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ABSTRACT 

Recent technological advances within the fields of Abdominal Imaging have 
revolutionised oncological imaging. In the investigation of the solid organs in the upper 
abdomen, extensive examinations are used in order to obtain accurate information. To 
improve the early detection of –still curable– pathological changes, novel methods that 
are faster, easier and still as highly accurate as the ones currently used, are warranted; 
in that way, the needs for higher efficiency in the modern multidisciplinary 
environment can be met in a cost-effective manner. 
 
The overall purpose of this thesis was to develop and optimise MRI methods for the 
simplified oncological imaging evaluation of two important patient groups: 
a. those with pancreatic cancer, by applying diffusion-weighted (DW) MRI (studies I 

and II), and 
b. those with colorectal cancer liver metastases (CRLM), by using a novel, 

manganese-based, orally administered MRI contrast agent (CMC-001) (studies III 
and IV). 

 
In study I, the accuracy of DW MRI was evaluated and compared with a conventional 
comprehensive MRI (MRI-c) protocol in 36 patients with pancreatic lesions (12 
malignant and 24 benign) and 39 without lesions. The results showed that DW MRI has 
an accuracy that is similarly high to that of MRI-c for the detection of pancreatic 
cancer. 
In study II, three different DW MRI techniques (respiratory-triggered, free-breathing, 
and breath-hold) were compared regarding image quality, signal intensity and ADC 
measurement in 15 patients with proven pancreatic cancer. The results showed 
superiority of the respiratory-triggered technique in both analyses for demonstrating 
pancreatic cancer. 
In study III, the sensitivity of MRI to detect CRLM after ingestion of a full-dose of 
CMC-001 was compared with that of a comprehensive intravenous gadobenate 
dimeglumine protocol as well as their safety profile and patient acceptability were 
compared in 20 patients suspected of having 1-6 such lesions. The results showed that 
CMC-001 and the intravenous gadobenate dimeglumine had similar sensitivities; no 
safety issues were raised for neither contrast agent but CMC-001 had higher rates of 
gastrointestinal adverse events.  
In study IV, the efficacy of three different doses of the contrast agent CMC-001 
(corresponding to ½, ¼ and ⅛ of the full dose) as well as its safety profile and patient 
acceptability were evaluated in 32 healthy volunteers. The results showed that ½ dose 
of CMC-001 had higher efficiency and still acceptable adverse drug reactions/adverse 
events. 
 
In conclusion of studies I and II, DW MRI is as sensitive as the comprehensive MRI 
protocol in detecting pancreatic cancer and for that, the respiratory-triggering seems the 
optimal technique. In conclusion of studies III and IV, the sensitivity of the full dose of 
oral CMC-001 is as high as the intravenous gadobenate dimeglumine protocol but half-
dose of this agent should be preferred due to higher patient acceptability.  
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1 INTRODUCTION 

1.1 BACKGROUND 

The technological developments that have been accomplished in recent years within the 
fields of Abdominal Imaging have revolutionised the diagnostics of many tumour types 
(1,2). Innovations, such as the availability of high-standard hardware, routine clinical 
application of advanced software solutions and dedicated protocols, use of 
intravenously (IV) administered contrast agents of various properties as well as the 
accumulation of knowledge among radiologists, have given Diagnostic Imaging a 
pivotal role in patient management. 
In the investigation of pathologies of the solid organs in the upper abdomen, extensive 
magnetic resonance imaging (MRI) and multidetector computed tomography (MDCT) 
examinations are used in order to obtain accurate diagnostic information; and that, 
mainly due to the complex physiological behaviour of the various tumour types and the 
inherent difficulties in imaging organs subject to bulky motion (i.e. respiration). Images 
are generated both before and after the administration of IV contrast agents at multiple, 
predefined time-points (dynamic imaging). These time-consuming protocols, especially 
regarding MRI, result in the acquisition of multiple image series that have to be 
reviewed and analysed. Compared to MRI, MDCT examinations are faster to acquire, 
somehow easier to assess and more widely available at the cost of exposing the patient 
to –potentially harmful– ionizing radiation (3). MRI does not require the use of ionizing 
radiation and is a highly accurate modality for the detection of pathological changes in 
the earlier stages of the disease. However, due to the higher cost and the lack of 
availability, MRI is more often reserved as a so-called “problem-solver”, i.e. it is 
applied when other modalities previously employed did not suffice. Most of the 
patients having early and rather unspecific symptoms and signs are usually not referred 
for examination with the aforementioned expensive and extensive modalities. 
 
Thus, in order to improve the early detection of pathological changes, which may still 
be subject to curative surgery, simplified methods are warranted. These methods should 
be fast and easy to perform and assess, while maintaining high diagnostic accuracy. In 
that way, Diagnostic Imaging can meet the needs for higher efficiency that is posed by 
a lot of the other medical specialities in the modern multidisciplinary environment and, 
all that, in a cost-effective manner. 
 
The overall purpose of this thesis was to develop and optimise MRI methods for the 
simplified oncological imaging evaluation of two important groups: 

a. patients with pancreatic cancer, by applying diffusion-weighted (DW) MRI, and 
b. patients with colorectal cancer liver metastases (CRLM), by using a novel, 

manganese-based, orally administered MRI contrast agent (CMC-001). 
 
  
1.2 PANCREATIC CANCER 

Pancreatic ductal adenocarcinoma (PDAC) is a disease with poor prognosis; the overall 
5-year survival is about 5 % and one major reason is late diagnosis. At the time of 
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diagnosis, less than 10 % of patients are candidates for the only curative treatment, 
surgical resection (4). In 2008, the estimated number of new pancreatic cancer cases 
was 277 000 worldwide. During the same period, the estimated number of pancreatic 
cancer-related deaths was 266 000, suggesting that the mortality rate is 96 % of the 
incidence rate (5). Despite the great technical advances with imaging, such as 
ultrasonography, MDCT and MRI, detection of pancreatic cancer at an early stage is 
non-satisfactory; therefore, new and more efficient methods are required (6). 
 
 
1.2.1 Diffusion-weighted Magnetic Resonance Imaging 

Diffusion weighted imaging (DWI) is based upon the principles of Brownian motion 
(random thermal diffusion) of small molecules in a tissue. By applying diffusion 
weighting to a sequence (a combination of pulses and strong gradients), one can 
measure the apparent diffusion coefficient (ADC) in a given tissue and, thus, quantify 
the combined effects of capillary perfusion and water diffusion. The use of DWI as a 
diagnostic tool in neoplastic diseases is based on the principle that, in malignant 
lesions, cells have a larger volume and are more closely aligned to each other. This 
hypercellularity diminishes the extracellular space leading to restriction of the free 
movement of water particles resulting in a depressed ADC and hyperintensity (bright 
appearance) on DW images. In contrast, benign lesions (such as cysts, hemangiomas) 
are characterized by expansion of the extracellular space and not by hypercellular 
populations, which in turn eases the diffusion of water molecules which is displayed as 
high ADC and hypointensity (dark appearance) on DW images. 
 
DWI has been used for diseases of the central nervous system for two decades (7,8) –
being a particularly important tool in the diagnosis of ischemic stroke– and the 
musculoskeletal system for one decade (9,10). During recent years, DWI of diseases of 
the lower abdomen, e.g. prostate (11), urinary bladder (12), uterus (13) and rectum (14) 
has presented promising results. DWI of the upper abdomen has been a technical 
challenge due to respiration, bowel peristalsis, blood flow and long acquisition times. 
Technological advancements in the application of DWI, such as the use of high 
performance gradients, echo-planar imaging (EPI) and, more importantly, the 
implementation of parallel imaging have made DWI of the upper abdomen a feasible 
option. Valuable information can be obtained about diffuse diseases of the liver and 
pancreas, both qualitatively and quantitatively (the latter by measuring ADC) (15-21). 
In oncological imaging in particular, DWI has gained a role in the detection of 
malignant disease (22-26) as well as in the prediction and monitoring of treatment 
effects (27-30). 
 
The DWI technique most often applied in the upper abdomen is single-shot spin-echo 
echo-planar imaging (SS SE EPI) incorporating parallel imaging. Image acquisition can 
be performed during either breath-hold (BH) or non-breath-hold modes, such as 
respiratory-triggered (RT) or free-breathing (FB) techniques. Non-breath-hold 
techniques allow for multiple averaging providing higher signal-to-noise ratio (SNR) 
and thinner slices than breath-hold but at the expense of longer examination time. RT 
substantially prolongs the examination time compared to the FB approach. However, in 
the latter, anatomical details are less clearly defined and the ADC quantification is 
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probably less precise because of volume averaging. The advantage of the BH approach 
is the shorter examination time and fewer respiratory-related motion artefacts, albeit at 
the expense of the lower SNR and spatial resolution acquired as well as the limited b-
values obtained (31). 
 
 
1.3 COLORECTAL CANCER LIVER METASTASES 

 
The liver is the most common site of metastases from the gastrointestinal tract, 
including pancreatic, gastric, small bowel, and colorectal cancers (CRC). In 2008, the 
estimated number of new CRC cases was 1 233 000 worldwide. During the same 
period, the estimated number CRC-related deaths was 608 000 (the mortality rate being 
49 % of the incidence rate) (5). At the time of diagnosis, 15-20% of patients have 
distant metastases and the site most commonly involved is the liver (32). During the 
course of the primary disease, up to 50% of patients will develop liver metastases 
(CRLM) (33,34). If left untreated or with only palliative chemotherapy, the 5-year 
survival does not exceed 1 % (35,36). However, by applying improved surgical 
techniques and new chemotherapy regimes, the 5-year survival can reach 60% (37,38). 
More than half of the patients treated with curative intent surgery (resection 
with/without radiofrequency ablation [RFA]), develop recurrence within two years 
(39). 
 
 
1.3.1 Manganese chloride tetrahydrate (CMC-001) 

 
In surveillance for CRLM, the primary imaging technique is multidetector computed 
tomography (MDCT) (40-42). Contrast-enhanced ultrasound (CEUS) is also reported 
to perform well (43). However, MRI due to its superior diagnostic sensitivity and 
specificity when evaluating liver lesions plays a major role (44-46). To improve the 
detection and characterization of lesions, a number of intravenous MRI contrast agents 
have been developed. Among these, two of the T1-shortening contrast agents have 
liver-specific characteristics: gadoxetic acid (Primovist) and gadobenate dimeglumine 
(MultiHance). These contrast agents have to be administered intravenously and contain 
gadolinium, which increases the risk of nephrogenic systemic fibrosis (NSF) in patients 
with low glomerular filtration rate (GFR) (47). 
A liver-specific contrast medium that is not administered intravenously and which does 
not contain gadolinium would be of great value for evaluating patients at high risk of 
liver metastases. A novel manganese-based contrast agent, CMC-001, has been 
developed for oral administration. The active substance is manganese chloride (MnCl2) 
tetrahydrate and is combined with alanine and vitamin D3 serving as promoters for 
bowel wall absorption. Recently, MnCl2 has also been combined with ascorbic acid for 
promoting absorption from the bowel wall (48). After ingestion, manganese is absorbed 
by the small bowel and transported via the portal circulation to the liver. Manganese is 
then taken up by functioning hepatocytes and secreted into the bile duct system. In 
MRI, this will cause an increase in signal intensity (SI), both of the liver parenchyma 
and of the bile duct system (on T1-weighted sequences, optimally between 2 to 6 hours 
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after ingestion) (49). Metastases and non-functioning hepatocytes do not take up 
manganese, and thus have low SI on T1-weighted sequences. Furthermore, up to 95% 
clears from the liver at first-pass. Thus, only minimal amounts of manganese reach the 
systemic circulation, substantially reducing the risk of adverse events (AEs) correlated 
with the intravenous administration of manganese (50,51). This, in combination with 
the convenience of self-administration of the contrast agent on an outpatient basis, 2-6 
hours prior to imaging, makes the orally administered CMC-001 an interesting 
alternative for imaging of liver metastases. 
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2 AIMS OF THE THESIS 

The overall purpose of this thesis was to develop and optimise MRI methods for the 
simplified oncological imaging evaluation of the two, previously described, important 
patient groups: those with pancreatic cancer as well as those with colorectal cancer liver 
metastases. 
 
For that purpose, four studies were designed and performed, with specific aims as 
follows: 
 
Study I a) To determine sensitivity, specificity, accuracy, positive and negative 

predictive value (PPV and NPV, respectively) of DWI in detection of 
pancreatic cancer in patients investigated with MRI for suspected upper 
abdominal disease (liver, biliary tree, pancreas and kidneys/suprarenal 
glands), 
b) To compare (in the same patient group) the results of DWI with a 
comprehensive MRI (MRI-c) examination protocol, which conventionally 
does not include DWI, and 
c) To quantitatively analyse ADC values and investigate if malignant 
lesions can be differentiated from benign on the basis of these values. 
 

Study II To compare –in patients with pancreatic cancer– respiratory-triggered, free-
breathing and breath-hold DWI techniques in terms of a) subjective image 
quality and b) signal intensity (SI) characteristics and ADC measurements 
at 1.5 Tesla. 

 
Study III a) To evaluate whether the sensitivity of a full dose (i.e. 1.6 g manganese) 

of the new contrast medium to detect colorectal cancer liver metastases 
(CRLM) was comparable to that of a comprehensive gadobenate 
dimeglumine protocol, and 
b) To assess the safety profile and patient acceptability of the full dose of 
CMC-001. 
 

Study IV a) To evaluate –in healthy volunteers– the efficacy of three different doses 
of the contrast agent CMC-001, corresponding to ½, ¼ and ⅛ of the full 
dose (i.e. 0.8 g, 0.4 g and 0.2 g manganese, respectively), and 
b) To assess the safety profile and patient acceptability of these three 
different doses of CMC-001. 
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3 MATERIALS AND METHODS 

All four studies were approved by the ethical committee at Karolinska Institutet, in 
Stockholm, Sweden. 
 
3.1 PATIENTS 

Study I: During the period October 2006 – June 2007, 305 patients referred to our 
Radiological Department at Karolinska University Hospital, Huddinge –for an MRI 
examination of the upper abdomen (liver, bile ducts, pancreas, spleen and 
kidneys/suprarenal glands)– were examined in a prospective and consecutive manner 
with the use of our standard comprehensive upper abdomen protocol and additional 
DWI. Totally 75 patients fulfilled the inclusion criteria: (i) having a good overall 
diagnostic quality comprehensive MRI examination and additional DWI, and (ii) either 
histopathological proof or clinical and cross-sectional imaging follow-up ≥6 months 
(230 patients were excluded: n=24 had other MRI protocol not including DWI, n=14 
had examination of suboptimal quality and n=192 had either no surgery or cross-
sectional imaging follow-up <6 months). Eighteen of these underwent pancreatic 
surgery or had diagnostic biopsy (male/female: 10/8, mean age: 63 years) and 57 had a 
cross-sectional imaging follow-up of at least 6 months that was of good overall 
diagnostic quality (male/female, 28/29, mean age: 47 years). Of the 75 analysed 
patients, 39 had no lesion found, 12 had a malignant lesion (mean lesion size: 3.7 cm 
and standard deviation/SD: 1.9 cm) and 24 a benign lesion (mean lesion size: 2.3 cm 
and SD: 2.3). The prevalence of pancreatic cancer in the study population was 16 %. 
 
Study II: During the period May 2010 – May 2011, 16 consecutive patients fulfilled 
the inclusion criteria: (i) high suspicion of PDAC, based on previous clinical history 
and imaging findings, and undergoing surgical treatment with curative intention, (ii) no 
history of previous chemo- or radiation therapy, and (iii) no contraindication for MR 
examination. They were enrolled on a preliminary basis after providing their informed 
consent. Of these patients, one was excluded because the post-operative 
histopathological findings showed a tumour other than PDAC (gallbladder carcinoma). 
Hence, the study population comprised 15 patients (male/female: 8/7, mean age: 64 
years) with histopathologically verified PDAC. Mean lesion size was 3.2 cm (SD: 0.6 
cm) and 12 were located in the head, 1 in the body and 2 in the tail of the pancreas. 
 
Study III: During the period November 2005 – September 2007, 20 patients 
(male/female: 10/10, mean age: 64 years) were recruited prospectively and 
consecutively. All patients had been referred to the multidisciplinary team at our 
hospital for evaluation of 1 – 6 suspected CRLMs before partial liver resection. The 
suspected metastases had been observed at contrast-enhanced MDCT in 17 patients and 
at MRI in 3 patients. In addition, nine of the patients had undergone a contrast-
enhanced transabdominal ultrasound. At the final analysis (histopathology, additional 
imaging or follow-up) one or more metastases were found in 16 of the 20 patients; in 4 
patients there were no metastases. In total, 44 metastases were identified (mean size: 
19.5 mm, SD: 15.6, size range: 3 – 73 mm). Metastases were verified at histopathology 
after surgery (n=25), at combined evaluation of contrast-enhanced ultrasound and 
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gadobenate dimeglumine-enhanced MRI by a consensus committee consisting of 
radiologists and surgeons at the multidisciplinary conference (n=7), contrast-enhanced 
ultrasound performed at least 3 months later (n=8), intra-operative contrast-enhanced 
ultrasound (n=3) or contrast-enhanced MDCT 3 months later (n=1). The absence of 
metastatic lesion in four patients was confirmed by histopathology in two, by combined 
evaluation of contrast-enhanced ultrasound and gadobenate dimeglumine-enhanced 
MRI in one patient and, finally, by MDCT examination performed three months later in 
one patient. In these four patients, the suspected metastasis had been observed at 
MDCT in three patients and at gadoxetate disodium-enhanced MRI in one. 
 
Study IV: Between February and May 2010, 32 healthy volunteers (males/females: 
18/14, mean age 24.3 years) fulfilled the inclusion criteria and were preliminarily 
randomized (for a more thorough description of inclusion and exclusion criteria, the 
reader is referred to the published study IV presented at the end of the thesis). Two of 
them were excluded from the study: one withdrew the approval for personal reasons 
and one was excluded due to an incidentally found focal nodular hyperplasia (FNH). 
Both subjects were excluded after administration of one dose level of CMC-001, 
allowing their inclusion in the safety analysis. In total, 30 volunteers completed the 
study. 
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3.2 METHODS 

 
3.2.1 MRI protocol 

The MRI examinations for all four studies were performed using a commercially 
available 1.5 T MRI system (Magnetom Avanto, Siemens Medical Solutions, Erlangen, 
Germany) with body and spine matrix coil combination. For a thorough description of 
the technical details of the imaging parameters, the reader is referred to the respective 
published articles presented at the end of this thesis. 
 
Study I: The comprehensive MRI upper abdomen clinical protocol (MRI-c), serving as 
the standard examination in our daily practice was used and included standard T1- and 
T2-weighted sequences and 3D T1-weighted VIBE (volumetric interpolated breath 
hold examination) for dynamic imaging. A power injector was used for the intravenous 
administration of the contrast agent gadobenate dimeglumine, or Gd-BOPTA, 
(MultiHance, Bracco, Milan, Italy; 0.1 mmol/kg body weight at an injection rate of 
2 ml/sec) and the Care Bolus technique to ensure correct timing of the late 
arterial/parenchymal (when the pulmonary arteries were well filled with contrast the 
patient was commanded to hold his/her breath; thereafter, the acquisition of the VIBE 
sequence was started) and venous phase (acquisition was started 50 sec after start of 
arterial phase). Delayed venous phase was acquired 5 minutes after start of injection of 
contrast, as well as a supplementary liver-specific phase 2 hours later (and that for 
detection of liver metastases, should they be present). DWI was not a part of the MRI-c 
analysis. 
 
The DWI sequence (b-values 0 and 500 s/mm2) was acquired under free breathing 
using three acquisitions for averaging (number of excitations-NEX 3), STIR fat 
saturation and with the diffusion gradients applied in three orthogonal directions. An 
inter-slice gap of 1.5 mm was used. ADC maps were automatically generated on the 
MRI system’s console. 
 
Study II: All patients underwent SS SE EPI DWI of the pancreas with five b-values (0, 
50, 300, 600 and 1,000 s/mm2) with all three breathing techniques: RT, FB, and BH. 
For the RT technique, the prospective acquisition correction (PACE) technique was 
used. For the BH technique, DW images at each b-value were obtained on a single 
breath-hold at end inspiration. Coronal T2-weighted half-Fourier acquisition single-
shot turbo spin-echo (T2-HASTE) images at both end inspiration and end expiration 
were obtained before the DWI techniques for optimal slice positioning. ADC maps for 
the RT and FB techniques were generated automatically on the MRI system’s console 
(ADCRT and ADCFB, respectively) and generated manually for the BH technique 
(ADCBH) with a dedicated workstation (Leonardo, Siemens Healthcare, Erlangen, 
Germany) by fitting all the b-values in the formula: S/S0= exp(-b•ADC), where S0 
corresponds to the signal without and S to the signal with diffusion weighting. No 
intravenous contrast agent was used. 
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Study III: Two MRI examinations were performed on each patient at an interval of 
one week; orally administered manganese-based contrast medium CMC-001 (CMC 
Contrast, Lyngby, Denmark) or intravenously administered gadobenate dimeglumine 
(MultiHance, Bracco, Milan, Italy) was used in random order, based on sealed 
envelopes. 
The patients arrived at the MR unit early in the morning after one night of fasting. 
Imaging was performed before administration of contrast medium and either 3 hours 
after oral ingestion of CMC-001 or after intravenous gadobenate dimeglumine using a 
5-phase imaging protocol (unenhanced, arterioportal, portal venous, 5 min and 2 
hours), serving as our standard protocol in daily practice. The dose of CMC-001 was 
equivalent to 1.6 g MnCl2 and was dissolved in 200-400 mL of water. The dose of 
gadobenate dimeglumine was 0.1mmol/kg. 
For T1-weighted imaging, axial breath-hold 3D T1-weighted images (VIBE) were 
obtained and for T2-weighted imaging, axial T2-HASTE images were used. Total MR 
examination time for CMC-001 session was about 10 minutes each for pre- and post-
contrast imaging. At the gadobenate dimeglumine session, the total MR examination 
time was 60+10 minutes. 
In all cases of contrast-enhanced ultrasound, the microbubble-containing contrast agent 
sulphur hexafluoride (SonoVue, Bracco, Milan, Italy) was injected in a single dose of 
2.4 mg/ml followed by a flush of 5-10 ml isotonic saline; when needed, the injection 
was repeated in order to evaluate the whole liver. 
For patient safety, all examinations were evaluated at the time of the examination by 
one of the participating radiologists (NA) and the imaging findings were discussed at 
the multidisciplinary conference for decision-making. After a period of at least 6 weeks 
all examinations were re-evaluated in consensus by the two participating radiologists 
(NA and TB) for the purposes of the present study. The participating radiologists were 
aware that all patients had been referred for surgical procedure, but did not have access 
to previous studies or surgical outcome. 
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Study IV: After an initial screening, including clinical examination (physical 
examination, assessment of vital signs, electrocardiogram and recording of concomitant 
medication) and laboratory evaluation (plasma clinical chemistry, haematology and 
urinalysis), each participant underwent a liver MRI on 3 occasions: on visits 1, 2, and 3. 
Liver MRIs were performed both before and after administration of one of the three 
different dose levels of CMC-001 (CMC Contrast AB, Lyngby, Denmark). Visit 1 was 
scheduled no more than 21 days after initial screening. Visits 1, 2, and 3 were separated 
by wash-out periods of at least 6 days (i.e. 6 x 24 hours). By the completion of the 
study, each volunteer had received one dose from each dose level in a double-blind and 
random fashion. The dose levels used were: 
i) 0.8 gram Mn2Cl tetrahydrate, 0.5 gram alanine and 800 (IU) vitamin D3 

corresponding to ½ of the full dose, 
ii) 0.4 gram Mn2Cl tetrahydrate, 0.25 gram alanine and 400 (IU) vitamin D3 
corresponding to ¼, of the full dose, and 
iii) 0.2 gram Mn2Cl tetrahydrate, 0.125 gram alanine and 200 (IU) vitamin D3 
corresponding to ⅛ of the full dose. 
The CMC-001 sachets were dispensed in ordinary cold tap water and each dose was 
administered as 200 mL oral solution. 
 
Every examination included a T1-weighted sequence for study analysis and a T2-
weighted sequence (T2-HASTE) in the axial plane for characterization of incidental 
findings (such as cysts and haemangiomas, should they be present). The 3D T1-
weighted sequence was a fat-saturated VIBE, in the axial plane at end inspiration, 
which was repeated once to minimize the risk of breathing-correlated artefacts.
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3.2.2 Image evaluation 

Study I: Entry and exclusion of patients for analysis was performed by one radiologist 
(NK) having full access to the medical history, imaging and the histopathological 
findings. After 6-8 weeks all included examinations were retrospectively analysed, in 
random order without access to final diagnosis, in consensus by two radiologists 
(NA+NK). The analysis was done using a dedicated diagnostic workstation (Leonardo, 
Siemens Medical Solutions, Erlangen, Germany). Apart from the diffusion-weighted 
series including the ADC maps, the radiologists had access to the axial T2-HASTE 
sequence that served as an anatomical reference. 
 
Image analysis was performed in two parts, as follows: 
 
Qualitative analysis: a) Direct visual assessment of the DW images for detection of 
lesions and the corresponding ADC maps for characterizing them as benign or 
malignant (the latter having high signal on DW images with a b-value of 500 s/mm² 
and low signal intensity on ADC map compared to the adjacent parenchyma). All 
results were recorded and the patients classified as having benign, malignant or no 
lesions at all. 
b) The results of the DWI were compared to the results of the comprehensive MRI 
examination protocol. In the MRI-c, the criteria favouring the diagnosis of a 
adenocarcinoma were a relatively well demarcated lesion with decreased enhancement 
compared to background parenchyma in the parenchymal phase, and with a smoothly 
or beaded upstream dilatation of the pancreatic duct, exhibiting abrupt interruption. 
Imaging findings indicating a mass-forming pancreatitis were a relatively ill 
demarcated lesion with the pancreatic duct being upstream irregular and having a 
normal or smoothly stenotic calibre inside the mass ("duct penetrating" sign). In the 
case of neuroendocrine tumours, criteria were a lesion exhibiting high signal intensity 
on T2-HASTE images and intense enhancement in the parenchymal phase. 
Quantitative analysis: The apparent diffusion coefficient (ADC) of lesions was attained 
by drawing a region of interest (ROI) in the lesions –both benign and malignant– on the 
corresponding ADC maps. There was an effort to have three ROIs in the lesions and 
three ROIs in the remaining pancreatic parenchyma both down- and upstream, trying to 
avoid vessels, pancreatic and common bile ducts. The average of these three values in 
every different part was recorded. In normal subjects, three ROIs were placed in each 
anatomical part of the gland (head, body, tail) and the average of each part was 
recorded. There was no quantitative analysis performed in patients with lesions smaller 
than 10 mm (n=10 patients) due to possible partial volume averaging effects. 
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Study II: Image analysis was performed in two parts, as follows: 
 
Qualitative analysis: Two radiologists with full knowledge of the study objectives (NA 
and NE with 11 and 9 years of experience respectively in interpreting MRI 
examinations of the pancreas in daily practice) reviewed the examinations 
independently in a blinded fashion on a commercially available PACS workstation 
(Sectra, Linköping, Sweden). The evaluation was performed in two parts: 
a) Evaluation of DW images and ADC maps of the three techniques (DW images 
including ADC maps of each technique were viewed all together and independently of 
the DW images and ADC maps of the other techniques, in random order). For DW 
images, the following three parameters were rated on a four-point scale: lesion 
detection (4 = excellent, 3 = good, 2 = fair, 1 = poor), anatomy (4 = excellent, 3 = good, 
2 = fair, 1 = poor) and presence of artefacts (4 = absent, 3 = few, without interfering 
with analysis, 2 = many, interfering with analysis, 1 = immense). Their sum was the 
score of DW images (the lesion detection parameter was assigned a weighting factor of 
two). For ADC maps, two parameters were rated: lesion characterization by means of 
lesion SI compared to the adjacent parenchyma, on a three-point scale (3 = lower SI, 2 
= equal SI, 1 = higher SI) and overall image quality on a four-point scale (4 = excellent, 
3 = good, 2 = fair, 1 = poor). Their sum was the score of ADC maps.  
A total image quality score was calculated for each technique: the sum of scores from 
DW images and ADC maps, and 
b) Ranking of the techniques (all three viewed simultaneously) was carried out taking 
into consideration all the aforementioned parameters (i.e. lesion detection, anatomy and 
artefacts for DW images, and for ADC maps, lesion characterization and overall image 
quality) as superior (3), intermediate (2), or inferior (1). Results were recorded. 
The two observers had access to a coronal T2-HASTE image. 
 
Quantitative analysis: Once the qualitative analysis had been completed, one of the 
radiologists who had participated in the qualitative analysis (NA) along with another 
radiologist (NK), with 4 years’ experience in abdominal radiology, performed the 
quantitative analysis in consensus, blinded to the final diagnosis. The analysis was done 
on a commercially available PACS workstation (Sectra, Linköping, Sweden). All 
images of all techniques were viewed simultaneously for the quantitative analysis, 
which was performed in two parts: 
a) Evaluation of DW images. For signal intensity characteristics, the lesion SI was 
measured, and the lesion SNR was calculated. 
For the lesion SI measurement, a circular region of interest (ROI) was drawn onto DW 
images of b-values 50, 300, 600 and 1,000 s/mm2, encompassing as much of the lesion 
as possible while avoiding areas of large vessels, pancreatic and common bile ducts as 
well as artefacts. Two or three non-overlapping ROIs were drawn on the slice(s) where 
the lesion was at its largest, and the average of these was recorded. 
For the lesion SNR, the formula used was: 

SNRLesion= SILesion/SDnoise, where SDnoise is the standard deviation of noise. 
 
Because of spatially varying image noise at the application of parallel imaging, the 
literature suggests performing noise measurements in a homogenous region in close 
proximity to the signal intensity measurement site (52). Therefore, for noise 
measurements, we chose homogenous areas of fat in the posterior peri-pancreatic 
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space. Depending on the number of ROIs obtained for the corresponding lesion, two or 
three measurements were performed and their average was recorded, and 
b) Evaluation of ADC maps. For ADC measurements, ROIs were drawn onto all ADC 
maps (i.e. ADCRT, ADCFB and ADCBH) in a similar way as described above for lesion 
SI. The average of two or three values was recorded. For calculating the coefficient of 
variation (CV) of ADC, the standard deviation (SD) of the ROIs used for ADC 
measurement were used in the following formula: 

CV= SD of ADC/mean ADC x 100 % 
 



 

 14 

Study III: Image analysis was performed in two parts, as follows: 
 
Lesion detection analysis: The non-enhanced series were first evaluated, then the 
corresponding contrast-enhanced series. In 10 patients, the CMC-001-enhanced 
examination was evaluated first; in the other 10, the comprehensive gadobenate 
dimeglumine examination was evaluated first. Irrespectively of order, the CMC-001 
and the dimeglumine session were evaluated with an interval of at least one week. 
When evaluating CMC-enhanced images, both T1-weighted and T2-HASTE images 
were used. Criteria for the diagnosis of metastasis were low signal intensity at T1-
weighted images and slightly high signal intensity at T2-HASTE images. Criteria for 
classifying a lesion as non-metastatic (i.e. haemangioma or/and cyst) were low signal 
intensity at T1-weighted images and markedly high signal intensity at T2-HASTE 
images. When evaluating gadobenate dimeglumine-enhanced images, the whole 
comprehensive protocol was used. Criteria for the diagnosis of liver metastasis were 
slightly hyperintense appearance in the T2-HASTE series, discrete peripheral rim 
contrast enhancement in the arterial and/or portal venous phases, and hypointense 
appearance in the liver-specific phase of the contrast enhanced series (2 hours after 
administration of contrast medium). Criteria for the diagnosis of haemangioma were 
presence of discontinuous nodular peripheral enhancement following intravenous 
contrast agent administration and markedly high signal intensity at T2-HASTE series. 
Criteria for the diagnosis of cyst were absence of enhancement following intravenous 
contrast agent administration and markedly high signal intensity at T2-HASTE series. 
The number of metastases and their greatest diameter were recorded. 
 
Quantitative analysis: The two participating radiologists (NA and TB) performed the 
quantitative analysis shortly after the lesion detection analysis was completed. There 
were two sets of unenhanced images of the liver: one before CMC-001 and one before 
gadobenate dimeglumine. For the calculations of lesion signal intensity before contrast 
medium administration, the chronologically first of the two unenhanced series was 
used; for the calculations after contrast administration, only the hepatospecific phases 
were used (i.e. the T1-weighted image 3 hours after ingestion of CMC-001 or the T1-
weighted image 2 hours after intravenous injection of gadobenate dimeglumine, 
respectively). 
The signal intensity of the metastasis was obtained from a centrally placed circular ROI 
with half the diameter of the metastasis. The signal intensity of the surrounding liver 
was obtained from a representative region near the metastasis, in the same image, on 
the same anteroposterior level. The metastasis-to-liver ratio was calculated as: 

Metastasis-to-liver ratio = (Liver SI-metastasis SI)/ Liver SI 
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Study IV: On completion of the study, all images were evaluated in consensus by two 
radiologists (NA and TB) experienced in abdominal imaging (10 and 6 years, 
respectively). The evaluation was performed on a PACS workstation (Sectra, 
Linköping, Sweden). At the time of image evaluation, both radiologists were blinded to 
the doses given. The efficacy variables were assessed by using the images derived by 
the T1-weighted sequence, at baseline and post-contrast. Data for assessing the efficacy 
variables were obtained from volunteers who completed the study (n=30). There were 
one primary and six secondary variables. 
 
Primary variable: The primary efficacy variable was the calculation of the increase in 
liver-to-muscle signal intensity (SI) ratio from baseline (SIpre) to post-contrast (SIpost). 
A circular region of interest (ROI) was placed in corresponding locations at the liver 
parenchyma and paraspinal musculature on baseline and post-contrast images avoiding 
degrading artefacts. The following formula was used to calculate the increase in liver-
to-muscle signal intensity (SI) ratio: 

SIpost – SIpre= (Liver SIpost/ Muscle SIpost) - (Liver SIpre/ Muscle SIpre). 
 
Secondary variables:  
i) Relative increase in the signal intensity of the liver from baseline to post-contrast: A 
circular ROI was placed in corresponding locations at the liver parenchyma on baseline 
and post-contrast images. The following formula was used to calculate the relative 
increase in liver SI:  

[Liver SIpost - Liver SIpre )/ Liver SIpre] x 100 % * 
{* this formula was accidentally written [(Liver SIpost - Liver SIpre )/ Liver SIpost] x 100 
%, in the published original article}. 
ii) Ranking of overall image quality of post-contrast images: Overall image quality was 
defined as the ability to delineate peripheral small liver vessel branches in combination 
with the subjectively assessed signal-to-noise ratio (SNR). The image set presenting the 
most satisfactory overall image quality was ranked superior, the second best 
intermediate, and the least satisfactory inferior. The window level was automatically 
optimized for each visit by pressing F1 on the workstation; thereby the mean SI of all 
image-generating voxels in the image was set as the window level (WL) while 4 times 
their standard deviation was used as the window width (WW). 
iii) Overall contrast medium uptake in the liver: The window level was the same for all 
visits, and was the same automatic optimized level and width of the pre-contrast series 
(as described above). The assessment was performed subjectively and the uptake was 
defined in a four-point scale as excellent, good, fair or poor. 
iv) Homogeneity of contrast medium uptake in the liver: The assessment was 
performed subjectively and the homogeneity was defined in a three-point scale as 
homogeneous, slightly inhomogeneous or patchy. 
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3.2.3 Safety analyses 

Safety analysis was performed for studies III and IV. 
 
Study III: Patients were carefully monitored for occurrence of AE (adverse events) at 
1 and 2 hours after contrast medium administration and were additionally contacted by 
telephone at 24 and 48 hours after each product administration for a follow-up of any 
on-going or additional AE. AE were judged by the investigator as mild, moderate, or 
severe and those judged as having a reasonable causal relationship to the contrast 
agents qualified as adverse drug reactions (ADR). Other safety variables evaluated both 
before and at various time points after contrast medium administration included clinical 
laboratory assessments (serum clinical chemistry, haematology, serology, urinalysis), 
vital signs (blood pressure and heart pulse rate), electrocardiogram (ECG) and physical 
examination (data not shown). 
 
Study IV: For the evaluation of safety and acceptability of CMC-001, the following 
variables were assessed based on data obtained from individuals who were exposed to 
at least one dose level of CMC-001 (i.e. the 30 individuals that completed the study and 
the 2 individuals that were excluded from the efficacy evaluation): 
i) Adverse events. Monitoring of occurrence and follow-up of AEs was done at 1, 2 and 
3 hours after contrast administration on each visit. Furthermore, after the participants 
left the imaging suite, they were contacted by telephone at 24 hours, 48 hours and on 
day 6 after contrast administration. The investigator judged all AEs as mild, moderate 
or severe. ADRs are those AEs that are possibly or probably related to the 
administration of CMC-001. 
ii) Physical examination before and 3 hours after contrast administration. The physical 
examination included the evaluation of the volunteer’s general appearance, mouth and 
throat, heart, lungs, abdomen and neurological system  (assessed as normal or 
abnormal; in case of abnormal findings, these were classified as clinically significant or 
not). 
iii) Vital signs (blood pressure and heart rate) before and at 1, 2 and 3 hours after 
contrast administration. 
iv) Electrocardiogram (ECG) before and 3 hours after contrast administration. 
v) Clinical laboratory evaluation (clinical chemistry, haematology, urinalysis) before 
and 3 hours after contrast administration. 
vi) Manganese blood concentration, before and 3 hours after contrast administration, 
was determined using Graphite Furnace Atomic Absorption Spectrometry with Zeeman 
background correction (Z-GFAAS). The reference range is 0-330 nmol/L. 
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3.2.4 Statistical analyses 

The statistical analyses for all studies were performed using SAS statistic software (The 
SAS system for Windows 9.2, SAS Institute Inc., Cary, NC, USA). A P-value of <0.05 
was considered as significant. 
 
Studies I and II: Multiple comparisons of continuous data were performed by analysis 
of variance (ANOVA). In the case of a statistically significant result in the ANOVA, 
statistical comparisons were made using the post-hoc test proposed by Fisher to control 
for multiplicity. Statistical comparisons in order to test differences between two groups 
were made by use of Student’s t-test for uncorrelated means, after validation for normal 
distribution by use of the Shapiro-Wilk test. The within group analysis was made by 
use of pair-wise Student’s t-test for correlated means. In order to evaluate hypotheses of 
variables in contingency tables, the chi-square test was used or, in the case of small 
expected frequencies, Fisher's Exact Test. In addition, descriptive statistics and 
graphical methods were used to characterize the data. 
 
Study III: The calculation was based on a one-sample t-test. Non-parametric tests we-
re assessed by McNemar’s test (number of metastases after CMC-001 vs. unenhanced 
and after gadobenate dimeglumine vs. unenhanced). Parametric test (comparison of 
metastasis to liver ratio) was done by using Student’s paired t-test. 
 
Study IV: An ANOVA for the cross-over design was used to compare dose levels for 
the primary variable. Since the result from the carry-over test was not significant on a 
5% level, a model without carry-over effects was used to make pairwise comparisons 
between the dose levels. Adjustment of the statistical significance level was made using 
the Hochberg's method. The non-parametric Wilcoxon signed-rank test was performed 
as a sensitivity analysis of the pairwise comparisons for the primary variable. 
Otherwise, the statistical analysis was performed as discussed previously in studies I 
and II. 
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4 RESULTS 

Study I: The study results were as follows: 
 
Qualitative analysis: In direct visual assessment, 11 out of 12 malignant lesions were 
detected and correctly characterized with DWI, while all (12 /12) with comprehensive 
MRI (Figure 1). 

Out of the 24 benign 
lesions, 22 were 
correctly characterised 
with both DWI and 
MRI-c. There were two 
false positive lesions 
with both DWI and 
MRI-c: one patient 
with a pseudocyst and 
one with a small lymph 
node (using DWI), and 
two patients with mass-
forming pancreatitis (at 
MRI-c). Furthermore, 
there was one false 
negative case with 
DWI (neuroendocrine 
tumour) and none with 
MRI-c. The accuracy 
was 96 % for DWI and 
97 % for MRI-c (Table 
1). 
 

Table 1. Qualitative analysis of DWI and MRI-c for pancreatic carcinoma  
  Sensitivity Specificity Accuracy PPV NPV 
DWI 92 % 97 % 96 % 85 % 98 % 
MRI-c 100 % 97 % 97 % 86 % 100 % 

Figure 1. MR images of a patient with histopathologically proven 
pancreatic adenocarcinoma. The lesion (arrow) showed high signal 
intensity in DW images with b-values of 0 (a) and 500 (b) compared 
with the adjacent parenchyma and low signal intensity on 
corresponding ADC map (c), findings typical for malignancy. On the 
T2-HASTE image (d), the lesion had relatively low signal intensity 
and there was upstream dilatation of the pancreatic duct 
(arrowheads). In the parenchymal phase of the contrast-enhanced 
dynamic VIBE series (e), the tumour exhibited relatively well 
demarcated, decreased contrast enhancement that gradually 
increased in the venous phase (f) and was correctly characterized as 
malignant 
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Quantitative analysis: The mean ADC value of the malignant lesions was significantly 
lower compared to benign lesions (presented in Table 2). The ADC values of malignant 
and benign lesions are presented as a boxplot and scatterplot diagram in Figure 2; in 
this diagram there is clear overlap with four benign lesions being in the range of 
malignant lesions. The ADC values of the various malignant lesions are presented as a 
scatterplot diagram in Figure 3.  
 

The difference between the ADC value of the lesion and the parenchyma (upstream or 
downstream or mean value of upstream and downstream) was significantly lower in 
malignant lesions compared to benign (P=0.0003, 0.0184 and 0.0126 respectively; the 
latter presented in Table 2). The ratio between the ADC value of the lesion and the 
parenchyma (upstream or downstream or mean value of upstream and downstream) 
was significantly lower in malignant lesions compared to benign (P=0.0004, 0.0298 
and 0.0198 respectively; the latter presented in Table 2). 
 
Table 2. Quantitative analysis of DWI for pancreatic carcinoma 

 
Mean ADC1 (SD) 
 

ADC1 (SD) difference  
lesion-parenchyma2 

ADC1 (SD) ratio 
lesion/parenchyma2 

Benign 2.57 (1.17) 1.33  (0.88) 1.87 (0.62) 
Malignant 1.40 (0.30) -0.34 (0.29) 0.82 (0.16) 
P-value 0.0025 0.0126 0.0198 
1 ADC values expressed in 10-3 mm2/s; 
 2 mean value of upstream and downstream 
 
In subjects with no lesions, the mean ADC value of the pancreatic head, body and tail 
were 1.61 (SD=0.25), 1.68 (SD=0.22) and 1.55 (SD=0.21) x 10-3 mm²/s, respectively.  
 

Figure 2. Boxplot and scatterplot of the ADC 
values of benign and malignant lesions 

Figure 3. Scatterplot of the ADC values of the 
various malignant lesions 
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Study II: The study results were as follows: 
 
Qualitative analysis: 
a) The total image quality scores (average of two readers) for the RT, FB and BH 
techniques were 17.9, 16.5 and 17.1 respectively (Table 3 and Figure 4). The total 
image quality score of RT was significantly higher compared to FB and higher –but not 
significantly– compared to BH. 

 
 

Table 3. Total image quality score as well as rating of all individual parameters (for 
details, please see Materials and Methods section) of respiratory-triggered (RT), free-
breathing (FB) and breath-hold (BH) techniques for each reader and their average 
 Detec-

tion 
Ana-
tomy 

Arte- 
facts 

DWI 
score1 

Characte- 
risation 

Qua-
lity 

ADC 
score 

Total image 
quality score2 

RT         
Reader 1 3.60 3.47 2.73 13.40 2.87 3.00 5.87 19.27 
Reader 2 2.93 2.87 2.87 11.60 3.00 1.93 4.93 16.53 
Average 3.30 3.16 2.80 12.50 2.93 2.47 5.40 17.90a 
         
FB         
Reader 1 3.20 2.80 2.53 11.73 2.80 2.60 5.40 17.13 
Reader 2 2.87 2.60 2.80 11.00 3.00 1.87 4.87 15.87 
Average 3.03 2.70 2.67 11.37 2.90 2.23 5.13 16.50b 
         
BH         
Reader 1 3.47 3.13 2.53 12.6 2.93 2.47 5.40 18.00 
Reader 2 3.13 2.73 2.80 11.8 3.00 1.40 4.40 16.20 
Average 3.30 2.93 2.67 12.20 2.97 1.93 4.90 17.10c 
1The parameter ‘detection’ was assigned a weighting factor of 2 
2The sum of DWI and ADC score 

a vs. b: significant 
a vs. c and b vs. c: not significant 



 

 21 

 
 

 
b) Regarding ranking of the techniques, RT was ranked significantly higher compared 
to both FB and BH (2.6, 1.6, and 1.8 respectively). Table 4 presents the ranking of the 
three techniques for each reader and their averages. A typical imaging example of 
ranking is presented in Figure 4. 

 
 
 
 
 
 

Table 4. Ranking of RT, FB and BH sequences 
for each reader and their average 
 RT FB BH 
Reader 1 2.4 1.4 2.2 
Reader 2 2.9 1.7 1.4 
Average* 2.6 1.6 1.8 
*RT vs. FB and RT vs. BH: significant 
 FB vs. BH: not significant 

Figure 4. A typical imaging example of the total image quality score and ranking of all three 
breathing techniques and all b-values used in a patient with pancreatic adenocarcinoma (arrow). 
For this patient, the total image quality score (mean of two readers) was 19 for respiratory-
triggered (RT; upper row), 16 for free-breathing (FB; middle row) and 15 for breath-hold (BH; 
lower row). Both readers ranked RT superior, FB intermediate and BH inferior 
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Quantitative analysis: 
a) Lesion SI on all b-values was significantly higher for RT compared to FB and BH. 
Lesion SNR on b300 and b600 was significantly higher for RT compared to FB and 
BH. Lesion SNRs on b50 and b1000 for RT were higher –but not significantly–
compared to FB and significantly higher compared to BH (Figure 5 and Table 5). 

Figure 5. An imaging example of lesion SI as well as noise measurements at the posterior peri-
pancreatic space on b300 and b600 for all three techniques. Lesion SI and signal-to-noise ratio 
(SNR) are clearly higher for RT (upper row) compared to FB (middle row) and BH (lower row) 
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b) Mean values of ADCRT, ADCFB and ADCBH were 1.20, 1.13 and 1.25 x 10-3 mm2/s 
respectively. There was no significant difference between RT and BH techniques; BH 
was significantly higher compared to FB. Mean CVs of ADCRT, ADCFB and ADCBH 
were 8.9, 10.8 and 14.1 % respectively. 
The mean CV of ADCRT was lower –but not significantly– compared to CV of ADCFB. 
Both were significantly lower than the CV of ADCBH BH (Table 6). 
 

 

Table 5. Lesion signal intensity (SI) and signal-to-noise ratio (SNR) for RT, FB and 
BH techniques and all b-values used 
b-value RT FB BH  RT vs. FB RT vs. BH FB vs. BH 
 Mean SI     
50 154 95 96  P<0.05 P<0.05 NS 
300 106 67 68  P<0.05 P<0.05 NS 
600 75 47 46  P<0.05 P<0.05 NS 
1,000 50 33 30  P<0.05 P<0.05 NS 
        
 Mean SNR     
50 28 24 18  NS P<0.05 NS 
300 27 20 18  P<0.05 P<0.05 NS 
600 21 15 11  P<0.05 P<0.05 NS 
1,000 16 12 8  NS P<0.05 NS 
NS = not significant 

Table 6. Mean ADC values and mean values of coefficient of variation (CV) of ADC 
for RT, FB and BH techniques 
 RT FB BH  RT vs. FB RT vs. BH FB vs. BH 

Mean ADC  
(x10-3 mm/s2) 

1.201 1.132 1.253  NS NS P<0.05 

Mean CV of ADC 
(%) 

8.9 10.8 14.1  NS P<0.05 P<0.05 
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Study III: The study results were as follows: 
 
Lesion detection analysis: At the unenhanced T1-weighted image series, 27 of 44 
metastases were detected (sensitivity 61 %, Table 7). 
 

 
After contrast medium administration, a statistically significantly greater number of 
metastases were detected: after CMC-001, 41 of 44 metastases were detected 
(sensitivity 93 %, P<0.01) and after gadobenate dimeglumine 42 of 44 metastases were 
detected (sensitivity 95 %, P<0.001) (Figure 6). 

Table 7. The number of liver metastases detected before and after contrast medium 
administration 
 Unenhanced CMC-001 Gadobenate 

dimeglumine 
True Positive 27A 41B 42C 

False Negative 17 3 2 
False Positive 7 15 2 
    
Sensitivity 61% 93% 95% 
A vs. B P<0.0001, A vs. C P<0.0001, B vs. C not significant 

Figure 6. A typical case of colorectal liver metastasis. On the T1-weighted images, the 
metastasis (black arrow) has lower signal intensity compared to the surrounding liver 
parenchyma at all phases –before contrast administration (a,b), two hours after intravenous 
administration of gadobenate dimeglumine (c) and three hours after oral ingestion of CMC-
001 (d). Some grade of enhancement of the lesion is observed after intravenous administration 
of gadobenate dimeglumine (c) but not after ingestion of CMC-001 (d). The white arrows 
indicate liver vessels. 
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There was no statistically significant difference in the number of detected metastases 
between CMC-001 and gadobenate dimeglumine. There were more false positive 
lesions detected at CMC-001 than at gadobenate dimeglumine (Table 8). 

 

Table 8. False positive lesions 
 CMC-001 Gadobenate  

dimeglumine 
FNH   4*  
Haemangioma 4  
Fibrotic haemangioma 2 2 
Vessel 2  
Dysfunction / low uptake     2**  
Clips 1  
   
Total 15 2 
*all focal nodular hyperplasias (FNH) were observed in the same patient 
** both false positive lesions observed in the same patient 
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A false positive result for both CMC-001 and gadobenate dimeglumine-enhanced liver 
MRI is presented in Figure 7. 

 Figure 7. A histopathologically proven fibrotic haemangioma (arrow) being falsely classified as 
metastasis on both gadobenate dimeglumine and CMC-001 enhanced MRI. On a T2-HASTE 
image (a), the lesion is faintly hyperintense (arrow). On the T1-weighted images, both before 
(b) and after injection of gadobenate dimeglumine [arterial (c), portal venous (d) and 
hepatobiliary (e) phases] as well as 3 hours after ingestion of CMC-001 (f), the lesion has low 
signal intensity, being impossible to differentiate from metastasis. 
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Quantitative analysis: The mean metastasis-to-liver ratio increased from 0.22 
(SD=0.16) before administration of contrast to 0.51 after CMC-001 (SD=0.17) 
P<0.0001, but was unchanged after gadobenate dimeglumine [0.21 (SD=0.15) before 
and 0.21 (SD=0.09) after] (Table 9). 
 

 

Table 9. Mean signal intensity (SI), of liver and metastases before and after contrast 
medium administration. The SI is in arbitrary units (one standard deviation within 
parenthesis) 
 CMC Gadobenate dimeglumine 

 Unenhanced 
 

Post contrast  
3 hours  

Unenhanced 
 

Post contrast  
2 hours  

Liver SI 160 (35) 268 (91)A 160 (37) 267 (75)B 

Metastasis SI  122 (27) 122 (31)C 127 (32) 207 (53)D 

Metastasis to liver 
ratio 

0.22 (0.16) 0.51 (0.17)E 0.21 (0.15) 0.21 (0.09)F 

A vs. B not significant 
C vs. D P< 0.0001 
E vs. F P< 0.0001 
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Safety analysis: A total of 38 unique AE were reported in 19 patients. After CMC-001 
administration, there were 31 AE reported (24 judged to be ADR) and after gadobenate 
dimeglumine, there were 9 AE reported (3 judged to be ADR). The number of patients 
with at least 1 AE was 19 after CMC-001 and 8 after gadobenate dimeglumine (Table 
10). 
 
Table 10. Total number of participants and occurrence of adverse events (AE) and adverse 
drug reactions (ADR), and intensity of AE for CMC-001 and gadobenate dimeglumine 
enhanced liver MRI 

 CMC-001  Gadobenate dimeglumine  

Total number of participants 20 20 

Participants with at least one AE 19 (95%) 8 (40%) 

Number of ADR/AE 24/31 3/9 

Intensity of AE 
(mild/moderate/severe) 

20/10/1 7/2/0 

 
The most common AE were diarrhoea (12 AE in total, 12 after CMC-001 and 0 after 
gadobenate dimeglumine) and nausea (4 after CMC-001 and 2 after gadobenate 
dimeglumine). The most common ADR was diarrhoea (12 after CMC-001 and 0 after 
gadobenate dimeglumine) followed by supraventricular extrasystoles (1 after CMC-001 
and 0 after gadobenate dimeglumine), back pain (1 after CMC-001 and 0 after 
gadobenate dimeglumine), headache (1 after CMC-001 and 0 after gadobenate 
dimeglumine) and urticaria (0 after CMC-001 and 1 after gadobenate dimeglumine). 
The majority of adverse events were mild (20 AE after CMC-001 and 7 after 
gadobenate dimeglumine) or moderate (10 AE after CMC-001 and 2 after gadobenate 
dimeglumine). One AE (back pain judged to be possibly related to CMC-001) was 
recorded as severe in intensity. No serious AE were reported. 
There were no clinically significant changes in clinical laboratory changes, vital signs, 
ECG or at physical examination. 



 

 29 

Study IV: The study results were as follows: 
 
Primary efficacy variable: The increase in liver-to-muscle SI ratio from baseline to 

post-contrast was most pronounced 
at the 0.8 g dose level (mean 
increase in ratio=0.696; SD=0.238), 
followed by the 0.4 g dose level 
(0.458; 0.272) and 0.2 g dose level 
(0.223; 0.143) (Figure 8); there was 
statistical significance (P<0.0001) in 
all three pairwise comparisons 
(Table 11). 
 
 
 
 
 

 
 
 
 
 

 
Table 11. Mean increase in liver-to-muscle SI ratio and relative increase in liver SI from 
baseline to post-contrast for each dose level of the contrast agent CMC-001 
 0.8 g 0.4 g 0.2 g 
Increase in liver-to-muscle SI ratio (SD) 0.696 (0.238)a 0.458 (0.272)b 0.223 (0.143)c 

Relative increase in liver SI, in % 57d 33e 19f 

a vs. b P<0.0001, a vs. c P<0.0001, b vs. c P<0.0001 
d vs. e P<0.05, d vs. f P<0.05, e vs. f P<0.05 
SD: standard deviation 

 
Secondary efficacy variables: 
i) Relative increase in liver SI from baseline to post-contrast: The mean relative 
increase in liver SI was higher for the 0.8 g dose level (57 %) compared to the 0.4 g 
dose level (33 %) and the 0.2 g dose level (19 %). There was statistical significance 
(P<0.05) in all three pairwise comparisons (Table 11). 

Figure 8. The increase in liver-to-muscle signal inten-
sity (SI) ratio after administration of CMC-001 versus 
each dose level. Points indicate mean values and bars 
95% confidence intervals. 



 

 30 

 
ii) Ranking of overall image quality of post-contrast images: The most frequent ranking 

at the 0.8 g dose level 
was superior (17 of 
30 MR images); at the 
0.4 g dose level it was 
intermediate (16 of 30 
MR images); and at 
the 0.2 g dose level it 
was inferior (19 of 
30), with all pairwise 
comparisons between 
the three dose levels 
having statistically 

significant difference (P<0.05) (Table 12 and Figure 9). 
 

 
 

Table 12. Ranking of overall image quality* for each dose level 
of the contrast agent CMC-001 

 0.8 g 0.4 g 0.2 g 

Superior 17 7 6 

Intermediate 9 16 5 

Inferior 4 7 19 

*For details please see Materials and Methods section 
0.8g vs. 0.4g P<0.05; 0.8g vs. 0.2g P<0.001; 0.4g vs. 0.2g  P<0.01 
 

Figure 9. Fat-saturated 3D gradient-echo T1-weighted images of a healthy male volunteer 3 hours 
after oral ingestion of 0.8 g (a), 0.4 g (b) and 0.2 g (c) of the contrast agent CMC-001 on three 
different occasions. With regard to overall image quality, image (a) was ranked superior, image (b) 
intermediate, and image (c) inferior. The three different image sets were viewed simultaneously. 
Each image was optimized using the F1 function of the workstation (for details, please see 
Materials and Methods section). 
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iii) Overall contrast medium uptake in the liver: 93% of participants (28 of 30) showed 
better results in overall contrast medium uptake in the liver at the 0.8 g and 57% (17 of 
30) at the 0.4 g dose levels compared to the 0.2 g dose level (P<0.001 and P>0.05, 
respectively). At the 0.8 g dose level, 70% of participants (21 of 30) showed better 
results compared to the 0.4 g dose level (P<0.01) (Figure 10). 

 
iv) Homogeneity of contrast medium uptake in the liver: Irrespective of dose level, 
most participants had the same results for homogeneity of contrast medium uptake in 
the liver. 
 

Figure 10. Fat-saturated 3D gradient-echo T1-weighted images of the same volunteer as in Figure 
9. Images before (a) and after (d) ingestion of 0.8 g, before (b) and after (e) ingestion of 0.4 g, and 
before (c) and after (f) ingestion of 0.2 g. The overall contrast medium uptake was rated as 
excellent in (d), good in (e), and poor in (f). Images after contrast (d,e,f) were viewed 
simultaneously with the respective unenhanced images (a,b,c). The window level/center settings 
were optimized using the parameters of the unenhanced images (for details, please see Materials 
and Methods section). 
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Safety: 
i) Adverse events: A total of 89 AEs were reported in the study (Table 13). 
 

 
The most common AEs were gastrointestinal disorders (diarrhoea, 19; nausea, 19; 
flatulence, 9), followed by nervous system disorders (headache, 9). Sixty-two of these 
89 were considered to be ADRs. The number of participants with at least one ADR 
increased with increasing dose level. Likewise, the number of unique ADRs increased 
with increasing dose level (Table 13). All cases of diarrhoea, all but two cases of 
nausea, all cases of flatulence and 2 of the 9 reported cases of headache were 
considered to be ADRs (Table 14). 
 
Table 14. The most common adverse drug reactions (ADRs) for each dose level of 
the contrast agent CMC-001 

 ADR 0.8 g  0.4 g  0.2 g   

Gastrointestinal disorders Total  32  11  8  

 Diarrhoea  12 2 5  

 Nausea  13 2 2  

 Flatulence 6 3 0  

Nervous system disorders Total  1 1  0  

 Headache 1 1 0  

General disorders Total 2 1 0  

 Fatigue 2 1 0  

 

Table 13. Overview of adverse events (AE) and adverse drug reactions (ADR) for each 
dose level of the contrast agent CMC-001 

 0.8 g  0.4 g  0.2 g 

Total number of participants 31a 31a 30 

Participants with at least one AE 25 (80.6%) 18 (58.1%) 10 (33.3%) 

Participants with at least one ADR 22 (71.0 %) 13 (41.9 %) 7 (23.3%) 

Number of uniqueb ADRs/AEs  37/44 15/27 8/15 

a data obtained from individuals that were exposed to at least one dose level of CMC-001; for 
details please see Materials and Methods section 
b i.e. those ADRs/AEs of a specific preferred term, counted only once in each participant and 
dose level 
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Of the 89 AEs reported in the study only two were considered to be severe in intensity 
(Table 15). These were two cases of diarrhoea (1 at the 0.8 g dose level and 1 at the 0.2 
g dose level), and both were considered ADRs. Eight were considered ADRs with 
moderate intensity (diarrhoea 3; nausea 2; flatulence 2; vomiting 1). There were no 
serious ADRs leading to discontinuation of the investigational product. 
 

Table 15. Number of serious, severe, moderate and mild ADRs/AEs for each dose 
level of the contrast agent CMC-001  

 0.8 g 0.4 g 0.2 g 

Serious ADRs/AEs 0/0 0/0 0/0 

Severe ADRs/AEs 1/1 0/0  1/1 

Moderate ADRs/AEs 6/8 1/4 1/1 

Mild ADRs/AEs  32/37  14/24 6/13 

 
ii) Physical examination: No clinically significant abnormalities were recorded in the 
study. 
iii) Vital signs (blood pressure, heart rate): No clinically significant abnormalities were 
recorded in the study. 
iv) Electrocardiogram (ECG): No clinically significant abnormalities were recorded in 
the study. 
v) Clinical laboratory evaluation (standard safety parameters): Occasional out-of-range 
values were observed for the clinical chemistry, haematology and urinalysis parameters 
assessed in the study. Of these, some were considered to be possibly related to the 
administration of CMC-001: white blood cell elevation of mild intensity was observed 
after receiving the 0.4 g dose level (2 participants) and the 0.8 g dose level (2 
participants). 
vi) Manganese blood concentration: There were no out-of-range values for manganese 
blood concentration. However, an increase of mean manganese blood concentration 
was observed with increasing dose levels. Specifically, at the 0.8 g dose level, 165 
(SD=44) nmol/L was observed before and 193 (48) nmol/L 3 hours after ingestion, 
while at the 0.4 g dose level, 173 (42) nmol/L was observed before and 185 (47) 
nmol/L 3 hours after, and at the 0.2 g dose level, 170 (43) nmol/L was observed before 
and 179 (46) nmol/L 3 hours after. 
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5 DISCUSSION 

 
Studies I and II: 
 
The results from study I showed that qualitative DWI of pancreatic cancer had an 
accuracy of 96 % that is similar to the comprehensive MRI protocol in that study 
population. Besides, the sensitivity and specificity of 92 % and 97 % are comparable to 
corresponding data (96.2 % and 98.6 %) in a study on DWI by Ichikawa et al. (25). 
Dynamic gadolinium-enhanced MRI without DWI has been reported having sensitivity 
and specificity up to 97.7 % and 85.1 %, respectively (53). Multidetector CT (MDCT), 
positron emission tomography with computed tomography (PET-CT), endoscopic 
ultrasound (EUS) have a reported sensitivity of 94 %, 89 % and 100 %, respectively 
and specificity of 87 %, 88 % and 50 %, respectively (54-56). Transabdominal 
ultrasound has been reported having sensitivity and specificity of up to 86 and 88 %, 
respectively, if a clinical diagnosis was permitted. However, if including patients where 
the gland was obscured, on the grounds of body habitus or interposition of gas-filled 
bowel loops, the sensitivity drops to 63 % (57). In the population of study I (n=75), 11 
out of 12 patients with malignant tumours were correctly diagnosed using DWI and in 
only two patients there were false positive lesions. Additionally, the mean ADC values 
of malignant tumours were significantly lower compared to benign lesions but, as 
mentioned earlier, there was a considerable overlap as four of the benign lesions had 
ADC values in the range of malignant lesions. This indicates that qualitative DWI 
seems to be more accurate than the quantitative analysis and can be used as an accurate 
method for detection of pancreatic cancer. If positive, a complementary comprehensive 
study (MRI or MDCT) will probably be needed for staging. If negative, then pancreatic 
cancer is excluded (NPV of 98 %) and the forthcoming investigations can be more 
focused on other entities presenting with similar symptoms. From our experience, both 
the examination and the reading time are much shorter for DWI compared to 
comprehensive MRI, which further speaks in favour of DWI. 
 
One of the false positive DWI lesions in study I was a pseudocyst with restricted 
diffusion. To our knowledge, there is no previous study pointing out that pseudocysts 
can show some grade of restriction in diffusion. However, abscesses in the brain show 
restricted diffusion and is thought to be due to its content of high-viscosity fluid with 
necrotic and inflammatory cells (58,59). Thus, the restricted diffusion in the false 
positive pseudocyst could be due to high-viscosity inflammatory content. The patient 
did not at the time of examination show any clinical signs of abscess. The other false 
positive lesion was a small lymph node very near the dorsal aspect of the uncinate 
process, which had high signal appearance on DW images and low signal on ADC 
maps, and was misinterpreted as a malignant lesion within the pancreatic gland. The 
T2-HASTE sequence could not help in correct characterization of the lesion because of 
its inherent difficulties in depicting lymph nodes. The observation that lymph nodes can 
have a high signal intensity on DW images and low signal in ADC maps –and thus 
mislead– is in agreement with other authors (60,61). The false negative DWI lesion was 
an adenocarcinoma in a patient that had received down-staging radio-/chemotherapy 
and did not exhibit high signal on DW images; this finding may represent good 
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response to treatment, in accordance with previously reported results supporting that 
DWI can be useful in monitoring treatment effects for various malignancies, as shown 
for both primary (29,30,62,63) and secondary hepatic cancers (28,64-66). However, 
two other patients with adenocarcinoma that had also been treated with radio- and/or 
chemotherapy showed positive findings for malignancy on DWI. Both these patients 
with positive findings on DWI showed tumour progress at follow up and passed away 
15 and 18 months after the MRI examination, respectively. On the contrary, the patient 
with a negative DWI was still alive at latest available follow up (20 months after the 
MR examination). This may indicate that the former two patients were poor responders 
and that DWI can help in the evaluation of response to treatment. However, studies 
dedicated to clarify whether DWI can be used to evaluate response after various 
therapies in pancreatic malignancies are needed. Furthermore, DWI correctly 
characterized a mass-forming pancreatitis in two patients that was falsely characterised 
as a malignant lesion on MRI-c. The finding that these inflammatory pseudotumours 
did not show high signal intensity on DW images is in accordance with the work of 
Takeuchi et al. (60). A third patient with mass-forming pancreatitis was correctly 
characterised with both methods. Whether DWI can help in distinguishing mass-
forming pancreatitis from malignancy, which is a common problem in every day 
clinical practice, has to be examined in studies with larger patient groups. Recently 
published data in the literature indicate that this differentiation is probably not possible 
because mass-forming pancreatitis can show both higher and lower ADC values 
compared with adenocarcinoma, as both entities have a variable grade of fibrosis 
leading to restriction of free diffusion of water molecules (67-69). However, there is 
increasing evidence that intravoxel incoherent motion-derived (IVIM) parameters may 
help in the distinction of these two entities and can be of clinical value (70). 
 
The choice of b-values in the application of DWI in the upper abdomen is a 
compromise. Low b-values leads to contamination of other forms of intravoxel 
incoherent motion such as perfusion in the capillary bed, which results in increased 
ADC values (71,72). At high b-values a decrease in SNR is seen and long acquisition 
times are required. As a compromise a b-value of 500 s/mm² was chosen. It has more 
recently been reported that higher b-values, such as 1,000 s/mm², have high sensitivity 
and specificity for malignant abdominal tumours (73) and in the detection of pancreatic 
adenocarcinoma (25,60,74). The results presented here, using a b-value of 500 s/mm², 
had a sensitivity and specificity of 92 and 97 % respectively, in diagnosing pancreatic 
cancer. The number of averages (NEX) is also important. Increasing the number of 
averages gives higher SNR but causes prolonged acquisition time. In the present study, 
we had relatively few NEX and in many patients the anatomical resolution was 
insufficient and had to be combined with a T2-weighted sequence for detailed 
anatomical mapping, which has also been proposed by Tsushima et al. (73). With the 
use of more averages the T2-HASTE sequence for anatomical mapping might be 
redundant. One possible explanation for the higher sensitivity of DWI in the study of 
Ichikawa et al. can be the use of higher b-values and/or more NEX compared to the 
present study. 
 
In populations at high risk for pancreatic cancer, e.g. in individuals with two or more 
first-grade relatives suffering from pancreatic cancer, and those with known hereditary 
pancreatic cancer syndromes (hereditary pancreatitis, Peutz-Jegher's syndrome, familial 
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breast cancer syndromes), a cost-effective screening method is needed. According to a 
cost-effectiveness study by Rulyak et al. (75), on individuals with pancreatic dysplasia 
in familial pancreatic cancer kindreds, it is cost-effective to use EUS if the sensitivity is 
higher than 84 % in a study group with a prevalence of the disease of 16 % or more. In 
the present study, the sensitivity and the prevalence were on these levels. Therefore, if 
the cost of a pancreatic DWI does not exceed that of an EUS, the former might also be 
cost-effective in screening for pancreatic malignancy. Besides, DWI is non-invasive in 
contrast to EUS and by not employing ionizing radiation it is an appealing cross-
sectional imaging alternative to MDCT for screening these patients –especially the 
younger ones– avoiding multiple radiation exposures. At our institution, we have 
already implemented DWI plus T2-HASTE for investigating patients for whom 
contrast-enhanced CT or MR studies are contraindicated, namely those with prior 
allergic reaction to contrast agents or those with impaired renal function. 
 
Limitations of our study include the relatively small number of cases with malignancy 
and the retrospective analysis. However, the study material was collected in a 
prospective and consecutive manner, which reduces the impact of the latter limitation. 
Finally, a possible limitation is that the image evaluation was performed in consensus 
from the two participating radiologists. The disadvantages of this approach are the risk 
of investigator bias and the risk that the results might be worse in a clinical setting 
(depending on the radiologist’s skill); however, the advantage of this approach is that 
the influence of the radiologist’s skill and of random error is reduced, giving the best 
possible outcome. Besides, it corresponds to the clinical daily routine with primary and 
secondary readings, which regularly results in a consensus. 
 
 
In study II, the results of the qualitative analysis showed that the total image quality 
score of the respiratory-triggered technique was significantly higher compared to free-
breathing and higher, though not significantly, compared to the breath-hold technique. 
In the literature, there are no relevant studies comparing these three techniques on DWI 
of pancreatic ductal adenocarcinoma. In a study by Taouli et al. comparing respiratory-
triggered and breath-hold techniques in patients with liver lesions (76), respiratory-
triggering showed significantly better subjective image quality, which is in line with 
our results. However, our results did not completely concur with those of Taouli et al. 
in that, in our study, respiratory-triggered had better but not significantly better 
subjective image quality compared to breath-hold. As shown in Table 3, respiratory-
triggered had higher score for the anatomy parameter compared to both free-breathing 
and breath-hold, resulting most probably from a combination of higher SNR and 
diminished data mis-registration. Even in the ranking of the techniques, respiratory-
triggered was ranked significantly higher than both free-breathing and breath-hold by 
each reader separately as well as on average. 
 
In the quantitative analysis, the mean SI of lesions on all b-values was significantly 
higher on respiratory-triggered technique compared to free-breathing and breath-hold. 
Likewise, mean SNRs of lesions were higher on respiratory-triggered technique 
compared to free-breathing and breath-hold, reaching statistical significance on b-
values of 300 and 600 s/mm², which is the b-value interval most commonly used and 
recommended (77), indicating the clear superiority of respiratory-triggered technique. 



 

 37 

SNR for the breath-hold technique was lower for all b-values compared to respiratory-
triggered and free-breathing, reaching statistical significance only for the former. 
Mean ADC values of lesions on respiratory-triggered and breath-hold did not differ 
significantly; breath-hold was significantly higher than free-breathing. In the studies by 
Taouli et al. and Kim et al. (76,78), mean ADC values of liver lesions were 
significantly higher for respiratory-triggered technique compared to breath-hold, a 
finding that does not completely concur with our results. A possible explanation could 
be the different technique used in their studies, namely that all breath-hold DWI images 
were obtained at a single breath-hold. In our study II, we obtained DWI images for a 
given b-value at separate breath-holds, where a slight variation at end inspiration may 
influence the calculation of ADC values. Additional factors that could account for this 
discrepancy might include differences in tumour characteristics as well as technical 
aspects related to the MR systems. 
The mean coefficient of variation (CV) of the ADC of lesions was lower but not 
significantly lower for respiratory-triggered technique compared to free-breathing. Both 
were significantly lower than that of breath-hold technique, making ADC calculations 
obtained on respiratory-triggered the more precise ones. Taouli et al. also found that for 
both liver lesions and liver parenchyma, the mean CV of ADC values on respiratory-
triggered technique was significantly lower compared to breath-hold (76). 
 
Our study has several limitations. Firstly, the study design included the acquisition of 
more b-values than recommended and commonly used (77). This had a major 
implication for the acquisition of images using the breath-hold technique. In practice, 
this approach does not allow image acquisition at a single breath-hold, eliminating the 
major advantages of the breath-hold approach, i.e. the shorter acquisition time. Our 
purpose was, however, to evaluate and compare these three different techniques in a 
manner as precise and equivalent as possible, focussing on qualitative and quantitative 
factors. An additional limitation is the fact that for the quantitative evaluation, the 
number of ROIs placed at the lesion and in fat in the posterior peri-pancreatic space 
was not always constant: it varied between two and three, potentially leading to 
calculation errors. However, this was performed consecutively with all three techniques 
and with all patients, thus minimising this risk. Furthermore, a factor that has to be kept 
in mind is that our study was performed to the MRI system of one particular vendor 
and our results may not readily apply to MRI systems from other vendors. Finally, the 
study population was rather small. However, the results showing which technique 
performed best, correlated well in both analyses, making us believe that these results 
are valid nonetheless. 
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Studies III and IV:  
 
In study III, it was shown that the sensitivity to detect CRLM after orally administered 
manganese (93 %) was comparable to that of intravenously administered gadobenate 
dimeglumine (95 %). The high level of sensitivity concur with previously published 
studies on detection of liver metastases at MRI using intravenously administered 
mangafodipir trisodium (79) and gadobenate dimeglumine (80,81). Additionally, it was 
found that small CRLM, as small as 3 mm, could be detected both with manganese and 
gadobenate dimeglumine. The novel contrast agent CMC-001 has, therefore, the 
potential to be used for surveillance of patients at high risk of liver metastases, 
distinguishing those cancer patients who need more extensive liver evaluation from 
those who do not. Such a group of patients is those with colorectal cancer, who require 
surveillance as well as post-treatment follow-up imaging for several years, 
preferentially with a fast and sensitive method. However, it needs to be stressed that the 
present study was conducted in patients with known and/or highly suspected CRLM, 
which may lead to overestimation of the absolute values of sensitivity for detecting 
liver metastases; further studies assessing the effectiveness of CMC-001 enhanced liver 
MRI, as a surveillance tool and follow-up imaging modality after surgery, are 
warranted. 
 
An advantage of CMC-001 is that it allows patients to self-administer the contrast agent 
orally 2-3 hours before the imaging acquisition session and, thus, obviating the need for 
intravenous injection. Furthermore, both the examination and reading times are much 
shorter for CMC-001 compared to gadobenate dimeglumine; for example acquisition 
time for CMC-001 is about 10 minutes while for the comprehensive gadobenate 
dimeglumine about 60+10 minutes. It is however arguable, whether only the delayed 
imaging series (e.g. late phase after the intravenous administration gadobenate 
dimeglumine or gadoxetic acid) could be used to reduce both the examination and 
reading times. To our knowledge, such an approach has not been used, probably 
because of the costs associated with the supervision needed after intravenous contrast 
administration and the reluctance to deliberately refrain from obtaining information 
from the dynamic contrast-enhanced series that could have been accessible. 
 
A high false positive rate is a downside of CMC-001. There were 15 false positive 
lesions at the CMC-001 session compared with 2 false positive results at the 
gadobenate dimeglumine. The latter gives additional information about the contrast 
behaviour of lesions, at the dynamic phases after contrast injection, resulting in higher 
specificity. In clinical practice, this means that when lesions are detected at CMC-001 
enhanced liver MRI, further evaluation by more specific techniques is necessary. Once 
these lesions have been characterized, CMC-001 enhanced liver MRI should be highly 
accurate for detecting new lesions. CMC-001 should therefore be of special value in 
patients where repeated MRI examinations are needed, i.e. in the surveillance situation 
as well as at follow-up examinations after various treatment options. In the study 
setting, the radiologists were not allowed to evaluate previous examinations or patient 
history. This is a limitation of the study, leading to an overestimation of the number of 
false positive lesions. 
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When comparing the signal intensity of the liver parenchyma, there was no difference 
in the signal increase after CMC-001 compared with that after gadobenate dimeglumine 
(Table 9). However, the metastases did also show some grade of enhancement after 
gadobenate dimeglumine, but not after CMC-001. Thus, there was a significant 
increase in the metastasis-to-liver ratio after CMC-001, but not after gadobenate 
dimeglumine. This finding –i.e. no significant increase in metastasis-to-liver ratio after 
administration of gadobenate dimeglumine– coupled with the fact that there was a 
significantly higher metastases detection rate after gadobenate dimeglumine compared 
to that of the unenhanced series, may appear somehow puzzling. Our explanation for 
this is as follows: the calculated metastasis-to-liver SI ratio was based on the average SI 
obtained from region of interest (ROI) placed in metastasis and liver. During the 
hepatobiliary (or, 2 hour-) phase after the administration of gadobenate dimeglumine, 
there is still some enhancement of the liver vessels (82). This increases the average SI 
of the metastases, resulting in unchanged metastasis-to-liver SI ratio; however, it also 
results in the metastases having a spotted appearance, enabling their distinction from 
the surrounding liver parenchyma. 
 
In study III, the sensitivity to detect CRLM on T1-weighted images without contrast 
media was low (61 %), which is much lower compared with previously published data 
by Choi et al. (81) with sensitivity of 86 % before and 96 % after gadobenate 
dimeglumine. One possible explanation for their greater sensitivity before contrast 
media were administered can be the fact that the readers in Choi’s study also had access 
to T2-weighted images, while in our study, readers evaluated only T1-weighted images 
at the unenhanced session. Interestingly, their sensitivity increased only to 87 % when 
adding the dynamic phases after gadobenate dimeglumine injection (excluding the 
hepatobiliary phase), and the number of false positive lesions increased from 0 to 1. 
Furthermore, published data from Kim et al. (80) show that the hepatobiliary (one-hour 
delayed) phase had a better diagnostic performance than the dynamic phases imaging 
after gadobenate dimeglumine injection for the detection of liver metastases (sensitivity 
of 96 % and 77 %, respectively). These findings indicate that the hepatobiliary phase 
can play an important role in the evaluation of CRLM. 
 
The dominant excretion of manganese via the hepatobiliary pathway makes it 
theoretically attractive for use in patients with impaired renal function. When 
measuring manganese levels in blood levels and urine in healthy volunteers after 
ingestion of CMC-001, no significant increase in manganese concentration was 
detected (83). Further safety studies are, however, needed before such 
recommendations can be issued. 
 
There were no serious AE. All but one of the AE were considered to be of mild or 
moderate intensity and no safety concerns were raised for any of the to contrast agents. 
The observed AE after the administration of 1.6 g of CMC-001 were related to the high 
ion-content resulting in gastrointestinal discomfort, diarrhoea and nausea. Although not 
serious, AE after CMC-001 were numerous and clearly of higher frequency than those 
reported by others, being a factor that could potentially inhibit a widespread use (83-
86). Therefore we initiated the investigation presented in study IV, with the aim to 
investigate whether lowering the dose of MnCl2 tetrahydrate could result in fewer AE 
but with a sufficient diagnostic imaging quality. Apart from the gastrointestinal 
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disorders, a limitation of using CMC-001 can be the inhomogeneous uptake in cases of 
low portal venous perfusion and/or of decreased liver function increasing the risk for 
suboptimal enhancement and diminishing lesion conspicuity. 
 
In study III, all patients were evaluated for liver surgery. Therefore, a majority of the 
metastases (25/44) could be verified at histopathology. However, the remaining 19 
lesions were not considered resectable and therefore they lack histopathological 
verification. The final diagnosis of these had to rely on other imaging studies and on 
follow-up. This is a limitation of our study and a factor for potential bias and 
overestimation of sensitivity. Additionally, our patient cohort, i.e. those with colorectal 
cancer and high risk of having liver metastases, comprise a highly selected study 
population, potentially also contributing to an overestimation of sensitivity. However, 
these limitations are considered to be of low impact in the present comparison with the 
comprehensive gadobenate dimeglumine protocol. An additional possible limitation –in 
similarity to study I– is that the image evaluation was performed in consensus between 
the two participating radiologists. The disadvantages of this approach, as addressed 
earlier, are the risk of investigator bias and the risk that the results might be worse in a 
clinical setting, where every radiologist is at his/her own. However, the advantage of 
this approach is that the influence of the radiologist’s skill and of random error is 
reduced, giving the best possible outcome. Moreover, it corresponds to the clinical 
daily routine with primary and secondary readings, which regularly results in a 
consensus. 
 
 
In study IV, it was shown that the efficacy of the 0.8 g dose level of hepatobiliary 
contrast agent CMC-001 is higher than the dose level of 0.4 g and 0.2 g. The 
differences were statistically significant, with the highest increase in liver-to-muscle SI 
ratio seen after administration of the 0.8 g dose level. This increase in SI of the liver 
parenchyma made it easier to delineate small vessels in the periphery of the liver at the 
0.8 g dose level compared to 0.4 g and 0.2 g, resulting in a higher ranking of the 0.8 g 
dose level images with regard to the overall image quality. The appearance of 
colorectal cancer liver metastases resembles that of dark vessels, as shown in study III. 
Thus, one can assume that if small peripheral vessels are clearly defined, then even 
metastases of similarly small size could be detected and delineated. The 0.8 g dose 
level, with its significantly better efficacy, is therefore preferred with regard to image 
quality. 
Regarding the safety results (the secondary objective of study IV), no safety concerns 
were identified in terms of reported ADRs and AEs, clinically relevant abnormalities or 
trends in physical examination, vital signs, ECG, laboratory values or manganese blood 
concentration. There was, however, an increase of manganese blood concentration with 
increasing dose levels. This indicates that small amounts of manganese do reach the 
systemic circulation. However, the blood levels of manganese did not exceed the 
reference values. Furthermore, there were differences in the frequency of reported 
ADRs/AEs between the three different dose levels assessed, where a greater number of 
ADRs/AEs were observed with increasing dose level. The most common AE was 
diarrhoea, followed by nausea, flatulence, and headache. Of the 89 AEs reported in the 
study, 74 were considered mild, 13 moderate and 2 severe in intensity. The 2 AEs 
reported as severe were cases of diarrhoea (0.8 and 0.2 g dose levels). The participant 
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with severe diarrhoea after administration of 0.8 g reported diarrhoea of mild intensity 
before the CMC-001 administration; thus, the diarrhoea worsened after CMC-001 
administration. The participant with severe diarrhoea after 0.2 g had no diarrhoea after 
administration of the higher dose levels. As shown in study III, side effects following 
administration of 1.6 g of CMC-001 occurred in 19 out of 20 patients (95 %); in study 
IV, side effects following the administration of a 0.8 g dose occurred in 25 of 31 
patients (81 %). None of the ADRs led to discontinuation of the investigational 
product, and none required hospitalization or medication, with the exception of mild 
analgesics for headache. Thus, the lowest dose, i.e. 0.2 g, has the lowest frequency and 
intensity of occurring ADRs/AEs. However, the 0.8 g dose level of CMC-001 is 
relatively well tolerated. 
 
The reason for not including the 1.6 g dose level was the relatively high frequency of 
gastrointestinal side effects we had previously encountered in study III. Interestingly, in 
a recent study by Rief et al., the authors could not observe any statistically significant 
difference in liver signal intensity enhancement or liver-to-lesion contrast between the 
0.8 g and 1.6 g dose levels in patients with liver metastases from various primary 
malignancies (49). The results of Rief et al. contradict those from a previously 
published study by Chabanova et al., where it was shown that the 1.6 g dose level 
caused a more pronounced increase in SI of liver compared to the 0.8 g dose level (86). 
The study by Chabanova had, however, a clearly different study design. As Rief et al. 
pointed out, the results of their study were preliminary and should be further validated 
in a larger number of subjects. It was, anyhow, an indication that the 0.8 g dose level 
may suffice in the clinical setting, justifying our choice not to include the 1.6 g dose 
level in the current evaluation. 
 
One limitation of study IV is that the study population was comprised of healthy young 
volunteers, as opposed to the intended target patient group, namely patients with 
CRLM. Data available from our study III, show that there is no uptake of CMC-001 
contrast agent in metastases, muscle or liver vessels. This allows the use of muscle as 
an internal reference and liver vessels as a substitute for CRLM when evaluating the 
liver of healthy volunteers, which indicates that our results can be applicable to patients 
with CRLM. One possible further limitation is that a safety analysis separately for each 
promoter for bowel wall absorption, i.e. alanine and vitamin D3, was not performed. 
However, there are no data in the literature suggesting that these two promoters –in the 
amounts used for the three doses of CMC-001 tested in the current study– would pose 
any safety concerns. Namely, alanine is included in the FDA’s list of nutrients and 
dietary supplements that are generally recognized as safe (87) and for vitamin D3, the 
lowest observed adverse effect level (LOAEL) is 3800 IU per day being well above 
800 IU, which was the highest level used in the current study (88). 
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6 CONCLUSIONS 

 
In conclusion of study I, DWI –in combination with T2-HASTE– had an accuracy 
similar to a comprehensive MRI examination for the detection of pancreatic cancer. In 
cases of positive findings for malignancy, a comprehensive MRI or MDCT 
examination is probably needed for further characterisation and staging. 
 
In conclusion of study II, the respiratory-triggered technique showed superior 
subjective image quality as well as better signal intensity (SI) characteristics and ADC 
measurements, and would therefore seem to be the optimal technique for DWI of 
pancreatic ductal adenocarcinoma. 
 
In conclusion of study III, the sensitivity to detect liver metastases from colorectal 
cancer was, at CMC-001-enhanced MRI, comparably high to that of a comprehensive 
intravenous gadobenate dimeglumine protocol; and its use was safe, without serious 
adverse events. 
 
In conclusion of study IV, the 0.8 g dose level of the orally administered manganese-
based contrast agent CMC-001 provided clearly higher SI enhancement and better 
imaging quality compared to the 0.4 g and 0.2 g dose levels, thus rendering the 0.8 g 
dose level the most efficacious of the three. This is at the expense of more frequent 
ADRs/AEs, which are, however, predominantly of mild intensity and should be 
endurable for the intended patient group. The use of CMC-001 raised no safety 
concerns and the use of the 0.8 g dose level is recommended ahead of those of 0.4 g 
and 0.2 g. 
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7 FUTURE ASPECTS 

Future aspects regarding DWI and the investigation of pancreatic cancer (studies I and 
II): For lesion detection and characterization in cases of patients with pancreatic cancer, 
the role of DW imaging is well documented (67). However, standardization of the DWI 
protocol is lacking. Guidelines suggesting how many and which b-values that should be 
used, in both everyday clinical practice as well as in the research setting, are needed. In 
our group, we are currently evaluating –in patients with proven pancreatic cancer that 
have prospectively undergone free-breathing DWI with 8 b-values (0, 50, 100, 150, 
200, 300, 600, 1,000 s/mm²)– if there is a difference in image quality and ADC 
calculations between multiple, different combinations of b-values. Furthermore, it is of 
particular interest to investigate whether DWI can be used as a reliable screening tool 
for pancreatic cancer (89). In a recently published study where DWI was used in 
combination with transabdominal ultrasound (90), the authors concluded that DWI can 
be useful in screening for pancreatic cancer. However, large-scale trials are warranted. 
Another area of great interest, in the application of DWI (including intravoxel 
incoherent motion-derived parameters) in patients with pancreatic malignancies, is 
whether it can predict response to chemo- and/or radiation therapy, and whether it can 
monitor treatment response. Currently in the literature, there is only one study on the 
use of apparent diffusion coefficient for predicting response to chemotherapy in 
patients with advanced pancreatic cancer (91). The authors concluded that lower pre-
treatment ADCs on high b-value ADC maps (b=1,000 s/mm²) were predictive of earlier 
progression. This finding is somehow contradictive to both preclinical and clinical 
studies where tumours with higher ADC values respond less favourably to various 
treatments (92). Thus, the value of DWI in pre-treatment prediction of therapy 
effectiveness in pancreatic cancer has to be further investigated. 
 
Future aspects regarding the orally administered manganese-based contrast agent 
CMC-001 and the investigation of patients with suspected and/or known colorectal 
cancer liver metastases (studies III and IV): As pointed out previously, the role of 
CMC-001 enhanced liver MRI as a surveillance tool in the case of CRLM has to be 
proven in larger, dedicated prospective studies. Furthermore, of particular interest in 
this setting is the evaluation of the role of DWI of the liver in combination with the 
orally administered CMC-001 in order to increase specificity. In a study by Koh et al. 
(93), the authors showed that by adding DWI to the intravenously administered, 
manganese-based, liver-specific contrast agent mangafodipir trisodium they could 
improve the diagnostic accuracy for the detection of CRLM compared with that of 
either technique alone. DWI was particularly helpful in cases of metastases of small 
size (<1 cm) or those close to the edge of the liver. In an analogous manner, it is 
reasonable to believe that by adding DWI to CMC-001-enhanced MRI, the low 
specificity of the latter could substantially improve, strengthening its role as a potential 
surveillance tool. Moreover, the combined use of orally administered CMC-001 and 
intravenously administered extracellular gadolinium may further increase sensitivity 
and specificity. Finally, it would be of interest to evaluate the role of CMC-001 in 
detecting hepatocellular carcinoma (HCC) in patients with or without cirrhosis as well 
as its role in assessing liver function. 
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