5).  
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Positron emission tomography/computed tomography (PET/CT) 
PET/CT combines the functional information of PET with the benefit of 
detailed anatomic data from CT, in a single examination. The most frequent-
ly applied biomarker tracer agent in PET is 18F-fluorodeoxyglucose (FDG), a 
glucose analogue used to demonstrate glucose metabolism in cancer patients. 
Focal areas with abnormally high glucose uptake are considered suspect of 
malignancy (2, 4). There are a variety of other PET tracers such as 18F-NaF, 
18F-Dihydroxyphenylalanine or 18F-Choline, all revealing tumor activity 
through different mechanisms (5). For example, 18F-NaF is a non-specific 
bone tracer with a high sensitivity for detecting bone metastases, and it’s 
uptake in bone lesions is related to blood-flow and osteoblastic activity (5).  

WB MRI 
MRI provides detailed anatomical information with high spatial resolution, 
but without exposure to ionizing radiation. Conventional MR sequences such 
as T1- and T2-weighted imaging have been widely employed in identifying 
and evaluating malignant lesions in specific anatomical regions. Recent 
technological breakthroughs in both hard- and software MRI, such as paral-
lel acquisition techniques, multiple phased-array coils, and automated table 
movement techniques, enable evaluation of the whole-body over a brief time 
period (6). 

WB diffusion-weighted imaging (DWI) 
Over the last two decades, DWI has been utilized for early detection of brain 
infarction (7). The application of DWI beyond the cranium has, however 
been more challenging, as a result of the heterogeneous structure of organs 
and motion artifacts due to cardiac contraction, respiration and bowel motion 
(8). Nonetheless, recent breakthroughs in DWI technology also suggest a 
great potential for its use in cancer imaging (9).  

Basic principles of DWI 
The purpose of this section is to summarize the basic principles of DWI. 
However, a thorough discussion of DWI is beyond the scope of this thesis.  
DWI provides additional functional imaging information and it is considered 
a supplement to static and macroscopic data, generated by conventional MR 
sequences (10).  

DWI reflects the random motion of water molecules in body tissues. Wa-
ter molecule mobility is inversely related to the integrity of cellular mem-
branes and tissue cellularity since the lipophilic cell membrane acts as a bar-
rier for free movement of water molecules (11).  
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Diffusion and, hence, mobility is more restricted in tissues with high cel-
lular densities, such as tumor tissue, since extracellular space is reduced. 
This is, by the way, the reason why normal tissues with high cellular densi-
ties such as brain, spinal cord, and lymphatic tissue show restricted diffusion 
(12). Conversely, diffusion is less restricted in tissues with low cellular den-
sities or where cellular membranes are damaged (13) (Figure 2).  
 

 

Figure 2: Depiction of the diffusion of water molecules in intracellular spaces (blue 
arrows), across cell membranes (red arrows), and extracellular spaces (green ar-
rows). The majority of water diffusion takes place in the extracellular space and, 
consequently, determines the overall diffusion signal. A: Free diffusion in a tissue 
with low cellular density. B: Restricted diffusion in a tissue with high cellular densi-
ty and intact cell membranes (e.g., tumor tissue). 

The Stejskal-Tanner sequence is the most frequently utilized technique for 
generating DWI. It involves two symmetric diffusion-probing gradients situ-
ated around a 180° refocusing pulse, in a single-shot spin-echo T2-weighted 
sequence (Figure 3). What this essentially means is that the signal intensity 
from stationary molecules (e.g., in tumor cells) remains unchanged after 
application of the probing gradients, whereas that from moving water mole-
cules is lowered (11).  
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Figure 3. Depiction of the Stejskal-Tanner sequence. Two symmetric diffusion- 
sensitizing gradients are applied on both sides of a 180° refocusing pulse. Stationary 
molecules, such as tumor tissue will remain unaffected by the gradients and, hence, 
signal intensity is preserved. In contrast, gradient application in mobile water mole-
cules result in signal loss.  

B-value determines the degree of diffusion-weighting and correlates to, the 
gradient amplitude, gradient duration, and time period between the two gra-
dients. In clinical MR, the b-value is usually related to the gradient ampli-
tude, rather than other factors (13).  

Typically, at least two B-values are used to improve characterization of 
tissues, with large b-values generally indicating higher signal intensity due to 
restricted diffusion. In lower b-values (e.g., b=0 s/mm2) both tissues with 
free and even restricted diffusion will generate signal. Moreover, at large b-
values (e.g., b=1000 s/mm2) the signal is largely overshadowed by restricted 
diffusion (11). 

Apparent diffusion coefficient (ADC)  
ADC is a quantified parameter of DWI and is calculated by use of at least 
two b-values. The ADC value is defined as the slope of the line taken from 
the logarithm of the b-value (the x-axis) against signal intensity (the y-axis); 
a low ADC signal indicates restricted water molecular mobility (13) (Figure 
4).  
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Figure 4. Simplified schematic illustration depicting the logarithm of relative signal 
intensity versus b value (in this case, 0, 300, and 800 s/mm2) for normal tissue and 
tumor. The slope of line (ADC) is smaller for tumors than for normal tissue, result-
ing in a lower signal on the ADC image. 

The most prevalent approach involving WB DWI applications is termed the 
“diffusion-weighted whole-body imaging with background body signal sup-
pression” (DWIBS) (14). DWIBS is characterized by free-breathing, heavy 
diffusion-weighting (e.g., b=1000 s/mm2), and fat suppression (e.g., STIR 
sequence) in order to suppress the background body signal (15). The signal 
reception can be obtained by integrated body-coil or, with even better image 
quality, surface coils (12).  

Clinical potentials of WB DWI 
Lesion detection 
WB DWI is considered an attractive supplement to anatomical MR sequenc-
es, since it provides a valuable overview of the whole body (15). However, 
detection of lesions by DWI depends on the nature of the tumor and its ana-
tomical location. Therefore, WB MRI should always be interpreted in com-
bination with anatomical MRI sequences (12).  

Lesion characterization  
DWI, in combination with ADC measurement, may be useful in differentiat-
ing between benign and malignant lesions. Normal lymph nodes show re-
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stricted diffusion (low ADC) as a result of high cellular densities. Malignant 
lymph nodes, on the other hand, may show either a lower ADC values as a 
result of increased cellularity or increased ADC values, reflecting necrosis. 
For example, lymphomatous lymph nodes, show a lower ADC value than 
normal lymph nodes (16).  

Treatment response and outcome prediction 
Any therapeutic intervention (e.g., chemotherapy, radiation) that cause cell 
death and necrosis will lead to increased water diffusion, and consequently 
an increased ADC (12). Changes in the ADC value can, potentially, be used 
as a biomarker for determining the early therapeutic effectiveness of a thera-
peutic treatment because changes in tumor diffusion occur much earlier than 
changes in tumor size (17). ADC may, in addition, be useful as an outcome 
predictor (18).  

Challenges in DWI  
Since a T2-weighted, spin-echo sequence is used in DWI, signal intensity 
depends on both the T2 and the diffusion signal. As a result, a strong T2 
signal can sometimes be misinterpreted as reflecting restricted diffusion 
when in fact this is not the case. This artifact is known as the T2 shine- 
through effect. ADC can, however, readily distinguish between a T2-shine 
through effect and restricted diffusion because in the latter, on the ADC 
map, it appears as an area of low signal intensity (11).  

The echo planar sequence used in generation of DWI is also prone to 
magnetic field heterogeneities, so called susceptibility artifacts. The pres-
ence of air in the lungs or bowel, or implanted metal devices are some 
sources of susceptibility artifacts (13). Finally, DWI has difficulties in de-
picting lesions in areas subject to cardiac, respiratory or bowel motions (8).  

Technical aspects of WB MRI 
An effective WB MRI protocol must ideally cover the common sites of met-
astatic spread in a limited period of time, and without compromising image 
quality. A number of effective methods such as multi-step moving table plat-
form or continuous table movement (CTM) technique have been suggested 
to avoid patient repositioning, which equates to more rapid image acquisi-
tion. In multi-step approach, the patient is moved between the incorporated 
body and spine coils and the slices are performed station-by-station.  

The CTM technique, in conjunction with phased-array surface-coils, is a 
new advancement in WB MRI. With this technique the full k-space data of 
each slice is collected while the patient glides continuously through the 
scanner (19). Since the slices are acquired in the center of the gantry, arti-
facts due to magnetic-field inhomogeneities are avoided. 
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Paper I 
Prostate cancer is the second most common cancer form and the third most 
common cause of mortality from cancer in men in developed countries (20). 
The skeletal system is one of the main sites of metastases for prostate can-
cers, following the distribution of red bone marrow (21). 

Based on serum prostate-specific antigen (PSA) level, Gleason score, and 
digital rectal examination, prostate cancer is delineated into three risk 
groups: low, intermediate and high risk. Treatment strategies are based on 
risk-group allocation, and evidence of metastases (22). 

Bone scintigraphy (BS) is considered the gold standard for primary eval-
uation of patients with high-risk prostate cancer (23). BS reflects the 
osteoblastic response in the bone. False-positives are, however, often seen, 
due to inflammation, trauma, and degenerative changes (24). Therefore, new 
methods, with higher sensitivities and specificities are needed for adequate 
evaluation of bone metastases due to prostate cancer (25, 26).  

Paper II 
The worldwide incidence of malignant melanoma is progressively increasing 
(27). Malignant melanoma arises from melanocytes, which are mainly locat-
ed in the skin, but also present in other tissues, such as the mucosa (28). 
Melanomas may metastasize along either lymphatic, or hematogenous line-
ages before spreading to other regions. The location of, and time required for 
metastasis are unpredictable, as malignant melanoma have the ability to me-
tastasize to any organ and at any stage of disease progression (28).  

Presently, contrast-enhanced CT is the most widely used imaging tech-
nique for staging, surveillance, and evaluation of therapeutic response in 
patients with malignant melanoma. However, other imaging modalities such 
as ultrasound, dedicated MRI, and bone scintigraphy are also utilized for 
more advanced characterization of metastases in malignant melanoma (29).  

Whole-body techniques such as WB MRI and PET/CT, may be the opti-
mal method for detection of tumor spread in a single examination (30, 31).   

Paper III  
Testicular germ cell tumor is the most common form of cancer in men be-
tween the ages of 15-44 years (32). Testicular cancer can be characterized 
into non-seminoma (60%) and seminoma (40%) types; they are generally 
considered curable (33). 

Contrast-enhanced CT is regarded as the standard imaging method for as-
sessment of metastatic spread, treatment response, and follow-up (34). The 
follow-up protocol, according to earlier versions of the Swedish-Norwegian 
Testicular Cancer Project, SWENOTECA, indicated a high, say, excessive 
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number of CT examinations are being undertaken (35). Frequent CT exami-
nations, especially at young ages, increase the risk of radiation-related can-
cers (34). More recent versions of SWENOTECA, VII and VIII, recommend 
MRI or ultrasound instead of CT for follow-up of testicular cancer, especial-
ly in young patients (35). Even so, ultrasound is not as reliable as MRI or CT 
for the assessment of retroperitoneal lymph nodes (33, 35). WB MRI, in-
cluding DWI, as non-radiation and non-contrast enhanced technique may 
have great potential for more effective follow-up of patients with testicular 
cancer.  

The continuous table movement (CTM) technique is a new advancement 
in WB MRI technology. It is utilized in conventional MR sequences (36). 
The CTM technique involves a multi-slice signal acquisition in which the 
full k-space data of each slice is collected during continuous table move-
ment. Real-time acquisition of multiple slices is possible by moving the ac-
quisition trajectories of different slices over a specified time periods, thereby 
allowing seamless acquisition of axial slices (19).  

Paper IV 
Assessment of disease extent and prognostic factors are important in the 
treatment planning in lymphoma patients. 18F-FDG PET/CT has proved to be 
more accurate than CT or PET alone in the staging of patients with aggres-
sive lymphoma (37). The current International Working Group (IWG) guide-
lines recommend the use of PET/CT for initial staging of FDG-avid lym-
phoma (38). Nonetheless, the sensitivity and specificity of PET/CT varies in 
different histological lymphoma subtypes (39).  

Measurement of abnormal FDG uptake, by SUVmax, has been reported to 
be useful in assessing tumor response and for predicting outcomes in FDG-
avid lymphoma (40, 41). Furthermore, the determination of whole-body 
metabolic tumor burden, i.e., total lesion glycolysis (TLG), by PET/CT, was 
reported to be useful in predicting clinical outcome in patients with aggres-
sive non-Hodgkin lymphoma (NHL) (42).  

Earlier studies demonstrated the potential of WB DWI with ADC analysis 
in the evaluation of treatment response in malignant lymphoma (43, 44). In 
addition, ADC measurement may be used to predict the clinical outcome of 
patients with primary central nervous system lymphoma (18).   
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Aims  

General aim 
The purpose of this thesis is to investigate the value of WB MRI, including 
DWI, for detecting lesions, and for the prognostic assessment of cancer pa-
tients. 

Specific aims 
I. To assess the accuracy of WB DWI in comparison to 18F-NaF 

PET/CT in the detection of bone metastases in patients with high-
risk prostate carcinoma. 

II. To investigate the value of WB MRI, including DWI, in comparison 
to CT for the detection of metastases in patients with malignant 
melanoma. A second aim was to compare DWI with conventional 
MRI in the detection of metastatic lesions. 

III. To evaluate the feasibility of WB MRI by means of the continuous 
table movement (CTM) technique, and DWI, in the follow-up as-
sessment of patients with testicular cancer.  

IV. To assess the prognostic value of WB DWI and 18F-FDG PET/CT in 
lymphoma patients. A second aim was to evaluate these techniques 
for discriminating and characterizing different types of lymphoma.  
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Materials and Methods 

Paper I 
Patient data 
Forty nine patients (median age 67 years, range 57-80 years) with newly 
diagnosed high-risk prostate cancer, were prospectively and consecutively 
included in this study between October 2009 and March 2011. All patients 
underwent bone scintigraphy (BS), 18F-NaF PET/CT, and WB MRI, before 
treatment, for the detection of bone metastases. Only patients with biopsy-
verified prostate cancer with a Gleason score 8 or more, excluding clinical 
stage or PSA levels were considered. 
 
All patients underwent clinical and laboratory follow-up (range 7-24 
months) according to the clinical routine of the oncology department. Imag-
ing follow-up, with at least one of the initially performed modalities, was 
performed in patients, strongly suspected of having bone metastases at the 
time of diagnosis. The study was approved by the local ethical committee, 
and all patients gave written, informed consent.  

Bone scintigraphy (BS) 
The patient’s whole skeleton was examined by means of a dual-head gamma 
camera, 3 hours after intravenous injection of 600 MBq of 99mtechnetium-
Hydroxymethylene Diphosphonate (HDP). In addition, planar images or 
Single Photon Emission Computed Tomography (SPECT) were also ob-
tained if it was considered necessary.  

18F-NaF PET/CT 
Patients were examined with an integrated PET/CT system (Discovery ST, 
GE Healthcare), 1 hour after intravenous injection of 3 MBq/ kg 18F-NaF. 
Images were performed from the vertex to the proximal third of the thighs. 
An unenhanced, low dose CT, with free-breathing, was carried out before 
PET examination, for the purpose of anatomical location and attenuation 
correction. The following parameters were employed: 3.75 slice thickness, 
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140 kV, 10-80 auto mA, with free-breathing. Total acquisition time was 
estimated to be about 20 minutes. 

WB MRI including DWI 
Examinations were performed in a 1.5 T MR scanner (Gyroscan Intera, 
Philips Healthcare). A whole-body built-in coil was used over six stations. 
The imaging protocol included three sequences: 1) Coronal T1-weighted, 
spin-echo sequence, with breath-holding in chest and abdomen. 2) Coronal, 
short TI inversion recovery (STIR) sequence, with breath triggering in thor-
ax and abdomen. 3) Axial DWI, with background body-signal suppression 
(DWIBS) technique with free-breathing. No intravenous contrast was used. 
Maximum intensity projection (MIP) 3D-images were reconstructed from 
the DW images. The examination time was about 50 minutes. The sequence 
parameters are summarized in Table 1. 
 

Table 1. MRI sequence protocol (Gyroscan Intera, Philips 
Healthcare). 

Imaging  
parameters 

T1W  
sequence 

T2-STIR  
sequence 

DWI 

Sequence type Turbo  
spin-echo 

Turbo  
spin-echo 

Echo-planar 
imaging 

TR1/TE2/TI3 324/17.5/0 2758/64/165 3257/70/180 

Slice thickness/gap 
(mm) 

6/1 6/1 6/0 

No. of slices per 
station 

33-45 33-45 44 

FOV (mm) 265x530 265x530 374x530 

Matrix 208x287 120x336 112x74 

Bandwidth/pixel (Hz) 485.6 496 20.4 

Scan/station (s) 60 50 142 

No. of signals aver-
aged 

1 2 2 

B-value (s/mm2)   0 and 1000 
1. Repetition time, 2. Echo time, 3. Time Inversion.  

Image analysis 
Conventional MRI and DWI were analyzed independently from one other by 
two radiologists in consensus. Similarly, BS and 18F-NaF PET/CT were ana-
lyzed by two specialists in nuclear medicine. A bone lesion was considered 
as metastasis if it showed increased tracer-uptake with 18F-NaF PET/CT, or 
radioactive accumulation with BS, if this could not be related to any benign 
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processes. A bone lesion in the DWI was defined as a focal area with signal 
intensity higher than that of the surrounding bone marrow. 

BS and conventional MR images, together with clinical and imaging fol-
low-up were used as the reference standard for evaluating 18F-NaF PET/CT 
and WB DWI.  

Statistical analysis 
A patient- and lesion-based analysis was performed. With patient-based 
analysis, outcomes were categorized as, true-positive, false-positive, true-
negative, or false-negative. In lesion-based analysis, outcomes excluded true 
negative findings, as these could not be identified, due to a restricted defini-
tion on positive findings. The chi-square test was applied to determine if 
there were significant differences across methods on a patient-based analy-
sis. P-values less than 0.05 were considered to be statistically significant.  

Paper II 
Patient data 
In this prospective study, running between March 2008 and April 2011, 23 
patients (mean age 57.6 years, range 18-87 years) with malignant melanoma 
underwent WB MRI, including DWI, and CT of chest, abdomen, and pelvic 
regions. The inclusion criteria consisted of biopsy-verified malignant mela-
noma with evidence of metastases in prior studies. The study was approved 
by the institutional ethics committee and all patients gave their informed, 
written consent.  

WB MRI including DWI 
The study protocol has previously been described in paper I (Table1). 

CT (chest, abdomen and pelvis) 
CT examinations were performed by conventional spiral technology, from 
the root of the neck to the upper part of the thighs, in-line with clinical pro-
tocols. All patients, apart from one who was allergic to intravenous contrast, 
underwent examination of the chest, abdomen, and pelvis after injection of 
intravenous contrast agent.  
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Image analysis 
WB MRI and WB DWI were evaluated at first blindly from CT by two radi-
ologists in consensus. Following this, CT images were evaluated by one of 
the radiologists with access to the clinical report. Finally, the MR and CT 
images were evaluated together on lesion-by-lesion basis by the two radiolo-
gists in consensus. Additional lesions imaged with MRI, but outside the field 
of CT, were also reported.  

Two different approaches were used to analyse the WB MRI. On the first 
approach, termed the WB DWI approach, maximum intensity projection 
(MIP) images were evaluated at first, to provide an overview of suspected 
lesions. Suspected lesions were subsequently verified by analysing axial WB 
DWIs. A lesion was defined as a focal area with equal or higher signal inten-
sity than the organ with highest signal intensity in each investigated region 
(45). Positive findings on DWI were confirmed by T1-weighted and T2-
STIR sequences.  

In the second approach, termed the WB MRI approach, T1-weighted and 
T2-STIR images were evaluated together with DWI. The evaluation of ma-
lignancy on CT and MRI was based on conventional, morphological and 
contrast enhancement criteria. A lymph node was considered as metastasis if 
its short-axis diameter was larger than 1 cm (46).  

The long-axis diameter of each lesion, except for lymph nodes, was 
measured by CT and conventional MRI. CT before and after MRI examina-
tions, and clinical follow-up, were applied as reference standards.  

Statistical analysis 
Both patient- and lesion-based analyses were performed and the outcomes 
classified as true-positive, false-positive, or false-negative. True-negative 
findings could not be analyzed due to the definitional constraint on positive 
lesions in this study.  

Paper III 
Patient data  
In this prospective study, seventy-one patients (median age 37 years, range 
19-84 years) with testicular cancer were consecutively included in this study. 
All patients underwent WB MRI, including DWI, as part of follow-up imag-
ing between July 2010 and January 2012. 

In total, 145 WB MRI (range 1-5 scans per patient, median 2) were per-
formed. The local ethics committee approved the study. Patients were diag-
nosed with testicular cancer between 2001 and 2011. Orchidectomy was 
carried out in all patients, and pathologic examination proved testicular can-
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cer. Initial staging was performed by chest and abdomen CT in all but one; 
in this one patient initial staging was established on both CT and WB MRI. 
Follow-up imaging was performed with CT, ultrasound, and WB MRI, ac-
cording to recommendations from SWENOTECA, IV-VI (35). Clinical stag-
ing (CS) was according to the Royal Marsden Hospital (RMH).  

WB MRI including DWI 
The imaging was performed in a 1.5 T MR system (MAGNETOM Avanto, 
Siemens Healthcare) with continuous table movement (CTM) equipment 
(Tim CT, Siemens Healthcare). As anti-peristaltic agent, either 1 mg Gluca-
gon (Glucagon 1 mg/ml, Novo Nordisk A/S Bagsvaerd, Denmark), or 20 mg 
butylscopolamin (Buscopan 20 mg/ml, Boehringer Ingelheim, Germany) 
was intramuscularly injected in the thigh, immediately before scanning. A 
neck coil (2 elements), three body matrix coils (9 elements), and a built-in 
spine coil (36 elements) were employed for signal reception.  

All sequences were performed from the root of the neck to the upper parts 
of thighs. 

The image protocol included three sequences: 1) Axial CTM fat-
suppressed T2-weighted BLADE sequence, with free-breathing. 2) Axial 
CTM T1-weighted DIXON sequence, with breath-holding. 3) Axial DWI, 
with background body signal suppression technique (DWIBS) over five sta-
tions, and with free-breathing. DWI was performed in the axial plane using 
b-values of 50 and 1000 s/mm2, and ADC images were automatically calcu-
lated from these b-values. Maximum intensity projection (MIP) 3D-images 
were reconstructed from axial DW images. 

The total examination time was estimated at 45 minutes. The sequence 
parameters are summarized in Table 2.  

Images analysis 
WB MRI, including DWI, were reviewed by two radiologists in consensus, 
using a commercially available PACS reviewer (Carestream Health, Roches-
ter, NY). The reviewers were blinded to all clinical and imaging findings, 
except for the patient’s diagnosis. At the next step, findings from WB MRI, 
and other imaging modalities, such as CT or 18F-FDG PET/CT, were re-
viewed together on a lesion-by-lesion basis, and with access to the clinical 
report.  

With T1-Dixon-, T2-BLADE sequence, and CT, a lymph node was con-
sidered as suspicious for metastasis if its short-axis diameter was greater 
than 1 cm (46). With DWI, a lesion was defined as a focal area with equal or 
higher signal intensity than the organ with highest signal intensity in each 
investigated region (45). The presence or absence of artifacts was noted.   
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Clinical, laboratory and imaging follow-up (median 26 months, range 14-
32; from the time the first WB MRI was performed in each patient) was con-
sidered as the reference standard.  
 

Table 2. MRI Sequence Protocol (MAGNETOM Avanto, Siemens 
Healthcare). 
Imaging parame-
ters 

T2-w fs 
BLADE axial 

T1-w 
Dixon axial 

DW 2D EPI 
(STIR) 

TR  6140 150 8200 

TE  116 2.38 and 4.76 78 

TI - - 160 

Acquisition Matrix 256x256 157x256 160x160 

FOV (mm2) 500x500 437x500 500x500 

Spatial Resolution  
(mm3) 

2x2x5 2.8x2x5 3.1x3.1x5 

Bandwidth (Hz/px) 362 480 1645 

Parallel imaging 
method 

GRAPPA, acc. 
factor2 

GRAPPA, acc. 
factor2 

GRAPPA, acc. 
factor2 

Respiratory com-
pensation 

Free-breathing Breath-holding Free-breathing 

Table movement 
technique 

CTM* CTM       Multi-step 

* CTM: Continuous table movement.  

Paper IV 
Patient data 

In this prospective study, 50 patients with malignant lymphoma (20 
women and 30 men), with a mean age of 53.6 years (range 17-78 
years), underwent pre-therapeutic WB MRI and 18F-FDG PET/CT 
between February 2008 and December 2010. The patients were divid-
ed into three groups: 29 patients with aggressive non-Hodgkin lym-
phomas (NHL), including 20 patients with diffuse large B-cell lympho-
ma (DLBCL); 12 patients with Hodgkin lymphoma (HL); and, 9 pa-
tients with indolent NHL. The mean time interval between WB MRI 
and FDG PET/CT was 4.5 days (range 0-36 days). The mean follow-
up time interval (from treatment start) was 36.76± 15.5 months. The 
study was approved by the ethical committee. 
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WB MRI including DWI 
The study protocol has previously been described in paper I (Table1). 

18F-FDG PET/CT 
All patients underwent an integrated 64-slice PET/CT (Discovery VCT, GE 
Healthcare). Images were acquired from the skull-base to the proximal parts 
of the thighs. Examinations were performed under fasting condition (6 h) 
and after intravenous administration of 18FDG (5 MBq/kg of body weight). 
A low dose, non-contrast CT scan was performed prior to PET scan. The CT 
acquisition parameters were: 120 KV; 80 mAs; slice thickness, 3.75 mm; 
and, pitch, 0.984.  

PET images were reconstructed iteratively using an orders-subsets expec-
tation algorithm with two iterations and 28 subsets. The acquisition time for 
PET was 3 minutes per bed position (15 cm in length). The total examination 
time was about 20 minutes. The PET, CT, and PET/CT images were re-
viewed in different planes using commercially available software (Volume 
Viewer, Advanced workstation, GE Healthcare). 

Image analysis 
WB MR images were reviewed by two radiologists in consensus. Reviewers 
were blinded to PET/CT findings and all clinical data, except for the pa-
tient’s diagnosis. Evaluation of WB MRI examination began by reviewing 
the DWI MIP images, followed by correlation with axial DWI. The patho-
logic signal on DWI had to be confirmed by conventional MRI. The size 
measurements of lymph nodes were performed by conventional MR se-
quences. Staging was based on the Ann Arbor staging system (47).  

ADC measurement was performed on the largest lymph node in each pa-
tient. The image slice with lowest signal intensity by visual assessment was 
identified. Subsequently, a free-hand ROI measurement was performed on 
respective image to encompass the entire lesion. Necrotic areas with ADC 
signal close to that of CSF were excluded from measurement (48).  

The PET/CT examination was assessed both visually and quantitatively by 
an experienced PET/CT radiologist. The reviewer was blinded to the MRI 
findings and all clinical data with the exception of the patient’s diagnosis. 
The lesion with the highest 18F-FDG-uptake among all foci was identified, 
and the lesion’s SUVmax and SUVmean (ROI with diameter of 1.2 cm) were 
measured. For TLG analysis, a 3 cm ROI was located in the right liver lobe 
as a reference ROI; TLG is the product of SUVmean and metabolic tumor 
volume. The SUV threshold for TLG analysis was for SUV > 2.5 of the liv-
er’s normal background uptake. All marked sites were inspected visually to 
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ensure exclusion of physiologic uptake. Finally, lesion-by-lesion analysis 
was performed in which separate SUVmax, SUVmean and TLG were measured 
for the lesion with largest diameter by means of WB MRI. This was defined 
as, SUVmax-, SUVmean-, and TLG DWI lesion.  

Data analysis  
At first step, the predictive value of the mean ADC, along with SUVmax, 
SUVmean, and TLG were analyzed for prediction of overall survival (OS) and 
progression free survival (PFS). OS was defined as the time from the treat-
ment start to either death or last clinical follow-up. PFS was defined as the 
time period between treatment start until either the last follow-up if the pa-
tient remained disease-free, or disease recurrence, i.e., depending on which 
incident happened first. These analyses were performed for all patients 
pooled together and then separately for the DLBCL patients. Cox propor-
tional hazard regression analysis was performed for prediction of OS and 
PFS.   

As a second evaluation, a Kruskal-Wallis ANOVA test, for mean ADC, 
SUVmax, SUVmean and TLG, was employed for comparison between different 
subgroups of lymphoma.  

Finally, a Spearman’s rank correlation coefficient test was performed on a 
lesion-by-lesion basis to investigate the correlation between mean ADC and 
SUVmax-, SUVmean- or TLG DWI lesion in different subtypes of lymphoma.  

The quantitative data were recorded as the mean ± standard deviation 
(SD). P-values less than 0.05 were considered statistically significant.  
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Results 

Paper I 
With patient-based analysis, 5/49 patients showed skeletal metastases ac-
cording to the reference standard. Both DWI and 18F-NaF PET/CT could 
identify these patients. Two patients with multiple bone metastases died 8 
and 16 months after initial examination. The remaining three patients 
showed partial regress on follow-up studies. DWI and 18F-NaF PET/CT 
showed false-positive findings in one and four patients, respectively.  There 
was no statistically significant difference between these two methods or 
compared to the reference standard. 

A lesion-based analysis was performed on three patients with bone metas-
tases. DWI and 18F-NaF PET/CT showed five and nine true-positive lesions, 
four and zero false-negative lesions and two and seven false-positive lesions, 
respectively. Two patients who showed uncountable bone metastases were 
excluded from the lesion-based analysis. In these two patients, a considera-
bly higher number of lesions were detected with 18F-NaF PET/CT compared 
to DWI. In these patients, DWI could not detect metastases in the skull. Fur-
thermore, DWI showed fewer lesions in the ribs compared to BS and 18F-
NaF PET/CT, but, conversely, a higher number compared to conventional 
MR sequences (Figure 5).  
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Figure 5- a,b1-3: Numerous bone metastases in a male patient of 67-years of age 
with prostate carcinoma. A higher number of lesions in the ribs and skull were de-
tected by bone scintigraphy (a) and 18F-NaF PET/CT (b1-3) compared to WB MRI.  

Figure 5-(continued), c1-3: Numerous bone metastases in a male patient of 67-years 
of age with prostate carcinoma. In total, a higher number of lesions were detected by 
DWI (c3) compared to T1-weighted (c2) and STIR (c1) imaging. 
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In metastatic lesions, according to the reference standard, low-dose CT was 
either negative or demonstrated dominantly sclerotic patterns. No lytic le-
sions were detected. The spine and pelvis were the most frequent locations 
of metastases and there were no solitary metastatic lesions outside these 
locations. 

Paper II 
WB MRI and WB DWI detected 345 and 302 lesions, respectively, com-
pared to 397 lesions with CT. In a patient-based analysis, there were lung 
lesions in 13/16 (81%) patients and 11/16 (68%) of patients according to 
WB MRI and WB DWI, respectively. Liver lesions were found in 12/12 
(100%) patients with WB DWI and WB MRI. WB MRI detected lesions in 
the spleen in 2/2 (100%) patients, but the lesions could not be detected using 
WB DWI (Table 3). 

In a lesion-based analysis, there were 63% true-positive lung lesions with 
WB MRI, and 47% with WB DWI. In the Liver, there were 90% true-
positive lesions with WB MRI, and 81% with WB DWI. Subcutaneous me-
tastases, axillary and abdominal lymph nodes were detected equally well 
with either WB MRI, WB DWI, or CT (Table 3). 

 
Table 3.  Lesion- and patient-based analysis of WB MRI and DWI in evaluation of 
metastases from malignant melanoma, compared to CT.  

Site of 
metastases 

Lesion-based analysis (value in %) Patient-based analysis (value in %) 

DWI 
All MRI sequen-

cesa 
DWI 

      All MRI  
    sequences 

TP FP FN TP FP FN TP FP FN TP FP FN 

Liver 81 0 19 90 0 10 100 0 0 100 0 0 

Spleen 0 0 0 100 0 0 0 0 0 100 0 0 

Lung 47 0 53 63 0 37 68 0 32 81 0 19 

Lymph 
nodes in 
thorax 

48 0 52 62 0 38 77 0 23 92 0 8 

Lymph 
nodes in 
abdomen 

100 0 0 100 0 0 100 0 0 100 0 0 

Axillary 
lymph 
nodes 

100 0 0 100 0 0 100 0 0 100 0 0 

Subcutan. 
metastases 

100 0 0 100 0 0 100 0 0 100 0 0 

a T1W, T2-STIR and DWI; DWI = Diffusion-weighted imaging; TP = True-positive; FP = False-
positive; FN = False-negative.  



 31

A higher number of bone lesions were detected by WB MRI and WB DWI 
(56 lesions in 12 patients by both approaches) compared to CT (42 lesions in 
8 patients). There was no difference between WB DWI and WB MRI in the 
detection of lesions outside the CT field of view, in which 68 additional le-
sions were detected in six patients.  

Paper III 
WB MRI including DWI was performed in 69/71 patients (97%). The ex-
amination was interrupted in two patients due to claustrophobia. WB MRI 
revealed pathological findings in four patients: 1) One patient with clinical 
stage (CS) IV showed a residual lung lesion three years after the primary 
diagnosis. The lesion was clearly detectable on T1-Dixon and T2-BLADE 
sequences. However, the lesion was negative on DWI. This lesion was also 
negative on 18F-FDG PET/CT, performed before WB MRI.  

2) One patient with CS II showed four residual retroperitoneal lesions 
containing calcifications, on CT, two years after the primary diagnosis. T1-
Dixon and T2-BLADE sequences detected all the lesions, but the lesions 
were negative on DWI. In agreement, the lesions were negative on 18F-FDG 
PET/CT performed 6 months before WB MRI (Figure 6). 

Figure 6- Follow-up WB MRI in a man of 60-years of age with clinical stage II 
testicular cancer. A residual lymph node (arrows) was detected on T2-BLADE (a) 
and T1-Dixon (b) sequences. The lesion was negative on DWI, b=1000 (c). Fused 
PET/CT image (d) showed that the lymph node was negative on 18F-FDG PET/CT 
performed six months before the WB MRI. 
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3) One patient with CS IV demonstrated two residual lymph nodes in the 
retroperitoneum on CT five years after initial diagnosis. T1-Dixon and T2-
BLADE sequences detected the lesions, but the DWI was negative. 

4) At initial diagnosis, one patient showed no lymph node larger than 1 
cm on the short-axis diameter with CT. However, WB MRI performed two 
months later showed a lymph node measuring 7 mm on the short-axis diame-
ter in the retroperitoneum, with marked signal intensity on DWI. The lesion 
could not be considered as metastasis according to size criteria, although 
because of very high signal intensity with DWI, the suspicious of metastasis 
was raised. Following 18F-FDG PET/CT showed an intensive focal tracer 
uptake in this lesion, indicating lymph node metastasis. This patient was 
considered as CS II (Figure 7).  

 

 

Figure 7. A man of 29-years of age with testicular cancer. Axial CT image showed 
no pathologically enlarged lymph node at the time of diagnosis (a). T2-BLADE 
image (b) showed a small lymph node measuring approximately 7 mm on the short-
axis diameter (arrow). The lymph node showed a high signal intensity (arrow) on 
DWI; b50 (c) and b1000 (d). The lesion showed an intensive tracer upptake (SUVmax 

= 13.5) on 18F-FDG PET/CT two months later, indicating lymph node metastasis (e).  
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No relapse was observed during the follow-up in our patient group. It was 
somehow difficult to identify the lesions described above on ADC maps. 
Consequently, no ADC measurement was performed. Metal-clip artifacts in 
the retroperitoneum of six patients deteriorated image quality, but this did 
not change the overall results. 

Paper IV 
The quantitative parameters of WB MRI and 18F-FDG PET/CT are reported 
in Table 4.  

 
Table 4. Mean values of WB DWI and PET/CT quantitative parameters in lym-
phoma patients. 

 ADC  
DWI  

lesiona 
mm2/s 

SUVmax 

DWI 
lesion 
g/ml 

SUVmean  

DWI 
lesion 
g/ml 

TLG 
DWI 

lesion  
g 

SUVmax 

g/ml 

SUVmean 
g/ml 

TLG g 

All patients 
0.833 x10-3 

±0.356 
14.9 
±10 

5.6 
±2.38 

1777 
±2471 

15.6 
±10.0 

5.6 
±2.3 

3202 
±4257 

Hodgkin 
Lymphoma 

(n=12) 

1.040 x10-3 

±0.530 
9.7 
±4 

4.3 
±1.25 

1170 
±1639 

11.3 
±4.45 

4.4 
±1.3 

1281 
±1602 

Aggressive 
NHLb 

(n=29) 

0.822 x10-3 

±0.266 
18.5 

±11.3 
6.2 

±2.7 
2126.8
±2914 

19.4 
±11.1 

6.3 
±2.6 

4062 
±5027 

Indolent 
NHL (n=9) 

0.597 x10-3

±0.115 
10.5 
±6.1 

5.2 
±1.5 

1370.3
±1316 

10.5 
±6.1 

5.2 
±1.5 

2927 
±2884 

aDWI lesion, defined as largest lesion detected on WB MRI, and corresponding lesion on 
PET/CT. bNHL= non-Hodgkin lymphoma. 

 
OS analysis of all patients showed that only mean ADC was significant, 
which indicates that increased mean ADC reduces the risk of dying from 
lymphoma. PFS analysis of all patients showed that only the result of SUV-
mean was significant, which indicates that increased SUVmean reduces the risk 
of relapse. Furthermore, a multivariate analysis of SUVmean and mean ADC, 
taken together, indicate that this is the best model for predicting PFS.  

A separate analysis of patients with DLBCL, indicated that none of these 
parameters could predict the risk of OS or PFS. 
Indolent NHL showed a significantly lower mean ADC than HL, or aggres-
sive NHL (Figure 8). Furthermore, aggressive NHL showed higher SUVmax 
than HL. In a lesion-by-lesion analysis, no correlation was found between 
mean ADC and SUVmax -, SUVmean -, or TLG DWI lesion.  
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Figure 8: Indolent NHL showed a significantly lower mean ADC than HL or aggres-
sive NHL.  
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Discussion 

Previous studies 
Several studies have demonstrated advantages of WB MRI in detecting met-
astatic lesions by comparison to other imaging modalities (24, 49, and 50). 
WB DWI has been increasingly applied for the detection and characteriza-
tion of tumor lesions (16, 45). A number of studies reported the potential of 
DWI and ADC measurements for the evaluation of treatment response and 
the prediction of clinical outcomes in cancer patients (18, 43). However, 
further investigations are needed to evaluate the value of WB MRI, with 
DWI, since this is a relatively new approach in oncologic imaging. Moreo-
ver, the majority of previous studies have been restricted to primary studies 
that in themselves require further validation.  

Present studies 
The aim of this thesis was to further investigate the diagnostic and prognos-
tic value of WB MRI, with DWI, for the detection and characterization of 
metastatic lesions.   

In our first study, we investigated the accuracy of WB DWI and 18F-NaF 
PET/CT in detecting bone metastases in patients with prostate carcinoma. 
Earlier studies demonstrated that 18F-NaF PET/CT has a high specificity and 
sensitivity for detecting bone metastases (25, 51). However, 18F-NaF is not 
tumor-specific and, furthermore, its uptake in bone lesions indicates os-
teoblastic activity. Therefore, one must approach this modality with some 
caution about the possible occurrence of false-positive findings (52). Luboldt 
et al. reported that DWI is at least on par, or maybe even superior to conven-
tional MR sequences such as T1 and STIR for the detection of bone metasta-
ses in patients with prostate cancer (53). In our study, DWI showed a high 
specificity with only few false-positive lesions. In addition, DWI was able to 
detect a higher number of bone lesions than conventional WB MRI se-
quences in those two patients with multiple bone metastases. Consequently, 
we assume that WB DWI may be a valuable supplement to conventional MR 
sequences. It was difficulties in detecting bone metastases in the ribs or skull 
on all MR sequences, in-line with other studies (54, 55). Nonetheless, this 
shortcoming did not influence the overall staging in our cohort, as we found 
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no solitary bone metastases outside the pelvis or spine; prostate cancer is 
known to primarily metastasize to the spine and pelvis (56).  

Study II revealed that the sensitivity of WB MRI and WB DWI varied no-
ticeably in different organs of the body. WB MRI and WB DWI demonstrat-
ed limitations in ability to detect lesions in the thoracic region, which could 
be due, in major part, to respiratory and cardiogenic motion artifacts. Breath-
hold or respiratory-triggered techniques may improve the sensitivity of DWI 
in the thoracic region, but acquisition time will, as a consequence, need to be 
prolonged (57). Our study result suggests that WB MRI and WB DWI have 
a greater potential for detecting metastases in the abdominal region, in par-
ticular the skeleton.  

Müller-Horvat et al. (49) previously demonstrated the superiority of WB 
MRI, over CT (with the exception of lung lesions) for the detection of ma-
lignant melanoma metastases. The better results of this study in comparison 
to our results can, in part, be attributed to their administration of intravenous 
MR contrast agent which is known to have an important role in detection of 
liver metastases.  

Similarly, Laurent et al. (50) showed that WB MRI had a higher accuracy 
compared to PET/CT for detecting metastases due to malignant melanoma. 
In this study, DWI proved to be the most accurate sequence for the detection 
of metastases in the liver, subcutaneous tissues, bone and intraperitoneal 
region. The better results of this study in comparison to ours, may be due to 
administration of intravenous contrast agent, selection of different b-values 
(b=0 and 600) and application of phased-array surface coils. 

We used CT images as the reference standard because CT is the most 
widely used imaging modality for staging, follow-up, and evaluation of the 
therapeutic response in patients with malignant melanoma (29).  

Malignant melanoma can metastasize throughout the body. Indeed, we 
found several lesions outside the CT field-of-view, thereby supporting the 
belief that a whole-body examination is likely to be productive (Figure 1). 

Our study results also emphasize that DWI must be evaluated together 
with conventional MR sequences. DWI MIP images provide a valuable 
overview insight, albeit as an overview, of metastatic lesions. Every lesion 
should be verified by axial DWI in addition to conventional MRI, e.g., T1-
weighted and STIR sequence. 

In study III, WB MRI, with CTM technique, and multi-step DWI, was 
evaluated in the following-up of patients with testicular cancer. CT detected 
residual lesions in three patients on follow-up, which was evidently con-
firmed by T1-Dixon and T2-BLADE sequences using the CTM technique. 
The lesions were unchanged on clinical and imaging follow-up. These were 
subsequently interpreted as residual, benign findings. DWI was negative in 
these lesions, and this most likely indicates that lesions represented a residu-
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al mass with no malignant tissue. In another patient, DWI demonstrated very 
high signal intensity in a normal-sized lymph node (< 1 cm on short-axis 
diameter). This correlated to pathological 18F-FDG uptake on PET/CT. The 
patient in question was regarded as having lymph node metastases (CS II) 
and was, therefore, treated with chemotherapy. We assumed that DWI may 
offer important added-value information to conventional MRI sequences. In 
this study, a continuous table movement (CTM) technique was utilized for 
performing T1-Dixon and T2-BLADE sequences. This technique reduces the 
acquisition time and work-flow, since all images are acquired in one seam-
less stack. Furthermore, these images can be generated in the axial plan, as 
opposed to coronal images by other WB MRI techniques. This assists in 
facilitating detection of enlarged lymph nodes. Chest X-ray use in the fol-
low-up of patients with testicular cancer can be conveniently replaced by 
MRI. According to previous studies, MRI is a reliable technique for the de-
tection of lung lesions and is significantly more accurate than chest X-ray 
(58, 59).  

The risk of radiation-related malignancy is higher if exposure takes place 
at a young age, as is observed, with the majority of testicular cancer patients 
(34). The potential benefit of repeated examinations should always be 
weighed against the resulting radiation-related risks, in addition to financial 
cost. Cisplatin-induced nephropathy is a recognized adverse effect in testicu-
lar cancer patients (60). Iodinated contrast media used in CT should be ad-
ministered with caution in such patients, as both Cisplatin and iodinated 
contrast agent may have cumulative nephrotoxic effects. 

Our study protocol proved to be feasible on follow-up of patients with 
testicular cancer. It allowed scanning of the thoracic and abdominal regions, 
and without exposure to ionizing radiation or intravenous contrast admini-
stration. 

The all-patient OS analysis in study IV demonstrated that a higher mean 
ADC reduces the risk of dying from lymphoma. In a PFS analysis, a higher 
SUVmean indicated a lower relapse risk of lymphoma. Furthermore, a multi-
variate analysis of SUVmean and mean ADC, together, can be considered as 
the best model for the prediction of PFS. Similarly, a low ADC is correlated 
with a shorter OS and PSF in patients with primary, central nervous system 
lymphoma (18). However, previous studies in primary head-and-neck squa-
mous carcinoma have shown contradictory results in regards to the value-
impact of ADC in the prediction of outcomes (61, 62). However, we have 
reason to believe our study suffered because all patients were analyzed to-
gether during both OS and PFS analyses and the results may have been 
greatly influenced by different histologic lymphoma subtypes. Analysis of 
DLBCL patients, taken separately, indicated that none of these parameters 
could predict the risk of OS or PFS. 
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An interesting finding in our study was that indolent NHL showed lower 
mean ADC than aggressive NHL or HL. A previous study reported that the 
cell density of follicular lymphoma (indolent NHL) was significantly higher 
than DLBCL (aggressive NHL). However, this study did not report any sig-
nificant differences in mean ADC values (63). Another study reported that 
lymphoma lesions have significantly lower ADC values than normal lymph-
nodes. In this study, ADC values of indolent NHL were lower than aggres-
sive NHL, but the difference was not statistically significant (16). Our study 
result supports the theory that increased cellular density contributes to more 
restricted diffusion, but the ADC value is not merely dependent on tissue 
cellularity, it is also dependent on cellular size and structure, and extracellu-
lar viscosity and matrix. The measurement of ADC values is, needless to 
say, challenging and may differ between centers, because of different meth-
ods and acquisition parameters. ADC measurements can also be affected by 
small lesion sizes, in addition to motion artifacts (15).  

On a lesion-by-lesion analysis, there was no correlation between mean 
ADC and 18F-FDG uptake, in agreement with other studies (64, 65). Though 
both PET/CT and DWI are functional imaging techniques they are based on 
entirely different physiological principles. It must to be pointed out that there 
are some studies which have reported a reverse correlation between mini-
mum ADC and SUVmax in the evaluation of lung lesions (66, 67). We opted 
to measure mean ADC values because most studies employ this approach for 
evaluation of ADC value (17, 44). 

Limitations  
Our studies had some limitations. Firstly, it is important to realize that our 
WB MRI protocols, which were time-restricted, differed considerably from 
dedicated regional MRI, which has a higher accuracy in detecting lesions. A 
common limitation of all our studies was the small number of patients that 
were included, thereby lowering statistical power. No biopsies were taken 
due to ethical and logistic reasons. Follow-up examinations of patients was 
also time-restricted. Under the absence of a gold-standard of pathology, we 
resorted to utilizing other imaging modalities and took these as the reference 
standard; this approach is not altogether uncommon. 

Study II included treated and untreated patients, which probably influ-
enced DWI results since different therapies will result in changes in diffu-
sion signal in various ways (12).  

We identified some difficulties in measuring ADC in small lesions (paper 
III). In this study, the negative DWI lesions of three patients could not be 
clearly identified on ADC images. In addition, because of the small size of 
lesion in patient with a positive finding on DWI, the ADC could not be 
measured. The measurement of ADC values is challenging in small or heter-
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ogeneous lesions, particularly in areas affected by motion artifacts. There-
fore, respiratory-triggered or breath-hold techniques may be optimal for 
ADC measurement in these lesions (57). In paper IV, involving the use of 
DWI, we restricted performing ADC measurements to only the largest le-
sion. Of course, the largest lesion is not always representative of all lesions. 
It may be beneficial, therefore, to perform ADC measurements on several 
lesions for each patient or, alternatively, possibly even measuring ADC val-
ues of a whole lesion, on a volume basis. 

In our studies, the generation of ADC images was carried-out by relying 
on two b-values, 0 and 1000 (paper I, II, IV), or 50 and 1000 (paper III). 
ADC measurements consisting of low b-values are susceptible to a capillary 
perfusion effect, known as the perfusion fraction (13). Thus, our ADC calcu-
lations may be to some extent influenced by this effect. Furthermore, there is 
still some discrepancy in the standardization of ADC measurements between 
different centers, which may explain differences and sometimes contradicto-
ry results. More widespread standardization of DWI techniques, suitable b-
values, and ADC analysis methods will permit more accurate comparisons 
between different studies. 

In paper III, metal clips artifacts were found to be present in six patients, as a 
result of retroperitoneal lymph-node dissection. In such instances, metal 
artifact reducing sequences, or other modalities, such as ultrasound or CT, 
can be employed. In addition, the MR examinations in paper III were per-
formed at different times to follow-up, which may have skewed our results. 
Further studies using WB MRI at the same time as follow-up or at initial 
staging of testicular cancer would be of value. 

Clinical implications 
Our study results demonstrate that DWI provides important additional in-
formation to conventional MR sequences. In particular, DWI can be per-
formed over a brief acquisition period and without administration of intrave-
nous contrast agent. Hence, we suggest incorporating DWI into the routine 
clinical MRI protocol of tumor investigation. Moreover, DWI would be es-
pecially advantageous in children, young adults and pregnancy, or when 
contrast agents are contraindicated. Furthermore, WB MRI, with head-to-toe 
coverage, may be useful for the evaluation of certain tumor types, such as 
malignant melanoma.  
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Conclusions  

Paper I 
WB DWI demonstrates high specificity for detecting bone metastases in 
patients with prostate cancer. However, its sensitivity is lower than 18F-NaF 
PET/CT.  

Paper II 
WB MRI, including DWI, is a potent tool for the evaluation of malignant 
melanoma metastases. However, WB MRI cannot completely replace CT, 
especially for screening of the thoracic region. WB DWI must be interpreted 
together with conventional MR sequences.  

Paper III 
WB MRI, with CTM technique and multi-step DWI, is a feasible method for 
the follow-up of patients with testicular cancer. DWI may provide important 
additional information in conjunction to conventional MRI sequences. 

Paper IV 
WB DWI and 18F-FDG PET/CT are promising entities in the prediction of 
clinical outcomes in lymphoma patients. Indolent NHL showed lower ADC 
compared to either HL or aggressive NHL. In a lesion-by-lesion analysis, no 
correlation was found between mean ADC and 18F-FDG PET/CT parame-
ters. 

General conclusions 
This thesis demonstrates the potential for WB MRI, including DWI, in the 
evaluation of tumors. In conjunction to conventional MR sequences, DWI 
provides important information which would otherwise remain unavailable. 
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Furthermore, ADC measurements may be potent opportunities for diagnos-
ing and prognosticating cancer patients.  

WB MRI, including DWI, is an evolving technique that is continuing to 
undergo technical refinement, e.g., software development. Standardization of 
image acquisition and analysis will be invaluable, allowing for more accu-
rate comparison between studies, and widespread application of this tech-
nique in clinical practice. This thesis confirms that the choice of imaging 
modality in cancer patient must be customized to each tumor type. Both WB 
MRI, including DWI and PET/CT, have their particular strengths and weak-
nesses in the evaluation of metastatic disease. DWI and PET/CT are differ-
ent functional techniques, so that combinations of these techniques may pro-
vide complementary and more comprehensive information of tumor tissue.  

Future Work 
Undoubtedly, further studies involving a larger population and with longer-
term follow-up are required to validate our results. We might suggest that 
such clinical studies seek to clarify the pathologic correlation between tumor 
lesion and ADC value at the time of diagnosis and during treatment.  
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Sammanfattning på svenska 

Bilddiagnostik (imaging) spelar en avgörande roll för att bedöma den lokala 
utbredningen av tumörsjukdom och om sjukdomen har spridit sig till avlägs-
na organ. Dessutom är bilddiagnostik en viktig del i uppföljningen, utvärde-
ringen av terapeutiskt svar, och bedömningen av återfall inom onkologin.  
Patienter med misstänkt tumörsjukdom genomgår ofta olika diagnostiska 
metoder, såsom ultraljud, konventionell röntgen, datortomografi och magne-
tisk resonanstomografi (MRT), för att täcka sedvanliga lokalisationer för 
metastaser. Detta tillvägagångssätt är emellertid ofta tidskrävande, dyra och 
obekväma för patienter. Helkroppstekniker, såsom positronemissionstomo-
grafi/datortomografi (PET/CT), och helkropps MRT kan vara bättre alterna-
tiv för att bedöma tumörens spridning i en enda undersökning. 

MRT erbjuder detaljerad anatomisk information med hög upplösning, och 
utan exponering för joniserande strålning. Konventionella MR-sekvenser 
såsom T1- och T2-viktade bilder har används i stor utsträckning inom speci-
fika kroppsdelar/organ för att identifiera och utvärdera maligna lesioner. Nya 
tekniska genombrott i både hård- och mjukvara, såsom parallella tekniker, 
multipla flerkanaliga ytspolar, och automatiserad bordsrörelse har möjlig-
gjort bedömning av hela kroppen inom en kort undersökningstid.  

Diffusionsviktad MR sekvens har används sedan två decennier för att 
upptäcka tidiga tecken till hjärninfarkt. Tillämpningen av denna teknik bor-
tom hjärnan har dock varit mer utmanande pga heterogena strukturer samt 
rörelseartefakter från hjärta, lungor och tarmar. Senaste årens utveckling 
inom diffusionsviktad teknik har visat en stor potential inom onkologi. Dif-
fusionsviktad sekvens tillför funktionell information och anses vara ett kom-
plement till den morfologisk information som genereras med konventionella 
MRT sekvenser. Denna teknik återspeglar slumpmässig rörelse av vattenmo-
lekyler inom kroppsvävnader. Diffusion/fri rörelse av vattenmolekyler är 
mer begränsad i vävnader med hög celltäthet, såsom tumörvävnad, eftersom 
det extracellulära utrymmet är reducerat. Diffusion är mindre begränsad 
inom vävnader med låg celltäthet eller när cellmembranet är skadat (t. ex. 
nekrotiska partier inom tumören).  B-värdet visar graden av diffusionsvikt-
ning i bilden. Diffusionsaktiviteten kan kvantifieras genom en parameter, 
apparent diffusion coefficient, vilken kan beräknas genom användning av 
minst två b-värden.  

Diffusionsviktad sekvens har tillämpats i stor utsträckning vid detektion 
och karakterisering av tumörsjukdomar. Denna MR sekvens kan potentiellt 
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även användas för att, i tidigt skede, bedöma effekten av behandling för att 
varje behandling (t.ex. kemoterapi och strålbehandling) som orsakar celldöd 
kommer att leda till ökad diffusion. Förändringar i tumörens diffusion sker 
mycket tidigare än förändringar i tumörstorlek. ADC har även använts för att 
förutse återfall och överlevnad.   

Syftet med denna avhandling var att undersöka värdet av helkropps MRT, 
inkl diffusionsviktad sekvens, för att upptäcka och karakterisera tumörer och 
för prognostisk bedömning av cancerpatienter.  

Arbete I 
I det första arbetet jämförde vi helkropps diffusionsviktad sekvens med en 
relativt ny PET-CT metod, 18F-NaF PET/CT, för att detektera skelettmeta-
staser hos patienter med högrisk prostatacancer. Vår studie visade att fluorid-
PET är en mycket känslig metod för att detektera skelettmetastaser medan 
helkroppsdiffusion hade en högre specificitet. Man kan spekulera i att om 
man kombinerar dessa två metoder kan få ökad ”accuracy” av detektionen av 
cancermetastaser jämfört med dagens metoder. Det krävs dock ytterligare 
studier för att bekräfta detta. 

Arbete II 
I arbete nummer två jämförs helkroppsdiffusion med den sedvanliga bilddia-
gnostikmetoden CT för stadieindelning av malignt melanom. Det visar sig 
att datortomografi har fördelar jämfört med helkropps MR, speciellt i thorax-
regionen för detektion av metastaser. Det finns dock vissa fördelar med hel-
kropps MRT, t.ex. för detektion av skelettlesioner, och lesioner utanför det 
undersökta området vid konventionell datortomografi, som brukar omfatta 
buk och thorax. 

Arbete III 
I det tredje arbetet har vi genomfört en utvärdering av helkropps MR med 
kontinuerlig bordsrörelse, inkl. diffusionsviktad sekvens för uppföljning av 
patienter som haft testikelcancer. Upprepade CT-undersökningar för upp-
följning, särskilt hos yngre patienter, ökar risken för strålningsrelaterade 
cancerformer. Vår studie visar att helkropps MR är användbar för detta och 
det finns en potential att med diffusion få tilläggsinformation i form av miss-
tänkta metastaser i normalstora lymfkörtlar. Slutsatsen blir att metoden ver-
kar användbar för uppföljning av patienter som haft testikelcancer men att 
ytterligare större studier behövs för att fastställa att så är fallet. 
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Arbete IV 
I det fjärde arbetet undersöker vi värdet av ADC och olika PET/CT paramet-
rar för att predicera kliniska utfallet vid olika grupper av lymfom. Vi utvär-
derar även dessa parametrar för karakterisering och diskriminering av olika 
lymfomtgrupper. Vår studie visade att kvantitativa parametrar av helkropps 
diffusion och 18F-FDG PET/CT är lovande tekniker för att förutsäga klinis-
ka utfallet och diskriminera mellan olika lymfomgrupper. Det krävs dock 
ytterligare studier för att vidare utforska dessa parametrar.  

Sammanfattning 
Denna avhandling visar att helkropps MR, inkl diffusionsviktad sekvens har 
en stor potential inom onkologin. Diffusionsviktad sekvens ger en viktig 
funktionell information. ADC mätning är en värdefull kvantitativ parameter 
vilken kan användas vid karakterisering av olika tumörer och för att förutse 
kliniska utfallet. Diffusionsviktad sekvens genomgår fortfarande teknisk 
utveckling. Standardisering av diffusionsviktad sekvens inkl ADC analys, är 
en viktig del i utvecklingen, vilket möjliggör mer exakta jämförelse mellan 
olika studier. Slutligen har både helkropps MR och PET/CT sina styrkor och 
svagheter i utvärderingen av metastaserad sjukdom. Båda helkropps MR inkl 
diffusion och PET/CT innehåller funktionell information och kombination 
av dessa modaliteter kan ge kompletterande information om cancersjukdo-
men.  
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