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General introduction
Focal liver lesions
The term focal liver lesion refers to circumscript and well-defined liver tumours, 
which can either be benign or malignant. The incidence of focal liver lesions has 
dramatically increased over the last few decades 1. This is mainly due to improved 
cross-sectional imaging techniques, which have increased the detection rate of 
focal liver lesions, especially as incidental findings on imaging initially performed 
for other abdominal or thoracic organs. Furthermore, the increase in cancer 
incidence worldwide has resulted in an increase in patients with metastatic liver 
disease, and also an increase in the incidence of patients with primary hepatic 
malignancies 2,3. 
The most common benign lesions are haemangioma (lesions consisting of a vascular 
proliferation), focal nodular hyperplasia (lesions consisting of a proliferation of 
bile ducts and well-functioning hepatocytes), adenoma (lesions consisting of a 
proliferation of poor functioning hepatocytes, with fat vacuoles, and the absence 
of bile ducts) and cysts (fluid-filled cavities, probably arising from congenital 
defects in the development of bile ducts) 1,4,5. Malignant liver lesions can either 
consist of metastases from other malignancies like colorectal liver metastases 
(CRLM) and breast cancer metastases, or primary hepatic malignancies like 
hepatocellular carcinoma (HCC) and intrahepatic cholangiocellular carcinoma. 
Treatment of these various types of focal liver lesions differs widely and may range 
from no treatment, follow-up, resection, radiofrequency ablation, chemotherapy 
or a combination thereof. In order to determine the optimal treatment strategy, 
adequate detection and characterization of focal liver lesions with non-invasive 
imaging techniques is utterly important. 

Imaging of focal liver lesions
Over the last decades, major improvements have occurred in the era of liver 
imaging. Computed tomography (CT), Magnetic Resonance Imaging (MRI) and 
Position Emission Tomography (PET) are currently the primary imaging modalities 
that are used for imaging of focal liver lesions. Each of these imaging modalities 
has its own specific features. 
CT is particularly useful for detection of focal liver lesions, as well as for observation 
of liver anatomy including the portal venous, the hepatic venous and the arterial 
vasculature. CT of the liver is performed after injection of Iodine contrast in 
order to attain adequate lesion-to-liver contrast and adequate visualization of 
hepatic and portal veins. CT can be performed within a single breathhold, thereby 
avoiding motion artefacts 6. 
MRI is an excellent tool for identification, but moreover, for characterization 
of focal liver lesions. Each MRI consists of various contrast-enhanced and non-
enhanced sequences, and as each focal liver lesion behaves differently on the 
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various sequences, a specific pattern is observed for each type of lesion. Contrary 
to CT, there are various different contrast-agents for MRI of the liver available 
and each contrast agent has a different mechanism of contrast-enhancement. 
Recently, Gadoxetic acid (Primovist®, Bayer Schering Pharma, Berlin, Germany) 
has been introduced as a hepatobiliary contrast agent which allows dynamic 
arterial and portal phase imaging, followed by a hepatobiliary phase at 10-20 
minutes 7-9. This contrast agent is selectively taken up by normal functioning 
hepatocytes and is therefore particularly useful in differentiation between lesions 
containing hepatocytes (e.g. focal nodular hyperplasia) and lesions without or 
poor-functioning hepatocytes (e.g. colorectal liver metastases, haemangioma) 10. 
PET has a very high sensitivity for detection of liver lesions (>1cm in size), and 
is particularly useful in detection of malignant liver lesions and for screening 
of extrahepatic malignancies 11,12. However, characterization is limited and also 
anatomical positioning of lesions in the liver is limited as PET does not provide a 
detailed visualization of the liver vasculature. 
Due to these various imaging characteristics, selection of the appropriate imaging 
modality strongly depends on the indication for which the imaging is requested. 

Treatment strategies for patients with colorectal liver metastases
Half of the patients with colorectal cancer will develop liver metastases at some 
point during their disease 2,3. The only potentially curative option for these patients 
is surgical treatment 13-15. Currently, resection of all colorectal liver metastases 
(CRLM) is still regarded as the optimal treatment strategy, with 5-year survival 
rates of 30-60% 13,14,16-18. However, if resection is not possible due to insufficient 
remnant healthy liver tissue, for instance in case of extensive bilobar disease, or 
when a patient is deemed unfit for resection, Radio Frequency Ablation (RFA) is 
the best alternative treatment option. 5-year survival rates following RFA are less 
favorable when compared to resection (27-36%) 19-21. Nevertheless, this is higher 
than reported 5-year survival data of patients receiving systemic chemotherapy 
alone 22-24. To further improve 5-year survival rates following RFA, combination 
therapy of RFA with chemotherapy has been recently studied in a selective 
number of studies. These studies support the combination of RFA followed by 
chemotherapy. 
Following surgical treatment, it is important to realize that patterns of recurrence 
are associated with time to recurrence and overall survival. Patients with 
intrahepatic recurrence following resection have a significantly shorter time to 
recurrence and overall survival compared to patients developing extrahepatic 
recurrence. Patients with both liver and extrahepatic recurrence show the worst 
survival.
Due to the development of- and improvement in treatment options and the 
much broader applied resectability criteria for patients with CRLM 14,25, treatment 
of CRLM patients has become much more complex. Each patient requires an 
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individualized treatment strategy. Currently, it is common practice to evaluate 
each CRLM patient in a multidisciplinary tumour board meeting consisting of a 
surgeon, medical oncologist, radiotherapist and radiologist 26. The purpose of 
this multidisciplinary meeting is to determine the optimal treatment strategy 
for each patient, generally consisting of surgery, RFA, chemotherapy, radio-
embolization or a combination thereof 14,27,28. However, after identifying patients 
that might benefit from surgical treatment, the optimal individualized surgical 
strategy should be discussed during an additional expert-meeting, attended by 
a hepatobiliary (HPB) radiologist and the operating HPB-surgeon in the week 
prior to surgery. By intensifying the pre-operative work-up of patients with CRLM, 
resection outcome can be improved, and the number of irradical resections and 
futile laparotomies can be reduced.

Assessment of colorectal liver metastases following chemotherapy treatment
Although surgical treatment is the only potential curative option for patients with 
CRLM, only 15-20% of patients with CRLM are initially resectable. The remaining 
80-85% of patients have unresectable disease due to extensive intrahepatic 
metastatic lesions or the presence of extrahepatic disease 29. In these patients, 
neoadjuvant chemotherapy is increasingly applied with the aim to downsize 
initially unresectable lesions to attain a resectable situation (15-20%) 26,30,31. 
Evaluation of response to chemotherapy and also accurate detection and 
characterization of CRLM following chemotherapy can be challenging. However, 
accurate evaluation of response to chemotherapy is crucial to identify patients 
that are suitable for secondary surgery. 
Currently, the modified Response Evaluation Criteria for Solid Tumours (RECIST 
1.1) are being applied for evaluation of response to chemotherapy 32,33. According 
to the RECIST criteria the diameter of a maximum of 5 target lesions are 
measured before and after chemotherapy. According to the change in sum of 
diameter of these lesions, patients are than categorized into partial response, 
stable disease, or progression. However, previous studies have shown rather 
poor reproducibility of tumour size measurements using the RECIST criteria and 
consequently, in response categorization 34,35. This may be due to the inability of 
diameter measurements to capture irregular tumour growth or shrinkage 36 and 
to reduced lesion delineation with respect to surrounding parenchyma following 
chemotherapy 34,37. In order to overcome these problems, semi-automatic volume 
measurements have been suggested. So far, data on volume measurement of 
CRLM is scarce and studies assessing accuracy of these measurements are lacking. 
Apart from estimating the percentage of tumour shrinkage, it is crucial to have 
accurate information about the number and localization of CRLM. Neoadjuvant 
chemotherapy may impair lesion detection and underestimate lesion size, due 
to the occurrence of intraparenchymal changes reducing the lesion-to-liver 
conspicuity 38-40. Where, in the chemonaive setting, CT has an important role 
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in imaging of CRLM due its high sensitivity for lesion detection (60-90%)41-44, 
following chemotherapy CT is far less accurate. MRI is not as much affected by 
the intraparenchymal changes as CT, thereby providing a better visualization of 
CRLM following chemotherapy. 

Outline of this thesis
This thesis focuses on imaging, evaluation and treatment of focal liver lesions 
and is subdivided into four parts. Part 1 evaluates the optimal imaging modality 
for assessment of colorectal liver metastases in patients receiving chemotherapy. 
Also, novel measurement techniques for response evaluation following 
chemotherapy are addressed. Part 2 concentrates on the optimization of pre-
operative evaluation and the surgical management of colorectal liver metastases. 
Part 3 assesses Primovist-enhanced MR imaging for evaluation of focal liver 
lesions. Part 4 summarizes and discusses the results from this thesis and addresses 
future perspectives.

Part 1
1. What is the optimal imaging modality for pre-operative evaluation of patients 

with colorectal liver metastases treated with neoadjuvant chemotherapy?
2. Which imaging modality is superior in detection, characterization and 

measurement of colorectal liver metastases treated with chemotherapy: 
computed tomography or magnetic resonance imaging?

3. What is the accuracy of semi-automatic volume measurements for 
assessment of response to chemotherapy in CRLM patients?

4. Is there radiological heterogeneity in response to systemic treatment in 
patients with colorectal liver metastases and does radiological heterogeneity 
influence survival?

Part 2
1. Can we improve outcome following surgical treatment of colorectal liver 

metastases by standardizing and intensifying the pre-operative work-up in 
these patients?

2. What is the current role of RFA, either with or without chemotherapy 
treatment, for the treatment of unresectable colorectal liver metastases?

3. Which patterns of recurrence following surgical treatment of colorectal 
liver metastases can be identified and what is the effect of these different 
recurrence patterns on disease free and overall survival?
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Part 3
1. Is a hepatobiliary delay time of 10 minutes following Gadoxetic-acid injection 

sufficient for accurate characterization of focal liver lesions?
2. Are there any differences in enhancement patterns following Gadoxetic 

acid enhancement in focal nodular hyperplasia and can these enhancement 
patterns be explained by histological features?
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Abstract
Background
Chemotherapy treatment induces parenchymal changes that potentially affect 
imaging of CRLM. The purpose of this meta-analysis was to provide values of 
diagnostic performance of magnetic resonance (MR) imaging, computed 
tomography (CT), fluorodeoxyglucose positron-emission-tomography (FDG-PET), 
and FDG-PET/CT for pre-operative detection of colorectal liver metastases (CRLM) 
in patients treated with neoadjuvant chemotherapy.

Methods
A comprehensive search was performed for original articles published from 
inception to 2011 assessing diagnostic performance of MRI, CT, FDG-PET or 
FDG-PET/CT for preoperative evaluation of CRLM following chemotherapy. 
Intraoperative findings and/or histology were used as reference standard. 
For each imaging modality we calculated pooled sensitivities for patients who 
received neoadjuvant chemotherapy as well as for chemonaive patients, defined 
as number of malignant lesions detected divided by number of malignant lesions 
as confirmed by the reference standard.

Results
Eleven papers, comprising 223 patients with 906 lesions were included. Substantial 
variation in study design, patient characteristics, imaging features, and reference 
tests was observed. Pooled sensitivity estimates of MRI, CT, FDG-PET and FDG-
PET/CT were 85.7% (69.7-94.0%), 69.9% (65.6-73.9%), 54.5% (46.7-62.1%) and 
51.7% (37.8-65.4%), respectively. In chemonaive patients, sensitivity rates were 
80.5% (67.0-89.4%) for CT, 81.3% (64.1-91.4) for FDG-PET and 71.0% (64.3-76.9%) 
for FDG-PET/CT. Specificity could not be calculated due to non-reporting of ‘true 
negative lesions’.

Conclusion
In the neoadjuvant setting, MRI appears to be the most appropriate imaging 
modality for preoperative assessment of patients with CRLM. CT is the second-
best diagnostic modality and should be used in the absence of MRI. Diagnostic 
accuracy of FDG-PET and PET-CT is strongly affected by chemotherapy.
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Introduction
One in two colorectal cancer patients develop liver metastases at some point 
during their disease 1,2. The only potentially curative option for these patients 
is surgical resection of their colorectal liver metastases (CRLM), after which 
5-year survival probabilities of 25-58% can be achieved 3-5. Still, 80-85% of CRLM 
patients are not eligible for liver surgery due to extensive intrahepatic metastatic 
lesions or the presence of extrahepatic disease 6. Neoadjuvant chemotherapy is 
increasingly applied with the aim to downsize patients with initially unresectable 
disease to attain a resectable situation.7-9 Around 15-20% of these patients are 
rendered resectable following neoadjuvant chemotherapy and show similar 
survival rates as initially resectable patients 7,10,11.
Accurate imaging of the liver following neoadjuvant chemotherapy is crucial for 
optimal selection of patients eligible for surgical resection. However, neoadjuvant 
chemotherapy may impair lesion detection and underestimate lesion size, due to 
the occurrence of intraparenchymal changes 12-15. As a result, patients that were 
considered resectable on pre-operative imaging may turn out to be unresectable 
during surgery. 
Different imaging modalities are used in clinical practice for preoperative imaging 
of liver metastases. In the absence of neoadjuvant chemotherapy, contrast-
enhanced computed tomography (CE-CT) and contrast-enhanced magnetic 
resonance imaging (CE-MRI) have been shown to be accurate diagnostic tools 
for preoperative imaging of CRLMs, with sensitivity rates varying from 60-90% 
16-19. Fluorodeoxyglucose positron-emission-tomography (FDG-PET) may be little 
informative on the anatomical location of intrahepatic lesions, but is highly 
sensitive for detection of intrahepatic lesions as well as extrahepatic disease 20,21. 
In an attempt to maintain high sensitivity while improving anatomical localization, 
CT and FDG-PET have now been combined into FDG-PET/CT 21.
In the neoadjuvant setting, however, scientific evidence on the accuracy of 
the various imaging modalities for preoperative imaging of CRLMs is limited 
and ambiguous. We conducted a systematic review and meta-analysis of the 
literature in order to identify the optimal imaging modality for pre-operative 
evaluation of patients with colorectal liver metastases treated with neoadjuvant 
chemotherapy. 

Materials and methods
Search strategy and collection of data were performed according to the guidelines 
of PRISMA 2009 (Preferred Reporting Items for Systematic reviews and Meta-
Analyses) 22.

Data sources and searches
A comprehensive literature search was performed from inception to May 2011 
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by one observer (C.K.) for articles assessing the diagnostic accuracy of CT, MRI, 
FDG-PET or FDG-PET/CT for preoperative evaluation of CRLM after neoadjuvant 
chemotherapy. The literature search was performed in MEDLINE and EMBASE 
and included synonyms for CRLM (e.g. ‘colorectal liver metastases’, hepatic 
metastases), chemotherapy (e.g. ‘chemotherapy’, ‘neoadjuvant treatment’), 
and the different imaging modalities (e.g. ‘computed tomography’, CT, ‘magnetic 
resonance imaging’, MRI, ‘positron emission tomography’, FDG-PET, FDG-PET/CT, 
PET-CT). In addition, we searched reference lists of included full text articles.

Study selection
Our search targeted articles based on the following inclusion criteria: patients 
were diagnosed with initially unresectable colorectal liver metastases, patients 
should have been treated with neoadjuvant chemotherapy for downsizing in 
order to render patients resectable, patients were intended to undergo liver 
surgery, patients underwent post-chemotherapy and pre-operative imaging of the 
liver, and papers should present original data. Review articles, letters, comments, 
case reports (n≤10) and animal studies were eliminated. Screening on title and 
abstract was initially performed using the above mentioned selection criteria. Of 
the papers that were found eligible based on title and abstract screening, full text 
was reviewed to further decide on suitability for inclusion in this study. 

Quality assessment and Data extraction 
Two observers (C.K. and H.M.V.) independently performed a critical appraisal of 
the remaining full text articles, and extracted relevant data using a standardized 
form. After independent review was performed by both authors, a consensus 
reading was performed to discuss any disagreements in order to come to a final 
conclusion. 
For each study, we extracted basic information on year of publication, 
characteristics of the study population (age, male-to-female ratio, site of primary 
tumour, proportion of patients treated with chemotherapy) and study design. 
Quality of the studies was quantified with a modified version of the Quality 
Assessment of Diagnostic Accuracy Studies (QUADAS) 23 tool of which four items 
were eliminated (i.e. irrelevant due to the in- and exclusion criteria) and four 
items were added (Table 1.). 
Of each study the imaging technique was recorded. For studies using CT, data 
on use of contrast material, amount of iodine, system type, slice collimation and 
imaging phases (multiple or single phase) were assessed. For MRI, the magnetic 
field strength, use of contrast material, sequences and slice collimation were 
recorded. For FDG-PET system type, tracer specifics, scanning time and duration 
of fasting time were extracted and for FDG-PET/CT similar features as for FDG-PET 
and CT were obtained. 
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To assure adequate assessment of lesion detection, assessment had to be 
performed by a radiologist. Studies where information on lesion detection 
was extracted from hospital records (and not from the actual images) were 
excluded. To verify the presence of CRLM, we used a composite reference 
standard, consisting of 1. follow-up imaging for patients who did not undergo 
surgery, 2. intra-operative palpation, intra-operative ultrasound and follow-up in 
patients who underwent surgical exploration without resection (per-operative 
unresectable situation) and 3. histological examination of the surgical specimen 
in patients who underwent surgical resection.
Total numbers of benign and malignant lesions as detected by imaging were 
extracted. Similarly, we extracted the total number of benign and malignant 
lesions detected by the reference standard. In order to determine the diagnostic 
performance of each imaging modality, the number of true positive, false 
positive, true negative and false negative results were extracted from the article 
or calculated from the data (if possible). All parameters were recorded on a lesion 
level, for patients treated with and without neo adjuvant chemotherapy. Due to 
the paucity of studies reporting data on a patient level, we deemed it not justified 
to calculate endpoints on a per-patient level.
True positive lesions were defined as malignant lesions diagnosed on imaging and 
confirmed by the reference standard (i.e. follow up imaging, per-operative US and 
palpation or histology). False positive lesions were defined as lesions diagnosed 
as malignant on imaging, turning out to be benign by the reference standard. 
False negative lesions were defined as lesions characterized as benign or missed 
by imaging, that turned out to be malignant based on the reference standard.
We were not able to extract data on true negative lesions, as none of the articles 
reported data about the detection of benign lesions that were confirmed by the 
reference standard (true negatives). Sensitivity was calculated as true positive 
lesions / (false negative lesions + true positive lesions). 

Data analysis
Sensitivities were calculated for each imaging modality (CT, PET-CT, FDG-PET and 
MRI) and separately for patients who had received chemotherapy and those who 
had not. Sensitivities were logit-transformed to improve an approximate normal 
distribution and then pooled. Only outcomes from the same modality and with 
the same chemotherapy treatment status were combined. The I2 heterogeneity 
statistic 24 (estimated proportion of unexplained inter-study variance) was 
used to assess whether random or fixed effects were appropriate for pooling, 
with a 25% threshold chosen above which to apply random effects 25. Antilogit 
transformations of the resulting (pooled) sensitivities were obtained. Putatively 
explanatory study and population factors were assessed using mixed-effects 
meta-regression. Funnel plots were generated to test for publication bias. Due to 
the absence of reported numbers of ‘true negative’ and ‘false positive’ lesions we 
were unable to calculate specificity.
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Results
The literature search resulted in 2491 unique references, 85 of which were 
potentially eligible for inclusion based on their title and/or abstract. Cross-
referencing of these papers yielded four additional articles. Full text screening 
resulted in exclusion of another 71 articles. The remaining 18 articles met all 
inclusion criteria and were selected for critical appraisal (Figure 1.). 

Figure1. Flowchart showing the multistep process of identifying articles that were suitable for this 

meta-analysis for evaluation of CRLM after neoadjuvant chemotherapy.

Critical appraisal and study description
Critical appraisal of the 18 articles by two observers led to exclusion of another 
seven papers, due to the following reasons: patients receiving neoadjuvant 
chemotherapy could not be distinguished from patients without chemotherapy 
(n=2) 26,27, poor data quality (i.e. retrospective data collection of CT data from 
hospital files without re-evaluation of the images (n=1) 28, data were not presented 
on a per-lesion basis (n=4) 26,29-31. Thus, a total of 11 articles were included in our 
meta-analysis. 
All studies were published within the last ten years. Of the eleven studies, six 
were prospective cohort studies; the remaining five articles were retrospective 
cohort studies. Critical appraisal of quality showed that most articles adequately 
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described material and methods (Table 1.). All studies applied lesion mapping 
to assure correct lesion comparison between pre-operative imaging and 
the reference standard. A total of 906 lesions in 223 patients treated with 
neoadjuvant chemotherapy and 450 lesions in 265 chemonaive patients were 
included. Distribution of lesions detected by the different reference standards 
was as follows: of the patients treated with neoadjuvant chemotherapy, 835 
(91.2%) of the 906 lesions were confirmed by intra-operative ultrasound followed 
by resection (histology), 71 (8.8%) lesions were confirmed by follow-up imaging 
only. All 835 lesions in chemonaive patients were confirmed by intra-operative 
ultrasound followed by resection (histology). Baseline characteristics of these 
eleven studies are presented in Table 2. 

Imaging features and evaluation
CT was evaluated in five studies 32-36. A helical system was used in one study, 
multidetector CT systems in two studies, a single slice system in one study and 
one study did not report on the system used. Intravenous contrast was used in 
four studies (non-ionic agents in three studies) and one study did not report 
on the use of a contrast agent. Four studies reported on using multiple phase 
imaging. Three studies described section thickness (2-5mm).
MR-imaging was evaluated in three studies 34,36,37,37. Two studies used 1.5 Tesla 
systems and one study combined 1.5 Tesla and 3.0 Tesla systems. One study 
used Gadolinium-based contrast for dynamic scanning, two studies used 
superparamagnetic iron oxide’s (SPIO’s) or other liver-specific contrast. 
Accuracy of FDG-PET was assessed in six studies 21,33,35,37-39. All studies used 
different scanning systems. Three studies reported a fasting period of 4-6 hours. 
The amount of tracer varied between 250MBq and 666MBq. Six studies reported 
an interval between contrast injection and scanning of 60-120 minutes. Only two 
studies reported on the duration of scanning time (3-4 minutes per bed position 
in 6-7 bed positions). 
Two studies assessed the effectiveness of PET-CT for detection of CRLM 40,41. 
Only limited information on the PET-CT protocol was reported. Both studies used 
Discovery LS PET/CT systems (GE Medical Systems). One study reported on a 
fasting duration of 4-6 hours and usage of 370MBq FDG. One study did not report 
on the CT protocol. The other study performed prior to the PET-scanning a single 
phase non-contrast enhanced CT. 
All studies used intra-operative ultrasound to confirm the presence of CRLM and 
detect any additional lesion, and all studies considered histological examination as 
the primary reference standard. In patients who turned out to have unresectable 
disease during surgery, intra-operative ultrasound was used as reference 
standard. Three studies, which included patients that were deemed unresectable 
on pre-operative evaluation, used follow-up imaging to confirm the presence of 
CRLM in the non-operated patients by assessing lesion growth over time 30,36,37,37.
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Figure 2. Forest plots showing pooled sensitivities for MRI, CT, FDG-PET and PET-CT on a lesion level. 
A. results are displayed for the patients who received neaodjuvant chemotherapy. B. Results are 
displayed for patients without neaodjuvant chemotherapy.

A

B
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For patients treated with neoadjuvant chemotherapy, relevant data were available 
for three, five, six and two studies on MRI, CT, FDG-PET and PET-CT respectively. 
A heterogeneous distribution of sensitivities was observed for MRI, FDG-PET and 
PET-CT (I2 > 25%), while the sensitivity distribution of CT was homogeneous (I2 
= 6.75%). Pooled sensitivity estimates were 85.7% (69.7-94.0%) for MRI, 69.9% 
(65.6-73.9%) for CT, 54.5% (46.7-62.1%) for FDG-PET and 51.7% (37.8-65.4%) for 
PET-CT (Figure 2.). 
In the chemonaive setting, relevant data were available for two, four and two 
studies on CT, FDG-PET and PET-CT respectively. Homogeneous sensitivity 
distribution was seen for PET-CT (I2 0%), while CT and FDG-PET showed 
heterogeneous sensitivity distribution. Pooled sensitivities were 80.5% (67.0-
98.4%) for CT, 81.3% (64.1-91.4%) for FDG-PET and 71.0% (64.3-76.9%) for PET-CT. 
No studies reported on diagnostic performance of MRI in chemonaive patients.
Mixed-effect meta-regression analysis showed that differences in sensitivity rates 
for the various imaging modalities were not explained by study and population 
variables (i.e. age, gender, synchronous/metachronous CRLM). 

Publication bias
Visual inspection of the funnel plots 42 did not show any signs of gross publication 
bias. 

Discussion 
Accurate preoperative imaging of colorectal liver metastases is crucial for optimal 
selection of patients suitable for surgery. With this meta-analysis we show that 
according to the currently available evidence, MRI is the preferable imaging 
modality for evaluation of colorectal liver metastases in the neoadjuvant setting, 
with a pooled sensitivity of 85.7%. However, it has to be taken into account that 
this estimate is based on a limited number of studies and that SPIO contrast 
agents were used in two of these diagnostic studies, while this contrast agent 
is rarely used in current clinical practice due to significant side-effects and high 
costs. Furthermore, this meta-analysis showed that in the absence of MRI, CT is 
the best alternative with a pooled sensitivity of 69.9%. Both FDG-PET and PET-CT, 
which perform rather well in chemonaive liver metastases, have a low diagnostic 
performance in the neoadjuvant setting. 
The negative impact of neoadjuvant chemotherapy on the diagnostic 
performance of the various imaging techniques was most obvious for FDG-PET 
and PET-CT, where sensitivity rates decreased from 81.3% and 71.0% respectively 
in chemonaive patients to 54.5% and 51.7 % respectively in patients treated with 
chemotherapy. This was a rather unexpected finding, especially for PET-CT. This 
may be explained by the fact that both PET-CT studies included in this meta-
analysis were of small sample size and secondly, sensitivity results in chemonaive 
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patients were also rather low in both studies. These results might improve in 
future studies as PET-CT has been introduced and optimized during the past 
years. One reason behind the chemotherapy induced decrease in diagnostic 
performance of FDG-PET and PET-CT may include induced necrosis, which may 
give initially solid metastases a more cystic appearance. MRI and CT might still 
visualize these lesions during the arterial phase in the form of rim-enhancement. 
On FDG-PET, however, there is no FDG-uptake in areas with necrosis and therefore 
lesions are not visualized 43. Another explanation could be that neoadjuvant 
chemotherapy reduces the average size of CRLM, and FDG-PET is known to have 
a lower sensitivity for detection of sub-centimetre lesions than CT or MRI 18,44,45. 
In addition, chemotherapy reduces metabolic activity of cancer cells (in particular 
the activity of the glycolytic hexokinase enzyme (GLUT-1 transporter) that collects 
FDG), which may hamper visualization of the lesions on PET 38. CT and MRI imaging 
is not affected by this phenomenon. 
The diagnostic performance of CT was also affected by neoadjuvant chemotherapy, 
albeit to a lesser extent than that of FDG-PET and PET-CT. A mechanism behind 
this observation might be that neoadjuvant chemotherapy causes changes of the 
liver parenchyma, like steatosis (irinotecan and 5-FU) or sinusoidal obstruction 
(oxaliplatin) 12,15,46. For CT it has been shown that neoadjuvant chemotherapy 
results in a lower density of the liver parenchyma and less contrast enhancement, 
leading to a decreased liver-to-lesion contrast, thereby hindering the detection, 
characterization and delineation of lesions 14,32.
Our meta-analysis shows that MRI has the highest diagnostic performance in the 
neoadjuvant setting. However, two of the three studies that were identified used 
SPIO contrast agents. SPIO agents have been replaced largely by Gadolinium-
based agents since SPIO’s are costly, require an extensive scanning time and 
side-effects frequently occur 47. Currently, Gadolineum-based agents and liver-
specific agents like Gd-EOB-DTPA (Primovist) are used in routine clinical care for 
evaluation of CRLM. The sensitivity of Gadolinium based agents for detection of 
CRLM in chemonaive patients is about 80% 18. However, only one study assessed 
the use of Gadolinium enhanced MRI for detection of CRLM after chemotherapy, 
and in this study a sensitivity of 72.2% was observed 36. Data on the performance 
of liver-specific agents like Gd-EOB-DTPA (Primovist) for detection of CRLM after 
chemotherapy are lacking, although in non-treated patients high sensitivities 
for detection of CRLM up to 95% have been reported 48-51. As the diagnostic 
performance of MRI is strongly dependent on the type of contrast agent used, 
further research on this imaging modality using the currently available contrast 
agents in patients with chemotherapy treatment is warranted. These studies 
might show even better diagnostic performance for MRI in the neoadjuvante 
setting than was observed in this meta-analysis.
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We acknowledge that our meta-analysis suffers from several limitations. No 
numbers of true negative and false positive lesions could be extracted reliably in 
the majority of studies, and therefore specificity could not be calculated. However, 
accurate characterization of benign lesions is essential, as overestimation of liver 
lesions (i.e. rating a benign lesion as malignant) can lead to the incorrect decision 
of omitting surgery. In a previous study, our group has shown MRI to be superior 
to CT in differentiating between CRLM and benign lesions as CT was more likely 
to overestimate the number of CRLM 36. Most articles did not incorporate follow-
up data in their reference standard, which may have led to overestimation of 
sensitivity rates, as lesions that were missed in the non-operated liver segments 
are unaccounted for 52. However, studies reporting on patients who did not 
receive resection following chemotherapy due to unresectability, but did receive 
follow-up imaging to confirm the presence of CRLM, were included in this meta-
analysis.
Despite the fact that there are numerous studies assessing patients with 
metastatic colorectal cancer, only eleven studies were eligible for inclusion in 
this meta-analysis. This was mainly due to the fact that the majority of studies 
assessing diagnostic accuracy of imaging modalities for detection of CRLM, 
included chemonaive patients only, or did not separately report on patients with 
and without chemotherapy. 
Finally, there were insufficient data to perform a meta-analysis on an individual 
patient level. Still, per-patient based data are not pertinent for determining the 
diagnostic value of the different imaging modalities in pre-operative evaluation 
of CRLM. However, in addition to lesion based sensitivity data, data on resection 
outcome by imaging modality would be of great clinical relevance. Although 
we consider this as a limitation of this meta-analysis, it is a reflection of the 
currently available evidence as data on which imaging modality results in the best 
resection outcome are currently lacking in the neoadjuvant setting. Therefore a 
trial comparing contrast-enhanced CT and Gadolineum-enhanced or liver-specific 
contrast enhanced MRI would be appropriate. The design of this trial should not 
only allow for assessment of lesion detection and characterization, but also for 
lesion localization and resection strategy, in order to determine which imaging 
modality most accurately determines treatment strategy.
In conclusion, the results of this meta-analysis suggest that MRI is the most 
appropriate imaging modality for preoperative detection of CRLM in patients 
treated with neoadjuvant chemotherapy. CT is the second-best diagnostic 
modality and should be used in the absence of MRI. FDG-PET and PET-CT, which 
perform well for imaging of chemo-naïve CRLM patients, should be avoided for 
pre-operative evaluation of patients in the neoadjuvant setting. 
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Abstract
Introduction
To determine the best imaging modality for preoperative detection, 
characterization and measurement of colorectal liver metastases (CRLM) after 
neoadjuvant chemotherapy (NAC). 

Methods
A total of 79 lesions in 15 patients with CRLM were included. Following NAC, 
all patients received multislice liver CT (MSCT) and magnetic resonance imaging 
(MRI) that were scored by two observers for lesion number, type, diameter (mm) 
and segmental location. Intraoperative findings, histopathology and follow-up 
imaging were used as reference standard for surgically treated patients; non-
surgical candidates underwent follow-up imaging.

Results
Lesion detection rate was similar for MSCT and MRI (76% and 80%, respectively, 
p=0.648). Lesion characterization was significantly superior (p=0.021) at MRI 
(89%, ĸ0.747, p=0.001) compared to MSCT (77%, ĸ0.235, p=0.005). Interobserver 
variability for diameter measurement was not significant at MRI (p=0.909 [95% 
CI 1.245 to 1.395]), but significant at MSCT (p=0.028 [95%CI –3.349 to –2.007]). 
Differences in diameter measurement were independent of observer (p=0.131), 
and no statistical effect from imaging modality on diameter measurement was 
observed (p = 0.095).

Conclusion
MRI is superior to MSCT in preoperative characterization and measurement of 
CRLM after NAC. Lesion detection rates for both modalities are comparable.
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Introduction
Surgical resection of colorectal liver metastases (CRLM) results in improved 
patient outcome, with 5-year survival rates up to 45% in selected patients 1-4. 
Unfortunately, most patients with CRLM (80–90%) have unresectable disease due 
to extensive hepatic involvement or extrahepatic dissemination 3,5. 
The introduction of neoadjuvant chemotherapy (NAC) gave the opportunity to 
perform resections with curative intent in 13–30% of the patients with initially 
unresectable CRLM 1,3,6-8. However, assessment of the response to chemotherapy 
is crucial to assess resectability. Only carefully selected patients with sufficient 
tumour response can benefit from secondary surgery 2,9. Therefore, accurate 
imaging should facilitate detection, characterization, delineation, measurement 
and localization of each individual lesion. 
Contrast-enhanced multislice CT (MSCT) has been the primary imaging modality 
for CRLM with sensitivities reported of 60–90% 10-14. However, magnetic 
resonance imaging (MRI) has improved markedly, especially in combination with 
new contrast agents 10,11,14. Constant developments in liver imaging have resulted 
in many trials assessing the optimal imaging strategy, but contradictory results 
have been reported 11-17.
Currently, there is no uniform recommendation for the use of either MSCT or 
MRI for evaluation of CRLM in patients who did not receive NAC. In patients 
receiving chemotherapy, it is even more difficult. Only few studies have assessed 
the effect of chemotherapy on the sensitivity of MSCT – all showed a significant 
decrease in sensitivity of MSCT 18-20. Several articles described difficulties with 
lesion delineation on CT after chemotherapy, due to diminished lesion-to-liver 
contrast 21,22. Furthermore, there is a limited understanding of the role of MRI in 
the preoperative assessment of patients with CRLM and NAC treatment. To our 
knowledge, only one article has been published on this topic, which described 
superior lesion detection after NAC for MRI compared to MSCT 23. 
In the current study we evaluated the accuracy of MRI compared to MSCT for 
preoperative tumour detection, characterization and measurement in patients 
who underwent NAC, using intraoperative findings, histopathologic findings and 
follow-up imaging as the reference standard. 

Patients and methods
Patient Cohort
This was a prospective cohort study. We selected patients with CRLM and NAC 
treatment who visited the surgical outpatient department of our hospital, a 
tertiary referral center for liver surgery, between March 2004 and September 
2008. The reason for referral was assessment of the possibility for second-stage 
surgery. Approval for this study was given by the institutional review board and 
all patients gave informed consent for using their data. 
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Study Procedures: Preoperative Imaging
Each patient received a contrast-enhanced MSCT after ingestion of 1.000 ml 
diluted water-soluble contrast agent (Telebrix Gastro, 300 mg I/ml). The MSCT 
was performed on a 16 detector row spiral CT scanner (MX 8000; Philips Medical 
Systems, Best, The Netherlands) after injection of 150 or 200 ml (body weight < 90 
or > 90 kg, respectively) of intravenous contrast (iopromide 300 mg I/ml; Ultravist, 
Bayer, Mijdrecht, The Netherlands). Patients received either a single-phase (portal 
venous) scan or a multiple-phase scan consisting of a hepatic arterial, portal 
venous and equilibrium phase (15, 50, and 300 s after aortic enhancement reached 
a level of 100 Hounsfield units at the level of the diaphragm). Subsequently, 5- 
and 2-mm slices were reconstructed at 1-mm intervals for storage in the Picture 
Archiving and Communication System at the UMC Utrecht (PACS image viewer, 
Easy Vision Workstation, Philips Medical Systems). The MRI liver (GyroScan 1.5 T; 
Philips Medical Systems) was performed using the following protocol of transverse 
sequences: T1 TFE breathhold, magnetization-prepared gradient-recalled echo, 
T1 in- and out-of-phase breath-hold and T2 free-breath. Subsequently, three 
dynamic phases (hepatic arterial, portal venous and equilibrium) were performed 
20, 60, and 300 s after intravenous administration of Gadovist, an extracellular 
gadolinium chelate (gadobutrol 1.0 mmol/ml, 0.1 ml/kg; Bayer).

Data Collection: MSCT and MRI
Both the MSCT and MRI were evaluated by two independent experienced 
hepatobiliary radiologists (M.L., M.B.). Both readers were aware of the patients’ 
disease history and reason for referral, and they were blinded for the patients’ 
outcome and each other’s reading . A time interval of at least 4 weeks between the 
MSCT and MR readings was guaranteed and the data were presented in random 
order to avoid recall bias. All scans were evaluated on the PACS image viewer. 
Five-millimeter slices were used for evaluation of the MSCT and, if necessary, the 
2-mm slices could be reviewed as well. The longest diameter of each lesion was 
measured on the transverse slices of the portal phase using electronic calipers. 
Lesion characterization was based on the combination of findings on the portal, 
arterial and late phase images. At the MRI scan all lesions were measured at the 
sequence showing best liver-to-lesion contrast as considered by the radiologist. 
Lesion characterization was based on a combination of all findings on the MRI 
sequences. 
Standardized score forms were used to describe the nature (benign or malignant), 
type (presumed pathological characterization), localization and diameter of each 
detected liver lesion in a craniocaudal fashion, wherein lesions were localized 
according to Bismuth’s adaptation of the Couinaud classification 24. The nature 
of the lesion was expressed on a 5-point scale (1, definitely benign; 5, definitely 
malignant). Definitely benign was used for presumed cysts, haemangioma and 
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calcifications, while definitely malignant was used for presumed CRLM (see Table 
1 for definitions). The type of the lesion refers to the presumed pathology based 
on the radiological characteristics. 
Finally, a consensus reading was performed with both observers, wherein 
all dissimilarities between the individual readings regarding detection, 
characterization, localization or size, were jointly reviewed. Consensus was 
reached in all cases.

Table 1. Criteria for lesion characterization on CT and IOUS.
CT scan

CRLM Soft tissue density, less enhancement compared to liver parenchyma, indistinct 
borders, with some peripheral fill-in on equilibrium phase images. Possible rim 
enhancement on arterial phase.

Cyst Water density on all phases, sharply defined, no contrast enhancement
Haemangioma Peripheral, discontinuous globular enhancement of arterial density, progressing 

during venous and equilibrium phase. Subcentimeter lesions may show 
complete enhancement in arterial phase.

MRI scan

CRLM Hypointense on T1 and hyperintense on T2 sequences. During dynamic phases 
progressive, continuous rim enhancement with possible heterogeneous washout 
on equilibrium phase. 

Cyst Homogeneously hypointense on T1 and hyperintense on T2 sequences. No 
contrast enhancement, sharply defined borders.

Haemangioma Hypointense on T1- and hyperintense on T2 sequences. During dynamic phases 
peripheral, discontinuous globular enhancement of arterial density, progressing 
during venous and equilibrium phase. Subcentimeter lesions may show 
complete enhancement in arterial phase

IOUS

CRLM Hypo- or hyperechoic lesion, frequently surrounded by a halo.
Cyst Round-oval, anechoic, sharp borders. Enhanced through transmission. 
Haemangioma Round or lobulated, well defined, hyperechoic without mass effect; 

compressible on palpation.

Study Procedures: Intraoperative Ultrasound, Surgery, Pathology and Follow-Up
Inspection, palpation and an intraoperative ultrasound (IOUS) of all liver segments 
was performed in all surgically treated patients in order to (1) confirm previously 
detected lesions, (2) assess the anatomical position of lesions with regard to the 
intrahepatic vasculature, and (3) detect any additional lesions. All IOUS (Philips 
HDI 5000 equipped with a CT 8-4 intraoperative transducer, 2–5 MHz; Philips 
Medical Systems, Eindhoven, The Netherlands) were performed by the surgeon 
who performed the surgical procedure, with knowledge of the preoperative 
imaging findings. 
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Standardized score forms were used to record the following items for each lesion: 
nature and type, localization according to the Couinaud classification and diameter. 
The nature and type of the lesion were assessed by a combination of inspection, 
palpation and IOUS (Table 1). The resection strategy (extent of resection, with 
or without radiofrequency ablation) was based on the intraoperative findings. 
No tumour biopsy was performed in any lesion prior or during operation. At 
pathology, resected specimens were sectioned into transverse 4-mm slices. 
Standardized score forms were used to record the findings of the pathological 
examination. The pathologist was informed on the patients’ history of CRLM 
and NAC treatment, but was not informed on the number of lesions detected 
during the surgical procedure. Each patient received at least one follow-up MSCT 
6 months after the surgical procedure. Patients who were not surgically treated 
were also re-evaluated 6 months after their last NAC course by means of MSCT. 
The follow-up scans were assessed in an independent session with one of the 
radiologists. Similar score forms were used as during the initial scan assessment.

Reference Standard
Two different reference standards were used: reference standard 1 for surgically 
treated patients, and reference standard 2 for patients who were not surgically 
treated 25. Reference standard 1 consisted of the combination of intraoperative 
inspection and palpation, IOUS, and the pathological examination for lesions that 
were resected. Hierarchic, pathological examination was seen as the dominant 
reference standard for these lesions. In case of radiofrequency ablation (RFA), 
the combination of intraoperative findings and IOUS were used as reference 
standard. A follow-up MSCT was added to reference standard 1 in order to review 
non-resected lesions and to evaluate the presence of any missed lesions. On 
the 6-month follow-up scan, non-resected hypovascular lesions were regarded 
as malignant in case of lesion growth and benign in case of absence of growth. 
Growth was defined as an increase in tumour diameter of more than 50%. In case 
of a new lesion present at the follow-up scan, the post-chemotherapy scan was 
re-examined to determine whether the lesion was initially missed or that it had 
recently evolved.
Reference standard 2, used for patients who were not operated, consisted of 
the findings at the follow-up MSCT. At the follow-up scan, all suspected lesions 
were assessed and the scan was reviewed for any missed lesion as mentioned at 
reference standard 1.

Statistical Analysis
Major endpoints were sensitivity for lesion detection and characterization (benign 
or malignant), on a per-lesion basis. A cut-off point was used for characterization 
of the lesions. All lesions determined (possibly) benign were merged into group 
1 (benign lesions), all indeterminate and (possibly) malignant lesions were 
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merged into group 2 (malignant lesions). A McNemar test was performed to 
define statistical difference between CT and MRI. Interobserver variability for 
lesion characterization at MRI and CT was determined by calculating agreement 
percentages (Cohen’s ĸ). Additionally, diameters for both observers and imaging 
techniques were presented as medians with the interquartile range (IQR). 
Differences within tumour diameter assessment between CT and MRI were 
analyzed by using a two-way ANOVA in blocks because these data were paired. 
For this specific analysis on lesion diameter measurement, only lesions that were 
detected by both observers and on both scans were used. Alpha was set at 0.5. All 
statistical analyses were performed using SPSS Version 15.0 (SPSS Inc., Chicago, 
Ill., USA) by one of the co-authors with the support of our in-house statistician in 
order to confirm accuracy of the statistical methods.

Results
A total of 15 patients met the established inclusion criteria and were willing 
to participate in this study. Patient characteristics are outlined in Table 2. Five 
patients only received a single-phase MSCT; the remaining 10 patients received a 
multiple-phase MSCT. Out of 15 patients, 2 remained unresectable after NAC due 
to disease progression during NAC. In those patients, follow-up scans confirmed 
the malignant nature of the lesions since all hypovascular lesions showed 
significant progression in size (> 50%). Amaximum of 6 weeks between the 
MSCT and the MRI scan occurred, except for 2 patients who had time intervals 
of respectively 7 and 9 weeks between the MSCT and the MRI scan. Fourteen 
patients underwent a follow-up scan at least 6 months after follow-up. One 
patient died postoperatively due to respiratory insufficiency. This patient was not 
excluded from further analysis because systematic pathological examination of 
the liver was performed during postmortem evaluation. 

Lesion Detection
According to the reference standard, 79 lesions were present (54 malignant, 
25 benign). After consensus reading, a total of 72 lesions (69 characterized as 
malignant and 3 as benign) were detected on the CT, of which 60 lesions were 
true positive and 12 lesions (all malignant) were false positive. On the MRI scan a 
total of 69 lesions (45 characterized as malignant and 24 as benign) were detected 
of which 63 lesions where true positive and 6 false positive (3 benign and 3 
malignant). This results in a correct detection with MSCT in 60 out of 79 lesions 
(76%), and with MRI in 63 out of 79 lesions (80%). The McNemar test showed that 
the differences in detection rate were not statistically significant (p=0.648). The 
false positive detection rate was two times higher on MSCT than MRI. 
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Lesion Characterization
Only lesions that could be correlated to the reference standard were used for 
further analysis (true positive lesions): 60 lesions at CT, 63 lesions at MRI. On 
CT, 57 out of 60 lesions were characterized as malignant; 3 out of 60 lesions as 
benign. In comparison to the reference standard, this corresponds to a correct 
characterization of 77%. On MRI, 42 out of 63 lesions were characterized 
as malignant and 21 out of 63 as benign, corresponding to an overall correct 
characterization of 89% in comparison to the reference standard. The McNemar 
test showed significant difference in characterization rate (p=0.021). The correct 
characterization rate for malignant lesions compared to the reference standard 
was 43/54 (80%) for CT and 39/54 (72%) for MRI. A Cohen’s ĸ of 0.235 (p=0.005) 
for interobserver agreement of lesion characterization was observed on MSCT 
and for the MRI scan a Cohen’s ĸ of 0.747 (p=0.001) was calculated. 

Lesion Measurement
As we wanted to compare lesion measurement between the observers and 
between the different imaging techniques, only lesions that were detected by both 
observers and on both imaging modalities were used for this analysis (Figure 1).

Figure 1: Differences in diameter measurements between the two observers for CT and MRI. Each point 
represents a lesion. This plot shows less difference between the diameter measurements on MRI than 
CT as is shown by the mean and the standard deviation.

A total of 40 lesions met these criteria. Paired t-tests showed no significant 
differences in diameter measurement between the two observers on the MRI 
scan (p=0.909 [95% CI –1.245 to 1.395]). On the contrary, on CT scan there was 
a significant interobserver variability in diameter measurements (p=0.028 [95% 
CI –3.349 to –2.007]). The median diameter on MRI was 14.00 mm for both 
observers (IQR 15.25 and 22.25 mm, respectively); on CT, the median diameter 
was 13.00 mm (IQR 16.50 mm) for observer 1 and 14.50 mm (IQR 23.25 mm) 
for observer 2, respectively. The two-way ANOVA in blocks analysis showed no 
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significant interaction effect (p=0.131) between the observers and the used 
imaging technique (CT or MRI) on diameter measurement. This indicates that any 
difference between the measurements on both imaging techniques (CT and MRI) 
was independent of the observer and vice versa. Both techniques were compared 
for imaging effect on tumour measurement, but no statistically significant effect 
was found (p=0.095). Nevertheless, these results can be interpreted as a tendency 
towards a difference in tumour measurement on CT and MRI scan. 

Discussion
This study was conducted to compare MSCT and MRI in the preoperative 
evaluation of patients with CRLM who had been treated with NAC. Our results 
show that MRI is superior to MSCT in the preoperative evaluation of NAC 
treatment in patients with CRLM. Although detection rates were similar for 
MSCT and MRI, CT led to a higher false positive detection rate and overall lesion 
characterization was superior on MRI. In addition, diameter measurement was 
superior on MRI. 
There are several articles that assessed the influence of chemotherapy on the 
sensitivity of MSCT. All articles showed a significant decline of 15–22% post-
chemotherapy, resulting in poor sensitivities of 54–65% 18-20. The observed 
sensitivity for lesion detection with MSCT in this study (76%) is actually higher 
than these results, perhaps because the observers were aware of the patients’ 
history. MRI detected 80% of the lesions in this study, which is in the lower range 
of sensitivities reported for MRI in patients without chemotherapy treatment 10-13. 
This implies there might be a negative effect of chemotherapy on the sensitivity 
of MRI as well. 
In our study, post-chemotherapy lesion delineation was impaired on MSCT 
which resulted in vague lesion borders in several patients (Figure 2 a, c), and 
a significant interobserver variability in diameter measurement was observed. 
Furthermore, we saw a high incorrect characterization rate at MSCT; 14 out of 
57 lesions classified as malignant were wrongly characterized as malignant. On 
the contrary, detection and characterization on MRI were not impaired by NAC.
In general, chemotherapy can cause parenchymal changes like steatosis 
(irinotecan and 5-FU) or sinusoidal obstruction (oxaliplatin) 26-28. Steatosis 
diminishes the contrast uptake, which results in a lower density liver parenchyma 
and less enhancement on MSCT. The resulting decrease in liver-to-lesion contrast 
hinders the detection, characterization and delineation of lesions 20,21. Most MRI 
protocols have included in- and out-of-phase T1-weighted sequences, which are 
used to detect steatosis. In case of steatosis there is a loss of parenchymal signal 
on the out-of-phase T1 -weighted sequence, while the lesions remain their signal 
intensity 14,29. As opposed to MSCT, this results in a better visual imaging of the 
lesions. Surprisingly, in this study no significant signal loss was detected on the 
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Figure 2. a-d Comparison of CT and MRI images of CRLM after NAC. a and b: patient 1 with a CRLM in 
segment 3 (striped arrow) and a CRLM in segment 4 (white arrow). a) portal phase MSCT showing 
both CRLM with poor delineation due to poor liver-to-lesion contrast. b) the same lesions on MRI at a 
T1 weighted scan, showing superior liver-to-lesion contrast. c and d: patient 2 with a CRLM in segment 
4 (white arrow). c) portal phase MSCT showing indistinguishable lesion borders due to poor liver-to-
lesion contrast in the periphery of the metastasis. d) the same lesion on in-phase T1 MRI sequence 
showing excellent liver-to-lesion contrast and better lesion delineation.

out-of-phase images, and all lesions could be clearly detected and delineated on 
the MRI sequences (Figure 2 b, d). Therefore, fatty change does not explain the 
observed superior lesion detection and characterization on MRI.
Another topic that we would like to address is that CT and MRI are under the 
influence of constant developments and improvements. Currently, 32 and 
64 detector row scanners are available, which reduce scan time due to faster 
scanning speed 30. However, the quality of liver images mainly depends on 
adequate timing of the portal phase, not on faster scanning. For MRI scanning, 
liver-specific contrast agents are available. However, the use of liver-specific 
agents for detection and characterization of CRLM still has to be established and 
so far there are no studies that have assessed the influence of chemotherapy on 
the efficacy of liver-specific agents.
To our knowledge, this is the first study to compare MSCT and MRI for liver 
imaging of patients with CRLM and NAC treatment. However, there are several 
limitations to this study that we will address. Strict inclusion criteria in this 
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study were used to provide for a homogeneous patient group. Although the 
number of patients analyzed is limited, the total number of lesions identified by 
the reference standard is 79, which is sufficient for a per-lesion analysis. Also, 
due to changes in the guidelines in our hospital for follow-up of patients with 
CRLM after chemotherapy, 5 out of 15 patients received a single-phase MSCT 
instead of a multiple-phase MSCT. However, these modalities are comparable for 
evaluation of patients with CRLM, since arterial and equilibrium phase have only 
a limited additive value for characterization of indiscriminate lesions, and there 
is no added value for detection of CRLM 25. Also, both radiologists were aware of 
the patients’ history of having CRLM. This might have restricted the radiologist 
to perform an independent characterization of individual lesions. However, the 
availability of this information is in keeping with the clinical practice, where 
radiologists also have the patients’ history available. In 2 out of 15 patients, a 
time interval longer than 6 weeks (7 and 9 weeks, respectively) was observed. 
This might have influenced the comparability of CT and MRI. Finally, our data 
show that the interobserver difference for diameter measurement is smaller on 
MRI than on CT. However, we could not compare the diameters on either MSCT or 
MRI with the diameter measured at pathology, as pathology was not attained in 
a substantial number of lesions that were ablated or were not surgically treated. 
As a word of caution, we would like to address that the current literature shows 
there is a discrepancy between tumour response as shown on MSCT images and 
the results from pathologic examination of resected tumours after NAC. Most 
CRLM showing complete response at MSCT still contain viable tumour cells at 
pathological examination (30–83%), mainly in the periphery of the initial tumour 
area 22,31. Therefore, there is an ongoing discussion whether it is necessary to 
include the initial tumour area in the resection specimen or to operate on the 
images provided after NAC. 
In conclusion, the results of this study strongly suggest that MRI is superior to 
MSCT in the preoperative evaluation of patients with CRLM and NAC treatment, 
especially for characterization and measurement of lesions. However, these 
results are not sufficient to conclude that in case of tumour shrinkage on MRI no 
residuary viable tumour cells remain outside the visible tumour area. 
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Abstract
Objectives
This study evaluates intra- and inter-observer variability of automatic diameter 
and volume measurement of colorectal liver metastases (CRLM) before and after 
chemotherapy and its influence on response classification. 

Methods
Pre- and post-chemotherapy CT-scans of 33 patients with 138 CRLM were 
evaluated. Two observers measured all metastases three times on pre- and post-
chemotherapy CT-scans, using three different techniques: manual diameter (MD), 
automatic diameter (AD) and automatic volume (AV). RECIST 1.0 criteria were 
used to define response classification. For each technique, we assessed intra- 
and interobserver reliability by determining the intraclass correlation coefficient 
(α-level 0.05). Intra-observer agreement was estimated by the variance coefficient 
(%). For inter-observer agreement the relative measurement error (%) was 
calculated using Bland-Altman analysis. In addition, we compared agreement in 
response classification by calculating kappa-scores (κ) and estimating proportions 
of discordance between methods (%).

Results
Intra-observer variability was 6.05%, 4.28% and 12.72% for MD, AD and AV, 
respectively. Inter-observer variability was 4.23%, 2.02% and 14.86% for MD, 
AD and AV, respectively. Chemotherapy marginally affected these estimates. 
Agreement in response classification did not improve using AD or AV (MD κ=0.653, 
AD κ=0.548, AV κ=0.548) and substantial discordance between observers was 
observed with all three methods (MD 17.8%, AD 22.2%, AV 22.2%). 

Conclusion
Semi-automatic software allows repeatable and reproducible measurement 
of both diameter and volume measurements of CRLM, but does not reduce 
variability in response classification.
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Introduction
Accurate and reproducible assessment of response to chemotherapy is crucial, 
both for individual patient care and comparison of clinical trials assessing new 
treatment regimens 1-3. Imaging-based response classification systems aim 
to standardize response assessment following chemotherapy 1-3. Since the 
introduction of the first imaging-based response evaluation systems in the 
1970s, image acquisition techniques and chemotherapeutic treatment regimens 
have evolved substantially. These developments have led to the introduction 
of the Response Evaluation Criteria for Solid Tumours (RECIST) in 2000, which 
were modified into the RECIST 1.1 criteria in 2008 1,3. Most important changes, 
compared to earlier criteria, include the use of unidimensional measurements, a 
maximum number of lesions to be measured per organ and a minimum size of 1 
centimetre for measurable disease 1-3. 
Previous studies have shown rather poor reproducibility of tumour size 
measurements and response classification using RECIST criteria 4,5. This may 
be due to the inability of unidimensional measurements to capture irregular 
tumour growth or shrinkage 6 and to reduced lesion delineation with respect to 
surrounding parenchyma following chemotherapy 4,7. 
These problems could potentially be overcome with optimized CT acquisition 
protocols in combination with semi-automatic volume measurements 8,9. It has 
been shown that semi-automatic diameter measurements correlate well with 
manual diameter measurements 8,10. However, for colorectal liver metastases 
(CRLM), reproducibility and repeatability of semi-automatic diameter or volume 
measurements and its impact on response classification has been less well 
evaluated 10,11. 
With this study, we aim to assess the intra- and interobserver variability of 
semi-automatic diameter and volume measurements of CRLM before and after 
chemotherapy, and the influence of semi-automatic measurements on response 
classification.

Materials and methods
This study was approved by the local institutional review board, and written 
informed consent was waived. In the Medical Oncology database of our tertiary 
referral centre we identified patients using the following three inclusion criteria: 
presence of CRLM, chemotherapy treatment between 2004 and 2009 and 
evaluation by CT-scan before and after the first chemotherapy cycle. 
Pre-chemotherapy CT-scans were reviewed and the largest, non-confluent, 
lesions (maximum of five, >1cm) were selected. Although current RECIST 1.1 
guidelines advice a maximum of two lesions per patient, five lesions were 
assessed (according to RECIST 1.0) because variability in response measurement 
and classification are lower when using five instead of two lesions 12. 
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To assure that the same lesions were measured on pre- and post-chemotherapy 
CT-scan, lesions were correlated using their relative anatomic level, segmental 
location and relation to intrahepatic vascular structures. 

CT scan and semi-automatic software
CT-scans were performed on a 16-slice multi-detector CT (MDCT) unit (Philips 
Healthcare, Best, The Netherlands) after ingestion of 1000 ml diluted water-
soluble contrast agent (Telebrix Gastro, 300 mgI/ml) and injection of 150 or 200 ml 
(body weight <90 kg or >90 kg, respectively) of intravenous contrast (Jopromide 
300 mgI/ml; Ultravist, Bayer, Mijdrecht, the Netherlands). All patients received 
a portal venous phase scan 50 seconds after aortic enhancement. The following 
scan parameters were used: tube voltage of 120Kv, 210mA s, 0.75sec rotation 
time and slice collimation at 1.0mm. Two sets of images were reconstructed: 
5mm slices at 4mm increment for clinical assessment, and 1mm slices at 0.7mm 
increment for interactive viewing on a workstation. The latter set was used in the 
current study. Images were stored on a Picture Archiving and Communication 
System (PACS image viewer, Easy Vision Workstation, Philips Healthcare, Best, 
The Netherlands) as DICOM images. 
The semi-automatic software system OncoTREAT (MeVis institute for medical 
imaging, Bremen, Germany, version 1.7, non commercial prototype for pre-
clinical application only) was used for data-analysis. Baseline software set-up 
was as follows: window width and level 40/400, display mode: multiplanar 
reconstructions.

Measurements
Each lesion was measured by manual diameter (MD), automatic diameter (AD), 
and automatic volume (AV) measurements. 
Manual measurements were performed using an enlarged visualisation of the 
lesion with surrounding tissue, where the longest diameter on the axial slice was 
measured manually. 
For automatic measurements, the automatic segmentation process was started 
by indicating two opposing lesion borders on the slice with the best lesion 
delineation. Subsequently, the software automatically defined the lesion contours 
and displayed the 3D-segmentation in a separate window, along with the three 
orthogonal cross-sectional planes. Lesion volume and longest diameter in the 
axial plane were automatically generated by the software. The technical details 
of the OncoTREAT program have been described previously 13.
To assess measurement reproducibility, all measurements were performed by 
two observers (T.K., C.K.). CT scans were anonymously presented and evaluated 
in random order. To assess measurement repeatability, all measurements were 
repeated three times at different time-points, with at least one day delay. For 
subjective evaluation of segmentation quality a 5-point scale (-- very poor, - poor, 
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0 acceptable, + good, ++ very good) was used. To assure the observers would 
evaluate segmentation quality in a similar fashion, 10 segmentation results from 
lesions that were not included in this study were evaluated during a consensus 
reading prior to the study. Lesions showing a very poor or poor segmentation 
quality were excluded from further analysis of repeatability, reproducibility and 
response classification.
All measurements were repeated in a similar manner on post-chemotherapy CT-
scans. To assure that both readers assessed the same lesion, segmental location 
and craniocaudal extent on the CT-scan were noted for each lesion by the first 
observer (C.K). 

Statistical methods
Measurement results are expressed as means with standard deviations for 
parametric continuous variables, as median with interquartile range (IQR) for non-
parametric continuous data and as frequencies and percentages for categorical 
variables. To exclude systematic under- or overestimation of tumour size, we 
calibrated the new software by comparing manual and automatic diameter 
measurements with Bland-Altman plots. 
Segmentation results were reviewed and scans with poor quality of segmentation 
were excluded, as segmentation of these lesions had failed and therefore could 
not be compared to manual measurements. 
Study outcomes include repeatability and reproducibility for the three 
measurements techniques (manual diameter in cm, automatic diameter in cm 
and automatic volume in cm3), as well as agreement in response classification 
within and between observers. 

Repeatability 
On an intra-observer level, we estimated agreement and reliability for the three 
techniques. Agreement (i.e. closeness of measurements made on the same 
subject) was assessed by linear regression where regression coefficients of one 
indicate perfect agreement 14. By calculating the variance-coefficient (VC) we 
estimated the relative measure of variability for each measurement technique, 
while taking into account differences in lesion size (the closer to 0%, the higher 
the agreement) 14. The following formula was applied to calculate the variance 
coefficient:
VC = (∑((SD(M1-3) / mean (M1-3)) * 100%)  n1-x) / n , where n is the number of lesions 
that are assessed and M1-3 denotes the three different measurements performed 
by one observer. 
Reliability (i.e. magnitude of the measurement error in relation to the inherent 
variability of measurements) on an intra-observer level was assessed on pre- and 
post-chemotherapy CT-scans by means of the intra-class correlation coefficient 
(ICC) 14. The ICC takes values between zero and one, with a value of one 
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corresponding to zero measurement error and a value of zero meaning that all 
the variability in measurements is due to measurement error. 

Reproducibility 
On an inter-observer level, we estimated agreement by linear regression and we 
calculated relative measurement errors (RME) using Bland-Altman analysis 14. 
RME = ∑ ((mean (obs 1+obs 2) / Δ (obs1;obs2) * 100%)n1-x) / n
Here, the mean of observers is used as estimated true size, as there is no gold 
standard for lesion size. An RME value close to zero indicates high levels of 
agreement. Reliability on an inter-observer level was estimated by ICC for the 
three measurement techniques.

95% limits of agreement
Cut-off values for the different response categories are very broad. In order to 
get an estimate of cut-off values for true changes in tumour size, 95% limits of 
agreement were calculated based on Bland-Altman plots for differences within 
observer measurements and for differences between observer measurements 14. 
Changes in lesion size larger than these limits of agreement can be presumed to 
be true changes in tumour size instead of variation or measurement errors. The 
most conservative limits of agreement of the three repetitive measurements are 
presented. 

Response classification
Treatment response to chemotherapy on a patient level was assessed for each 
observer and for all three measurement techniques. Treatment response was 
categorized on a patient level and categorized as progressive disease, stable 
disease, partial response, or complete response. For diameter measurements, 
RECIST criteria were used to classify response. For volumetric measurements, we 
adopted the volumetric criteria previously published by James et al 15 (Table 1). 
These cut-off values are a mathematical extrapolation of the unidimensional 
criteria. 

Table 1. Extrapolation of the RECIST criteria to volume measurements: limits per response category 
(based on a uniform change in size).
Response category Diameter Volume

Progressive disease >20% increase or new lesions >73% increase or new lesions
Stable disease <30% decrease or <20% increase, 

no new lesions
<65% decrease or <73% increase, 

no new lesions
Partial response >30% decrease, no new lesions >65% decrease, no new lesions

Complete response disappearance of all target lesions, 
no new lesions

disappearance of all target lesions, 
no new lesions
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On an intra- and inter-observer level, we estimated agreement in response 
classification by calculating kappa scores (κ), a measure of the level of agreement 
beyond chance alone (no agreement if κ=0, excellent agreement if κ=1) 16.
In order to identify the most reliable tool for response assessment, we compared 
agreement in response classification between the three techniques calculating 
kappa scores for each observer, taking into account the clustered nature of the 
data (multiple measurements per patient). 
All analyses were performed with SPSS (version 15.0 for Windows, SPSS Inc., 
Chicago, Il). A p-value < 0.05 was considered significant. 

Results
Patients, lesions and segmentation quality
A total of 33 out of 84 patients with CRLM met all three inclusion criteria. Their 
basic demographic and clinical characteristics are presented in Table 2. 
The remaining patients from the database were excluded from this particular 
study because thin slices were not available, or either pre- or post-chemotherapy 
CT-scans were not obtained within the defined time-window. On the pre-
chemotherapy CT-scan, 138 lesions met the inclusion criteria of which 128 were 
still visible on the post-chemotherapy CT-scan. The remaining 10 lesions (in 7 
patients) were no longer visible. No patients showed new lesions on the post-
chemotherapy CT-scan. Lesion characteristics were as follows: all 138 lesions were 
hypodense compared to the surrounding liver parenchyma, and 116 lesions were 
well-defined (the remaining 22 lesions showed irregularity of lesion borders). 

Table 2. Baseline characteristics per patient.
Baseline characteristics

Patients n=33
Age 59.7 yrs (28.4 – 78.7) 
Gender (M:F) 21 : 2  
Lesions 1

1 n=2
2 n=3
3 n=3
4 n=4
5 n=21
mean 4.2

Chemotherapy
CAPOX n=6
CAPOX-B n=19
FOLFOX n=2
FOLFOX-B n=4
XELIRI-B n=1
Oxaliplatin mono n=1

Interval baseline CT vs. first chemotherapy cycle 15 days (5-28 days)
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An inhomogeneous aspect, probably due to necrosis, was observed in 12 lesions, 
while peripheral enhancement was observed in 7 lesions. The majority of lesions 
were surrounded by parenchyma, without a direct relation to any surrounding 
structures (n=82), while 32 lesions were in direct contact with the liver capsula 
in areas surrounded by lung tissue, 18 lesions were in direct contact with liver 
capsula and surrounding extrahepatic soft tissue, and 8 lesions had a direct 
relation with intrahepatic major vessels. 
Observer 1 and 2 classified automatic segmentation quality as acceptable to 
very good in 93.0% (n=128) and 93.5% (n=129) of lesions pre-chemotherapy 
(n=138), respectively, and in 94.5% (n=121) and 87.4% (n=112) of lesions post-
chemotherapy (n=128) (Figure 1a and b).

Figure 1. Two examples of excellent quality segmentation. 
a) a well-defined colorectal liver metastasis is present in segment 4/8 showing excellent segmentation 
in all directions. b) a large colorectal liver metastasis in segment 7/8 showing an irregular growth and 
enhancement pattern. However, segmentation quality is still good in all directions.
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In 3 out of 33 (9.1%) patients (with a total of 11 lesions), accurate automatic 
segmentation was impossible due to lesion irregularity (n=2), close relation 
of lesions to extrahepatic structures (n=4) or continuity with adjacent lesions 
(n=5). Another two lesions (in two patients) also showed very poor lesion 
segmentation due to proximity to extrahepatic structures or lesion irregularity. 
In the remaining lesions with lesion irregularity, or continuity with vessels, the 
capsula or extrahepatic structures, the software was able to achieve accurate 
segmentation. Therefore, final analyses on repeatability, reproducibility and 
response classification were based on 30 patients, comprising 126 lesions. 
Comparability between manual and automatic diameter measurements was 
excellent with a mean difference of 1.0mm and 1.6mm on pre- and post-
chemotherapy CT-scans, respectively (Figure 2). 

Repeatability 
Measurement agreement was very good for all three methods, before and after 
chemotherapy, with regression coefficients between 0.93 and 1.01 (Figure 3.). 
Before and after chemotherapy, intra-observer level reliability was very high 
for all three measurement methods and for each observer with ICC’s varying 

Figure 2 a-d. Bland-Altman plots visualising the degree of agreement between the manual diameter 
measurements and the automatic diameter measurements. a) observer 1 on the pre-chemotherapy 
scan, b) observer 2 on the pre-chemotherapy scan, c) observer 1 on the post-chemotherapy scan and 
d) observer 2 on the post-chemotherapy scan. The x-axis presents the mean (μ) of the manual and 
automatic diameters, while the y-axis displays the difference (Δ) between the manual and automatic 
measurements. The 95% confidence limits are presented by the dashed lines.

a

c

b

d
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between 0.980 and 0.997 (p<0.05). On pre-chemotherapy CT-scans, there was 
less intra-observer variability for automatic diameter measurements than for 
manual diameter measurements (i.e. smaller VC), whereas VC’s for manual and 
automatic diameter measurements were comparable on post-chemotherapy 
CT-scans. VC’s of volume measurements were not affected by chemotherapy, 
but volume measurements showed higher VC’s (12-14%) than diameter 
measurements before and after chemotherapy (Table 3).

Reproducibility 
On an inter-observer level, reliability was very high for all three measurement 
techniques, as shown by ICC’s of 0.978-0.994 (p<0.05) for pre- and post- 
chemotherapy measurements, respectively. Agreement between measurements 
of both observers was high with regression coefficients approaching 1 for all 
three measurement methods. Inter-observer variability was nearly similar 
for automatic diameter measurements as compared to manual diameter 
measurement before and after chemotherapy (RME’s between 2% and 4%). RME’s 
of volume measurements were substantially higher (Table 3). Chemotherapy did 
not significantly influence RME’s in any of the measurement methods.

95% limits of agreement 
For the individual observers, 95% percent of all repeated lesion measurements 
fell within the following limits: [-23.1;13.6%] for manual diameter, [-11.9;12.0%] 
for automatic diameter and [-28.6;30.4%] for volume measurements. Taking the 
two observers into account, 95% of all measurements fell within the following 
limits: [-17.1;8.3%] for manual diameter, [-13.6; 8.0%] automatic diameter and 
[-42.7;17.0%] for volume measurements. 

Response classification
Both observers classified each patient into a response category based on manual 
diameter, automatic diameter and automatic volume measurements. As all 
measurements were repeated three times, 90 observations were attained per 
observer. Interobserver agreement in response classification was similarly good 
for manual diameter (82.2%, κ=0.653), automatic diameter (77.8%, κ=0.548) and 
volume measurements (77.8%, κ=0.548). Intra-observer agreement in response 
classification was highest using volume measurements (κ=0.820), although 
manual and automatic diameter measurements also showed good intra-observer 
agreement (κ=0.783 and κ=0.774, respectively) (Table 4). 
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Discussion
This study shows that evaluation of the effect of chemotherapy on CRLM is 
technically feasible with semi-automatic volume software, and good measurement 
repeatability and reproducibility can be achieved. However, the clinical relevance 
of semi-automatic volume measurements is questionable as the accuracy of 
response classification did not improve. 
In order to improve response classification accuracy, image based response 
measurement of solid tumours has evolved considerably over the past decades 
from manual measurements with handheld rulers on conventional imaging at 
8-10 mm CT slices, to software assisted measurements on fully digitized multi-
slice-CT acquisitions with 2-5mm slices 17. 
In 1979, the World Health Organization introduced a two-dimensional 
measurement classification system, with rather wide limits for tumour response 
(>50% decrease in tumour area) and progression (>25% increase in tumour area) 
2. This two-dimensional classification system was followed by the unidimensional 
RECIST criteria, which used unidimensional instead of two-dimensional 
measurements, based on the theoretical assumption that the linear relation 
between proportion of cells killed by chemotherapy is stronger for tumour 
diameter than for tumour area 15.
The RECIST criteria, the current standard for evaluation of response to 
chemotherapy of solid tumours, are still associated with substantial inter- 
and intra-observer variability 9,12,15. Consequently, disagreement may occur in 
response classification within and between observers, hampering interpretation 
of radiological response and leading to inconsistencies in treatment planning and 
prognostication 5. 
By incorporating lesion irregularity and non-spherical growth or shrinkage 
patterns, three-dimensional (volumetric) measurement may be a more adequate 
tool for estimating tumour load. In lung lesions and lymph nodes, semi-automatic 
software has been shown to allow fast volume segmentation and measurement 
with little intra- and interobserver variability 9,18. These findings can not be simply 

Table 4. Inter- and intra-observer agreement in response classification.
Response 
classification

Interobserver agreement 
(n=90)*

Intra-observer agreement 
(n=60)*

Manual 1D 74/90 (82.2%) κ 0.653
(0.456-0.850) 50/60 (83.3%) κ 0.783  

(0.644-0.923)

Automatic 1D 70/90 (77.8%) κ 0.548
(0.355-0.741) 50/60 (83.3%) κ 0.774

(0.637-0.911)

Automatic volume 70/90 (77.8%) κ 0.548
(0.362-0.737) 52/60 (86.7%) κ 0.820

(0.687-0.952)

*n = the number of paired observation
Results of the inter- and intra-observer agreement for response classification.
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extrapolated to CRLM, as the difference in density between CRLM and liver 
parenchyma is much smaller than that of lymph nodes or lung lesions and their 
surrounding tissues. 
With this study, we are one of the first to show that semi-automatic software 
allows adequate segmentation of CRLM before and after chemotherapy in 90% of 
lesions, which is similar to that of lung lesions 9. While we confirm previous studies, 
showing good correlation between semi-automatic diameter measurements and 
manual diameter measurements in non-treated liver lesions 10, we also showed 
excellent comparability between manual and automatic diameter measurement 
post-chemotherapy. In addition, good repeatability and reproducibility were 
observed, not only for automatic diameter measurements, but also for volume 
measurements, pre- and post-chemotherapy. 
Although this was not one of our study purposes, we monitored the lesion 
segmentation time as the potential for clinical application is dependent on 
the duration of the segmentation acquisition. In the majority of lesions the 
segmentation time varied between 2 and 10 seconds per lesion, while a maximum 
segmentation time of 30 seconds was observed in a small number of lesions. 
The repeatability and reproducibility in post-chemotherapy CT-scans is 
important, as chemotherapy may induce intraparenchymal changes like 
steatosis, which potentially hamper delineation of CRLM 19. In our study, none 
of the three measurement methods seemed to be affected by chemotherapy, as 
segmentation quality, repeatability and reproducibility were similar on pre- and 
post-chemotherapy scans. 
In accordance with previous studies, we observed high rates of inconsistencies 
in response classification between manual diameter and semi-automatic volume 
measurements 20. Improved concordance in response classification between 
diameter and volume measurements was observed with the use of semi-
automatic diameter measurement.
Despite excellent repeatability and reproducibility of size measurements with 
semi-automatic software, substantial variability in response classification 
within each of the three measurement methods remained. This may be due to 
the majority of patients showing response rates around the cut-off for partial 
response, where small differences (<5%) in response between two repetitive 
measurements, may lead to different response categorization. 
The proposed cut-off values for volume measurements are based on mathematical 
extrapolation of cut-off values for unidimensional measurements and thus much 
broader (-65% to +73%) than those of diameter measurements (-30% to 20%) 
20. The observed 95% limits of agreement for all three measurement methods 
were much smaller than these cut-off values, suggesting that semi-automatic 
diameter and volume measurements allow narrower cut-off values for response 
categories. However, clinical implications of narrower cut-off values for tumour 
response need prospective validation.
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Limitations of our study, besides small sample size and retrospective patient 
selection, include the software’s inability to delineate and perform segmentation 
in 10% of the lesions. We did not allow for manual correction as this is time-
consuming and therefore not appropriate for clinical implementation. Another 
limitation is the software’s need for 1-2mm thin slices. Furthermore, this study 
was conducted using a single type of non-commercial volumetric software, 
and the results may not directly be applicable to other software, which should 
therefore be validated in a similar fashion. 
In conclusion, repeatable and reproducible diameter and volume measurements 
of CRLM are feasible with semi-automatic software in 90% of patients. However, 
more accurate size measurement did not reduce variability in response 
classification, therefore limiting the clinical applicability of this measurement 
method. Current cut-off values for classification of response or progression could 
be narrowed, especially for volumetric measurements. 
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Abstract 
Background
In patients with colorectal liver metastases (CLM) there is limited knowledge 
about the occurrence of radiological heterogeneity in response to chemotherapy.

Methods
A retrospective analysis was performed in the CAIRO and CAIRO II studies on 
the incidence of intermetastatic heterogeneity in patients with CLM and its 
associaton with survival. Mixed response (MR) was defined as >30% difference 
in individual lesion response, with all lesions showing a similar behavior; true 
mixed response (TMR) as two lesions showing progression versus response; 
homogeneous response (HR) as similar behavior of all lesions. RECIST categories 
were subdivided into MR and TMR in order to compare survival.

Results
In the CAIRO and CAIRO II studies, 140 and 150 patients with liver-only disease 
were identified. 73/290 (25.2%) patients showed MR, 25/290 (8.6%) patients 
TMR, and 192/290 (66.2%) patients HR. Overall survival (OS) at 1 to 4 years 
were significantly higher for the HR-PR category compared to other response 
categories. Median OS was 22.0 months for the entire population. In the partial 
response category, patients with MR showed significant poorer survival compared 
to patients with HR (median OS 23.7 versus 36.0 months, respectively, p=0.019). 
Multivariate analysis identified four independent predictors for OS: serum LDH 
level (p=0.002), number of first-line chemotherapy cycles (p=0.001), resection of 
primary tumour (p=0.001) and response category (p=0.012) 

Conclusion
Radiological heterogeneity is present in approximately 35% of patients with 
CLM. Partial responders according to the RECIST criteria, show a significant 
poorer survival if classified as heterogeneous partial responder compared to 
homogeneous partial responders. 
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Introduction
Colorectal cancer is one of the most common form of cancer worldwide and 
a prevalent cause of mortality in western countries 1,2. Approximately 50% of 
patients with colorectal cancer will develop liver metastases (CLM) at some point 
during the course of their disease 3,4. Although the only curative option for these 
patients is surgical treatment, the majority of patients receive systemic treatment 
due to unresectable disease resulting in median survival rates up to 22 months 5. 
Comprehensive evaluation of response to systemic therapy is warranted in 
order to adequately modify treatment regimes in case of disease progression, 
to predict survival and to evaluate the effect of new chemotherapeutic agents. 
Currently, response evaluation is assessed with the RECIST criteria (Response 
Evaluation Criteria in Solid Tumours). According to the RECIST criteria, response 
is measured on a patient based level, determined as the total change in sum of 
diameters of all pre-defined target lesions following treatment. Patients are than 
classified into one of four categories: complete response (CR), partial response 
(PR), progressive disease (PD) and stable disease (SD) 6,7.
The RECIST criteria have been validated, are well-described, easy to use, 
implemented worldwide and useful for evaluation of response in clinical studies 
to identify patients showing disease progression (‘non-responders’) 6. However, 
the RECIST criteria apply rather broad cut-off values for the different response 
categories, thereby grouping large cohorts of patients who might show rather 
significant differences in response to therapy and possibly also in survival. This 
likely influences the accuracy of treatment efficacy evaluation. Furthermore, 
the RECIST criteria do not take into account individual lesion response, while 
several studies have demonstrated variations in intratumoural genetic alterations 
between different metastatic lesions within a single patient, suggesting 
differences in tumoural behavior between metastases 8-12. Also, Goasguan et 
al. demonstrated inter- and intrametastatic heterogeneity of mRNA expression 
and in vitro response to anticancer agents in CLM, resulting in differences in 
response to chemotherapy between CLM within a single patient, also defined as a 
heterogeneous response 10. To our knowledge, this intermetastatic heterogeneity 
between CLM has only been evaluated on a genetic level, and no study has 
investigated whether this phenomenon of intermetastatic heterogeneity can also 
be observed radiologically. 
The aim of the present study is to assess the occurrence of radiological 
heterogeneity following systemic treatment and its association with survival in 
patients with colorectal liver metastases. 



Chapter 5

— 74 —

Materials and methods
Prospectively collected data that were obtained from metastatic colorectal 
cancer (mCRC) patients participating in the CAIRO and CAIRO-II studies of the 
Dutch Colorectal Cancer Group were used (ClinicalTrials.gov NCT00312000 and 
NCT00208546). 
The CAIRO study was a randomized phase-III study with 820 mCRC patients, 
which investigated the sequential (arm A) versus the combined use (arm B) 
of capecitabine, irinotecan and oxaliplatin. The results of this trial showed no 
significant improvement in overall survival (OS) between combination compared 
to sequential chemotherapy. The CAIRO-II study was a phase-III study with 
755 mCRC patients, who were randomly assigned to first line treatment with 
capecitabine, oxaliplatin and bevacizumab without (arm A) or with (arm B) 
cetuximab. Additional treatment with cetuximab resulted in significantly shorter 
progression free survival (PFS) and inferior quality of life. Further details of these 
studies have been published elsewhere 5,13-15.

Study population
The following eligibility criteria were used for patient selection: liver-only 
disease, presence of a computed-tomography (CT) scan at baseline and first 
follow-up (after three chemotherapy cycles), tumour measurements according 
to the RECIST criteria at baseline and follow-up, and the presence of ≥2 CLM. 
The following characteristics were available: age at time of diagnosis, gender, 
location of the primary tumour (colon or rectum), synchronous (CLM <6 months 
from primary tumour) versus metachronous (CLM >6 months from primary 
tumour) metastases, serum-LDH (normal versus high level LDH), randomization 
arm, and number of received chemotherapy cycles (first-line and total number 
of cycles). Furthermore, PFS and OS data were available. PFS was defined as the 
interval from date of randomization to date of disease progression, death, or last 
follow-up, whichever occurred first. OS was defined as the interval from date of 
randomization to date of death. 

Response classification
For each patient, prospectively collected tumour measurements of the five largest 
measurable lesions (minimum 10mm) at baseline and follow-up CT-scan were 
available from the CAIRO and CAIRO-II studies. Based on these measurements, 
response was assessed for each patient and classified in two ways: 1. according 
to the RECIST criteria, and 2. according to the heterogeneous response model. 

Classification according to the RECIST criteria 
RECIST measurements and classification were available from the CAIRO-studies. 
In summary, based on the percentage change in sum of diameters beetween 
baseline and follow-up CT-scan, each patient was classified into complete response 
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(CR, no residual tumourload visible), partial response (PR, >30% decrease in sum 
of diameters, no new lesions), progressive disease (PD, >20% increase in sum of 
diameters or any new lesion), stable disease (SD, neither PR or PD) 6,7,13,14. 

Classification according to the heterogeneous response model
For each lesion individually, the increase or decrease in diameter was assessed in 
terms of percentages. The maximum difference in response between individual 
lesions was determined as a continuous variable. Based on the observed 
differences between the best responding lesion and the least responding lesion, 
response was classified on a patient level into homogeneous response (HR), 
heterogeneous or mixed response (MR) and true mixed response (TMR). 
MR was defined as >30% difference in individual lesion response, with all 
lesions showing a similar behavior (either respond, or progress); e.g. lesion A 
demonstrates a 60% decrease in diameter, while lesion B demonstrates a 20% 
decrease in diameter (Δ>30%). TMR was defined as at least two lesions within 
a patient showing a different behavior (progression versus response); e.g. ≥10% 
increase in diameter of lesion A and a ≥10% decrease in diameter of lesion B. 
The remaining patients were classified as HR. Appendix I provides a detailed 
description how the abovementioned cut-off values were determined. 
Subsequently, the heterogeneous response model was combined with the RECIST 
classification in order to compare survival of patients within the same RECIST 
category. Thus, patients with HR, MR or TMR were further subdivided into CR, 
PR, SD and PD (Table 1). 

Table 1. Response categories based on the combination of the RECIST categories and the mixed 
response categories.
Mixed model RECIST Response category

HR CR HR-CR: homogenous complete responder
PR HR-PR: homogenous partial responder
SD HR-SD: homogeneous stable disease
PD HR-PD: homogenous progressive 

MR CR MR-CR: mixed complete responder
PR MR-PR: mixed partial responder
SD MR-SD: mixed stable disease
PD MR-PD: mixed progressive 

TMR CR TMR-CR: true mixed complete responder
PR TMR-PR: true mixed partial responder
SD TMR-SD: true mixed stable disease
PD TMR-PD: true mixed progressive 

HR=homogeneous response; MR=mixed response; TMR=true mixed response; CR=complete 
response; PR=partial response; SD=stable disease; PD=progressive disease. 
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Statistical analysis 
Continuous parametric data are presented as means and standard deviations; 
continuous non-parametric data as medians with ranges; dichotomous data as 
frequencies with percentages. 
Baseline characteristics and median OS were compared between the four 
different study arms using students t-test for parametric continuous data, the 
Mann-Whitney U test for non-parametric continuous data and the Pearson’s 
Chi-square for dichotomous outcomes. Median OS was estimated per study arm 
using the Kaplan-Meijer method, and compared using the Log-Rank test. 
The incidence of MR and TMR was analyzed for the entire cohort. Median OS 
and 1-, 2-, 3-, and 4-year OS rates were determined for each response category. 
The log-rank test was used to compare difference in OS curves between response 
categories (pairwise comparison). Uni- and multivariate analysis were performed 
using a Cox proportional hazards model to identify independent predictors 
for survival and to correct for potential confounders. Baseline characteristics, 
treatment arm and heterogeneous response model were entered as covariables 
in the univariate analysis. Dummy coding was applied for categorical variables 16. 
Variables showing a p-value <0.15 with univariate analysis were included in the 
multivariable analysis. All statistical analysis were performed in agreement with 
our in-house statistician, using Statistical Package for the Social Sciences (SPSS® 
version 15, Chicago, IL). A p-value <0.05 was considered statistically significant. 

Results
Patients
140 patients from the CAIRO study and 150 patients from the CAIRO-II study met 
all eligibility criteria. Patients were equally distributed between the study arms 
(n=68, n=72, n=76 and n=74 from CAIRO arm A and B, and CAIRO-II arm A and B, 
respectively). Significant differences in baseline characteristics were observed for 
age, number of first line chemotherapy cycles, and number of lesions per patient 
(Table 2). 
Median OS was 21.5 versus 21.5 months (p=0.999) in arm A and B of the CAIRO 
study, and 22.8 versus 21.5 months (p=0.390) in arm A and B of the CAIRO-II 
study, respectively (Table 2). As differences in OS between treatment arms were 
not significant (P>0.05), CAIRO and CAIRO-II data were merged (n=290) for 
further analysis.

Response classification

RECIST classification
According to the RECIST classification 1.7% (5/290) of patients had CR, 33.4% 
(97/290) PR, 57.9% (168/290) SD, and 6.9% (20/290) PD. Distribution of response 
categories was equal within the four study arms, and is presented in Table 2.
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Table 2. Baseline characteristics.
CAIRO CAIRO-II

Characteristic Arm A
N=68

Arm B
N=72

Arm A
N=76

Arm B
N=74 p-value

Male gender (%) 47 (69.1%) 54 (75.0%) 41 (53.9%) 48 (64.9%) 0.051
Abnormal LDH level (%) 26 (38.2%) 33 (45.8%) 38 (50.0%) 41 (55.4%) 0.192
Age (median, range) 63 (36-82) 65 (39-79) 60 (31-77) 59 (33-79) 0.048*
Nr. of cycles* (median, range) 9 (0-53) 9 (1-32) 12 (1-76) 10 (1-55) 0.032*
Synchronous metastases (%) 51 (75.0%) 55 (76.4%) 58 (76.3%) 64 (86.5%) 0.295
Resection primary tumour (%) 54 (79.4%) 60(83.3%) 61 (80.3%) 52 (70.3%) 0.354
Number of lesions (median, range) 3 (2-9) 2 (2-5) 3 (2-5) 3 (2-5) 0.019*
RECIST classification 0.747

Complete response
Partial response
Stable disease
Partial disease

1 (1.5%)
21 (30.9%)
40 (58.8%)

6 (8.8%)

0 (0.0%)
22 (30.6%)
44 (61.1)
6 (8.3%)

3 (3.9%)
27 (35.5%)
41 (53.9%)

5 (6.6%)

1 (1.4%)
27 (36.5%)
43 (58.1%)

3 (4.1%)

OS in months (median, 95%CI)
21.5  

(19.5-23.4)
21.5  

(18.6-24.3)
22.8  

(17.4-28.2)
21.5  

(18.2-24.7) 0.959

* Amount of chemotherapy cycles from first line chemotherapy regimen.

Incidence of MR and TMR
After three cycles, 73/290 (25.2%) patients showed MR, and 25/290 (8.6%) 
patients TMR. The remaining 192/290 (66.2%) patients were classified as HR. 
Combination of the heterogeneous response model with the RECIST classification 
resulted in twelve different “response categories” (Table 1). This resulted in 
the following distribution: HR-CR 5/192 (2.6%), HR-PR 128/192 (66.7%), HR-
SD 51/192 (26.6%) and HR-PD 8/192 (4.2%); MR-CR 0/73 (0.0%), MR-PR 45/73 
(61.6%), MR-SD 17/73 (23.3%%) and MR-PD 11/73 (15.1%); TMR-PR 1/25 (4.0%), 
TMR-SD 23/25 (92%), TMR-PD 1/25 (4.0%) and TMR-CR 0/25 (0.0%) (Appendix I). 

Effect of a heterogeneous response on survival 
Median OS was 22.0 months for the entire population. Median OS in the different 
response categories was 36.0 months for HR-PR, 20.0 months for HR-SD, 11.70 
months for HR-PD; 23.7 months for MR-PR, 22.0 months for MR-SD, 12.3 months 
for MR-PD; and 19.1 months for TMR-SD (Table 3). OS could not be determined 
for TMR-PR and TMR-PD due to the number of patients included (n=1). OS rates at 
1, 2, 3 and 4 years for patients in the HR-PR response category were significantly 
higher compared to patients in other response categories, especially compared 
to patients in the MR-PR category (Table 3). An absolute difference of more than 
12 months was observed between partial responders according to the RECIST 
criteria in the HR group compared with partial responders according to the RECIST 
criteria in the MR group. Survival analysis demonstrated a significant difference 
between survival of patients with HR-PR and MR-PR (p=0.019, Figure 1). Patients 
with HR-PR also showed significant better survival compared to patients with HR-
SD, HR-PD, MR-SD, MR-PD or TMR-SD (p<0.05, Figure 1).
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Table 3. Survival data for the different patient groups applying the optimal response model (30% vs 
-10/+10%).

Survival
Mean (95%CI) Median (95%CI) 1-yr 2-yr 3-yr 4-yr

HR-PR (n=51) 34.85 (30.30-39.39) 36.04 (27.83-44.25) 94.1% 70.6% 51.0% 21.6%
HR-SD (n=128) 22.54 (20.17-24.91) 20.04 (17.19-22.89) 76.6% 32.8% 15.6% 7.0%
HR-PD (n=8) 16.33 (9.19-23.48) 11.70 (4.09-19.31) 50.0% 12.5% 12.5% 0.0%
MR-PR (n=45) 27.36 (22.49-32.24) 23.72 (19.22-28.22) 86.7% 48.9% 24.4% 11.1%
MR-SD (n=17) 22.04 (15.65-28.43) 21.98 (12.58-31.38) 70.6% 35.3% 11.8% 5.9%
MR-PD (n=11) 15.66 (8.70-22.62) 12.32 (0-27.91) 54.5% 18.2% 9.1% 0
TMR-SD (n=23) 22.13 (16.18-28.09) 19.12 (12.69-25.55) 73.9% 34.8% 21.7% 8.7%

Figure 1. Survival curves of the different response 
categories based on the 30% vs. -10/+10% model.
These figures demonstrate overall survival for the 
different response categories taking into account 
both the RECIST classification and the presence 
of a heterogeneous or mixed response. Figure a) 
demonstrated that patients with a homogeneous 
partial response (HR-PR) have a significant 
better survival than patients with a mixed partial 
response (MR-PR) in the first four years following 
chemotherapy (p=0.019). Figure b) demonstrates 
for patients with a stable disease according to 
the RECIST criteria there is no influnece of a 
mixed or true mixed response on survival. Figure 
c)demonstrates similar survival for patients 
with a homogeneous or mixed response in the 
progressive disease group. 

a

c

b
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Univariate and multivariate analysis
Univariate cox regression analysis identified the following five variables as 
predictors for OS; serum-LDH level (p=0.001), age (p=0.021), number of first line 
chemotherapy cycles (p=0.001), resection of the primary tumour (p=0.001) and 
response category (p=0.001) (Table 4). 
Multivariable cox regression analysis identified four independent predictors for 
OS: serum LDH level (p=0.002), the number of received first-line chemotherapy 
cycles (p=0.001), resection of the primary tumour (p=0.001) and response 
category (p=0.012) (Table 4). The presence of a HR-PR remained an independent 
predictor for (superior) survival. A hazard ratio of 1.33 [0.88-2.03] was observed 
for patients with a MR-PR compared to patients with a HR-PR, although this 
difference did not reach significance (p=0.178). 

Table 4. Univariate and multivariate analysis of overall survival.
Characteristic Univariate analysis Multivariate analysis†

Hazard ratio (95%CI) P-value Hazard ratio (95%CI) P-value 

Serum LDH  
normal/abnormal 1.783 (1.408-2.258) 0.001* 1.496 (1.160-1.931) <0.002*

Gender
female/male 1.074 (0.842-1.371) 0.565 - -
Age 0.986 (0.973-0.998) 0.021* 0.989 (0.975-1.003) 0.120
Number of first line cycli 0.963 (0.951-0.976) 0.001* 0.970 (0.958-0.982) 0.001*

Metastases
synchr vs metachr 0.822 (0.621-1.090) 0.174 - -

Resection prim. tumour  
no/yes 1.508 (1.304-1.744) 0.001* 0.509 (0.368-0.702) 0.001*

Study-arm

CAIRO 1A (ref-arm)
CAIRO 1B
CAIRO IIA
CAIRO IIB 

1.000 (0.717-1.395)
1.016 (0.730-1.413)
1.109 (0.794-1.548)

0.914
0.999
0.927
0.545

- -

Response category

HR-PR (ref category)
HR-SD
HR-PD
MR-PR
MR-SD
MR-PD
TMR-SD

1.961 (1.411-2.726)
3.507 (1.651-7.450)
1.378 (0.919-2.065)
2.045 (1.176-3.557)
3.431 (1.774-6.635)
2.053 (1.248-3.375)

0.001*
0.001*
0.001*
0.121

0.011*
0.001*
0.005*

1.967 (1.399-2.765)
2.828 (1.303-6.138)
1.333 (0.877-2.027)
1.707 (0.970-3.005)
2.013 (1.016-3.985)
1.611 (0.967-2.683)

0.012*
0.001*
0.009*
0.178
0.064

0.045*
0.067

†multivariate analysis is performed with variables showing a p-value <0.15 in the univariate analysis.
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Discussion
This study demonstrated that radiological heterogeneity in response to 
chemotherapy is observed in a significant number of patients (approximately 25%) 
with CLM receiving systemic treatment. Differentiation between homogeneous 
and heterogeneous responders can refine patient classification according to the 
RECIST criteria, in particular in patients classified as partial responder. In these 
patients a radiological heterogeneous response is an independent predictor for a 
poor survival compared to patients with a radiological homogeneous response. 
Survival analysis demonstrated that radiological heterogeneity affected patients 
with a partial response according to the RECIST in particular. Median OS in the 
HR-PR category was significantly higher than OS in the MR-PR category (36.0 vs. 
23.7 months, respectively, p=0.019), which suggests that survival is determined 
by the worst responding CLM instead of the best responding CLM. This effect 
was not observed in patients with progressive or stable disease according to the 
RECIST criteria (Table 4). Furthermore, the observed median OS result of 36.0 
months is surprisingly high for patients in the HR-PR group, especially as most 
studies show median OS of 22 months for patients with advanced colorectal 
cancer. This outlines the importance of identifying patients with HR-PR correctly. 
The RECIST criteria provide a rather broad categorization of patients, grouping 
patients with large differences in response to chemothrapy (SD varies from –30% 
to +20%) while in the current era of inidvidualized patient care a more detailed 
categorization of patients might be appropriate. Furthermore, these broad cut-
off values are suboptimal for evaluation of chemotherapy efficacy in translational 
research or pre-clinical studies. Especially for research assessing differences in 
genetic profiles between responders and non-responders, an accurate clinically 
assessable endpoint for response is essential to identify the best responders. As a 
complete response to chemotherapy in CRLM is scarce, we believe that patients 
with a partial response and radiological homogeneity would be a better predictor 
for eficacy than patients with a partial response according to the RECIST showing 
a heterogeneous response.
Recent studies showed that as a natural result of tumour development, clonal 
heterogeneity occurs, often resulting in mutations in the genes responsible for 
mismatch repair or maintenance of chromosomal stability early in tumourigenesis 
17. Furthermore, several studies demonstrated the presence of inter- and intra-
metastatic genetic differences between the primary colorectal tumour and 
the CLM within a single patient 8-10,12,18-21. Vermaat et al. demonstrated genetic 
difference between primary tumours and their subsequent metastases, and 
suggested that as a consequence, the choice of treatment in studies investigating 
targeted therapies should ideally be based on the genetic properties of the 
metastasis rather than on those of the primary tumour 22. Goasgun et al. 
revealed inter- and intra-metastatic heterogeneity to anticancer treatment in a 
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significant number of mCRC patients due to heterogeneity in mRNA expression 
and intermetastatic mutational differences 10. As tumour specimens were not 
available for assessment of genetic heterogeniety, we were not able to assess 
whether genetic heterogeneity caused the observed radiological intermetastatic 
heterogenity in our study population. 
In contrary to many chemotherapy studies, in this study OS was used as primary 
outcome variable instead of PFS. OS was selected as primary outcome variable 
because PFS is reached simultaneously with our study variable ‘presence of 
heterogeneity’ in many patients. Furthermore, measurements according to the 
RECIST 1.0 classification were used, meaning a maximum of five metastases per 
patient instead of the currently applied RECIST 1.1 criteria of two metastases per 
patient. Previously, it has been shown that variability in response measurement 
and classification are lower when using five instead of two lesions 23. 
For this evaluation RECIST measurements from the first evaluation after three 
chemotherapy cycles were used. Buyse et al. already showed that response to 
treatment is predictive for survival, irrespective of the timing of the evaluation 
moment; our results did not differ when using measurements after six cycles 24. 
Finally, this study demonstrated that patients with liver-only disease had a similar 
OS regardless the received chemotherapy regimen in the CAIRO-studies. This, in 
contrast to reported results from the CAIRO and CAIRO-II studies which showed 
differences in overall survival between each study arm, as both patients with liver-
only disease and extrahepatic disease were included. Moreover, OS results were 
much higher for patients with liver-only disease (21.5-22.8 months) compared 
to the data reported in the CAIRO studies (16.3-20.3 months). This suggests 
that patients with liver-only disease represent a different patient category than 
patients with CRLM and simultaneous extrahepatic disease.
In conclusion, our study is the first to address radiological heterogeneity in 
response to treatment in patients with CLM who have received systemic treatment. 
This study showed that following therapy, radiological heterogeneity is present 
in approximately 35% of patients with CLM. Importantly, patients categorized 
as partial responder according to the RECIST criteria, show poorer survival if 
classified as heterogeneous partial responder compared to homogeneous partial 
responders. This differentiation might be useful in translational research to 
determine therapy efficacy, and it can serve as an additive to the RECIST criteria to 
provide better prediction of prognosis. Further research is needed to determine 
whether radiological heterogeneity is also associated with genetic heterogeneity. 
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Appendix I
As to our knowledge, this was the first study to investigate radiological 
heterogeneity in response tot systemic treatment of CRLM and therefore 
definitions for radiological heterogeneity were lacking. In order to determine 
the optimal response model with accurate definitions for homogeneous, mixed 
and true mixed response we tested various cut-off values for each category. This 
process is described in more detail below.

The optimal response model: methods
Step one included different cut-off values for MR and TMR. For MR cut-off values 
of 20%, 30%, and 40% and 50% difference between lesions were assessed, 
respectively. For TMR cut-off values of 10% increase vs. 10% decrease,  15% 
increase vs. 15% decrease (-15/+15%), 20% increase vs. 20% decrease (-20/+20%), 
and 20% increase vs. 30% decrease (-30/+20%) were assessed, respectively. 
The second step consisted of combining these cut-off values for MR and TMR, 
which resulted in 16 (4x4) “response models” (model 1 – model 16, Table 3). 
Third, the model with highest discriminative capacity was identified. For each 
model, the distribution of MR, TMR and HR was analyzed (Table 3). Response 
categories with less than 10 patients were deemed too small to analyze and 
therefore excluded from this analysis. Median OS was determined for each 
response category within the different response models were determined. The 
log-rank test was used to compare difference in OS curves between the response 
categories per model (pairwise comparison). The sum of the absolute differences 
in median OS between the different response categories was determined for 
each response model. The model showing the best distribution of patients, the 
most significant differences in OS curves and the largest absolute difference in 
median OS was deemed most discriminative. 

The optimal response model: results 
A total of 16 models were identified. Applying cut-off values of 50% for MR, and 
-10/+10% for TMR (model 1), 37 out of 290 (12.8%) patients showed a MR after 
three cycles, and 25 out of 290 (8.6%) patients a TMR. The remaining 228 out 
of 290 (78.6%) patients were classified as HR. The proportion of MR patients 
increased when applying smaller cut-off values (17.2%, 25.2% and 36.6% for cut-
off values of 40%, 30% and 20%, respectively). Likewise, the proportion of TMR 
patients decreased while applying broader cut-off values (6.2%, 5.2% and 4.5% 
for cut-off values -15/+15%, -20/+20% and -30/+20%, respectively) (Table 1).
The highest discriminative capacity was observed with Model 9 (30% cut-off for 
MR, -10/+10% cut-off for TMR), while adequate patient distribution between 
different response categories was preserved (Table 3). 
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Abstract
Background
A systematic preoperative evaluation to determine the individual resection 
strategy in patients with colorectal liver metastases (CRLM) was assessed as to 
its clinical value.

Patients and methods
From 2009-2011 75 patients with CRLM who were scheduled for surgery were 
prospectively included and received an additional pre-operative systematic 
evaluation in the presence of a hepatobiliary radiologist and the hepatobiliary 
surgeon scheduled to perform the surgery. The following items were assessed 
in a standardized manor: lesion detection and characterization, presence of 
extrahepatic disease, vascular anatomy, and resection strategy. Intra-operative 
findings and histopathological results were prospectively recorded. 

Results
5/75 patients were not considered to be eligible for surgery due to additional 
findings, such as additional metastases or extrahepatic disease. Sensitivity and 
specificity for detection of individual CRLM were 80.9% (95CI 75.7-86.1%) and 
69.1% (95%CI 59.1-79.1%), respectively. Radical resections were performed in 
85.8%. There was one futile laparotomy.

Conclusion
In patients with colorectal liver metastases, standardized pre-operative work-up, 
with subsequent planning of an individualized resection in a jointed meeting of a 
hepatobiliary radiologist and the surgeon who is going to operate, leads to a high 
level of radical resections and a low number of futile laparotomies.
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Introduction
The only treatment for patients with colorectal liver metastases (CRLM) providing 
long-term survival is hepatic resection of all CRLM, with reported 5-year survival 
rates up to 50% 1-3. However, only 25% of patients are amenable to surgery. 
The remaining patients are not suitable for surgery due to the extent of liver 
metastases or the extent of extrahepatic disease.
Current criteria for surgical treatment include sufficient functional reserve of 
the liver remnant (25-35%) and absence of unresectable extrahepatic disease 
2,4. Furthermore, surgical treatment should strive for a radical (R0) resection 5,6, 
as positive resection margins predispose to marginal recurrence and thus poor 
prognosis 6-10. 
Careful selection and planning of patients eligible for surgery is crucial in order to 
prevent irradical resection or futile laparotomy. Currently, it is common practice 
to evaluate all patients with CRLM in a multidisciplinary tumour board consisting 
of a surgeon, medical oncologist, radiotherapist and radiologist 11. The purpose 
of this multidisciplinary meeting is to determine the optimal individual treatment 
strategy for each patient, generally consisting of chemotherapy, surgery, chemo-
embolization or a combination 2,12,13. Although the multidisciplinary meeting is an 
indispensable event, the multidisciplinary setting precludes detailed preoperative 
assessment of resection strategy. In addition, the surgeon who will operate the 
patient is not always present during the multidisciplinary tumour board meeting. 
Therefore, an additional expert meeting might be beneficiary to determine the 
optimal, individualized, resection strategy and may therefore improve outcome. 
To our knowledge, there are no data or uniform guidelines describing how the 
individual resection strategy should be determined and standardization of this 
procedure is lacking. Therefore, we introduced an additional pre-operative 
expert-meeting, attended by a hepatobiliary (HPB) radiologist and the operating 
HPB-surgeon in the week prior to surgery. Our new work-up strategy and the 
results of this new strategy are presented in this manuscript.

Materials and methods
Patients
Between March 2009 and March 2011, CRLM patients who were scheduled 
for liver surgery based on the conclusion of the tumour board meeting, were 
prospectively included in this study. Pre-operative work-up strategy was 
standardized. The main purpose of this strategy was to accurately determine the 
optimal individual surgical strategy, by assuring adequate quality of preoperative 
imaging, accurate assessment of intra- and extrahepatic tumour burden as well 
as detailed information on individualized vasculature.
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Standardized work-up strategy 

1. Imaging 
Imaging was performed using computed tomography (CT). CT allows concurrent 
imaging of the abdomen and thorax, including detailed assessment of the 
vasculature, with consistent imaging quality. Supplementary magnetic resonance 
imaging (MRI) was performed in selected cases when regarded necessary for 
lesion detection or characterization. 
To assure adequate imaging quality, the available imaging was appraised using 
strict criteria. 
1. A maximum interval of six weeks between the last image acquisition and the 

surgical procedure, to assure up-to-date assessment of number and size of 
lesions 14. 

2. CT-scans were performed with contrast containing a minimum of 45gr Iodine 
to attain sufficient lesion-to-liver contrast and adequate visualization of 
hepatic and portal veins (Figure 1) 15.

3. Abdominal CT-scan comprised arterial, portal-venous and equilibrium phase, 
to optimize lesion detection and characterization and to adequately assess 
vascular anatomy 16.

4. Thoracic CT-scan was performed for evaluation of possible lung metastases. 
5. In patients receiving neo-adjuvant chemotherapy, pre-chemotherapy CT-

scans were evaluated to assess treatment response and to define whether 
lesions had disappeared during chemotherapy 17,18.

Figure 1. Differences in contrast enhancement of multiple phase liver CT. This patient was referred for 
evaluation of CRLM. The initial CT scan was performed after a total of 30gr of Iodine was administered, 
resulting in poor contrast between liver parenchyma and portal and venous vasculature as is showed 
by the portal phase acquisition in figure 1A. The CT scan was  repeated in our hospital and a total of 
45gr of Iodine was administered, with resultant satisfactory contrast between liver parenchyma and 
portal and venous vasculature as is showed by the portal phase acquisition in figure 1B.
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2. Expert-meeting
The individual resection strategy of each patient was discussed during the 
additional pre-operative expert-meeting which was scheduled in the week prior 
to surgery and attended by the HPB-surgeon who was scheduled to perform the 
operation and an experienced HPB-radiologist. Lesion detection, characterization 
and segmental localization, individual hepatic vascular anatomy and the presence 
of extrahepatic disease were assessed using standardized score forms (Appendix 
I.). Based on these findings, a tailor-made individualized surgical strategy was 
defined.

A. Lesion detection and characterization. A 3-point scale was used to describe 
the presence of each lesion: 0. ‘not visible’ (e.g. for lesions that disappeared 
during chemotherapy), 1. ‘possibly present’ or 2. ‘definitely present’. A 5-point 
scale was used to describe lesion classification (1-5; definitely benign – definitely 
malignant). Furthermore, presumed pathology (e.g. CRLM, cysts, haemangioma, 
etc), tumour size (largest diameter in axial plane), and segmental localization of 
lesions according to the Couinaud classification 19 were recorded. 

B. Extrahepatic disease. Extrahepatic disease was assessed in a standardized 
manner: 
1. Presence of local recurrence.
2. Enlarged lymph nodes (>10mm short axis) and their localization 20,21. In 

general hepatoduodenal ligament lymph nodes were resected, whereas 
lymph nodes in the remainder of the abdomen were considered to preclude 
a radical resection.

3. The presence of lung metastases. Resection was performed in selected cases 
22,23. 

C. Anatomy. The radiologist assessed individual liver vasculature to identify 
variations influencing the resection strategy: 
1. Arterial anatomy: replaced or accessory left or right hepatic artery.
2. Portal venous anatomy: bi- or-trifurcation main portal trunk, early division of 

right posterior trunk, common trunk of left portal and right anterior portal 
trunk.

3. Hepatic venous anatomy: dominant right hepatic vein, accessory right or 
middle hepatic vein.

4. Orientation of the right scissura: conventional (i.e. coinciding with the plane 
of the right hepatic vein), oblique or horizontal 24.

5. Relation between individual lesions and major vessels. 
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D. Surgical strategy. Surgical strategy was determined using the above mentioned 
variables aiming at a safe and curative hepatic resection with negative margins 
while preserving as much healthy liver parenchyma as possible. 

3. Intra-operative ultrasound (IOUS) and surgical procedure 
All surgical interventions were performed with curative intent, and performed or 
supervised by one of three senior HPB-surgeons (IQM, IBR, RH). After laparotomy, 
abdominal inspection was routinely performed to detect extrahepatic disease. 
IOUS was performed to confirm pre-operatively described CRLM, detect any 
additional CRLM, and assess anatomical position of CRLM with regard to the 
intrahepatic vasculature. 
In case of any uncertainty about the presence or localization of CRLM during 
surgery, a HPB-radiologist assisted at the operating room in the execution and 
interpretation of the IOUS. 
The surgical strategy was based on the combination of pre- and per-operative 
findings. Depending on the localization and extent of CRLM a metastasectomy, 
segmentectomy, hemihepatectomy, extended hemihepatectomy, or a 
combination thereof was performed. If complete resection, with preservation of 
sufficient remaining liver parenchyma was deemed impossible, RFA, portal vein 
ligation/embolization or a two-stage hepatectomy was considered. 
Parenchymal transsection was performed using an ultrasonic dissector (cavitron 
ultrasonic surgical aspirator, Valleylab Inc, Boulder, CO) and haemostasis was 
achieved using an argon beamer and clips. To control blood loss, inflow-occlusion 
of the liver (i.e. Pringle manoeuvre) was performed to the discretion of the 
surgeon. Topical agents were used only if haemostasis could not be achieved. 
Confirmed intra-abdominal extrahepatic disease was resected simultaneously, 
only when considered with curative intent.

4. Histopathology and follow-up 
Postoperative histological examination of each resection specimen was 
performed by 5 mm transverse cuts through the specimen. Histological findings 
were correlated with pre-operative findings. A radical (R0) resection was defined 
as a microscopically clear resection margin; R1 and R2 resections were defined 
as microscopically or macroscopically irradical resection margins, respectively. 
Complete RFA was defined as total tumour necrosis on the one-week post-
operative CT without local recurrence in the ablative zone within six months.
Peri-operative death was defined as any death that occurred within 30 days of 
surgery or during the same hospitalization. Post-operative morbidity was defined 
as any complication occurring during hospitalization and were recorded according 
to the Clavien-Dindo classification 25.
Patients visited the outpatient clinic one month post-operative, and every six 
months thereafter. Follow-up consisted of anamnesis, physical examination, 
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serum tumour markers and imaging with abdominal multiple-phase CT and 
thoracic CT. MRI was only used in selected cases. 

Data analysis
Parametric continuous data are presented as means ± standard deviation (SD), 
non-parametric continuous data as medians with range, and dichotomous data 
as percentages. The median time-interval between the last acquired imaging 
modality and surgery was estimated. Sensitivity, specificity, positive predictive 
value (PPV) and negative predictive value (NPV) for pre-operative lesion detection 
were calculated on a lesion level and a patient level, and data were presented as 
percentages with 95% confidence intervals (95%CI). The combination of IOUS and 
histology were used as reference standard, with histology hierarchically seen as 
the dominant reference standard 16. The number of patients was determined in 
whom the surgical strategy was altered due to the finding of additional lesions 
per-operatively. Disease free survival was defined as the time-interval between 
surgery and the first follow-up moment showing disease recurrence.

Results 
Between March 2009 and March 2011 75/89 patients with CRLM who were 
scheduled for surgery were included; the remaining 14 patients could not 
be discussed during this meeting due to logistical reasons (Figure 2). Baseline 
characteristics are presented in Table 1. 
Following the additional per-operative expert meeting, a total of 70 patients 
received surgical treatment of their CRLM. Five patients were withdrawn from 
surgery following the expert-meeting due to 1. unresectability due to a larger 
extent of CRLM as compared to the assessment during the tumour board meeting 
(n=1), 2. an additional ultrasound revealed cystic lesions instead of CRLM (n=1), 
and 3. EHD was detected and deemed unresectable (multiple pathologically 
lymph node deposits n=1, disease recurrence at site of primary tumour n=1, and 
multiple unresectable lung metastases n=1). Follow-up imaging confirmed these 
findings in all five patients.

1. Imaging: 
In the 75 patients evaluated during the additional expert-meeting, CT was 
performed in 63 patients, MRI in 4 patients and a combination of both CT and 
MRI in 8 patients. Additional imaging was needed, either due to a time-interval 
>6 weeks between imaging and operation (n=15), or inconsistent lesion detection 
and characterization on CT (n=3). The mean time interval between imaging and 
surgery was 25.9 ± 19.9 days. 
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Figure 2. Flowchart of patients that received surgical treatment since the introduction of the additional 
pre-operative expert meeting.

2. Pre-operative work-up:

Lesion detection and characterization: 
In the 70 surgically treated patients, 203 possible CRLM were detected on pre-
operative imaging (mean 23.6 mm, range 3-148 mm), and 81 benign lesions. 
178/203 pre-operatively detected CRLM were confirmed by the reference 
standard (mean 24.7 mm, range 3-148 mm), and 42 CRLM were additionally 
detected by the reference standard (mean 8.9 mm, range 2-30 mm). 56/81 
(69.1%) of lesions pre-operatively characterized as benign were confirmed as 
such by the reference standard. This correlates with a sensitivity of 80.9% (95%CI 
75.7-86.1%), a specificity of 69.1% (95%CI 59.1-79.1%), a PPV of 87.7% (95%CI 
83.2-92.2%), and a NPV of 42.9% (95%CI 33.1-52.7%). 
On a patient-based level, all lesions were correctly detected in 39/70 (55.7%) 
surgically treated patients, underestimated in 16/70 (22.9%) patients, 
overestimated in 13/70 (18.6%), and both over- and underestimated in 2 (2.9%) 
patients. The mean time-interval between pre-operative imaging and surgery was 
25.6 days in patients with all lesions detected correctly and 28.3 days in patients 
with incorrectly detected lesions (p=0.614).
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Table 1: Patient and tumor characteristics
 Patients scheduled for surgery 

 of CRLM (n=75)

No of males (%) 46 (61.3%)
Mean age at surgery ± SD 62.7 (±10.7)
Median pre-operative CEA (range) 14,5 (1-110)
Synchronous metastases 37 (49.3%)
Neoadj. Chemotherapy
Chemotherapy before resection 20 (26.7%)
Total no. of cycles
    ≤6 14 (70.0%)
    >6 5 (25.0%)
    unknown 1 (5.0%)
Pre-operative regimen
    CAPOX 10 (50.0%)
    CAPOX-B 8 (40.0%)
    Capecitabine-B 1 (5.0%)
    Unknown 1 (5.0%)
Clinical response on CT
    Response 13 (65.0%)
    Stabilization 5 (25.0%
    Progression 2 (10.0%)
Primary tumor
Location primary tumour
    rectum 21 (28.0%)
    right colon 18 (24.0%)
    transverse colon 2 (2.7%)
    left/sigmoid colon 33 (44.0%)
    double tumor 1 (1.3%)
TNM prim. tumour
    T1 0 (0%)
    T2 9 (12.0%)
    T3 50 (66.7%)
    T4 9 (12.0%)
    Missing T stage 7 (9.7%)
    N0 29 (38.7%)
    N1 24 (32.0%)
    N2   15 (20.0%)
    Missing N stage 7 (9.7%)
Mean interval scan and OK ± SD (days) 25.9 ± 19.9
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Extrahepatic disease:
Possible EHD was detected on pre-operative imaging in 14/70 surgically treated 
patients, and consisted of lung metastases (n=3), a tumour deposit in the coecum 
(n=1), a tumour deposit in the duodenum (n=1) and lymph node enlargement 
at various sites (hepatoduodenal ligament n=2, the pneumopericardial fat n=1, 
portocaval space n=1, omentum minus n=3, peripancreatic fat n=1 and retrocrural 
space n=1). 
EHD was confirmed in 6/14 patients and resection was possible in 4 of those 
patients. In the other 2 patients disease progressed between liver surgery and 
surgery for the EHD. In the remaining 8 patients with suspected EHD on pre-
operative imaging, EHD could not be confirmed per-operatively. No unexpected 
EHD was identified per-operatively in any of the other 56 patients who underwent 
surgery. 

Anatomy:
Anatomical variations in hepatic-venous vasculature were observed in 34/70 
patients (48.6%) who received surgery. The most common variations were an 
accessory right hepatic vein (15/70, 21.4%), and a dominant right hepatic vein 
(7/70, 10.0%). Variations in portal-venous vasculature were observed in 39/70 
patients (55.7%). The most common variations were early division of the right 
posterior trunk (7/70, 10.0%), trifurcation of the common portal trunk (8/70, 
11.4%) and the presence of an oblique right scissura (14/70, 20.0%). Finally, 
arterial variations were observed in 21/70 (30.0%) of patients, with accessory 
or replaced right hepatic arteries occurring most frequently (Table 2.) These 
numbers are consistent with numbers reported in literature 24,26-28. 

Treatment strategy: 
In 4/70 (5.7%) surgically treated patients, a radiologist assisted in performing the 
IOUS, as assessment of lesion detection and characterization by the surgeon was 
inconclusive. Resection was performed in 56/70 (80.0%) patients, RFA in 6/70 
(8.6%) patients, a combination of resection and RFA in 5/70 (7.1%) patients, a two-
stage procedure in 2/70 (2.9%) patients and a futile laparotomy in 1/70 (1.4%) 
patient. Surgical characteristics are outlined in Table 3. In 5/70 (7.1%) patients less 
intrahepatic CRLM were detected intra-operatively as compared to pre-operative 
imaging, therefore the extent of the procedure could be reduced compared to 
the pre-operatively determined resection strategy (less wedge excisions n=3, 
less RFA procedures n=2). Conversely, compared to the pre-operative plan, the 
surgical strategy had to be extended in 14/70 (20.0%) patients (e.g. additional 
wedge excision or RFA procedure n=12, hemihepatectomy instead of wedge 
excision n=1, two-stage procedure n=1) due to the intra-operative finding of 
additional liver disease. In 2/70 (2.9%) patients, lesions were both under- and 
overestimated, resulting in a change in surgical strategy in one patient (additional 
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Table 2. Variation in hepatic-venous, portal and arterial vascularisation

 Study population (n=70)

Hepatic-venous anatomy

Conventional 36 (51.4%)

Acessory (caudal) RHV 15 (21.4%)

Acessory MHV 2 (2.9%)

Acessory LHV 3 (4.3%)

Combination of acessory veins 3 (4.3%)

Dominant RHV 7 (10.0%)

Other variation 4 (5.7%)
Portal-venous anatomy

Conventional 31 (44.3%)

Horizontal right scissura1 5 (7.1%)

Oblique right scissura2 14 (20.0%)

Trifurcation right portal trunk 8 (11.4%)

Early division of posterior right portal trunk 7 (10.0%)

Other variation 5 (7.1%)
Arterial anatomy

Conventional 49 (70.0%)

Accessory left hepatic artery 1 (1.4%)

Accessory right hepatic artery 7 (10.0%)

Replaced right hepatic artery 7 (10.0%)

Replaced left and right hepatic artery 4 (5.7%)
Other variation 2 (2.9%)
1 the anterior branch of the right portal trunk supplies the caudal segments 5 and 6, and the 
posterior branch of the right portal trunk supplies segments 7 and 8; 2 portal branches arising 
from the right anterior trunk cross the plane of the right hepatic vein and supply a part of S7 or S6.

wedge excision). In 11/70 (15.7%) patients the resection strategy was not altered 
despite the fact that either additional or less CRLM were detected per-operatively. 
In the remaining 39 patients in whom all lesions were correctly identified on pre-
operative imaging, the surgical strategy was not altered.

3. Surgical outcome:
A radical or complete treatment was achieved in 61/70 (85.8%) patients. Histology 
revealed the presence of a focal nodular hyperplasia instead of an expected 
CRLM in one patient and a hepatocellular carcinoma instead of an expected 
CRLM in another patient with no history of chronic liver disease. Microscopically 
irradical treatment was observed in five (7.3%) patients, macroscopically irradical 
treatment in three (4.3%) patients. 
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4. Short-term and long-term outcome: 
Serious post-operative complications were observed in 3/70 (4.3%) treated 
patients and moderately serious complications in 9/70 (12.9%) patients (see 
Table 4.). No peri-operative deaths were observed. By now, a mean follow-up of 
13.3 months (4-27 months) has been reached within this patient cohort. Within 
the first six months after hepatectomy 13 patients developed disease recurrence; 

Table 3. Hepatic resection characteristics and histopathological findings
 Study population (n=70)
Hepatic resection
    Futile laparotomy 1 (1.4%)
    Resection 56 (80.0%)
    RFA 7 (10.0%)
    Resection + RFA 4 (5.7%)
    Two-stage procedure 2 (2.9%)
Resection type
    Anatomical 20 (28.6%)
    Non-anatomical 24 (34.3%)
    Both 17 (24.3%)
    Not applicable* 9 (12.9%)
Bilobar disease 34 (48.6%)
Major hepatectomy 40 (57.1%)
Median blood loss in ml (range) 700 (50-5200)
Pringle maneuver
    No 38 (54.3%)
    Yes 32 (45.7%)
Histopathology
Nature of tumor
    CRLM 68
    HCC 1
    FNH 1
Mean no. of lesions ± SD 3.07 (±2.78)
    1 21 (30.0%)
    2-3 26 (37.2%)
    4-5 15 (21.4%)
    >5 8 (10.7%)
Resection margins** (n=69)†
    R0 61 (88.4%)
    R1 5 (7.3%)
    R2 3 (4.3%)

* Not applicable: futile laparotomy, RFA procedure
** R0: histologically clear resection margin or no residual tumorload in the ablative zone after 
three months, R1: irradical resection due to microscopically invaded resection margins, R2: irradical 
resection due to macroscopic tumor residu or incomplete RFA on the one-week post-operative CT 
scan, † number of patients is 69 as one patient was diagnosed with a benign lesion (FNH) instead 
of CRLM.
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9 patients developed intrahepatic recurrence, 4 patients developed extrahepatic 
disease. Disease related deaths were observed in 9/70 (12.9%) surgically treated 
patients.

Discussion
This study shows that in patients in whom surgical treatment of colorectal liver 
metastases is considered, a dedicated and detailed pre-operative work-up, 
intended to define an individualized resection strategy, leads to a high level of 
radical resections (85.8%) and a low number of futile laparotomies (1.4%). An 
essential element in the work-up is the additional pre-operative expert-meeting, 
attended by a HPB-radiologist and the HPB-surgeon who is going to perform the 
operation. During the expert meeting, detailed assessment of lesion detection 
and characterization, evaluation of segmental anatomy and identification of 
possible extrahepatic disease is essential. 
Nowadays, it is current practice that each oncological patient is evaluated 
in a multidisciplinary tumour board meeting with attending specialists of all 
disciplines including HPB surgeons. In daily practice, however, this will not always 
be the operating surgeon. Furthermore, numbers of patients evaluated during 
this meeting are increasing leading to less time-per-patient and not enough time 
for a thorough and detailed description of the tumour locations, the individual 
anatomy and the best, individualized, surgical strategy. However, we believe 
these are all crucial to minimize futile laparotomies and maximize the percentage 
of radical resections. 
Prior to the introduction of this pre-operative work-up strategy (2006-2009), 
the number of irradical resections and futile laparotomies in our hospital was 
17.6% and 5.4%, respectively. Since the introduction of the described work-up 
strategy, the number of irradical resections and futile laparotomies decreased to 
11.6% and 1.4%, respectively, while the same surgeons performed the surgical 
procedures. Comparing these data with those of reference centers which 
also work with tumour board meetings, confirms the quality of our results. In 

Table 4. Short-term outcome after hepatectomy
Study population (n=70)

Median hospital stay (days) 9.0 (1-51)
60-day mortality 1 (1.4%)
Postoperative complications* 24 (34.3%)
Dindo I 3 (4.3%)
Dindo II 9 (12.9%)
Dindo III 9 (12.9%)
Dindo IV 2 (2.9%)
Dindo V 1 (1.4%)
* according to the Dindo-Clavien classification
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literature, the reported number of irradical resections varied between 9-36% 2,29 
and futile laparotomies are being performed in up to 45% of patients 30,31. 
In this study, we also evaluated the detection and characterization of CRLM. 
A sensitivity of 80.9% was achieved, which is reasonably high compared to 
literature (74.4% and 80.3% for CT and MRI, respectively) 32. This might be the 
result of the introduction of a maximum time interval of six weeks between 
imaging and surgery, as it has been shown that the number of detected lesions on 
pre-operative imaging is inversely proportional to time 14. Secondly, all patients 
underwent a CT scan with a minimum 45 gr of Iodine contrast, thereby optimizing 
lesion conspicuity 15.
The sensitivity of 81% implies that one out of five CRLM were missed on pre-
operative imaging. The consequences of these missed lesions were acceptable 
and did not result in any futile laparotomy, although it led to a change in surgical 
strategy in 20/70 (28.6%) patients. The explanation of the small impact of this 
sensitivity can be explained by the average size of 9 mm of the pre-operative 
missed lesions, which therefore could be treated by an additional wedge excision 
or RFA procedure. 
We also demonstrated the importance of careful evaluation of the liver vasculature 
and the individual segmental anatomy. Vascular variations were observed in more 
than 50% of patients 24,26,27,33. Identification of these variations is important for 
several reasons: i. variations in segmental anatomy may result in different tumour 
localization, thereby affecting the resection strategy, ii. knowledge of accessory 
arteries may be helpful in adequately performing a segmental, multisegmental 
or lobar Pringle manoeuvre, and iii. anatomical variations might allow for more 
parenchyma saving resections which might be important, especially in extensive 
resections (Figure 3). Finally, although the intrahepatic vessels can be well 
detected by IOUS, adequate knowledge of vascularisation prior to the start of 
surgery might be beneficial in preventing complications or excessive blood loss.
The described pre-operative work-up strategy takes approximately 15 minutes of 
two specialists, which is a price to pay. However, we are convinced that our pre-
operative work-up strategy will improve quality in many tertiary referral centres. 
In addition, this standardized work-up strategy might also be helpful in smaller 
centres with less experience in hepatic surgery, to perform adequate staging and 
improve resection outcome.
In conclusion, we propose a standardized work-up strategy prior to each surgical 
procedure in patients with CRLM. This work-up strategy comprises strict rules 
for quality of CT scanning and imaging protocol, and a dedicated pre-operative 
expert meeting, attended by a HPB-radiologist and the HPB-surgeon whot is going 
to operate the patient. In this meeting lesion detection and characterization, 
individual segmental anatomy and possible extrahepatic disease are assessed. 
Implementation of this expert-meeting supplementary to the multidisciplinary 
tumour board meeting may lead to a further increase in the percentage of radical 
hepatic resections for CRLM and minimize futile laparotomies. 



Patient tailored resection planning in patients undergoing liver surgery

— 101 —

Figure 3. Example of a patient in whom the resection strategy was altered to a more parenchyma 
saving resection than initially assessed during the tumour-board meeting due to the presence of 
vascular variations.
This pre-operative CT-scan demonstrates a large solitary metastasis in segment 4, 5 and 8 with a 
satellite lesion in segment 6. Initially, a central resection was deemed impossible due to the satellite 
lesion in segment 6, and an extended right hemihepatectomy was considered. However, segment 2/3 
was rather small (Fig. A). Secondly, there was no common right portal trunk, due to an early division of 
the posterior right portal branch (Fig. B). The relation between the tumor and the anterior right portal 
branch was very narrow (Fig. C), stressing the need for resection of this branch. A satellite lesion is 
present in segment 6 which is supplied by the posterior right portal branch (Fig. D). The anterior 
right portal branch (S5/8) supplies the tumor segments and the left portal trunk (S2/3/4) (Fig. E). The 
most important finding was an early division of the posterior right portal branch (Fig. F). Due this last 
finding it was possible to perform a central resection of segment 4, 5 and 8, with selective resection 
of the lesion in segment 6 by selective ligation of this branch from the posterior right portal branch.
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Abstract
Background
Data on recurrence patterns following hepatic surgery of colorectal liver 
metastases are scarce, especially regarding their effect on survival.

Methods
A total of 265 patients with colorectal liver metastases undergoing liver surgery 
between 2000 and 2011 were identified in our prospectively maintained 
database. Patients were categorized according to first site of tumour recurrence. 
Time to recurrence (TTR) and overall survival (OS) were determined. Uni- and 
multivariate analysis were performed to identify factors associated with TTR and 
OS.

Results
Median TTR was 1.16 years following liver resection, and 0.56 years following 
radiofrequency ablation (RFA) (p<0.001). Patients with intrahepatic recurrence 
following liver resection had a significantly shorter median TTR (0.55 years) 
when compared to patients with extrahepatic recurrence (0.89 years) (p<0.05). 
Patients with the lung as primary site of recurrence showed superior survival 
when compared to patients with other recurrence locations (3.64 years versus 
2.23-2.53 years, respectively, p<0.05). No such patterns were observed in the 
RFA treated group. Multivariate analysis identified pre-operative chemotherapy 
and intrahepatic with simultaneous extrahepatic recurrence as independent 
predictors for TTR (p=0.031 and p=0.042 respectively) and OS (p=0.045 and 
p=0.013 respectively). Type of surgical treatment and extrahepatic recurrence 
other than lung as first site of recurrence were independent predictors for OS 
only (p=0.029 and p=0.022 respectively).

Conclusion
Patients with intrahepatic recurrence following resection have a shorter TTR and OS 
compared to patients developing extrahepatic recurrence. Pulmonary recurrence 
following resection is associated with higher survival rates. Simultaneous intra- 
and extrahepatic recurrence is an independent prognostic factor for TTR and OS.
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Introduction
Half of the patients with colorectal cancer develop liver metastases at some point 
during their disease. The only potentially curative option for these patients is 
surgical intervention. However, only 25% is suitable for such treatment, either at 
initial diagnosis, or after downstaging with pre-operative chemotherapy 1,2. The 
remaining patients will receive palliative treatment yielding median survival rates 
of approximately 24 months 3,4.
Surgical intervention may consist of resection, local ablation or a combination of 
both. Five-year survival rates of 25-50% are reported for patients receiving liver 
surgery 5-7. If resection would leave insufficient remnant liver tissue, for instance 
in case of extensive bilobar disease, RFA is the best and most widely used 
alternative treatment option. Consequently, as RFA is predominantly performed 
in patients with more advanced disease, less favorable 5-year survival rates of 27-
36% are obtained 8,9. However, this is not the only explanation for the difference 
in long-time survival.
Recurrence rates observed after RFA are significantly higher when compared to 
resection 10. Liver recurrence following RFA occurs in 24-57% of patients, while 
reported overall recurrence rates vary between 42-86% 11. Following resection, 
liver recurrence occurs in 17-34% of patients, while overall recurrence rates 
vary between 4-53% 12. Tumour recurrence can be further classified according 
to location, i.e.: local, intrahepatic or extrahepatic recurrence 13-16. Extrahepatic 
recurrences can be further specified by organ 17-20. 
Patients developing extrahepatic recurrence may show worse survival rates when 
compared to patients with intrahepatic recurrence, as chemotherapy is generally 
their only option (selected patients with lung metastases excluded). By contrast, 
patients with intrahepatic recurrence may benefit from several treatment 
options including repeat surgery 21,22, chemotherapy 23 or radio-embolisation 
24,25. However, intrahepatic recurrence may become evident at an earlier stage as 
liver colonization has already occurred, and up to 70% of clinically inconspicuous 
remnant liver tissue contains micrometastases contributing to less favorable 
outcomes 26-28. The only two research groups describing organ specific recurrence 
locations following liver surgery, showed contradictory results regarding the 
correlation of extrahepatic recurrence with overall survival (OS) 18.19. 
The aim of this study was to determine tumour recurrence patterns in colorectal 
cancer patients after surgery for liver metastases, and to determine whether 
location of the recurrence would affect disease-free and overall survival. 
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Methods
Patients and methods
This study was approved by the local institutional review board. Patients were 
identified in a prospectively maintained surgical database of patients undergoing 
liver surgery using the following selection criteria: i. a history of colorectal liver 
metastases, ii. treatment by either surgery, RFA or a combination of both, and 
iii. treatment between January 2000 and May 2011. Patients were excluded in 
case of non-colorectal lesions, intra-operative decision of unresectability, or 
percutaneous RFA. 
The aim of the resection strategy was to perform a safe and curative hepatic 
resection with negative resection margins while preserving as much normal liver 
parenchyma as possible (minimum of 30%) 29,30. Per-operative inspection and 
ultrasound of all liver segments was routinely performed. A major hepatectomy 
was defined as resection of 3 or more segments 31. Parenchymal transection was 
performed using an ultrasonic dissector (cavitron ultrasonic surgical aspirator, 
Valleylab Inc, Boulder, CO, USA) and haemostasis using an argon beamer 
and clips. To control blood loss, vascular clamping techniques were used (i.e. 
Pringle manoeuvre) at the discretion of the surgeon. Intermittent clamping was 
performed in cycles of 10-15 minutes ischemia and 5 minutes reperfusion with a 
maximum (total) ischemia time of 45 minutes. In case of multiple bilobar disease 
which could not be resected completely, the resection was combined with RFA. In 
case metastases could not be treated in a single procedure, a two-stage procedure 
was performed 32. Per-operative confirmed intra-abdominal extrahepatic disease 
(EHD) was resected simultaneously, only with curative intent. RFA was performed 
under ultrasound guidance with a multiple probe application using the CELON 
Power System (Celon AG, Teltow, Germany) at the edge of the tumour, in an open 
surgical procedure. Pre-operative chemotherapy was defined as chemotherapy 
aimed to decrease the tumour load prior to planned liver surgery. The last doses 
were given within 3 months prior to surgery.

Resection outcome
Postoperative routine histological examination of all resection specimens was 
performed. In patients who underwent resection, a radical (R0) resection was 
defined as a microscopically tumour-free resection margin, while irradical 
resections (R1 and R2) were defined as micro- and macroscopic tumour-invasion 
in the resection margin, respectively. Complete RFA was defined as necrosis of 
the total tumour load on the 1-week post-operative control CT without local 
recurrence in or around the ablation zone on the first control scan (3-6 months). 
If recurrence occurred ≥ 6 months following RFA in or around the ablated area it 
was considered as local recurrence. 
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Follow-up and data collection
Patients were followed by computed tomography (CT) and/or magnetic resonance 
imaging (MRI) at 3 and 6 months following surgery, and every following 6 months 
for the first 3 years, and annually thereafter, in case patients were disease-free. 
Recurrence and/or progression was diagnosed by imaging. Local recurrence was 
identified by the radiologist as new measurable disease around the previous 
resection margins. Intrahepatic recurrence was defined as any new intrahepatic 
lesion not defined as local recurrence. Extrahepatic recurrence was divided 
into solitary versus multiple extrahepatic sites, and differentiated into lung 
metastases, peritoneal metastases, bone metastases, brain metastases, lymph 
node metastases, or local recurrence at the site of the primary tumour. 
Time to recurrence (TTR) was defined as the time interval between the first 
surgical procedure and the first date of follow-up revealing disease recurrence. 
OS was calculated as the time interval between surgery and death or last date of 
follow-up.

Statistical analysis 
Parametric continuous data are presented as means ± standard deviation (SD), 
non-parametric continuous data as medians with range, and dichotomous data 
as percentages. Separate analyses were performed for patients treated with 
resection alone and patients treated with RFA (either alone or in combination 
with resection). Baseline characteristics were compared using student’s t-test for 
parametric continuous data, Mann-Whitney U test for non-parametric continuous 
data and Pearson’s Chi-square for dichotomous outcomes.
Patients were categorized according to their first site of recurrence into 
intrahepatic only recurrence, simultaneous intra- and extrahepatic recurrence, 
lung-only recurrence, and extrahepatic recurrence other than lung. Median TTR 
and median OS were estimated per recurrence category using the Kaplan-Meijer 
method, and compared using the Log-Rank test (p<0.05). 1-, 3- and 5-year OS 
were calculated according to site of first recurrence. OS data were corrected for 
TTR in order to estimate survival following recurrence.
Uni- and multivariate analyses were performed using a Cox proportional hazards 
model to identify independent predictors for TTR and OS and to correct for 
potential confounders. Dummy coding was applied for categorical variables 33. 
Variables showing a p-value <0.15 with univariate analysis were included in the 
multivariable analysis. Sub-analysis was performed with variables proven to be 
an independent predictor with multivariable analysis. All statistical analysis was 
performed in agreement with our in-house statistician, using Statistical Package 
for the Social Sciences (SPSS® version 15, Chicago, IL) statistical software. A 
p-value <0.05 was considered statistically significant. 
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Table 1. Baseline characteristics

Resection n=205 Ablation n=60 P-value
Gender (male) 131 (63.9%) 38 (63.3%) 0.936
Mean age at first episode (years) 62.7 ± 9.9 67.4 ± 9.6 0.001*
Median follow up (years) 2.15 (0.02-11.20) 1.66 (0.02-6.87) 0.017*
Location primary tumour 0.342

Colon 123 (60.0%) 43 (71.7%) 0.100
Rectum 77 (37.6%) 14 (23.3%) 0.041*
Unknown 5 (2.4%) 3 (5.0%) 0.308

T classification 0.402
1 -2 29 (14.2%) 6 (10.0%) 0.404
3 - 4 166 (80.9%) 46 (76.7%) 0.463
Unknown 10 (4.9%) 8 (13.3%) 0.022*

N classification 0.218
0 77 (37.6%) 19 (31.7%) 0.403
1 73 (35.6%) 23 (38.3%) 0.699
2 44 (21.5%) 11 (18.3%) 0.599
unknown 11 (5.4%) 7 (11.7%) 0.088

Precolectomy chemotherapy 14 (6.8%) 6 (10.0%) 0.413
Post-colectomy chemotherapy 64 (31.2%) 21 (35.0%) 0.581
Precolectomy radiotherapy 54 (26.3%) 7 (11.7%) 0.018*
Post-colectomy radiotherapy 6 (2.9%) - 0.180
Tumour characteristics

Synchronous metastases 93 (45.4%) 30 (50.0%) 0.527
Bilobar disease 73 (35.6%) 32 (53.3%) 0.014*
Median no. ofmetastases ± SD 2 (1-20) 3 (1-15) 0.001*
1 44.1% 27.1% 0.019*
2-3 36.3% 28.8% 0.289
>3 19.6% 44.1% 0.001*
Median tumour size ± SD (cm) 2.9 (0.4-19.5) 2.5 (0.8-9.0) 0.006*
Median largest tumour size ± SD (cm) 3.5 (0.4-19.5) 3.2 (1.3-9.0) 0.091

Pre-operative chemotherapy 44(21.5%) 21 (35.0%) 0.032*
Mean number of cycles (range) 6.2 (2-12) 5.8 (3-10) 0.577
Clinical response 0.486

Partial 37 (84.1%) 19 (90.5%) 0.702
Stabilization 3 (6.8%) 2 (9.5%)
Progression 4 (9.1%) - 0.154

Postoperative chemotherapy 48 (23.4%) 5 (8.3%) 0.010*
Mean number of cycles (range) 6.0 (1-8) 5.7 (3-8) 0.795

Surgical and histological features
  Concomitant EHD 7 (3.4%) 6 (10.0%) 0.038*
  Resection EHD 2 (1.0%) 2 (3.3%) 0.188
  Type of resection n=205 n=24
   Anatomical 101 (49.3%) 12 (50.0%) 0.946
   Nonanatomical 65 (31.7%) 10 (41.7%) 0.325
Both 38 (18.5%) 2 (8.3%) 0.213
Unknown 1 (0.5%) 0 (0.0%) 0.732
  Resection margin n=205 n=24 0.001*
Radical 185 (90.2%) 15 (62.5%) 0.001*
Irradical 19 (9.3%) 8 (33.3%) 0.001*
Rx 1 (0.5%) 1 (4.2%) 0.067
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Results
Patient demographics
Between January 2000 and May 2011 401 patients were operated for liver 
disease (Figure 1). Of these, 265 patients met the inclusion criteria. Resection 
was performed in 205 patients and RFA in 60 patients (either with (n=36) or 
without resection (n=24)). Baseline characteristics are presented in Table 1. 
Not surprisingly, patients selected for RFA presented with a generally poorer 
oncological status.

Figure 1. Patient selection

Recurrence patterns
Tumour recurrence occurred in 129/205 (63.5%) resected patients (median follow-
up 2.15 years, range 0.02-11.20) and in 48/60 (80%) RFA treated patients (median 
follow-up 1.66 years, range 0.02-6.87) (p<0.001) (Table 2). Evaluation of recurrence 
location revealed that local recurrence (either with or without new intrahepatic 
lesions) occurred less frequently in the resection group when compared to the RFA 
group (6.3% versus 31.3%, respectively, p<0.05). The frequency of new intrahepatic 
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lesions did not differ between the groups (p=0.485). Tumour recurrence in the 
lung was observed more frequently in patients undergoing resection compared to 
RFA (28.7% versus 14.6%, respectively, p=0.054). This was also the case for other 
extrahepatic sites of recurrence (28.7% in the resection group versus 10.4% in the 
RFA group respectively, p<0.05) (Table 2). 

Time to recurrence 
The median TTR was 1.16 years (95%CI 0.97-1.35) in the resection group, and 
0.56 years (95%CI 0.36-0.76) in the RFA group (p<0.001). In resected patients, 
intrahepatic recurrence (either with or without extrahepatic recurrence; 0.52 
and 0.57 years, respectively) occurred significantly earlier than extrahepatic 
recurrence (lung only and extrahepatic disease other than lung; 0.88 and 0.90 
years, respectively) (p<0.05). However, no such pattern was observed for patients 
who underwent RFA (Table 3 and Figure 2).

Overall survival 
Median OS was significantly higher in the resection group (3.69 years, 95%CI 
2.71-4.67) than in the RFA group (2.32 years, 95%CI 1.70-2.94) (p<0.001). 1-, 3- 
and 5-year OS were 88.0%, 57.5% and 39.0% in the resection group, respectively, 
and 82.1%, 39.2%, and 8.7% in the RFA group, respectively. Evaluation of patients 
diagnosed with disease recurrence following resection showed that patients with 
lung recurrence showed a significantly better survival than those with intrahepatic 
recurrence (3.64 years versus 2.23-2.53 years, respectively; p<0.05). Following 
RFA, the OS of patients with lung recurrence (3.39 years) was significantly longer 
than patients with other extrahepatic recurrence (0.45 years; p<0.001) as well 
as patients with simultaneous intra- and extrahepatic recurrence (1.39 years; 
p<0.05) (Table 3 and Figure 2). 

Table 2. Recurrence patterns following surgical treatment of colorectal liver metastases.
Resection n=129 RFA n=48 P-value   

Intrahepatic recurrence only 
  Local recurrence 
  New lesions 
  Local recurrence and new lesions

34 (26.4%) 
6 (4.7%) 

26 (20.2%) 
2 (1.6%)

27 (56.3%) 
7 (14.6%) 

12 (25.0%) 
8 (16.7%)

0.001* 
0.024* 
0.485     

0.001*
Simultaneous intra- and extrahepatic recurrence 21 (16.3%) 9 (18.8%) 0.697

Lung recurrence only 37 (28.7%) 7 (14.6%) 0.054
Extrahepatic recurrence other than lung  
  peritoneal metastases 
  bone metastases 
  brain metastases 
  primary site 
  lymph node metastases
  other single 
  multiple extrahepatic sites

37 (28.7%) 
1 
1 
2 
7 
8 
6

12

5 (10.4%) 
-  
1 
1 
1 
1 
-
1

0.011* 
- 
- 
- 
- 
- 
-

0.102
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Evaluation of survival from first sign of recurrence demonstrated a longer overall 
survival in patients with lung recurrence than patients with recurrence at other 
sites. This phenomenon was observed in both the resection and the RFA groups 
(supplemental Table 1). 

Table 3. Time to recurrence and overall survival following surgical treatment of colorectal liver 
metastases. Values are given in medians with 95%CI.

Time to Recurrence (years) Overall Survival (years)

Recurrence patterns Resection RFA Resection RFA 

Intrahepatic recurrence only 0.57 (0.35-0.78) 0.44 (0.16-0.71) 2.23 (1.59-2.87) 1.98 (1.55-2.41)
Simultaneous intra- and 
extrahepatic recurrence 0.52 (0.47-0.57) 0.40 (0.00-0.88) 2.53 (1.81-3.25) 1.39 (1.03-1.75)

Lung recurrence only 0.88 (0.18-1.58) 0.90 (0.00-1.92) 3.64 (3.33-3.95) 3.39 (3.37-3.41)
Extrahepatic recurrence 
other than lung

0.90 (0.59-1.21) 0.22 (0.17-0.26) 2.86 (2.28-3.44) 0.45 (0.40-0.49)

Predictive factors for time to recurrence
Univariate analysis identified three factors that were significantly associated 
with time to recurrence: i) pre-operative chemotherapy (HR 1.72, p<0.001), ii) 
lesion number (HR 1.05, p=0.036), and iii) site of first recurrence (lung as site 
of first recurrence, HR 1.0, p=0.015, and simultaneous intra- and extrahepatic 
recurrence as site of first recurrence, HR 1.88, p=0.009). On multivariate analysis 
pre-operative chemotherapy (HR 1.56; p=0.031) and simultaneous intra- and 
extrahepatic recurrence as site of first recurrence (HR 1.71; p=0.042) proved to 
be independent predictors for time to recurrence (Table 4).

Figure 2. Kaplan Meijer curve for time to recurrence (TTR) (A) and overall survival (OS) (B) for the 
different recurrence categories following surgical treatment of colorectal liver metastases.

A B
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Table 4. Uni- and multivariate analysis of disease free survival and overall survival following surgical 
treatment of colorectal liver metastases.

Univariate Multivariate

Hazard ratio (95% CI) P-value Hazard ratio (95% CI) P-value

Disease Free Survival

Pre-op chemo for liver 1.72 (1.23-2.39) 0.001* 1.56 (1.04-2.34) 0.031*
Resection 0.75 (0.53-1.05) 0.093 0.91 (0.62-1.36) 0.655
Synchronous metastases 1.23 (0.95-1.73) 0.106 1.14 (0.80-1.62) 0.470
Mean lesion number 1.05 (1.01-1.11) 0.036* 1.03 (0.95-1.10) 0.509
Mean lesion size 0.99 (0.93-1.06) 0.809 1.00 (0.87-1.16) 0.960
Largest tumour size 1.02 (0.96-1.08) 0.558 1.03 (0.91-1.16) 0.660

Recurrence location

 Lung 0.015* 0.128
 Intrahepatic only 1.46 (0.98-2.17) 0.060 1.40 (0.91-2.17) 0.126
 Intra- and extrahepatic 1.88 (1.17-3.02) 0.009* 1.71 (1.02-2.85) 0.042*
 Extrahepatic other than lung 0.98 (0.64-1.50) 0.916 1.02 (0.66-1.60) 0.916
Adjuvant chemo 0.992 (0.64-1.53) 0.971 1.25 (0.77-2.03) 0.359
Precolectomy radiotherapy 0.95 (0.67-1.35) 0.761 0.93 (0.70-1.48) 0.917

Overall Survival

Pre-op chemo for liver 1.55 (1.00-2.40) 0.049* 1.66 (1.01-2.73) 0.045*
Resection 0.52 (0.34-0.79) 0.002* 0.55 (0.32-0.94) 0.029*
Age 1.02 (1.00-1.04) 0.067 1.02 (0.99-1.04) 0.198
Synchronous metastases 0.99 (0.67-1.47) 0.975 1.04 (0.66-1.64) 0.855
Mean lesion number 1.07 (0.99-1.16) 0.104 1.05 (0.94-1.17) 0.380
Mean lesion size 1.03 (0.97-1.09) 0.365 1.03 (0.85-1.24) 0.793
Largest tumour size 1.04 (0.99-1.10) 0.122 1.06 (0.90-1.26) 0.479

Recurrence location  
Lung 0.059 0.051
Intrahepatic only 1.93 (1.14-3.27) 0.015* 1.70 (0.97-2.98) 0.062
Intra- and extrahepatic 2.14 (1.13-4.04) 0.019* 2.37 (1.20-4.66) 0.013*
Extrahepatic other than lung 1.65 (0.94-2.87) 0.079 1.98 (1.10-3.56) 0.022*

Predictive factors for overall survival
Univariate analysis identified three factors that were significantly associated 
with OS: i) pre-operative chemotherapy (HR 1.55, p=0.049), ii) liver recurrence 
following surgery with or without extrahepatic recurrence (HR 2.14, p=0.019 and 
HR 1.93, p=0.015 respectively), and iii) the type of treatment (HR 0.75, p=0.002). 
On multivariate analysis pre-operative chemotherapy (HR 1.66; p=0.045), 
simultaneous intra- and extrahepatic recurrence as site of first recurrence (HR 
2.37; p=0.013), extrahepatic recurrence other than lung (HR 1.98; p=0.022), and 
type of surgical treatment remained independent predictors for OS (HR 0.55; 
p=0.029) (Table 4).
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Influence of pre-operative chemotherapy on recurrence patterns and survival 
A total of 65 patients received pre-operative chemotherapy, while 197 were 
chemonaive. Median TTR was significantly shorter (p<0.001) in chemotherapy-
treated patients (0.55 years, 95%CI 0.79-0.61) when compared to chemonaive 
patients (1.20 years, 95%CI 0.98-1.43). Similarly, 1-year DFS was shorter in 
chemotherapy-treated patients (33.2%, 95%CI 21.2-45.2) than in chemonaive 
patients (57.7%. 95%CI 50.3-65.1). In addition, median OS in chemotherapy-
treated patients was significantly shorter (2.53 years, 95%CI 2.10-2.96) (p=0.018) 
than that in chemonaive patients (3.60 years, 95%CI 3.23-3.97). 5-year OS was 
16.7% (95%CI 1.41-32.0) in patients receiving pre-operative chemotherapy and 
36.2% (95%CI 27.4-45.0) in chemonaive patients.
Patterns of tumour recurrence differed significantly between patients receiving 
pre-operative chemotherapy and chemonaive patients (p=0.017). Pre-operative 
chemotherapy was associated with a significantly higher proportion of new 
intrahepatic recurrence (32.7% versus 16.9%, respectively, p=0.020). Likewise, 
the proportion of patients presenting with both intrahepatic and extrahepatic 
recurrence was higher in the chemotherapy group (26.9% versus 12.9%, 
respectively; p=0.024). By contrast, extrahepatic recurrence which was not 
confined to the lungs occurred more frequently in the chemonaive group (29.0% 
versus 11.5%, respectively, p=0.013). The percentage of patients with recurrence 
in the lung did not differ between both groups (p=0.252).

Discussion
In the present study we demonstrate that time to and location of tumour 
recurrence is highly associated with treatment history. Resection is associated 
with a twofold longer time to tumour recurrence when compared to RFA, and 
local recurrence rates are higher after RFA treatment. Patients following liver 
resection who develop their first recurrence in the liver demonstrate a worse 
survival compared to patients developing their first recurrence in the lung. 
Moreover, simultaneous intra- and extrahepatic recurrence is an independent 
prognostic factor for TTR and OS.
Tumour recurrence in the liver was associated with shorter survival rates when 
compared to recurrence in the lungs or other extrahepatic sites. Likewise, it was 
recently demonstrated by D’Angelica et al that following resection of colorectal 
liver metastases, patients with recurrence confined to the lung were better off than 
patients with recurrence in the liver 18. However, a second study by Assumpcao 
et al. did not confirm that patients with extrahepatic recurrence had a worse 
prognosis 19. Patients with solitary or limited lung lesions might still be suitable 
for resection, making repeated intervention and thereby longer OS possible. In 
our study population one third of these patients underwent lung surgery in their 
follow up, thereby undoubtedly prolonging their OS. As we also observed that the 
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time to develop recurrence in the lung was significantly longer than the time to 
develop hepatic recurrence, it is tempting to speculate that these tumours display 
a less aggressive biology. Although beyond the scope of this article, recent studies 
showed evidence for genetic heterogeneity between intermetastatic lesions as 
well as between the primary tumour and its metastases. Perhaps this genetic 
heterogeneity explain the observed differences in survival between recurrence 
locations to some extent. Nonetheless, it remains to be clarified why certain 
(less aggressive) metastases would then prefer pulmonary as opposed to hepatic 
recurrence sites, and vice versa. 
New developments in the treatment of colorectal liver metastases have pushed 
the 5-year OS rate following resection up to 60% 14,34,35. However, these excellent 
results can only be achieved with proper patient selection. Studies with more 
diverse patient populations reported 5-year survival rates around 45% 17,18,36. 
It should be noted that the ongoing centralization of care in our country has 
resulted in referral of a relatively large cohort of complex cases to centers such 
as ours. We believe that this may explain, at least in part, the comparatively low 
5-year survival rate of 39%. As a result of selection bias, patients undergoing RFA 
have always been confronted with inferior clinical outcomes. In the presented 
study we reach a 3-year OS of 39% following RFA, which is in line with the 25-
68% range recently described 8. The observed higher rate of local recurrence 
and new intrahepatic lesions following RFA in comparison to resection was also 
reported in other studies 13,14,36,37. Several factors may underlie this phenomenon, 
including better local control by resection, RFA-induced changes in the local 
microenvironment that foster aggressive tumour recurrence 38, and the fact that 
more liver tissue (potentially containing micrometastases) is generally left behind 
following RFA when compared to resection 14. 
Univariate and multivariate analysis showed that treatment with pre-operative 
chemotherapy is an independent predictor for TTR and OS; patients receiving pre-
operative chemotherapy have a worse survival. This is contradictory to the results 
of Nordlinger et al who observed a prolonged TTR in patients receiving peri-
operative chemotherapy compared to patients undergoing liver surgery alone 39. 
One explanation for this difference might be that we have only taken into account 
clinical parameters for our multivariate analysis. However, perhaps the biological 
tumour characteristics of the patients receiving pre-operative chemotherapy 
were different from the chemonaive patients. Obviously, in the patients receiving 
chemotherapy, colorectal liver metastases were suspected to be aggressive and 
thereby supporting the choice for pre-operative chemotherapy. Furthermore, 
it is known that some chemotherapeutics cause vascular endothelium damage 
and vasoconstriction 40, leading to so called perfusion-limited hypoxia 41. Hypoxia 
has been well studied to be correlated to metastases formation 42, thereby 
contributing to the explanation of the increased recurrence patterns observed 
in patients receiving pre-operative chemotherapy. Finally, in our study, patients 
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receiving pre-operative chemotherapy underwent more frequent RFA and 
received less post-operative chemotherapy, compared to chemonaive patients. 
As this study demonstrates the incidence of intrahepatic recurrence is higher 
following RFA treatment and within a shorter time-interval compared to resection, 
it might be beneficiary to perform abdominal imaging following RFA on a shorter 
time interval. Moreover, this should also be considered with patients receiving 
pre-operative chemotherapy, as significantly more new liver lesions are detected 
following hepatic surgery. 
A limitation of this study is the relatively modest number of patients included 
in the RFA group. To allow better analysis of potential differences in TTR and OS 
stratified by recurrence location, we combined the RFA only and RFA combined 
with resection treated patients to 1 group. Abdalla et al observed no difference 
in OS between these 2 groups, suggesting that their biological behavior is 
comparable 14. However, in contrast to most research groups, we did not choose 
to cluster the recurrence patterns in general groups. This would hamper specific 
identification of the involved organs, making analysis on TTR and OS stratified 
per organ impossible. Another limitation is the time span of inclusion for this 
analysis. Treatment indications, modalities and chemotherapy regimens have 
changed over time. 
In conclusion patients with primary extrahepatic recurrence have a longer TTR 
and OS compared to patients developing primary intrahepatic recurrence. This 
phenomenon is even more pronounced in patients with recurrence confined to 
the lung, these patients survive significantly longer than patients with intrahepatic 
recurrence, regardless whether they are treated with resection or RFA. Moreover, 
simultaneous intra- and extrahepatic recurrence is an independent poor 
prognostic factor for TTR and OS following surgery of colorectal liver metastases.
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Supplemental Table. Overall survival corrected for time to recurrence according to the different 
recurrence locations following surgical treatment of colorectal liver metastases. 
Recurrence patterns RFA (years) Resection (years)

Intrahepatic recurrence only 1.45 (0.99-1.91) 1.79 (1.50-2.08)
Simultaneous intra- and extrahepatic recurrence 1.16 (0.31-2.01) 1.81 (1.18-2.44)
Lung recurrence only 2.87 (2.05-3.69) 3.50 (1.85-3.87)
Extrahepatic recurrence other than lung 0.31 (0.20-0.42) 2.82 (1.47-2.23)
Values are given in medians with 95%CI.
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Abstract
In patients with unresectable colorectal liver metastases (CRLM), radiofrequency 
ablation (RFA) might be a good alternative, whenever possible. In contrast to 
systemic therapy, the aim of RFA is to achieve complete local tumour control in 
an attempt to provide long-term survival. In this article we discuss the available 
evidence regarding the treatment of patients with unresectable CRLM, focusing 
on RFA in conjunction with modern systemic therapies. We observed that the 
available evidence in the existing literature is limited, and often consists of 
level 2 and 3 evidence, thereby hampering any firm conclusions. Nonetheless, 
RFA seems superior to chemotherapy alone in patients with liver-only disease 
amenable for RFA. However, the combination of RFA and chemotherapy has been 
demonstrated to be feasible and safe, lending support to the concept of RFA 
followed by chemotherapy, in order to reduce local recurrence rates and prolong 
survival.
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Introduction
One in two colorectal cancer patients will develop liver metastases at some point 
during their disease 1,2. In recent years significant progress has been made in the 
treatment of metastatic colorectal cancer. Large randomized clinical trials have 
been conducted showing a beneficiary effect of different first-line and second-
line chemotherapy regimens such as capecitabine, oxaliplatin and irinotecan, 
with or without the vascular-endothelial growth factor inhibitor bevacizumab 3,4. 
Also, there is no doubt that third-line treatment with epidermal growth factor 
inhibitors like cetuximab and panitumumab results in prolonged survival 5-7. Due 
to these regimens the median survival of patients with metastatic colorectal 
cancer has improved from six months 8 to more than two years 3,4,8-15.
The only potentially curative option for patients with colorectal liver metastases 
(CRLM) is surgical resection. 5-year survival probabilities of up to 50% can be 
achieved 16-18. Multimodality treatment including the use of neoadjuvant 
chemotherapy has resulted in resectability rates of 20-25% 19-21. The remaining 
75-80% of CRLM patients are not eligible for resection, because of the anatomy 
making resection impossible, due to extensive intrahepatic metastatic lesions, 
or the presence of unresectable extensive extrahepatic disease (EHD). Without 
treatment these patients have a marginal survival, with only 0-2% being alive 
after 5 years 22,23. 
During the last decade treatment options for patients with unresectable CRLM 
have evolved markedly, especially in the era of systemic treatment and local 
ablative therapies. Of those local ablative techniques, radiofrequency ablation 
(RFA) is most widely used 24,25. In contrast to systemic therapy, the aim of RFA 
is to achieve complete local tumour control in an attempt to provide long-term 
survival. However, the role of RFA in unresectable CRLM is still under debate as 
there are limited data comparing progression free survival and overall survival 
in unresectable CRLM patients between systemic treatment and RFA. In this 
article we will discuss the available evidence regarding the treatment of patients 
with unresectable CRLM, focusing on RFA in conjunction with modern systemic 
therapies. 

Radiofrequency ablation
In the last decade of the 20th century, RFA was initially described as a procedure 
to treat hepatocellular carcinoma; subsequently it was introduced as a treatment 
for unresectable CRLM 26-29. Many studies have been conducted to assess the 
effect of RFA on progression free survival (PFS) and overall survival (OS) in 
patients with unresectable CRLM. Reported 3-year survival rates vary between 
37%-77% 30,31-33 while 5-year survival rates range between 27%-36% 30,33. This 
data involves patients with unresectable CRLM without EHD treated with open 
RFA. For percutaneous or laparoscopic RFA the outcomes appear to be far less 
favorable 30. 
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The major problems with RFA are the high rates of intrahepatic and local disease 
recurrence. This is caused by either the existence of intrahepatic micrometastases, 
or incomplete tumour destruction by RFA, respectively 34. Several studies that 
were conducted to identify liver recurrence patterns after RFA for CRLM showed 
intrahepatic recurrence rates (new lesions) varying between 32% and 62.5% 30,35-

38. Reported local recurrence rates (at site of RFA) also vary widely, resulting in 
recurrence rates of 1.6% up to 60% 24,30,36,39,40. It is important, however, to make a 
distinction between lesion based and patient based analyses, as the later results 
in higher recurrence rates 41,42. 
The great variety in reported data is illustrated in table 1, revealing extensive 
heterogeneity in study populations, procedures and design. In addition, several 
studies have included both CRLM and HCC, regardless of the entirely different 
biological background and behavior of these entities. Needless to say that 
comparisons of (disease free) survival and recurrence rates should be viewed 
with great caution. Tumour size is associated with local recurrence; the larger 
the tumour the higher the probability of incomplete ablation and, hence, local 
recurrence. Although newer RFA probes have resulted in more effective ablation 
with larger ablation regions, nowadays tumour size ≤3 cm is considered most 
favorable to achieve compete tumour destruction 43,44. However, tumour size >3 
cm is not an absolute contra-indication as effective ablation of larger zones can 
be obtained by using multiple probes 45,46.
 Furthermore, RFA of lesions close to large vessels has been questioned as 
the so called ‘heat sink phenomenon’ by the blood flow in the vessel passing 
the probe results in less effective heat buildup, thereby preventing complete 
tumour destruction. A retrospective study by Lu et al. actually demonstrated 
that lesions in contiguity of vessels larger than 3mm is a strong independent 
predictor of incomplete tumour destruction as recurrence occurred more 
frequently in perivascular lesions compared to non-perivascular lesions (48% vs 
7% respectively) 47. Perivascular localization remained an independent predictor 
during multivariable analysis, although the study was underpowered to draw 
firm conclusions. Moreover, the heat sink effect can be reduced by intermittent 
clamping of the involved vessel 48,49. Therefore, tumour localization near vessels 
should not be considered an absolute contra-indication for RFA.
Another important factor determining local recurrence following RFA is the type 
of procedure that is applied: open, laparoscopic or percutaneous. Plausibly, the 
latter involving the fewest procedural risks and the open approach being the most 
injurious one. So far, no randomized trials comparing the open surgical approach 
with the percutaneous approach have been conducted. Studies assessing the 
percutaneous approach often included patients with solitary or limited number 
of metastases, while studies assessing the open surgical approach often included 
a higher number of (larger) metastases per patient. The currently available 
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evidence regarding survival demonstrates superior outcomes following the open 
approach compared to the laparoscopic and percutaneous procedures 24,40,50-

52. Also, local recurrence rates are lower in the open surgical group compared 
with the percutaneous group (6-16% 31,32,39,50 versus 17-59% 50,53,54, respectively). 
However, in the absence of data demonstrating improved survival outcomes 
when comparing similar groups of patients, the benefits of improved local control 
observed with the open approach must be weighed against the morbidity and 
cost associated with it. In addition, from the perspective that chemotherapy 
in combination with RFA debulking is reasonable, the risk of leaving behind a 
small number of tumour cells with the percutaneous approach may likely not be 
clinically detrimental in most cases in which this occurs. Moreover, if the lesion 
location is such that a local recurrence can be salvaged by subsequent resection, 
percutaneous RFA would seem reasonable provided that state of the art CT 
guidance is available. 
A noteworthy benefit of RFA is the possibility to perform repeated procedures. 
Several prospective cohort studies have shown that repeat procedures in patients 
with early (local or intrahepatic) recurrence after RFA results in similar survival 
rates as patients treated with RFA without intrahepatic recurrences 41,49,55. No 
doubt that introduction of percutaneous RFA application has widened the 
possibilities for repeated RFA. Therefore, each patient showing disease recurrence 
should be carefully evaluated for this option 30,55.
So far, RFA has only been proposed as a potentially curative treatment option for 
selected patients with CRLM without EHD 56. However, the group of Siperstein & 
Berber published two prospective cohort studies (234 (54 with EHD) patients and 
135 (40 with EHD) patients, respectively) investigating the role of RFA in patients 
with EHD 25,53. Siperstein et al. observed similar median OS in patients with and 
without EHD at the time of RFA (20 vs 25 months, respectively, NS). Berber et al. 
performed a multivariable analysis which showed no negative effect of EHD on 
survival. Moreover, they argued that in 70% of the deceased patients death was 
contributed to their intrahepatic disease progression. Hence, it was proposed 
that debulking of liver metastases by RFA in patients with EHD might be a helpful 
strategy. However, we believe that the presence of EHD in both studies did not 
result in a statistically significant negative effect (maybe due to underpowered 
study designs), cannot be interpreted as results in favor to perform RFA in patients 
with EHD. In contrast, two studies by Gillams et al. and Machi et al. prospectively 
analyzed 309 and 100 patients with unresectable CRLM, respectively, in order 
to assess the influence of concomitant EHD on survival in patients with CRLM 
treated with RFA. Both studies found a significant negative effect on survival 
compared with patients without EHD (p<0.05), especially for EHD other than lung 
metastases 57,58. Based on the available evidence RFA should not be advised in 
patients with concomitant EHD. 
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Taken together, there is accumulating evidence that RFA of CRLM can result in 
long-term survival in selected cases. Optimal results may be achieved with an 
open surgical approach or CT-guided percutaneous procedures, in patients 
without EHD, in lesions <3cm, while the procedure should be performed by 
experienced physicians 56. 

RFA, chemotherapy or combined treatment
The debate is still ongoing on whether patients benefit most from RFA, systemic 
treatment or a combination of the two. Reported OS following open RFA appears 
to be superior to that of chemotherapy (median overall survival 30-31 vs 20-23 
months, respectively) 9,32,59,60. However, several issues need to be addressed. First, 
most studies on RFA were conducted in patients with unresectable metastases 
confined to the liver, while all chemotherapy studies investigated patients with 
systemic disease, often including extensive intra- and EHD. Also, other baseline 
characteristics such as tumour size and number differed between the RFA studies 
and the systemic treatment studies. Furthermore, several RFA studies combined 
data of patients with metastases from different primary sites. Moreover, some 
of the RFA studies included patients receiving RFA alone as well as patients who 
received a combination of RFA with either pre- or post-treatment chemotherapy, 
thus hampering interpretation of the data due to induced heterogeneity. 
In one of the rare comparative studies published hitherto, Ruers et al. investigated 
RFA versus systemic therapy in 201 patients harboring CRLM without EHD initially 
scheduled for surgery 32. During laparatomy patients were allocated to one of 
three treatment arms: resection if feasible, local ablation therapy (sometimes 
combined with resection if resection (alone) was not feasible), or systemic 
treatment if neither of these procedures were possible. Baseline characteristics 
between the local ablation and systemic therapy groups were similar. Five year 
OS was not significantly different between both groups, with 27% of the patients 
still alive in the local ablation group and 15% in the chemotherapy group. Median 
OS and DFS were 31 and 9 versus 26 and 0 months, respectively. If this is truly 
a significant difference in median overall survival, the difference is quite small 
and it would require substantially larger patient cohorts to confirm significance. 
Furthermore, the observed median OS of 26 months in the chemotherapy group 
is rather high when compared with other chemotherapy trials, which might be 
explained by the predominant inclusion of patients with CRLM confined to the 
liver. Abdalla et al., observed a significant (7 months) survival benefit for RFA 
compared to systemic therapy in CRLM patients 31. This finding was based on data 
from consecutive series of 418 selected patients identified in their prospectively 
assembled database. Although the survival curves were converging at almost 55 
months of follow up, 3 year survival rates were almost twice as high for patients 
receiving RFA compared to patients receiving chemotherapy. Thus, with RFA, the 
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majority of people live longer compared to patients receiving chemotherapy, 
but eventually the survival curves of both groups will approach zero. However, 
important to mention is that the allocation to the different treatment groups 
was not random. Rather, it was determined by the extent of tumour burden 
determined intraoperatively, meaning the chemotherapy patients most likely had 
a higher tumour load.
Nonetheless, as the major problem regarding RFA involves the high rate of disease 
recurrence, it seems reasonable to seek for a combination treatment of RFA with 
systemic therapy. Further ground for such combination comes from preclinical 
studies where micrometastases surrounding the ablated region were recently 
shown to be triggered towards a more aggressive growth pattern following RFA 
so that combination with systemic therapy and/or hypoxia activated prodrugs 
appears justified 61,62. Such combination strategies could be envisioned in two 
ways: 1) debulking tumour mass by RFA to reduce the tumour load needed to 
treat with systemic therapy, or 2) downstaging with systemic therapy followed 
by RFA of the remaining lesions. Literature regarding this topic is surprisingly 
scarce. Knudsen et al. evaluated the long term survival of 36 patients treated 
with RFA for initially unresectable CRLM downstaged by systemic chemotherapy 
63. Patients with EHD were excluded from this study. They observed a median 
OS of 39 months with a 5-year survival rate of 34%. One should note that this 
study selected patients based on their responsiveness to systemic therapy, 
thereby introducing significant bias. Nonetheless, the reported 5-year disease 
free survival of 14% is substantial. 
Siperstein et al. conducted a prospective cohort study, in which 234 consecutive 
patients undergoing 292 RFA procedures for unresectable CRLM were evaluated 
25. The majority of these patients received systemic therapy prior to RFA and of 
those patients, 80% were poor or non-responders. In these patients median OS 
following RFA was 24 months, or 32 months from time of diagnoses as proposed 
by the authors. This is in sharp contrast to the 12 months from time of diagnosis 
for patients who are unresponsive to systemic therapy and not subsequently 
treated by RFA 53. As the authors based this control group on data from 1999, it 
may be more justified to compare their data with the more recent chemotherapy 
studies mentioned earlier, which described an OS of up to 22.6 months 9,64,65. 
Even though randomized data are non-existent, this would still represent a major 
improvement, with a 10 month benefit for patients receiving RFA following 
chemotherapy. Based on this study it would appear that RFA might have a role 
in controlling local disease for patients with unresectable CRLM who proved 
unresponsive to chemotherapy. 
Regarding the question whether there is a role for tumour debulking by RFA 
followed by systemic treatment, data is limited. In 2007, Frezza et al. published a 
pilot study on 11 patients who underwent ‘debulking’ by RFA of liver metastases 
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of different origin prior to chemotherapy. With a mean follow up of 22 months, 
none of these patients died from their disease while only 2 developed tumour 
recurrence 66. In the aforementioned study by Siperstein et al., a significantly 
better OS of 28 months was observed in patients receiving chemotherapy 
following RFA, compared to 19 months for RFA alone 25. However, as this was 
a purely observational finding and not the primary focus of the study, the 
authors were justifiably cautious to draw any conclusions. They argued that the 
observed effect might have been caused by selection bias by reserving ‘adjuvant’ 
chemotherapy for patients responsive to RFA. Due to the limited number of 
patients and retrospective nature of the study, it is impossible to draw any firm 
conclusions from these studies. 
The only prospective randomized trial assessing this topic is the CLOCC trial 
67. In this randomized phase II trial 119 patients with < 10 unresectable liver 
metastases without EHD were randomly assigned to either systemic treatment, 
or the combination of RFA followed by systemic treatment. In the chemotherapy 
alone group 30 months OS was 57.6% compared to 61.7% in the combination 
group. However, this difference did not reach statistical significance, which 
may in part be explained by the much higher than expected observed survival 
data for patients treated with chemotherapy alone. Median PFS, however, was 
significantly different between both study arms. Median PFS in the combined 
treatment group was 16.8 months compared to 9.9 months in the chemotherapy 
alone arm. As the randomized phase II design of the study was underpowered 
to detect differences in OS, the authors concluded that RFA plus systemic 
treatment results in significant benefit in PFS without significant benefit in OS at 
30 months, and that longer follow-up should be awaited. Meanwhile, one cannot 
ignore a 30 months OS of 61.7% as an excellent result which, so far, has not been 
demonstrated in other studies. Taken together, the best available evidence points 
towards a benefit for the combination strategy using RFA and chemotherapy, 
although convincing proof is still lacking.
In an attempt to delineate whether the timing of chemotherapy treatment 
(pre- or post-RFA) affects patient outcome, Sgouros et al. recently reported a 
prospective study comparing the use of RFA before or after chemotherapy in 
patients with unresectable CRLM 68. Patients received either FOLFIRI before RFA, 
or FOLFOX or FOLFIRI post-RFA. Unfortunately, the total of included patients was 
low (n=31). Moreover, patients were not randomized but allocated to one of the 
treatment schemes on the basis of tumour size, with patients harboring larger 
tumours starting with chemotherapy. In addition, 50% of the patients starting 
with chemotherapy did not receive RFA due to disease progression. Although 
PFS and OS did not differ significantly between the groups (13 and 21 months vs 
10 and 21 for the pre- and post-RFA groups, respectively), the study limitations 
render any firm conclusions problematic.
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Apart from survival rates, a comparison can be made between RFA and systemic 
therapy regarding toxicity profiles and quality of life. Ruers et al. showed 
that patients receiving chemotherapy following laparotomy demonstrated 
a significantly lower quality of life compared to RFA following laparotomy 32. 
Moreover, as disease free periods can be achieved with RFA, patients may be 
provided time without toxicity. This is in sharp contrast to patients undergoing 
repetitive sessions of systemic therapy. 

Conclusion
The level of evidence emanating from the existing literature hampers any firm 
conclusions. Nonetheless, it would appear that RFA may prove superior to 
chemo alone in patients with liver-only disease amenable for this modality. Also, 
the combination of RFA and chemo has been demonstrated to be feasible and 
safe, lending support to the concept of RFA, whenever possible followed by 
chemotherapy. 
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Abstract
Objectives
To assess whether, in patients with normal liver function, a hepatobiliary delay 
time of 10 min after Gd-EOB-DTPA injection is sufficient for lesion characterization. 

Materials & Methods
In 42 consecutive patients with suspected focal liver lesions, dynamic MRI was 
performed after Gd-EOB-DTPA injection, followed by hepatobiliary phases 
at 5, 10, and 20 min. The following items were assessed at each hepatobiliary 
phase: parenchymal enhancement, contrast agent excretion in bile ducts, lesion 
enhancement characteristics (hypo-, iso-, or hyperintensity, rim enhancement, 
central non-enhancement), and contrast- and signal-to-noise ratios, separately 
for hypo- and hyperintense lesions. 

Results
Compared with pre-contrast imaging, parenchymal enhancement increased 
significantly up to 10 min (86.3%, P<0.001), and subsequently stabilised (86.5% 
after 20 min, P=0.223). Biliary contrast agent excretion was observed in 2, 32 and 
5 patients after 5, 10 and 20 min, respectively. Hepatobiliary lesion enhancement 
characteristics observed after 5 min persisted during later hepatobiliary phases. 
CNR and SNR ratios increased significantly (P<0.05) up to 10 min post-contrast 
injection without further increase at 20 min, in hypo- and hyperintense lesions. 

Conclusions
If lesion characterization is the primary reason for performing MRI, a hepatobiliary 
delay time of 10 min after Gd-EOB-DTPA injection is sufficient in patients with 
normal liver function. 
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Introduction
Gadolinium ethoxybenzyl diethylenetriaminepentaacetic acid (Gd-EOB-DTPA) 
is a hepatocyte-specific contrast agent for magnetic resonance imaging (MRI) 
of the liver, introduced in 2004 (Bayer Schering Pharma, Berlin, Germany). 
The additional value of Gd-EOB-DTPA compared with other gadolinium-based 
contrast agents is the selective uptake of contrast material by hepatocytes with 
subsequent accumulation in the normal liver parenchyma, starting early after the 
dynamic phase and reaching a plateau after 10-20 min. Gd-EOB-DTPA differs from 
a similar hepatobiliary gadolinium agent gadobenate dimeglumine (Gd-BOPTA, 
Bracco Diagnostics, Princeton, NJ, USA) in two aspects; the percentage of contrast 
agent excretion in the bile (50% versus 5%) and timing of the hepatobiliary phase 
(10-20 min versus 60-120 min) 1,2. Thus, Gd-EOB-DTPA is the first hepatobiliary 
MR contrast agent to allow acquisition of dynamic imaging in the arterial, portal 
and venous phase with a subsequent hepatobiliary phase in one examination 3,4.
Promising results have been published with increased detection rates of especially 
small lesions after Gd-EOB-DTPA-enhanced imaging 5-8. Recently, Lowenthal et al 
observed higher detection rates for the hepatobiliary phases compared with the 
dynamic phases, emphasising the added value of the hepatobiliary phase 9. 
Besides improved lesion detection, hepatobiliary images also allow for improved 
lesion characterization, especially for differentiation between hepatocellular 
lesions with functioning bile ducts, i.e. FNH, which exhibit iso- or hyperintensity 
during the hepatobiliary phase, from hepatocellular lesions without bile ducts, 
such as adenomas and most hepatocellular carcinomas, which lack enhancement 
in the hepatobiliary phase 10. 
The duration of the time delay for the hepatobiliary phase is a matter of discussion, 
and is dependent on the rate of contrast agent uptake by the hepatocytes 11. 
The product brochure advises a 20-min delay for evaluation of lesion detection 
and characterization, and most studies published so far obtained their data at 20 
min post-contrast injection. One study suggested that an examination time of 10 
min is sufficient for accurate lesion detection in up to 61% of patients; however, 
no recommendations were given on how to differentiate between patients who 
should undergo imaging at 10 or at 20 min 12. Another study reported contrast 
agent excretion in the common bile duct in 100% of non-cirrhotic livers after 20 
min versus 25% after 10 min 13. 
Studies assessing the optimal timing for lesion characterization are not yet 
available. Several studies assessed enhancement patterns during Gd-EOB-DTPA-
enhanced MRI of different lesion types. However, most articles compared results 
of unenhanced MRI with those of contrast-enhanced MRI, without differentiation 
between dynamic and hepatobiliary phases, leaving the additional value of the 
hepatobiliary phases for lesion characterization undefined 5-8. Moreover, as these 
studies combined hepatobiliary phases at various time delays, it is not possible to 
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identify the diagnostic value of the individual delay times. 
Thus, the purpose of the current study was to assess whether, in patients with 
normal liver function, a hepatobiliary delay time of 10 min is sufficient for lesion 
characterization. Therefore, parenchymal enhancement, contrast agent excretion 
in the bile ducts, lesion enhancement and lesion characterization at 5, 10 and 20 
min post-Gd-EOB-DTPA injection were compared. 

Materials and methods
Patients
Between May 2007 and February 2010 52 consecutive patients underwent a total 
of 57 MRI of the liver with Gd-EOB-DTPA for evaluation of known or suspected 
focal liver lesions. Patients with a history of parenchymal disease (i.e. cirrhosis, 
steatosis) or recent chemotherapy treatment were excluded as these factors 
may influence liver function and therefore Gd-EOB-DTPA uptake and excretion. 
This resulted in a final inclusion of 42 patients for this retrospective analysis; 36 
patients with benign disease (focal nodular hyperplasia n=18, adenoma n=9, 
haemangioma n=2, cysts n=2, undefined benign lesions n=3, no lesions n=2), and 
6 patients with malignant disease (colorectal liver metastases n=3, hepatocellular 
carcinoma n=1, intrahepatic cholangiocarcinoma n=1, oesophageal carcinoma 
metastases n=1). Diagnosis of focal liver lesions was histologically proven in 
10 out of 42 patients (focal nodular hyperplasia n=1, HCC n=1, adenoma n=5, 
colorectal liver metastases n=3), either in surgically treated patients or by a 
biopsy specimen. In the remaining patients, no pathological confirmation was 
available, and these patients received follow-up with ultrasound, CT or MRI to 
confirm lesion diagnosis. Mean follow-up of these patients was 19 months (4–51 
months), and one patient with an intrahepatic cholangiocarcinoma received only 
2 months of follow-up because of their cancer related death. 
The study was approved by the ethical committee and informed consent was 
waived as none of the patients was subjected to any additional test.

MRI
MRI acquisitions of all patients were performed on a 1.5-Tesla MRI (Philips, Best, 
The Netherlands) using a SENSE Body Coil. The pre-contrast protocol consisted of 
the following sequences: breathhold T1-weighted turbo field echo (TFE) images 
(transverse and coronal), T1-weighted in- and out-of-phase images, free-breathing 
T1-weighted TFE images and free breathing T2-weighted images (see Table 1). 
Administration of Gd-EOB-DTPA (25 µmol/kg) was carried out as a bolus with a 
rate of 2 mL/s through an intravenous cubital line, followed by a 25-mL saline 
chaser. After bolus injection, T1-weighted 3D-TFE was performed sequentially at 
20, 60 and 180 s (dynamic phases) and at 5, 10 and 20 min post-contrast injection 
(hepatobiliary phases 5 min, 10 min and 20 min respectively). Limited availability 
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of MRI equipment precluded the acquisition of the 20-min series in 18/42 patients 
(43%). In these patients the entire MRI examination, including the 5-min and 10-
min series, was already assessed as being diagnostic. All images were acquired 
in the transverse plane with a section thickness of 4 mm, reconstructed every 2 
mm. MRI data were stored in the Picture Archiving and Communication System 
(PACS) at the UMC Utrecht (Easy Vision Workstation, Philips Medical Systems, 
The Netherlands) and further assessment of MRI acquisitions was performed on 
clinical PACS workstations.

Parenchymal contrast agent accumulation and contrast agent excretion in the bile
All MRI images were evaluated in order to obtain data on liver signal intensity, 
lesion signal intensity, muscle signal intensity and contrast agent excretion in 
the bile. The signal intensity measurements were performed on the pre-contrast 
acquisition and on each post-contrast phase by one investigator (CK, research 
fellow). Signal intensity of the liver parenchyma was measured at three different 
points in the liver (in the right and left hemi-liver and at the midportion of the 
liver) in order to obtain an average signal intensity per sequence (mean SIliver). 
Signal intensity measures were obtained by means of circular, operator-defined 
regions of interest (ROI, approximately 100 mm2) avoiding any vessels, lesions 
or peripheral perfusion abnormalities. Measurements were performed at the 
same anatomical location on each sequence. The relative increase in mean SIliver 
in time was measured in terms of percentage: (mean SIliver post / mean SIliver pre)
x100%. The SI of the background noise was measured in an ROI that was placed 
just ventral to the liver and outside the body along the phase-encoding direction 
(ROI approximately 500 mm2).
Lesion signal intensity was measured once, and the ROI was set to contain as 
much of the lesion as possible, avoiding areas of necrosis or haemorrhage. 
Lesion-to-liver contrast-to-noise ratios (CNR) were calculated as follows: (SIliver – 
SIlesion) / SDnoise. Also, signal-to-noise ratios (SNR) were calculated as follows: SIlesion 
/ SDnoise. Analyses during the hepatobiliary phases were performed separately for 
hypointense and hyperintense lesions. 
Furthermore, signal intensity of the left erector spinae muscle (SImuscle) was 
determined at each dynamic sequence, including the pre-contrast sequence. 
These intensity measures were used as the reference signal intensity for the liver. 
Relative increase in signal intensity of the erector spinae muscle was calculated 
((SImuscle post / SImuscle pre)x100%). Liver-to-muscle contrast ratios (L–M ratios) were 
calculated as follows: L–M ratio = mean SIliver / SImuscle.
All hepatobiliary phases of each patient were assessed for contrast agent 
excretion in the bile ducts 13. Contrast agent excretion was defined as contrast 
agent visible in the common bile duct. 
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Enhancement characteristics
In order to ascertain the optimal delay time to assess the individual hepatobiliary 
enhancement patterns of the various liver lesions, 5-min, 10-min and 20-min 
hepatobiliary series were evaluated consecutively. Enhancement patterns were 
assessed by two observers in consensus (ML and CK). Enhancement patterns were 
categorised as isointense, hypointense or hyperintense relative to the normal 
liver parenchyma. In addition, heterogeneity, presence of rim enhancement or 
areas of linear or nodular non-enhancement were recorded. 

Statistical Analysis
Data on signal intensities were displayed as mean ± standard error (percentages) 
or median with interquartile range (IQR; absolute values). Normal distribution of 
the data was tested using the Shapiro-Wilks test for normality and histograms. 
In parametric data, paired t-tests were used to test for significant differences 
in signal intensities of the liver, lesions, muscle, L-M ratios, CNRs and SNRs 
among 5, 10 and 20 min post-Gd-EOB-DTPA injection. In non-parametric data, 
the Wilcoxon signed ranks test was used. Statistical analyses were performed 
with commercially available software (SPSS version 15.0 for Windows, SPSS Inc, 
Chicago, IL, USA). Statistical significance was set at a p value less than 0.05. All 
analyses were performed in agreement with our in-house statistician. 

Results
Patients and timing of delayed images 
Three patients received two MRI during the study period as individual follow-up 
was clinically warranted. In those three patients, only the first MRI was included to 
prevent disproportionate contribution of these patients to the data. This resulted 
in a total of 42 MRI that were available for further analysis. Early hepatobiliary 
phase imaging at 5 and 10 min post-Gd-EOB-DTPA injection were obtained in all 
42 patients, while 20-min imaging was obtained in 24/42 (57%) patients. 

Contrast agent excretion in the bile 
Contrast agent excretion in the common bile duct was observed in 2/42 (4.8%) 
patients after 5 min and in 34/42 (80.9%) patients after 10 min. After 20 min, 
contrast agent excretion was observed in 21/24 patients, thereby resulting in a 
total of 39/42 (92.9%) patients showing contrast agent excretion at either 10 or 
20 min post-contrast agent injection. Three patients did not show contrast agent 
excretion at any available sequence. The absence of contrast agent excretion could 
be explained in one patient by the presence of intrahepatic cholangiocarcinoma 
causing bile obstruction, in the second patient by the presence of multiple large 
adenomas affecting almost 70% of the liver parenchyma; whilst in the third 
patient no straightforward explanation for the delayed contrast agent excretion 
could be identified.
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Parenchymal enhancement
Compared with pre-contrast SIliver, the median relative increase in SIliver at 5 min, 
10 min and 20 min was 75.1% (IQR 18.6), 86.3% (IQR 28.8) and 86.5% (IQR 34.0), 
respectively. The difference between 5 min and 10 min was significant (p<0.001), 
whilst the difference between 10 min and 20 min was not significant (p=0.223). 
Signal intensity of the M. erector spinae was variable over time (see Figure 1), 
with a significant decrease in signal intensity between 10 min (17.7% IQR 12.4) 
and 20 min (4.1% IQR 10.74; p<0.001). This resulted in significant elevation of 
relative liver-to-muscle (L-M) ratios (%) at 5 min, 10 min and 20 min (52.5% ± 
3.7%, 59.7 % ± 3.6% and 77.65% ± 6.5% respectively) compared with pre-contrast 
sequences. The increase between 5 min and 10 min, and between 10 min and 20 
min were both significant (p<0.001). However, the large difference between 10 
min and 20 min was mostly caused by the difference in relative signal intensity of 
the muscle at 10 min (17.7%) and 20 min (4.1%).

Figure 1. Mean relative increase with standard errors of the mean in signal intensities over time 
compared with the pre-contrast imaging. Results are displayed for the liver, the muscle and the L–M 
ratios

The SNR and CNR were separately assessed for hyper- and hypo-intense lesions 
in the hepatobiliary phase, respectively (Figure 2a and b). For hyperintense 
lesions, CNRs at 5 min, 10 min and 20 min were significantly increased compared 
with pre-contrast images (p<0.05). However, CNRs were highest at 10 min and a 
significant reduction was observed at 20 min (p=0.039). SNRs showed a similar 
pattern; SNRs at 5 min, 10 min and 20 min were significantly higher compared 
with pre-contrast images, however, SNRs were highest at 10 min while SNRs 
at 5 min and 20 min were similar (p=0.620). In hypointense lesions CNRs were 
significantly increased in the hepatobiliary phases compared with pre-contrast 
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images (p<0.05), but CNRs did not further improve between 5 min and 10 min 
(p=0.355), or between 10 min and 20 min (p=0.323; Figure 2a and b). SNRs 
increased significantly compared with pre-contrast images (p<0.05), however, 
compared with 5-min images, SNRs did not further improve at 10 min (p=0.325) 
and 20 min (p=0.937).

Enhancement characteristics
In 20 out of 42 patients multiple lesions were present, and in these patients 
enhancement characteristics of the various lesions were similar. Patients with 
multiple lesions presented either with adenomas (12/20), FNHs (6/20), or with 
colorectal liver metastases (2/20). In 17 patients lesions were identified with an 
overall hyperintense appearance during the hepatobiliary phases; in 5/17 (29%) 

A

B

Figure 2. a) Mean contrast-to-noise ratios with standard error of the mean at 5, 10 and 20 min 
compared with the pre-contrast images. b) Mean signal-to-noise ratios with standard error of the 
mean at 5, 10 and 20 min compared with the pre-contrast images.
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patients the lesions were homogeneously hyperintense, in 4/17 (24%) patients 
the lesions showed heterogeneous hyperintensity, with areas of hypo-intensity, 
in 7/17 (41%) patients the lesions were hyperintense with a central cleft-like 
hypo-intensity and one patient presented with a lesion with a narrow, peripheral 
hyperintense border, surrounding the hypo-intense central part of the lesion 
(shown in Figure 3b). In all 17 patients, the observed enhancement characteristics 
at 5 min persisted during the later phases. 
Another 18 patients presented with lesions with an hypo-intense appearance 
during the hepatobiliary phases. Most patients presented with homogeneously 
hypointense lesions (n=17), and one patient presented with a lesion with a 
marked hypointense lesion centre. Again, these enhancement characteristics 
were observed after 5 min and persisted during later phases in all 18 patients.
Another patient presented with a solitary lesion that was only visible during the 
arterial phase and appearing isointense during all hepatobiliary phases. Four 
patients presented with lesions smaller than 5 mm that were too small to allow 
determination of the enhancement characteristics. In two patients no lesions 
could be detected.

Figure 3 a–d. Various enhancement patterns of solid hypervascular lesions during early dynamic 
phases and hepatobiliary phases (25 s, 60 s, 3 min, 5 min, 10 min and 20 min). a) A 48-year-old man 
received an MRI with Gd-EOB-DTPA after he presented with an incidental lesion on ultrasound. The 
MRI shows a lesion in segments 4 and 8 of the liver, demonstrating the classical pattern of a focal 
nodular hyperplasia: hyperintense in the arterial phase, isointense in the portal phase, followed by 
a hyperintense appearance due to accumulation of contrast agent from 3 min onward, persisting 
into the later hepatobiliary phases. Furthermore, central linear non-enhancing structures in the 
hepatobiliary phases represent a central scar. The lesion remained stable in size during a 1.5-year 
follow-up. 
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b) A 59-year-old woman underwent abdominal CT during follow-up of a colorectal carcinoma. The 
lesion in segment 8 showed the following characteristics on MRI with Gd-EOB-DTPA: hyperintense 
on the arterial and portal phases with central hypointensity. After 3 min the central hypointense area 
enlarges, surrounded by a suggestion of contrast agent accumulation at the periphery of the lesion. 
During the later hepatobiliary phases the lesion centre becomes more hypointense compared with the 
liver parenchyma, and now unequivocal contrast agent accumulation at the periphery of the lesion is 
observed. These characteristics can occur in an atypical FNH 10]. However, this patient had a history of 
malignancy and was therefore scheduled for surgery. Histopathology revealed focal nodular hyperplasia. 

c) A 78-year-old man presented with the diagnosis of focal nodular hyperplasia based on a previous CT. 
A Gd-EOB-DTPA MRI was performed, showing a hypervascular lesion, with a central, non-enhancing 
cleft during the arterial phase, suggestive of a scar. During the portal phase, the central cleft remains, 
whilst the larger portion of the lesion is hypointense relative to surrounding parenchyma signifying 
wash-out. There is no contrast agent uptake during the subsequent hepatobiliary phases. As wash-
out and non-accumulation in the late phases are atypical of a focal nodular hyperplasia, a biopsy was 
performed. Histopathology revealed a well-differentiated hepatocellular carcinoma. 
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In summary, the observed enhancement characteristics after 5 min, i.e. hypo-, 
iso- or hyperintense relative to the surrounding parenchyma, persisted after 
10 and 20 min in all 36 patients harbouring lesions larger than 5 mm. Likewise, 
the presence of areas of non-enhancement or the presence of peripheral rim 
enhancement, once noted at the 5-min hepatobiliary phase, persisted during the 
later phases in all patients (Figure 3). 

Discussion
The advantage of Gd-EOB-DTPA in combining early dynamic imaging with 
late, hepatobiliary phase imaging in one examination comes at the cost of 
the additional time required to obtain optimal lesion-to-liver contrast in the 
hepatobiliary phase. 
In order to minimize examination duration the order of sequences can be 
adjusted. T2-weighted sequences can be acquired during the accumulation 
phase, however, once Gd-EOB-DTPA is excreted in the bile, the signal in the 
bile ducts will be lowered hampering assessment of the biliary tree during the 
hepatobiliary phase 8,14,15. Nonetheless, if acquired immediately after the dynamic 
series, before biliary enhancement occurs, image quality is not impaired 14. The 
T2-weighted imaging characteristics of lesions are not significantly influenced if 

d) A 41-year old woman presented with abdominal pain. Ultrasound revealed two large lesions in 
the right hemi-liver and an MRI with Gd-EOB-DTPA was performed. The lesions are hyper-intense 
on the arterial phase, iso-intense on the portal phase and homogeneously hypo-intense during all 
hepatobiliary phases. Thus, there is no contrast agent accumulation and there are no signs of a 
central scar. This is an atypical finding, consistent with a hepatocellular adenoma or HCC. The patient 
underwent surgery and histopathology revealed two hepatocellular adenomas.
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acquired during the hepatobiliary phase 16. Indeed, because of the lowering of 
the T2-weighted signal of the normal parenchyma in the hepatobiliary phase, 
lesion conspicuity may actually improve 16,17. Signal intensity on diffusion-
weighted sequences is also not influenced in the accumulation phase, resulting 
in equivalent lesion conspicuity and apparent diffusion coefficients before and 
after Gd-EOB-DTPA injection 17-19. These adjustments in the protocol can lead to a 
time reduction of several minutes. 
In addition to rearranging the order of imaging sequences, the delay of the 
hepatobiliary phase should be limited to the time needed to achieve diagnostic 
image quality that allows adequate lesion characterization and detection. 
In this study, it is shown that in patients with normal functioning liver parenchyma, 
a delay time of 10 min after Gd-EOB-DTPA injection is sufficient to achieve 
adequate enhancement of the liver parenchyma. Contrast agent excretion in 
the bile ducts was visible in 81% of patients at 10 min suggesting contrast agent 
saturation of the parenchyma. The relative increase in parenchymal signal 
intensity between 5 and 10 min was statistically significant (75.1% at 5 min vs. 
86.3% at 10 min respectively), whilst an additional 20 min series did not further 
increase the signal intensity. 
Clinically more relevant parameters than parenchymal enhancement are lesion 
characterization and lesion detectability. To our knowledge no studies have 
reported on the relative value of the various hepatobiliary delay times on lesion 
enhancement and characterization. The current study shows that the individual 
hepatobiliary enhancement pattern, be it hypointense or hyperintense, depending 
on the type of lesion, is already observed after 5 min post-contrast injection. 
Once present, the observed individual enhancement pattern does not change 
thereafter and persists at 10 and 20 min delay time. Also, in hypo-intense lesions, 
CNRs peaked at 10 min and then stabilised at 20 min, while SNRs even showed 
a peak at 5 min and then declined. In hyperintense lesions, both CNRs and SNRs 
were highest at 10 min and then decreased at 20 min. This again suggests that for 
characterization of lesions an examination time of 10 min is sufficient.
Regarding lesion detection, Motosugi et al assessed whether it was possible to 
shorten the examination of the hepatobiliary phase to 10 min for imaging of 
(malignant) focal liver lesions, while maintaining adequate lesion detection 12. 
They concluded that an examination time of 20 min could be omitted in 61%, 
without loss of accuracy for lesion detection. A post-hoc analysis of the 24 patients 
in our study who received both 10 min and 20 min acquisitions substantiated 
these results; the addition of 20 min to the combination of 5 min and 10 min, 
resulted in detection of 6 additional lesions in 2 patients (see Figure 4.). Both of 
these patients were already diagnosed with multiple large adenomas, and the 
addition of Im-20 led to the detection of 6 additional subcentimetre adenomas. 
No additional lesions were detected in the remaining 22 patients. 
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Figure 4a-f. In this patient, an additional lesion was detected at 20 min post-contrast injection. Figure 
4 a–c show an adenoma in segment 6 that is clearly visible at a 5, b 10 and c 20 min post-contrast 
injection. f An additional lesion was detected in segment 6 at 20 min post-contrast injection. In 
retrospective evaluation, with knowledge of the presence of this lesion at 20 min, a subtle hypo-
intensity already reflects the presence of the lesion at d 5 min and e 10-min

There are several limitations to this study. The patient selection is a skewed 
sample of the general population of patients with focal liver lesions, as there 
were 36 patients with benign lesions and only 6 patients with malignant lesions. 
However, this distribution reflects the main use of Gd-EOB-DTPA in our hospital: 
i.e. characterization of solid liver lesions; and especially to differentiate FNH, which 
does not require treatment or follow-up, from other pathological conditions that 
do require further medical attention. 
All patients underwent hepatobiliary phase acquisitions after 5 and 10 min. 
Because of the limited availability of the time slots for MRI, the hepatobiliary 
phase after 20 min was performed in only 24 out of 42 patients. In the remaining 
patients in whom the 20 min acquisition was not obtained, the combined 5 min 
and 10 min series were already assessed as being diagnostic. However in the ideal 
situation all patients would have undergone 5, 10 and 20 min imaging. 
The ROIs of the erector spinae muscle were used as a reference to calculate liver-
to-muscle ratios. Other articles assessing dynamic imaging (after Gd-EOB-DTPA) 
have been using liver-to-spleen ratios to evaluate the degree of liver parenchymal 
enhancement, as the spleen is not affected by parenchymal diseases like the 
liver and contrast agent uptake is therefore not affected 12. In this study, contrast 
enhancement of the spleen was fairly irregular, increased until 180 s and from 
that point gradually decreased (data not shown). Therefore, we used liver-to-
muscle ratios with the erector spinae muscle as the reference, as reported in 
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other articles 11,20. Nevertheless, our data showed a transient increase in contrast 
enhancement between 60 s and 10 min, which implies that the interstitial 
enhancement component of the muscle is delayed compared with the that of 
the liver. 
In conclusion, this study combined information on contrast agent uptake, contrast 
agent excretion and lesion enhancement characteristics. The results show 
that in patients without a history of chronic liver disease, steatosis or previous 
chemotherapy, a hepatobiliary delay time of 10 min after Gd-EOB-DTPA injection 
is sufficient if lesion characterization is the main purpose of the study. 
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Abstract
Objectives
To assess the range of hepatobiliary enhancement patterns of focal nodular 
hyperplasia (FNH) after gadoxetic-acid injection, and to correlate these patterns 
to specific histological features. 

Methods
FNH lesions, imaged with Gadoxetic-acid-enhanced MRI, with either typical 
imaging findings on T1, T2 and dynamic enhanced sequences or histologically 
proven, were evaluated for hepatobiliary enhancement patterns and categorized 
as homogeneously hyperintense, inhomogeneously hyperintense, iso-intense 
or hypo-intense-with-ring. Available histological specimens of FNHs (surgical 
resection or histological biopsy), were re-evaluated to correlate histological 
features with observed enhancement patterns.

Results
26 FNHs in 20 patients were included; histology was available in six lesions (four 
resections, two biopsies). The following distribution of enhancement patterns 
was observed: 10/26 homogeneously hyperintense, 4/26 inhomogeneously 
hyperintense, 5/26 iso-intense, 6/26 hypo-intense-with-ring and 1/26 
hypointense, but without enhancing ring. The following histological features 
associated with gadoxetic-acid uptake were identified: number and type of 
bile-ducts (pre-existent bile-ducts, proliferation, metaplasia), extent of fibrosis, 
presence of inflammation and extent of vascular proliferation.

Conclusion
FNH lesions can be categorized into different hepatobiliary enhancement patterns 
on Gadoxetic-acid enhanced MRI, which appear to be associated with histological 
differences in number and type of bile-ducts, and varying presence of fibrous 
tissue, inflammation and vascularization. 
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Introduction
Focal nodular hyperplasia (FNH) is the second most frequent benign liver 
lesion after haemangioma and it is the most common solid benign liver lesion, 
comprising approximately 8% of all primary hepatic tumours 1-4. FNH is a well-
circumscribed, usually solitary mass, characterized by a central fibrous scar with 
surrounding nodules of hyperplastic hepatocytes and small bile ductules. No 
normal portal structures are noted, although major vessels may course through 
the tumour and are prominent in the fibrous scar 2-5. FNH is considered to be 
the result of a vascular malformation, which leads to hepatocellular hyperplasia 
5,6. Considering the bile-ducts within FNH, Butron et al have proposed that the 
ductular component is not only a proliferation of pre-existing bile-ducts, but 
also the result of hepatocellular ductular metaplasia 7,8. FNH’s do not have the 
potential for malignant transformation and they are not known to cause bleedings 
like adenoma 9. Clinical symptoms due to mass effect are infrequent. For these 
reasons, a lesion diagnosed as FNH in general does not require any treatment or 
follow-up.
Due to the increased use of cross-sectional imaging techniques, the incidental 
finding of a solid liver lesion in a patient without chronic liver disease or a known 
primary tumour is a frequent occurrence in daily radiological practice. In case 
of such an incidental finding, or incidentaloma, it is important to differentiate 
between FNH, which does not require any treatment or follow-up, from other 
solid liver lesions like adenoma, hepatocellular carcinoma, or metastases, as 
these lesions require either surveillance or medical or surgical treatment 9. 
For the diagnosis of FNH, contrast-enhanced CT, contrast-enhanced MRI, or 
contrast-enhanced ultrasound (CEUS) is frequently performed. Previous studies 
have identified typical radiological features of FNH’s for these imaging modalities 
10-17. However, many studies have reported atypical appearances of FNH on 
CT, MRI or CEUS, which may hamper the individual diagnostic process. The 
incidence of atypical findings varies widely between these reports (10-80%) 18-21. 
Consequently, lesions with atypical findings frequently require further diagnostic 
work-up or follow-up, which is time-consuming, costly and creates unrest for the 
patient. 
Recently, Gadoxetic acid (Primovist®, Bayer Schering Pharma, Berlin, Germany) 
has been introduced as a liver-specific contrast agent which may facilitate the 
differentiation between FNH and non-FNH lesions. Gadoxetic acid is a hepatobiliary 
contrast agent which allows dynamic arterial and portal phase imaging, followed 
by a hepatobiliary phase at 10-20 minutes. It is equally cleared by the kidneys 
and the liver. During the hepatobiliary phase, progressive contrast uptake is 
observed in normal functioning liver parenchyma, followed by enhancement 
of the bile-duct system, as the contrast is transported to the biliary canaliculi 
and subsequently to the extrahepatic bile-ducts 22. Zech et al. reported contrast 
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enhancement during the hepatobiliary phase in approximately 90% of FNH’s 17; as 
opposed to other focal liver lesions, such as metastases, hepatocellular carcinoma 
or adenoma, which generally do not show enhancement during the hepatobiliary 
phase. However, 5-10% of HCC lesions are reported to demonstrate hepatobiliary 
contrast uptake, possible related to OATP-1B1 and/or -1B3 gene-expression and 
the presence of bile-duct elements 23. Zech et al. reported that the majority of 
FNH lesions are either homogeneously or inhomogeneously hyperintense in 
the hepatobiliary phase, while a minority demonstrates no enhancement or 
only peripheral enhancement 17. No explanation as to the actual mechanism 
underlying the different enhancement patterns was postulated. 
The current study was designed to meet two goals: 1. to assess the range of 
hepatobiliary enhancement patterns of FNH lesions after administration of 
gadoxetic acid, and 2. to correlate the hepatobiliary enhancement patterns of 
FNH lesions to specific histological features in available histological specimens 
obtained after resection or biopsy. 

Patients and methods
Identification of FNH lesions
This study was Institutional Review Board approved. Informed consent was 
waived as no additional investigation was required and the study was performed 
using data from routine clinical care.
Between January 2007 and May 2011, 133 consecutive patients underwent 
Gadoxetic acid enhanced MRI of the liver, according to the MR imaging protocol 
summarized in Table 1. Of these, 50 patients had colorectal liver metastases, and 
21 patients were known to have chronic liver disease with known or suspected 
HCC. Another 62 patients underwent Gadoxetic acid enhanced MRI scan of the 
liver for characterization of a focal liver lesion, detected as an incidental finding 
during previous imaging. In this study we will focus on this latter group of patients.
In order to identify FNH lesions, all 62 MRI exams were reviewed during a 
consensus-reading with a hepatobiliary radiologist (ML 25 years experience), 
a radiologist specializing in abdominal radiology (EB 6 years experience) and a 
research fellow (CK). First, non-contrast-enhanced T1 and T2 weighted sequences, 
and early dynamic sequences (25 sec, and 60 sec) were reviewed in order to 
assess lesion appearance during the different sequences. A six-point scale was 
used to describe lesion intensity as compared to surrounding liver parenchyma: 1 
– markedly hypo-intense, 2 – moderately hypo-intense, 3 – iso-intense, but visible 
due to mass effect, 4 – moderately hyperintense, 5 – markedly hyperintense, 6 
– not visible (iso-intense without mass effect, but visible on at least one other 
sequence). If a scar was present, the same six-point scale was used to describe 
the signal intensity of the scar compared to the surrounding lesion. Secondly, 
stringent criteria, described in prior studies to be pathognomonic for FNH, were 
applied to each detected liver lesion (Table 2). 
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Table 1. MR imaging protocol. 

Pulse sequence Plane TR TE Flip
FOV 

(mm)
Gap 

(mm)
Slice  
(mm)

Matrix

SURVEY insp Axial 2.5 1.27 50 450 3.5 8 192x144
SURVEY exp Axial 2.5 1.27 50 450 3.5 8 192x144
Refscan Axial 8.0 0.57 56x40
T1 TFE bh, insp Axial 8.5 4.2 10 450 0 10 256x128
T1 TFE bh, insp Sagittal 8.5 4.2 10 450 0 10 256x128
T1 TFE bh, insp Coronal 8.5 4.2 10 450 0 10 256x128
T1 TFE bh in + out of phase Axial 181 2.3/4.6 80 375 1 7 224x134
T1 FFE RT Axial 10 4.6 15 405 1 7 256x126
T1 THRIVE bh (Pre-contrast, 25 
and 60 sec, 3, 5, and 10 min)* Axial 3.7 1.76 10 450 -2 4 176x124

T2 TSE RT Axial 556 80 90 405 1 7 400x215
EPI-DWI b=0, 50 fb, RT Axial 4095 56 85 360 0 5 128x83
EPI-DWI b=0, 500 fb, RT Axial 4095 56 85 360 0 5 128x83
THRIVE bh 20 min* Axial 3.7 1.76 10 450 -2 4 176x124
TR: repetition time; TE: echo time; flip: flip angle; FOV: field of view; slice: slice thickness; TFE: turbo 
field echo; TSE: turbo spin echo; FFE: fast field echo; EPI: echo planar imaging; SSH: single shot; 
RT: respiratory triggered; bh: breath hold; fb: free breathe; THRIVE: T1 weighted High Resolution 
Isotropic Volume Examination.
MRI scans were performed on a 1.5 tesla MRI scanner (Philips, Best, The Netherlands) using a 
SenseBody coil. MRI scans were stored in the Picture Archiving and Communication System 
at the UMC Utrecht (PACS image viewer, Easy Vision Workstation, Philips Medical Systems, The 
Netherlands.
* After injection of Gd-EOB-DTPA 0.25µmol/kg bolus at 2 mL/sec through an intravenous cubital 
line, followed by a 25 mL saline chaser

Table 2. Overview of typical and atypical FNH features

Typical features Atypical features
Lesion Lesion enhancement is homogeneous 

during all phases.
Marked lesion heterogeneity

T1 Moderately hypo-intense or iso-intense Strongly hypo-intense or hyper-intense
T2 Moderately hyper-intense or iso-intense Strongly hyper-intense or hypo-intense
Arterial Intense arterial enhancement Minimal or no enhancement

Portal-venous Hyperintense (rapid loss of signal intensity 
compared to arterial phase) or iso-intense Hypo-intense

Equilibrium Iso-intense or moderately hyperintense Hypo-intense or strongly hyper-intense
Scar Obligatory for typical FNH if lesion is 

>3cm, and may be present if lesion is 
<3cm. 
Presents as a linear or stellate area in the 
centre of the lesion.

Absence of scar in lesions >3cm

T1 Hypo-intense, relative to the surrounding 
lesion

Hyper-intense

T2 Hyper-intense, relative to the surrounding 
lesion 

Hypo-intense

Arterial Non-enhancing  

Portal-venous Hypo-intense, relative to the surrounding 
lesion

Equilibrium Moderately hyperintense or iso-intense Hypo-intense
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FNH lesions included for further study were either a) typical FNH lesions on 
imaging, demonstrating all typical FNH features described in Table 2, and 
requiring no further treatment or follow-up as decided by the weekly convening 
multidisciplinary tumourboard; or b) lesions with one or more atypical findings 
on imaging, that were only characterized as FNH after histological examination of 
the resected specimen or histological biopsy.

Enhancement patterns in hepatobiliary phase 
Subsequently the hepatobiliary phases (5, and 10 post-contrast injection) of all 
FNH lesions were evaluated in order to identify their hepatobiliary enhancement 
patterns. Signal intensity in the hepatobiliary phase was assessed using the 
above described six-point scale, varying from markedly hypo-intense to markedly 
hyper-intense relative to the surrounding liver parenchyma. In addition, based 
on prior observations, enhancement patterns were categorized into one of the 
following four patterns: 1) homogeneously hyperintense pattern: homogeneously 
hyperintense signal intensity in all parts of the lesion with possible exception of a 
central stellate or linear hypodensity; 2) inhomogeneously hyperintense pattern: 
hyperintense signal intensity of the lesion with scattered 1-5 mm areas of hypo-
intense signal intensity throughout the lesion; 3) iso-intense pattern: lesion is 
visible due to mass effect, but with iso-intense signal intensity, and finally: 4) 
‘hypo-intense-with-ring’ pattern: predominant, non-enhancing, spherical centre 
surrounded by a thin peripheral rim of hyper-intense signal intensity . 

Histological examination
The available histological specimens of FNH, either from surgical resection 
or histological biopsy, were re-evaluated in order to correlate the histological 
features with the observed enhancement patterns. A dedicated pathologist with 
hepatobiliary experience (FK 35 years experience) reviewed all specimens in 
order to identify and localize bile-ducts and to characterize bile-ducts into one 
of three types, i.e. 1) pre-existent bile-ducts; 2) bile-duct proliferation (rather 
well-differentiated bile-ducts proliferating secondary to increased pressure); or 
3) bile duct metaplasia (dedifferentiation, or metaplasia of hepatocytes into non-
functioning bile-ducts). Furthermore, the pathologist assessed the presence of 
inflammation and abnormal vascular configurations. For the characterization of 
the bile ducts immunohistochemical analysis with CK7 and CK19 was performed 
(see Table 3). Immunohistochemical analysis with CD34 was performed to assess 
the intratumoural vasculature and sinusoidal vessels. In addition, Azan staining 
was performed to demonstrate the extent of fibrous tissue.
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Results
Identification of FNH lesions
On pre-contrast and early dynamic MRI, a total of 21 typical FNH’s were 
identified in 15 patients. Although presenting with a typical appearance on MRI, 
histopathology was acquired in one of these lesions. This lesion occurred in a 
patient referred with a presumed colorectal liver metastasis and for that reason 
surgical resection was performed. Histopathology was available in another 5 
FNH’s in 5 patients (3 surgically treated, 2 histological biopsies), in whom the MRI 
appearance and enhancement pattern were not pathognomonic for FNH. This 
resulted in a total of 26 FNH’s, varying in size between 0.5 and 11.9 cm (mean 
3.1 cm) in 20 patients (15 women, 5 men; mean age 46.1 years, range 28.8-60.9 
years). 15 lesions were less than or equal to 3 cm in diameter and 11 lesions were 
larger than 3 cm in diameter. Four patients presented with more than one FNH 
(range 1-4), the other 16 patients presented with a solitary lesion. For further 
details see Figure 1. 

Table 3. Overview of CK7, CK19 and CD34 characteristics

Glycoprotein Function

CK 7 Cytokeratin 7 is a protein belonging to the type I Keratin family, and is used to 
identify bile-ducts. The keratins are intermediate filament proteins responsible 
for the structural integrity of epithelial cells. CK 7 in hepatocytes is upregulated 
by cholestasis and therefore an upregulation of CK 7 is seen in areas with 
dedifferentiation of normal hepatocytes to bile-ducts (ductular metaplasia) and 
areas with bile-duct proliferation.

CK 19 Cytokeratin 19 is also a protein belonging to the type I Keratin family , and is also 
called a bile-duct type keratin. In the liver CK 19 is expressed by well-differentiated 
(native) bile-ducts and can therefore be present in focal nodular hyperplasia. CK 
19 expression can therefore be observed in areas with pre-existent bile-ducts and 
ductular proliferation. 

CD34 CD 34 is a cell surface glycoprotein that functions as cell-cell adhesion factor. CD 34 
is expressed by (premature) hematopoietic and vascular associated tissue. CD 34 
expression by sinusoid endothelial cells is associated to the process of angiogenesis. 
Diffuse expression of CD 34 is a sign of carcinogenesis and is seen in hepatocellular 
carcinoma. Non-diffuse expression of CD34 can be seen in FNH in areas with 
sinusoidal proliferation. 
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FNH appearance on hepatobiliary images
Ten lesions (10/26, 38%) demonstrated a homogeneously hyperintense pattern 
(mean size 2.3 cm, range 0.5-6.4 cm; 3 lesions >3 cm, 7 lesions <3 cm) (Figure 
2a-f). A thin, stellar or linear hypodensity, interpreted as the central scar on early 
dynamic sequences, was visible during the hepatobiliary phases in all 3 lesions 
larger than 3 cm and in none of the lesions smaller than 3 cm. Four lesions (4/26, 
15%) showed an inhomogeneously hyperintense pattern (Figure 3a-f), where 
1-5mm nodular areas of hypo-intense signal were scattered throughout the 
enhancing lesion without the presence of a typical scar (mean size 5.9, range 2.5-
11.9cm, one lesion <3 cm, 3 lesions >3 cm). Six lesions (6/26, 23%) demonstrated 
a ‘hypointense-with-ring’ pattern (mean size 1.9 cm, range 1.0-2.6 cm, all lesions 
<3 cm) (Figure 4a-f). Five lesions (5/26, 19%) showed an iso-intense pattern with 
mass effect (mean size 3.5 cm, range 1.7-5.3 cm; 2 lesions <3 cm, 3 lesions >3 cm) 
(Figure 5a-f), with a scar present in all three lesions larger than 3 cm. 
One lesion could not be categorized into one of these four patterns. This lesion 
(5.5 cm) appeared hyperintense during early dynamic phases, but signal intensity 
decreased during hepatobiliary phases, resulting in a slightly hypo-intense signal 
compared to the surrounding parenchyma. This lesion was homogeneously hypo-
intense, and did not show a peripheral rim like the ‘hypo-intense-with-ring’ type 
FNH’s (Figure 6a-f).

Figure 1. Flowchart of FNH identification.
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Figure 2. A patient presenting with a typical FNH on conventional FNH, which appeared homogeneously 
hyperintense to the surrounding parenchyma during hepatobiliary phases. Figure A-F: The FNH is 
visible on T1, T2, and during arterial phase, portal-venous phase, and 5 and 10 minutes hepatobiliary 
phase, respectively (white and black arrows).

Figure 3. A patient with a histologically proven FNH presenting as an inhomogenously hyperintense 
lesion on hepatobiliary phases (Tumour C). A-F: The FNH is visible on T1, T2, and during arterial 
phase, portal-venous phase, and 5 and 10 minutes hepatobiliary phase, respectively (white and 
black arrows). Initially, the lesion presents as a hyperintense lesion with a non-enhancing central scar 
during arterial phase, but over time the lesion characteristics change resulting in an inhomogeneous 
appearance during hepatobiliary phase. G: CD34 immunohistochemistry shows diffuse positivity 
throughout the lesion (brown staining at arrows). H: Hematoxylin and eosin staining showing an 
abnormal, enlarged vessel with thickened vessel wall (arrow). The inhomogeneous appearance on 
hepatobiliary phase is presumably related to areas with ischemic injury and ductular metaplasia due 
to vascular abnormalities, which are alternated by areas with ductular proliferation.
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Figure 4. Patient with a histologically proven FNH (Tumour A.) presenting as a hyperintense 
lesion during early dynamic phases and presenting as a hypo-intense-with-ring type FNH during 
hepatobiliary phases. A-F: The FNH is visible on T1, T2, and during arterial phase, portal-venous 
phase, and 5 and 10 minutes hepatobiliary phase, respectively (white and black arrows). The FNH 
is visible during all phases and initially presents as a hypervascular lesion on arterial phase with a 
central scar. In hepatobiliary phase, a larger hypo-intense core develops, whilst the periphery of the 
lesion is persistently hyperintense. G shows Azan staining on a whole mount section of the lesion with 
the presence of abundant fibrous tissue in the center (arrow). H shows CK7 immunohistochemistry 
on the resection specimen (whole mount). Brown colored areas represent ductular proliferation and 
ductular metaplasia. J is an enlargement of the periphery of the lesion showing pre-existent bile 
ducts, ductular metaplasia and some ductular proliferation, while K is an enlargement of the lesion 
centre surrounding the fibrous tissue, showing a combination of ductular proliferation and ductular 
metaplasia, although the ductular metaplasia is more pronounced.

Figure 5. A patient presenting with a typical FNH on conventional FNH, which appeared iso-intense to 
the surrounding parenchyma during hepatobiliary phases. A-F: The FNH is visible on T1, T2, and during 
arterial phase, portal-venous phase, and 5 and 10 minutes hepatobiliary phase, respectively (white 
and black arrows).
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Figure 6. Another patient presenting with a hypo-intense type FNH in segment 5 (Tumour B). 
A-F: The FNH is visible on T1, T2, and during arterial phase, portal-venous phase, and 5 and 10 
minutes hepatobiliary phase, respectively (white and black arrows). The FNH is visible during all 
phases and initially presents as a hypervascular lesion on arterial phase without a central scar. During 
hepatobiliary phases, the lesion signal is less intense compared to the surrounding parenchyma, 
resulting in a slightly hypointense aspect. G: CK 19 immunohistochemistry showing weakly CK 19 
positive ductular proliferation in the lesion periphery (arrows), while the lesion centre is almost 
completely negative. H: CK7 immunohistochemistry shows diffuse positivity in the lesion representing 
both ductular proliferation and ductular metaplasia (black arrows); the bile-ducts that are positive 
for CK19 (G) are positive for CK7 as well (red arrows). The ductular metaplasia is more pronounced 
than the ductular proliferation and is visible both in the lesion centre as in the lesion periphery. 
J: CD34 immunohistochemistry shows expression around the fibrous tissue (arrows). K: Azan staining 
demonstrates the presence of fibrous tissue throughout the lesion (black arrows pointing out blue 
areas), although a central scar cannot be identified. 

Correlation between histopathological features and appearance on 
hepatobiliary phase
Histopathology was available in 6 lesions (further referenced as Tumours A-F); 4 
resection specimens (Tumours A-D) and 2 core-biopsies (Tumours E and F) (see 
Table 4.). 
In each of these lesions an inflammatory component with lymphocyte infiltration 
was observed, although the degree of inflammation differed. Second, an increase 
in bile-ducts compared to the surrounding, normal parenchyma was observed 
in all 6 lesions. Using immunohistochemistry, three different types of bile-ducts 
were observed, i.e.: CK19 positive pre-existent (normal) bile-ducts, CK7 positive 
ductular proliferation with or without CK19 positivity, and CK7 positive but CK19 
negative ductular metaplasia. The relative proportion of pre-existent bile-ducts, 
ductular proliferation and ductular metaplasia differed widely between the 6 
lesions. In addition, the localization (lesion centre, lesion periphery or both) of 
the three bile duct types differed between different lesions. 
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Table 4. Evaluation of 6 histologically-proven FNH’s, Tumour A-F respectively.

Tumour A Tumour B Tumour C

CK 19 Moderately positive: only lesion 
periphery shows a limited 
number of pre-existent bile ducts 
and some ductular proliferation.

Positive: lesion periphery shows 
stronger CK19 positivity due to 
ductular proliferation but no pre-
existent bile ducts. Lesion centre 
is almost completely negative for 
CK 19. 

Positive: areas with ductular 
proliferation of CK19 positive bile 
ducts and pre-existent bile ducts.

CK 7 Markedly positive: mostly 
ductular proliferation around the 
tendrils of the fibrous scar, less 
ductular metaplasia.

Strongly positive (++): in lesion 
centre mainly due to ductular 
metaplasia and only limited 
due to ductular proliferation. 
Lesion periphery also reveals 
combination of ductular 
metaplasia and proliferation.

Strongly positive (++): especially 
the areas with ductular 
metaplasia and dedifferentiated 
hepatocytes due to bile flow 
obstruction show strong 
CK7 positivity. Little ductular 
proliferation.

CD34 Positive (+); more CD34 
expression than normal 
parenchyma, but not diffuse and 
therefore not suspicious for HCC.

Positive (+); especially around the 
fibrous tissue, but not diffuse and 
therefore not suspicious for HCC.

Strongly positive (++) around 
the vessels, but not diffuse and 
therefore not suspicious for HCC. 

Histological 
features

- central scar with extensive 
fibrous tissue visible in the core of 
the lesion. Only lesion periphery 
shows no fibrous tissue
- cirrhotic intratumour 
transformation with inflammatory 
component in lesion centre
- bile-duct proliferation, especially 
in lesion periphery 

- no typical central scar, but 
increased fibrous tissue 
throughout lesion 
- inflammatory component in 
lesion centre
- strong proliferation of well-
differentiated bile ducts especially 
in lesion periphery 
- extensive ductular metaplasia

 - central scar (fibrous tissue)
 - vascular proliferation (large 
vessels with thickened vascular 
walls)
 - multiple areas of fibrous tissue
 - strong infiltration with 
lymphocytes
 - bile duct proliferation

Histology 
conclusion

Typical FNH Typical FNH FNH due to vascular malformation 
with secondary ischaemia

FNH-type 
(radiology)

Hypo-intense-with-ring type FNH Hypo-intense-without-ring type 
FNH

Inhomogeneous hyperintense 
type FNH

One FNH lesion showed a ‘hypointense-with-ring’ pattern during the hepatobiliary 
phases (Tumour A). This lesion was slightly positive for CK19, only in the periphery 
of the lesion, correlating with pre-existent bile-ducts as well as some ductular 
proliferation (both well-differentiated bile-ducts). The presence of these well-
differentiated bile-ducts in the lesion periphery apparently resulted in contrast 
uptake and excretion given the ring pattern on hepatobiliary phase. Conversely, 
the core of this lesion consisted of abundant fibrous tissue surrounded by 
inflammation and CK7 positive bile-duct metaplasia, resulting in a hypointense 
appearance of the lesion centre. Also, some CK7 positive bile-duct proliferation 
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Table 4. Continued

Tumour D Tumour E Tumour F

No expression: only a few normal 
pre-existent bile ducts, while 
normal parenchyma is strongly 
positive.

biopsy --> insufficiënt tissue to 
perform CK19 staining

Positive: both pre-existent bile-
ducts and bile-duct proliferation

Strongly positive (++): positive 
throughout lesion, caused by 
well-differentiated ductular 
proliferation. There are no signs of 
metaplasia.

biopsy --> insufficiënt tissue to 
perform CK7 staining

Slightly positive (+/-): ductular 
metaplasia

Slightly positive (+/-): 
vascularization around fibrous 
septa is slightly positive, the rest 
of lesion is negative.

biopsy --> insufficient tissue to 
perform CD34 staining

biopsy --> insufficient

- no central scar, but areas of scar 
tissue
- many fibrous tissue septae
- vascular malformation and 
degeneration
- strong infiltration with 
lymphocytes
- strong bile-duct proliferation

- cirrhotic intratumour 
transformation
- many fibrous tissue septae
- strong infiltration with 
lymphocytes
- Bile-duct proliferation 

- large fibrous component
- increased number of bile-
ducts compared to surrounding 
parenchyma
- both well-differentiated and 
de-differentiated bile-ducts
- considerable infiltration with 
lymphocytes

FNH due to vascular malformation 
with secondary ischaemia

Typical FNH Typical FNH

Inhomogeneous hyperintense 
type FNH

Inhomogeneous hyperintense 
type FNH

Iso-intense type FNH

was observed mainly towards the periphery of the lesion, and only sparsely in 
the lesion centre (Figure 4). Interestingly, despite the presence of some bile-
duct proliferation surrounding the fibrous tissue, contrast uptake was absent in 
that area (given the hypo-intense aspect of the lesions centre on hepatobiliary 
phase), suggesting that these bile ducts were not functional. Seemingly, in 
this lesion the capacity of contrast uptake and excretion was impaired in areas 
lacking pre-existent bile ducts but with bile-duct metaplasia, CK7 positive bile 
duct proliferation, inflammation and fibrosis. In addition, an upregulation of the 
angiogenesis marker CD34 was observed in the core of these ring-enhancing 
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lesions, indicating vascular proliferation. To our knowledge, the effect of vascular 
proliferation on Gadoxetic acid uptake has not yet been established.
Another resected FNH (Tumour B) also presented with a hypointense hepatobiliary 
pattern, but without an enhancing ring (Figure 6). Histologically, this lesion was 
characterized by foci of fibrosis throughout the lesion, but without a central scar. 
There were no pre-existent bile-ducts in this lesion. CK7 staining was diffusely 
positive mainly as a result of extensive ductular metaplasia, and in the periphery 
of the lesion due to ductular proliferation. This ductular proliferation was only 
partially and weakly CK19 positive. In addition, an upregulation of CD34 was 
observed throughout the lesion, indicating vascular proliferation. Interestingly, 
despite the presence of ductular proliferation (which are generally well-
differentiated bile-ducts), this lesion showed impaired contrast uptake compared 
to the surrounding liver parenchyma, suggesting that these proliferative ducts 
were not fully functional. Similar to Tumour A, this lesion therefore shows that 
the capacity of contrast uptake and excretion is impaired in areas with bile-duct 
metaplasia and inflammation, as well as in areas with CK7 positive ductular 
proliferation but no pre-existent bile-ducts.
Two other resected FNH lesions showed an inhomogeneous hepatobiliary 
enhancement pattern (Tumours C and D). These lesions were histologically 
characterized by multiple necrotic areas, judged to be induced by vascular 
malformations (CD34 positivity), and areas with cirrhotic transformation due 
to bile congestion (Figure 3). Furthermore, diffuse foci of fibrous septae were 
observed in both lesions. In Tumour C, the areas of necrosis and cirrhosis 
were surrounded by well-differentiated pre-existent bile-ducts and ductular 
proliferation (CK19 positive areas). CK7 staining was strongly positive for ductular 
metaplasia, not for ductular proliferation. In Tumour D, CK19 staining was only 
marginally positive for some pre-existent bile-ducts; no CK19 positive ductular 
proliferation was observed. On the other hand, this lesion was strongly positive 
for CK7 positive ductular proliferation throughout the lesion, without any signs 
of metaplasia. Thus, in contrast to Tumour A and B, these tumours had a more 
heterogeneous histological appearance. Furthermore, Tumour A and B showed 
a single predominant hypo-intense core with (A) or without (B) a thin rim of 
peripheral enhancement, while Tumour C and D showed multiple areas of hypo-
intensity due to diminished contrast uptake and excretion alternated with multiple 
areas of hyperintensity consistent with the presence of well-differentiated (pre-
existent) bile-ducts. 
In Tumour E and F histology of 18G biopsies was available, therefore limiting the 
possibility to give details about the proportion or localization of the observed 
histological features. In Tumour E a similar inhomogeneously hyperintense 
pattern was observed on hepatobiliary phase as in Tumour C and D. CK7 and 
CK19 staining were not performed due to limited available tissue. However, 
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hematoxylin and eosin (HE) staining did show strong bile-duct proliferation, 
which might explain the hyperintense appearance of the lesion. Furthermore, 
extensive fibrosis and cirrhosis was observed together with a strong lymphocytic 
infiltration. These areas probably correlate to the areas of diminished contrast 
uptake. Tumour F showed an iso-intense pattern during the hepatobiliary phases, 
indicating a similar amount of contrast uptake as the surrounding parenchyma. 
Histology of Tumour F revealed clear CK19 positive bile-ducts consistent with 
ductular proliferation and pre-existent bile-ducts. Furthermore, CK7 staining 
was positive as a result of ductular metaplasia. Finally, hyperplasia of the vessel 
intima was observed as well as fibrotic areas probably induced by necrosis of the 
hepatocytes. Contrast uptake is likely to be diminished in these areas. Despite 
the presence of pre-existent bile-ducts, this lesion showed an iso-intense pattern 
(similar uptake as surrounding (parenchyma) instead of a hyperintense pattern. 
Presumably because pre-existent bile-ducts were surrounded by areas of ductular 
metaplasia and fibrosis. 

Discussion
This study shows that hepatobiliary enhancement patterns of FNH’s may 
present as one of four patterns: homogeneous hyperintense, inhomogeneous 
hyperintense, iso-intense and hypo-intense with or without peripheral 
enhancement. Histological evaluation revealed differences in number, type and 
localization of bile-ducts between individual FNH lesions as well as differences 
in inflammatory component, extent of fibrous tissue and presence of vascular 
proliferation. Comparison of histology with imaging features suggests that the 
observed enhancement patterns can largely be explained by differences in 
histological features of these lesions.
Previously, Zech et al described three hepatobiliary enhancement patterns in 
FNH (homogeneously hyperintense, inhomogeously hyperintense, peripheral 
enhancement), all with a hyperintense nature 17. In addition, Zech et al. reported 
that no enhancement occurred during the hepatobiliary phase in 10-12% of 
FNH’s. In our study, we observed similar enhancement patterns, although only 
one out of 26 included lesions was homogeneously hypo-intense during the 
hepatobiliary phase. Possibly in the study of Zech, lesions with a hypointense-
with-ring pattern were described as non-enhancing lesions, interpreting the thin 
peripheral enhancing rim as part of the surrounding liver parenchyma, resulting 
in a higher percentage of ‘non-enhancing’ FNH. 
In this study we analyzed the histological features of FNH’s in order to better 
understand the mechanisms of Gadoxetic acid uptake and excretion in relation 
to the observed enhancement patterns. A better understanding of enhancement 
patterns and mechanisms might be beneficiary for lesion characterization, which 
is important as the prevalence of FNH is high. In this study, FNH was diagnosed in 
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the majority (34/62; i.e. 55%) of patients who were referred for characterization 
of an incidental finding in the liver. 
Previously it has been shown that FNH’s can have various degrees of inflammation, 
which is induced by either a response to ischemic injury secondary to vascular 
malformation or by cholangitis secondary to bile obstruction 24. Our data support 
these results as inflammation was detected in all six histologically evaluated 
lesions, although the degree of inflammation differed strongly between the 
lesions. 
So far, it is accepted that Gadoxetic acid uptake is only possible in functioning 
hepatocytes and that functioning bile-ducts are necessary for excretion in the 
bile-system. Therefore, in our histological evaluation special emphasis was put 
on evaluation of bile ducts. 
Due to increased intraparenchymal pressure, ductular metaplasia of hepatocytes 
and proliferation of bile-ducts can be induced 7,8,25. These proliferative bile-ducts 
can be well-differentiated with preserved function, and therefore, Gadoxetic 
uptake and accumulation can be expected. In FNH, the increased pressure might 
be secondary to vascular malformation resulting in increased blood-flow to a 
specific region compared to the surrounding tissue, or as a result of ischemia 
6. In our study, we observed an increase in well-differentiated bile-ducts (either 
pre-existent bile-ducts, or well differentiated proliferative bile-ducts) compared 
to the surrounding parenchyma in all lesions, although the number of well-
differentiated bile-ducts differed between lesions. The increased number of well-
differentiated bile-ducts, especially of pre-existent bile-ducts, seemed to correlate 
with increased contrast accumulation, thereby explaining the hyperintense 
appearance of FNH’s. 
Apart from areas with well-differentiated bile-ducts, areas of hepatocytic bile-
duct metaplasia were observed. Bile-duct metaplasia can evolve into proliferation 
of bile-ducts with diminished functionality and inadequate linkage to the bile 
caniculi. Bile-duct metaplasia is initiated by chronic inflammation, cholangitis 
or bile flow obstruction and all of these components can to a lesser or greater 
extent be present in FNH 25. We observed less contrast uptake in the areas with 
ductular metaplasia and in some areas with ductular proliferation, which might 
be explained by the diminished functionality of these bile caniculi, resulting in 
locally diminished excretion of Gadoxetic acid. 
We also observed differences in the distribution of the different bile-duct 
types throughout the lesions (lesion centre versus lesion periphery) and this 
distribution differed between the hypo-intense-with-ring FNH’s, the hypo-intense 
FNH’s and the inhomogeneously hyperintense FNH’s. In the ring-type FNH we 
observed fibrous tissue in the lesion centre surrounded by some inflammation 
and vascular proliferation with ductular metaplasia, while the lesion periphery 
consisted mainly of well-differentiated pre-existent bile-ducts without signs 
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of metaplasia, fibrous tissue or inflammation. Although the hypo-intense 
FNH (lesion B) demonstrated pronounced ductular proliferation in the lesion 
periphery, no ring-phenomenon was observed in the hepatobiliary phase. This 
was probably because the periphery also consisted of ductular metaplasia, and 
pre-existent bile-ducts were lacking. In both inhomogeneously hyperintense 
FNH’s with resected specimens available, we observed more inflammation and 
lymphocyte infiltration, with multiple areas of fibrous tissue throughout the 
lesions that were accompanied by areas of vascular malformation. Interestingly, 
bile-duct metaplasia was only observed in one of these lesions (Tumour C). Both 
lesions also contained large areas with ductular proliferation (CK19 positive in 
Tumour C, CK7 positive in tumour D) containing well-differentiated bile-ducts, 
while pre-existent bile-ducts were predominantly observed in Tumour C. These 
well-differentiated bile-ducts might explain the hyperintense appearance of 
these lesions on hepatobiliary phase. Bile-duct localization could not be assessed 
accurately in both lesions with histology obtained by means of 18G core-biopsy. 
There are several limitations to our study. Histology was only available in six 
lesions, whilst the standard of reference for the other 20 FNH lesions consisted 
of typical findings on pre-contrast and early dynamic sequences. However, the 
stringent criteria used to non-invasively identify these FNH lesions are generally 
accepted as pathognomonic for FNH, obviating the need for further imaging or 
follow-up. We did not perform quantification of the various components of the 
hepatobiliary phase enhancement patterns, reasoning that visual assessment 
is the cornerstone for pattern recognition and quantification of the observed 
phenomena would not serve a practical purpose. The inclusion of only FNH lesions 
that were either proven on pathology or those demonstrating the complete set of 
pathognomonic MR imaging features on pre-contrast and early dynamic phases, 
leaves the possibility that other FNH lesions, with one or more atypical features 
on pre-contrast or early dynamic MR imaging, might show different hepatobiliary 
enhancement patterns. Therefore, we performed a post-hoc analysis on the 
14 patients who had received a clinical diagnosis of having at least one FNH 
lesion but who, according to the study protocol, were excluded from further 
analysis because of one or more atypical MR imaging features of the observed 
FNH lesions. A total of 20 lesions clinically characterized as FNH were detected 
in these 14 patients. All 20 lesions could be categorized into one of the four 
described hepatobiliary enhancement patterns (homogeneously hyperintense 
n=11, inhomogeneously hyperintense n=3, iso-intense n=5, ring-type n=1) and no 
additional enhancement patterns were seen. All 14 patients received a minimum 
of 1 year follow-up with MRI, demonstrating no growth or change of the observed 
morphological features, consistent with the clinical diagnosis of FNH. Finally, the 
design of the study leaves the possibility that lesions with other pathology than 
FNH might also show one of the observed hepatobiliary enhancement patterns. 
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Although we cannot rule out this possibility, we have not observed the described 
hepatobiliary enhancement patterns in other pathology than FNH. 
In conclusion, FNH lesions can be categorized into one of four hepatobiliary 
enhancement patterns on Gadoxetic-acid enhanced MRI. These various 
enhancement patterns appear to be associated with histological differences in 
number and type of bile-ducts, and with varying presence and distribution of 
fibrous tissue, inflammation and vascularization.
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The incidence of focal liver lesions (either benign or malignant) has increased 
drastically the last decades. Treatment possibilities have extended significantly 
due to improved chemotherapeutic agents, extended eligibility criteria for 
partial liver resection, the introduction of radiofrequency ablation (RFA) and 
the development of yttrium radio-embolization. Patients with focal liver lesions 
often require a different individual treatment strategy, which should be chosen 
accurately in order to improve patient outcome. To accurately determine the 
treatment strategy, correct lesion detection and characterization is crucial. 
This thesis presents research that was performed in order to optimize imaging, 
selection and treatment of patients with focal liver lesions.

In chapter 1 the aims and outline of this thesis are described. 

In PART ONE we have evaluated the effect of chemotherapy on imaging of CRLM 
with different cross-sectional imaging modalities and the challenges that occur 
with response evaluation of CRLM during chemotherapy. A systematic review 
comparing CT, MRI, FDG-PET and PET-CT for pre-operative evaluation of CRLM 
following neoadjuvant chemotherapy is presented in chapter 2. Eleven papers, 
comprising 223 CRLM patients following neoadjuvant chemotherapy with a total 
of 906 lesions were included after critical appraisal. Pooled sensitivity estimates 
for detection of CRLM were calculated, resulting in a sensitivity of 85.7% (69.7-
94.0%), 69.9% (65.6-73.9%), 54.5% (46.7-62.1%) and 51.7% (37.8-65.4%) for MRI, 
CT, FDG-PET and FDG-PET/CT respectively. This review demonstrated that in the 
neoadjuvant setting, MRI appears to be the most appropriate imaging modality 
for preoperative assessment of patients with CRLM, while CT should be used in 
the absence of MRI. Diagnostic accuracy of FDG-PET and PET-CT was strongly 
affected by chemotherapy resulting in poor sensitivities. While there were no 
studies assessing the newer hepatobiliary MRI contrast-agents, future research is 
needed to confirm our results using hepatobiliary contrast agents. 
The intra-individual comparative prospective study described in chapter 3 
compared CT and MRI in patients with CRLM receiving neoadjuvant chemotherapy 
to determine which imaging modality is superior for pre-operative evaluation. We 
demonstrated that the sensitivity for lesion detection is similar with CT and MRI 
(76% vs 80% respectively, p=0.648), while MRI is superior in lesion characterization 
(89% vs 77%, respectively, p=0.021). This difference was largely explained by 
improved differentiation between cysts and CRLM compared to CT. Furthermore, 
tumour size measurement was more accurate with MRI due to improved lesion 
delineation; no significant interobserver variability in measurement was observed 
for MRI (p=0.909 [95% CI –1.245 to 1.395]), while with CT interobserver variability 
appeared significant (p=0.028 [95% CI –3.349 to –2.007]. This last finding is 
utterly important as neoadjuvant chemotherapy is often applied for downstaging 
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patients with CRLM in close relation to major vessels thereby compromising a 
clear resection margin. In that case, accurate delineation of lesion borders is 
crucial in order to determine secondary resectability following downstaging, and 
MRI is in that case definitely superior. In combination with the superior lesion 
characterization, this is sufficient to recommend the use of MRI for pre-operative 
evaluation of CRLM patients following neoadjuvant chemotherapy. 
Accurate and reproducible assessment of response to chemotherapy is crucial, 
both for individual patient care and comparison of clinical trials assessing new 
treatment regimens 1-3. Currently, the RECIST criteria are applied for response 
evaluation 1,3. Previous studies have indicated rather poor reproducibility of 
tumour size measurements and response classification using RECIST criteria 4,5. 
Chapter 4 studied the use of semi-automatic volume software for measurement 
of CRLM. Manual diameter measurements were compared with semi-automatic 
volume measurements for pre- and post-chemotherapy assessment of CRLM and 
for response classification according to the RECIST criteria. Both repeatable and 
reproducible volume measurements could be achieved using semi-automatic 
software, however, the accuracy of response classification did not improve by 
using semi-automatic volume measurements. Interobserver differences in 
response classification were observed in a significant number of patients (22.2%, 
ĸ0.548), thereby limiting the clinical relevance of the semi-automatic volume 
measurements. As the treatment strategy is adjusted based on the response 
classification, future research is still warranted to decrease variability in response 
classification. 
Another point of discussion using the RECIST criteria, are the broad cut-off 
values for the different response categories (partial response, stable disease 
and progressive disease) and that behavior of individual lesions within a patient 
is not taken into account while variations in intertumoural genetic alterations 
result in differences in tumoural behavior between metastases 6-10. In chapter 
5 we assessed the occurrence of radiological heterogeneity following systemic 
treatment, which is defined as a difference in response to chemotherapy 
between lesions within a single patient (e.g. >30% difference in response 
between at least two lesions). Furthermore, we assessed whether there was 
an association between radiological heterogeneity and survival in patients 
with colorectal liver metastases. Our results demonstrated that a radiological 
heterogeneous response to chemotherapy can be observed in approximately 
25% of patients. Furthermore, we demonstrated that further differentiation 
between homogeneous and heterogeneous responders following classification 
according to the RECIST criteria is beneficial, especially in patients classified as 
partial responder. Patients with a partial response according to the RECIST criteria 
and a radiological heterogeneous response showed a significant worse survival 
compared to patients in the same category with a homogeneous response 
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(median months 23.72 [19.22-28.22] vs 36.04 [27.83-44.20], p=0.019). Also, a 
homogeneous partial response appeared to be an independent predictor for 
survival (p=0.012). Further research is needed to determine whether radiological 
heterogeneity correlates with genetic heterogeneity.

In PART TWO we gained insights into treatment and outcome following treatment 
of patients with CRLM. Due to the extended eligibility criteria for surgical 
treatment of CRLM and the increased use of combination treatment, each 
patient requires an individual treatment approach. Current guidelines suggest 
that each CRLM patient should be discussed during a multidisciplinary tumour-
board meeting. Despite this multidisplinary meeting, still a significant number of 
futile laparotomies are being reported (up to 45%) and the number of irradical 
resections is high (9-36%) 11-14. In chapter 6 we present a new work-up strategy for 
patients with CRLM who are scheduled for surgical treatment. The most important 
features of this work-up strategy are 1. an additional pre-operative meeting in 
the week prior to surgery attended by a HPB-radiologist and the HPB-surgeon 
who is going to perform the surgery, 2. the use of standardized score-forms, 3. 
detailed assessment of liver vasculature, and 4. several requisites for adequate 
pre-operative imaging. Introduction of this work-up strategy in our hospital 
demonstrated very positive results; a very high standard of lesion detection and 
characterization was achieved (sensitivity 80.9%, specificity 69.1%), the number 
of futile laparotomies was reduced (1.4% vs 5.4%, respectively), and the number 
of radical resections was high (85.8%). We therefore believe that implementation 
of this standardized work-up strategy in hospitals performing liver surgery could 
improve surgical outcome of patients with CRLM. 
The majority of patients receiving surgical treatment of CRLM experience disease 
recurrence, resulting in 5-year survival rates following resection of up to 50%, 
and following RFA of up to 36%. Site of first recurrence may vary between 
intrahepatic, extrahepatic or a combination thereof. The influence of first site 
of recurrence on overall survival however, has not yet been clearly described. 
Chapter 7 aimed to determine the incidence of different patterns of tumour 
recurrence following surgical treatment of CRLM, and the influence of site of 
first recurrence on disease free survival and overall survival. It was shown that 
patients with intrahepatic recurrence following resection demonstrate earlier 
recurrence with a shorter overall survival compared to patients developing 
extrahepatic recurrence (2.23-2.53 years versus 2.86-3.64 years, respectively; 
p<0.05). Furthermore, simultaneous intra- and extrahepatic recurrence appeared 
an independent negative prognostic factor for time to recurrence (HR 1.88, 
p=0.009) and overall survival (HR 2.37, p=0.013). Finally, we demonstrated that 
time to recurrence and location of tumour recurrence is highly associated with 
treatment history. Recurrence following resection takes twice as long compared 
to recurrence following RFA. 
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The fact that recurrence following RFA occurs earlier compared to resection can 
largely be explained by patient selection. Surgery is still the primary choice of 
treatment for patients with CRLM, and RFA should only be used with patients 
rendered unfit for resection. Chapter 8 provides an overview of the currently 
available evidence for RFA treatment of patients with CRLM with a special focus 
on RFA treatment in conjunction with modern systemic treatment. Although 
many studies have been published regarding CRLM treatment with RFA, level 1 
evidence is lacking, and a large heterogeneity in study populations, procedures 
and research design was observed, thereby hampering firm conclusions. 
Combining all data, we concluded that there is accumulating evidence that RFA 
can result in long-term survival (5-year overall survival of 27-36%) 15-18.
However, these data involve patients with unresectable CRLM without 
extrahepatic disease, in who all detected lesions were treated with open RFA. For 
percutaneous or laparoscopic RFA the outcomes appear to be far less favorable. 
Further literature search revealed several studies combining RFA with 
neoadjuvant of adjuvant chemotherapy, all concluding that this is a safe and 
feasible combination. Although consisting of limited data, the results from these 
studies suggested a beneficiary effect on disease free survival and overall survival 
of combining RFA and systemic treatment (additional 8-10 months). 

Apart from CRLM, many other focal liver lesions can be present in the liver. 
Correct detection and characterization of those lesions is utmost important, as 
each lesion type requires a different approach or treatment strategy. Currently, 
MRI is the number one imaging modality for assessment of focal liver lesions 
due to its high diagnostic accuracy. This diagnostic accuracy can be increased 
due to improvements in scanning techniques, and also by improvements in 
administered contrast agents. In PART THREE we assess one of the newer contrast 
agents, Primovist, a hepatobiliary contrast agent which allows dynamic scanning 
and hepatobiliary imaging within one acquisition. Multiple studies have been 
published showing high sensitivity for lesion detection (especially of small lesions) 
and lesion characterization, however, at the cost of prolonged scan duration due 
to the hepatobiliary phase. Also, the duration of the hepatobiliary phase is a 
matter of discussion, as it is dependent on the rate of contrast agent uptake. 
In chapter 9 we demonstrated that for lesion characterization a hepatobiliary 
scan duration of 10 minutes is sufficient in patients with normal liver function, 
thereby allowing a total scan duration of less than 30 minutes. Parenchymal 
enhancement increased up to 10 minutes and then stabilized, while all lesions 
demonstrated their specific enhancement pattern at five minutes. For lesion 
detection, a hepatobiliary scan duration of 10 minutes might not be appropriate, 
as we observed that subcentimeter lesions were missed in 8.5% of patients. 
As Primovist is a liver-specific contrast agent, it may facilitate the differentiation 
between FNH and non-FNH lesions. Correct diagnosis of FNH is important as FNH 
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are completely benign lesions resulting from hepatocellular hyperplasia, which 
does not require any follow-up nor treatment. Due to the presence of well-
functioning hepatocytes and bile-caniculi, it is suggested that FNH would appear 
as hyperintense lesions following Primovist administration. However, in chapter 
10 we identified four different enhancement patterns of FNH following Primovist 
enhancement; homogeneously hyperintense, inhomogeneously hyperintense, 
hypo-intense with enhancing ring, and hypo-intense without enhancing ring. 
These differences in enhancement patterns could largely be explained by 
differences in histological features. Especially number and type of bile-ducts 
(pre-existent bile-ducts, bile-duct proliferation or metaplasia), extent of fibrosis, 
presence of inflammation and extent of vascular proliferation were associated 
with Primovist uptake. These results strongly suggests FNH can be subdivided 
according to their histological features, however, this has to be verified in future 
research. 
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Quantification of colorectal liver metastases during chemotherapy
Our data clearly demonstrate that quantification of CRLM during chemotherapy 
treatment can be challenging. We have demonstrated that MRI is superior 
to CT, PET-CT and FDG-PET in detection and characterization of CRLM 
following neoadjuvant chemotherapy with a sensitivity of 85.7% and a correct 
characterization rate of 88%. The combination of PET-CT performed worse than 
CT alone in detection of CRLM following chemotherapy (sensitivity of 54.5% 
versus 69.9%, respectively). Niekel et al revealed similar results for PET-CT in a 
meta-analysis from December 2010 assessing sensitivity for detection of CRLM 
in chemonaive patients: i.e. sensitivity of 66.2% 1. Possibly, PET-CT has improved 
over time and radiologists have become more accustomed with it, as more 
recent publications now demonstrate higher sensitivities ranging from 76% to 
93% in the chemonaive setting 2-4. 
In addition to lesion based sensitivity and specificity data (diagnostic accuracy), 
data on resection outcome following specific imaging modalities would be of great 
clinical relevance. In order to provide safe and radical resection margins, accurate 
lesion delineation is crucial. For that reason we included lesion delineation as the 
main outcome parameter in chapter 3. It was clearly demonstrated that lesion 
delineation following chemotherapy was superior on MRI compared to CT, as 
significant higher interobserver variability was observed with CT (p=0.021).
Moreover, resection strategy and resection outcome are valuable parameters to 
assess clinical outcome of patients. Several studies assessed these parameters 
separately for the individual imaging modalities in the chemonaive setting. 
Hammerstingl et al. demonstrated a change in surgical strategy of 14.5% of CRLM 
patients following addition of Gd-EOB-DTPA enhanced MRI to contrast-enhanced 
CT 5. Ruers et al demonstrated superior results for FDG-PET compared to CT in 
a randomized controlled trial. The number of futile laparotomies was reduced 
from 45% to 28% by adding FDG-PET to CT alone 6. However, the reported 
incidence of futile laparotomy was rather high in both the CT and the combined 
group, as definitions for futile surgery were chosen broadly and included 
tumour recurrence within 6 months. Nevertheless, it seems that PET-CT results 
in improved resection outcome compared to CT. Studies assessing resection 
strategy and resection outcome in patients with CRLM receiving chemotherapy 
are currently not available. 
Assessment of response to chemotherapy in patients receiving palliative 
chemotherapy requires a different approach than assessment following neoadjuvant 
chemotherapy. With response evaluation, accurate measurement of response to 
chemotherapy is vital. The currently applied unidimensional RECIST 1.1 criteria 
(which are a modification of the formerly applied RECIST criteria) struggle with the 
problem of lesion irregularity and irregular growth and shrinkage patterns following 
chemotherapy, and also poor lesion delineation following chemotherapy, leading 
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to significant variability in response classification 7-9. As response classification 
serves as a measure to objectively determine the optimal treatment strategy 
(e.g. continuation or switch of chemotherapy), the aim is to reduce variability 
in response classification. Semi-automatic software is now available, facilitating 
semi-automatic volume measurement of CRLM. After identification of the lesion, 
this software determines the lesion boundaries and then calculates the lesion 
volume. We revealed that it is feasible to lower measurement variability compared 
to manual diameter measurements by using this volumetric software. However, 
this did not result into lower response classification variability (kappa 0.653 and 
0.548 for diameter and volume measurements, respectively), and therefore, 
we would not recommend volumetric measurements in clinical practice. 
However, if the intention is to measure response as a continuous outcome, e.g. 
in chemotherapy efficacy studies, semi-automatic volume measurements might 
be more appropriate. Secondly, we demonstrated that within a single patient, 
multiple CRLM may respond differently to chemotherapy, i.e some lesions 
decreased in size, while other lesions remained stable in size or demonstrated 
growth, a phenomena defined as radiological heterogeneity. Moreover, 
patients with a partial response according to the RECIST criteria and radiological 
heterogeneity demonstrated a significantly worse overall survival compared to 
partial responders with a homogeneous response (23.72 versus 36.04 months, 
respectively, p=0.019). Other studies previously reported the presence of 
intermetastatic genetic heterogeneity and the potential consequences of genetic 
heterogeneity on response to chemotherapy 10,11. However, future research is 
needed to correlate radiological heterogeneity with genetic heterogeneity. If 
radiological heterogeneity serves as a good marker for genetic heterogeneity, 
this may influence future chemotherapy treatment. Patients with radiological 
heterogeneity might benefit from an early switch in chemotherapy regimen or 
from combination treatment. 

Treatment of colorectal liver metastases
Treatment of CRLM has evolved markedly during the last decades. Eligibility 
criteria have expanded significantly due to improved surgical techniques and the 
possibility of downstaging with chemotherapy, resulting in 20-25% of patients 
with CRLM suitable for surgical treatment. For optimal surgical outcome it is vital 
to perform accurate patient selection. In chapter 6 we present a standardized 
work-up strategy for pre-operative evaluation and selection of patients with CRLM 
that might be suitable for surgical treatment. The main features of this work-up 
strategy consist of 1. pre-operative imaging within 6 weeks prior to surgery, 2. the 
use of standardized score forms to assess lesion detection and characterization, 
extrahepatic disease and vascular anatomy, and 3. an additional expert-meeting 
attended by the radiologist and the operating surgeon one week prior to surgery. 
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We believe the strength of this pre-operative work-up particularly lies in the 
standardization and the fact that radiologist and operating surgeon evaluate each 
patient together. Although this work-up strategy requires significant dedication 
and certain extra time per patient, it prevents patients from undergoing a futile 
laparotomy and results in high numbers of radical resections (85.8%). A similar 
approach is now used for pancreatic surgery in our Institute; results still have to 
be awaited. 
Although surgical treatment has improved, the majority of CRLM patients will 
experience disease recurrence, resulting in 5-year overall survival rates of 25 
to 50%. In chapter 7 we have demonstrated that recurrence patterns following 
surgical treatment are associated with survival. Patients with the lung as first site 
of recurrence demonstrate a better survival compared to patients with the liver as 
first site of recurrence (3.64 years versus 2.23 years respectively; p<0.05). So far 
we can only speculate to which mechanisms this can be ascribed. The concept of 
genetic heterogeneity may also play a role; possibly invasion of the liver requires 
more aggressive tumour cells than invasion of the lung parenchyma. New 
studies will have to focus on the biological mechanisms behind these observed 
differences. 
In light of the current focus on treatment of CRLM, an overview of the currently 
available literature on treatment of CRLM with RFA is presented in chapter 8. 
One of the major limitations in the currently available literature on RFA is the 
significant heterogeneity in study population and design. For accurate comparison 
of RFA with resection, similar study populations are needed. However, as the 
general opinion is in favor for resection, it would not be ethical to perform a 
randomized controlled trial. A similar difficulty is faced when comparing RFA with 
chemotherapy. The only randomized controlled trial was performed by Ruers et al., 
who compared systemic treatment alone with systemic treatment in combination 
with RFA 12. However, the observed survival following systemic treatment alone 
was unexpectedly high (30 months overall survival 57.6%), thereby reducing the 
expected difference with the group receiving both RFA and systemic treatment 
(30 months overall survival of 61.7%) (p>0.05). On the contrary, progression free 
survival did differ significantly in favor of the patients receiving the combined 
treatment (9.9 versus 16.8 months for systemic treatment and the combined 
treatment, respectively). Guidelines for treatment of CRLM should therefore still 
include RFA as the second best option following resection, as long as complete 
ablation can be reached. 

Imaging with Primovist-enhanced MRI
Gd-EOB-DTPA, or Primovist, was introduced as a new hepatobiliary MRI contrast 
agent in 2004. Although numerous studies assessing the diagnostic value of 
Primovist were published, the duration of the time delay of the hepatobiliary 
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phase was still under debate. Motosugi et al. 13 already revealed a time-delay of 
10 minutes would be sufficient for accurate lesion detection in 61% of patients. In 
chapter 9 we substantiated this result, but moreover, we revealed a time delay of 
10 minutes is sufficient for lesion characterization in 100% of patients with normal 
functioning liver parenchyma. However, as primovist uptake by hepatocytes is 
largely affected by liver function 14, these results cannot simply be extrapolated to 
patients with liver disease like cirrhosis or haemochromatosis. Further research 
is warranted to determine the optimal scan duration in patients with impaired 
liver function. 
In chapter 10 it was demonstrated that focal nodular hyperplasia may present with 
five different enhancement patterns on Primovist enhanced MRI. This finding was 
initially described in a study by Zech et al, which describes some form of hyper-
attenuation (homogeneously, inhomogeneously or ring) in approximately 90% of 
focal nodular hyperplasia 15. The authors provide no explanation as to the actual 
mechanism underlying the different enhancement patterns. Our findings clearly 
demonstrate that the observed differences can be explained by differences in 
histological characteristics. This suggests that conform hepatocellular adenoma, 
focal nodular hyperplasia could be divided in subtypes according to their 
histological features. However, as focal nodular hyperplasia is a benign lesion 
without potential for malignant transformation, histology was only obtained 
in a limited and selected number of patients. A larger number of histological 
specimens is needed to confirm our findings. Furthermore, we demonstrated 
that focal nodular hyperplasia may even present as a hypo-attenuating lesion. 
This is in contrast with earlier reports and believes, and this may also complicate 
differentiation from hepatocellular adenoma which generally present as hypo-
attenuating lesions 15,16. 
In order to further improve our understanding of Primovist, and in particular to 
determine the diagnostic value, a prospective study was initiated by our group 
in 2010 (PRIDE-study). In this intra-individual comparative study Primovist is 
compared with Gadovist (Gadobutrol 1.0, Bayer Healthcare, The Netherlands), 
a Gadolineum-based contrast agent which is frequently used for liver imaging. A 
total of 230 patients who are referred for a diagnostic MRI of the liver for focal liver 
lesions will be included and receive both a Primovist- and a Gadovist-enhanced 
MRI. Both scans are independently evaluated and compared with a reference 
standard (histology and follow-up). Main study outcomes are diagnostic accuracy 
and change in surgical therapy. Results are to be expected in 2012, currently two-
third of patient have been included in the study. 
The purpose of this thesis has been to improve understanding of evaluation 
and treatment of colorectal liver metastases and to provide better insight in the 
mechanisms of Primovist-enhanced MR imaging. Key questions are answered, 
and several new questions have arisen. A continuous research effort is needed 
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to enhance our understanding of imaging and treatment of focal liver lesions. 
Essential in this process will be the PRIDE-study, and we are looking forward to 
present the results of this study. 
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Focale leverlaesies zijn goed afgrensbare, circumscripte afwijkingen in de lever 
die zowel goedaardig als kwaadaardig kunnen zijn. De incidentie van focale 
leverlaesies is de laatste decennia aanzienlijk toegenomen. Dit wordt deels 
veroorzaakt doordat het aantal kankerpatiënten toeneemt en daardoor ook het 
aantal patiënten met uitzaaiingen in de lever en tevens worden met de huidige 
cross-sectionele beeldvorming (CT, MRI) meer laesies ontdekt.
Ook de behandelopties voor focale leverleasies zijn de laatste decennia aanzienlijk 
uitgebreid: betere chemotherapeutica en verruiming van de criteria voor het 
chirurgisch verwijderen van focale leverlaesies. Daarnaast zijn er alternatieve 
behandelmogelijkheden ontwikkeld zoals radio-frequente ablatie (hierbij wordt 
de laesie verhit door middel van een hoogfrequente wisselstroom) en yttrium 
radio-embolisatie (lokale intra-arteriële radiotherapie ter plaatse van de laesie). 
Voor elke patiënt met focale leverlaesies is een op die patiënt toegesneden 
behandelplan cruciaal om een zo goed mogelijk resultaat of een zo goed 
mogelijke uitkomst voor de patiënt te bereiken. Juiste beeldvorming en daardoor 
goede detectie en karakterisering van de verschillende leverlaesies is voor het 
opstellen van een adequaat behandelplan noodzakelijk. In dit proefschrift 
worden de resultaten van een aantal studies gepresenteerd die gericht waren op 
de optimalisering van de beeldvorming, selectie en behandeling van patiënten 
met focale leverlaesies.

Deel één kwantificeren van colorectale levermetastasen tijdens 
chemotherapie
In DEEL ÉÉN wordt het effect van chemotherapie op de beeldvorming van 
colorectale levermetastasen (CRLM, uitzaaiingen van darmkanker naar de lever) 
geëvalueerd. De verschillende typen beeldvorming worden beoordeeld en er 
worden oplossingen gezocht voor de verschillende problemen die zich voordoen 
bij beeldvorming van CRLM gedurende chemotherapie. 
Hoofdstuk 2 beschrijft een systematisch uitgevoerde literatuurstudie en een 
meta-analyse van de beeldvorming bij patiënten met CRLM die voorafgaand aan 
de chirurgische ingreep (neoadjuvant) zijn behandeld met chemotherapie. Om 
te bepalen welke modaliteit het meest nauwkeurig CRLM detecteert, werden 
MRI, CT, FDG-PET en FDG-PET/CT vergeleken. Gestandaardiseerde beoordeling 
van de literatuur resulteerde in 11 relevante artikelen, waarin 223 patiënten met 
in totaal 906 CRLM waren geïncludeerd. De samengestelde resultaten van deze 
studies toonden een sensitiviteit voor de detectie van CRLM van 85.7% (69.7-
94.0%), 69.9% (65.6-73.9%), 54.5% (46.7-62.1%) en 51.7% (37.8-65.4%) voor MRI, 
CT, FDG-PET en FDG-PET/CT, respectievelijk. Hieruit kon worden geconcludeerd 
dat na neoadjuvante chemotherapie, MRI de eerste keus is voor het aantonen 
van CRLM gevolgd door CT. Met de komst van nieuwe MRI contrastmiddelen zoals 
Primovist kan deze sensitiviteit mogelijk verder verbeteren. Dit zal echter nog 
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nader onderzocht moeten worden. FDG-PET en FDG-PET/CT zijn minder geschikt 
voor beeldvorming na chemotherapie en moeten derhalve niet gebruikt worden 
voor evaluatie na neoadjuvante chemotherapie. 
In hoofdstuk 3 gaan we nader in op de pre-operatieve evaluatie van CRLM na 
neoadjuvante chemotherapie middels CT en MRI. Met deze studie toonden wij 
aan dat de sensitiviteit voor laesie detectie gelijk is tussen CT en MRI (76% vs 
80% respectievelijk, p=0.648), maar dat MRI beter is in het typeren van laesies 
(karakterisatie) met 89% correcte karakterisatie versus 77% met CT (p=0.021). 
Dit verschil in karakterisering kwam met name doordat MRI beter onderscheid 
maakte tussen CRLM en cysten. Daarnaast toonden wij aan dat het begrenzen van 
de tumor en daarmede ook het bepalen van de grootte (diameter), nauwkeuriger 
is met MRI dan met CT. Tegenwoordig wordt vaker neoadjuvante chemotherapie 
gegeven met als doel CRLM die initieel niet gereseceerd konden worden door 
bijvoorbeeld een nauwe relatie met een bloedvat, alsnog te kunnen verwijderen. 
Bij deze patiënten is het dus van essentieel belang om de CRLM goed te kunnen 
begrenzen en aan de hand hiervan te bepalen of de CRLM verwijderd kunnen 
worden. Op basis van bovenstaande bevindingen kan worden geconcludeerd dat 
MRI eerste keus is voor het detecteren, karakteriseren en meten van CRLM die 
met neodjuvante chemotherapie zijn behandeld. 
Bij patiënten met CRLM die niet in aanmerking komen voor een operatie en 
daarom met chemotherapie behandeld worden, is het meten van de respons 
op de chemotherapie essentieel. Aan de hand van de respons wordt bepaald 
of de chemotherapie gecontinueerd moet worden of dat er gewisseld moet 
worden naar een ander type chemotherapie. Respons wordt gemeten aan de 
hand van de Response Evaluation Criteria for Solid Tumors (RECIST). Hierbij wordt 
respons geclassificeerd aan de hand van het percentuele verschil in diameter 
van de laesies voorafgaand aan en volgend op de chemotherapie. Deze criteria 
zijn gestandaardiseerd, internationaal geaccepteerd en relatief gemakkelijk toe 
te passen. Echter, eerdere studies hebben een matige reproduceerbaarheid van 
zowel het meten van de diameter van CRLM als het classificeren van de respons 
aangetoond bij gebruik van de RECIST criteria. In hoofdstuk 4 onderzochten we 
het gebruik van semi-automatische software voor het meten van CRLM volumina 
om zo de variabiliteit in de metingen en respons classificatie te verkleinen. De 
resultaten toonden aan dat het gebruik van semi-automatische software leidt 
tot een goede reproduceerbaarheid van de metingen, maar dat er nog steeds 
sprake is van een aanzienlijke variatie in de response classificatie. In 22.2% van de 
patiënten werd een verschil in respons classificatie tussen de observers gevonden 
(ĸ0.548) en daarmee wordt de klinische relevantie van semi-automatische 
software beperkt. Er zal verder onderzoek verricht moeten worden naar andere 
methoden om deze variabiliteit te verminderen.
Een tweede probleem dat zich voor doet bij het gebruik van de RECIST criteria is 
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dat er geen rekening wordt gehouden met het individuele gedrag van CRLM. Dit 
terwijl recent onderzoek heeft aangetoond dat verschillen in genmutaties kunnen 
leiden tot verschillen in gedrag (groei versus afname) van meerdere CRLM in 
één patiënt gedurende chemotherapie (intermetastatische heterogeniteit). 
Deze intermetastatische heterogeniteit zou van belang kunnen zijn voor de 
behandeling en de mogelijke prognose van de patiënt. In Hoofdstuk 5 tonen wij 
aan dat er ook sprake is van radiologische heterogeniteit in ruim 25% van de 
patiënten. Radiologische heterogeniteit is hierbij gedefinieerd als >30% verschil 
in respons op chemotherapie tussen minimaal twee CRLM. Ook toonden wij 
een associatie aan tussen radiologische heterogeniteit en overleving, waarbij 
het hebben van een homogene partiële respons een positieve voorspeller voor 
overleving bleek (p=0.012). Patiënten met een partiéle respons volgens de RECIST 
criteria, maar met een radiologische heterogene respons, hebben een significant 
slechtere overleving dan patiënten uit dezelfde categorie, maar met een 
homogene respons (mediaan in maanden 23.72 [19.22-28.22] vs 36.04 [27.83-
44.20], p=0.019). Vervolgonderzoek zal uiteindelijk aan moeten tonen of een 
radiologisch heterogene respons ook daadwerkelijk correleert met een genetisch 
heterogene respons.

Deel twee behandeling van colorectale levermetastasen
In DEEL TWEE gaan we in op de behandeling van patiënten met CRLM en de 
resultaten daarvan. De criteria voor chirurgische behandeling van CRLM zijn de 
afgelopen decennia sterk uitgebreid. De huidige richtlijnen stellen dat er voldoende 
restlever over gehouden dient te worden (30%) en er dient een complete 
(radicale) resectie verricht te worden. Er worden geen grenzen meer gesteld aan 
het aantal te verwijderen CRLM. De behandelingsmogelijkheden van CRLM zijn 
eveneens sterk uitgebreid met radiofrequente ablatie (RFA), chemotherapie en 
yttrium-embolisatie of een combinatie daarvan. Voor elke patiënt met CRLM 
is een individuele aanpak vereist. Momenteel wordt elke patiënt met CRLM 
reeds in een multidisciplinair overleg besproken. Echter, in de literatuur blijkt 
het aantal niet-radicale operaties en open-dicht (peroperatief geen chirurgische 
opties) procedures nog steeds aanzienlijk (9-36% en 5-45%, respectievelijk) 
Hieruit blijkt dat de huidige patiënten selectie voor operatieve behandeling 
nog niet optimaal is. In hoofdstuk 6 presenteren we een nieuwe preoperatieve 
work-up strategie voor patiënten met CRLM die in principe in aanmerking 
komen voor chirurgische behandeling. De vier belangrijkste principes van deze 
strategie zijn 1. een additionele preoperatieve bespreking in aanwezigheid van 
de desbetreffende chirurg en een leverradioloog in de week voorafgaand aan 
de operatie, 2. het gebruik van gestandaardiseerde scoreformulieren, 3. naast 
beoordelen van de CRLM, ook een nauwkeurige beoordeling van de vasculatuur 
en 4. gestandaardiseerde eisen waaraan de preoperatieve beeldvorming moet 
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voldoen. Introductie van deze nieuwe strategie heeft geleid tot zeer positieve 
resultaten in ons ziekenhuis: het aantal open-dicht procedures was zeer laag met 
1.4% en het aantal radicale resecties was hoog met 85.8%. Op basis van deze 
resultaten adviseren wij dan ook gebruik te maken van deze gestandaardiseerde 
manier van werken in de ziekenhuizen waar leverchirurgie wordt verricht. 
Ondanks alle nieuwe ontwikkelingen en betere chirurgische mogelijkheden krijgt 
de meerderheid van de patiënten een recidief: de literatuur toont na resectie een 
5-jaars overleving tot 50% en na RFA tot 36%. De locatie van het tumorrecidief 
kan verschillen en kan zowel in de lever (intrahepatisch), buiten de lever 
(extrahepatisch) of een combinatie van beide zijn. Tot nu toe was weinig bekend 
over het effect op de overleving van de locatie van het recidief In Hoofdstuk 7 
wordt de incidentie van de verschillende recidieflocaties na leverchirurgie bepaald 
en wordt de invloed van de locatie van het eerste tumorrecidief op de ziektevrije 
en totale overleving beoordeeld. Er werd aangetoond dat een intrahepatisch 
tumorrecidief in een eerder stadium ontstaat dan een extrahepatisch recidief. 
Deze patiënt hebben ook een kortere totale overleving (2.23-2.53 jaar versus 
2.86-3.64 jaar, respectievelijk p<0.05). Er is ook aangetoond dat het initieel 
ontwikkelen van zowel intra- als extrahepatisch recidief een negatieve invloed 
heeft op zowel de tijd tot het recidief (HR 1.88, p=0.009) als de totale overleving 
(HR 2.37, p=0.013). Daarnaast was het type operatie (resectie of RFA) sterk 
geassocieerd met de tijd tot recidief; tumor recidief trad twee keer zo snel op na 
RFA vergeleken met resectie. 
De huidige richtlijnen geven aan dat resectie eerste keus is boven RFA in de 
behandeling van CRLM en bovenstaande bevindingen ondersteunen dit. Echter, 
indien resectie niet mogelijk is door bijvoorbeeld de uitgebreidheid of localisatie 
van de CRLM, dan is RFA een goed alternatief. Hoofdstuk 8 geeft een overzicht 
van de huidige literatuur over RFA voor CRLM, waarbij speciale aandacht wordt 
gegeven aan RFA in combinatie met de huidige chemotherapeutica. Deze 
literatuurstudie leverde een groot aantal publicaties op over RFA behandeling van 
CRLM, maar door de heterogeniteit in studiepopulaties, studieopzet en procedures 
en het gebrek aan randomized controlled trials (level 1 evidence) is het moeilijk 
om harde conclusies te trekken. Er zijn aanwijzingen in de literatuur dat RFA 
behandeling van CRLM kan leiden tot een langere overleving (5-jaarsoverleving 
27-36%). Het betreft echter wel patiënten met niet-resectabele CRLM zonder 
extrahepatische ziekte, waarbij alle CRLM door RFA behandeld konden worden.
Nadere analyse van de studies waarin RFA gecombineerd wordt met neoadjuvante 
(voorafgaand aan RFA) of adjuvante (na de RFA) chemotherapie, liet zien dat dit 
een veilige combinatie is. Het betrof weliswaar slechts enkele artikelen, maar 
de resultaten waren vergelijkbaar en deze resultaten toonden aan dat het 
combineren van RFA en chemotherapie resulteerde in een langere ziektevrije 
overleving en ook in de totale overleving (toename van 8-10 maanden). 
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Deel drie beeldvorming met primovist contrast MRI
In DEEL DRIE komt de beeldvorming van focale leverlaesies middels MRI aan 
bod. Naast CRLM kunnen in de lever vele andere focale laesies aanwezig zijn. 
Het aantonen ervan maar met name het juist karakteriseren van deze laesies 
is essentieel omdat dit bepaalt welke behandeling noodzakelijk is. MRI is 
momenteel eerste keus voor het beoordelen van focale lever laesies doordat 
MRI een hoge diagnostische waarde heeft. Nieuwe ontwikkelingen dragen bij 
aan de de verbetering van de diagnostische waarde, waaronder de ontwikkeling 
van nieuwe contrastmiddelen. Primovist is een hepatocyten-specifiek MRI 
contrastmiddel, waardoor zowel dynamische beeldvorming (contrast in 
bloedvaten) als hepatobiliaire beeldvorming (contrast in hepatocyten) mogelijk 
is in één scan. Diverse studies hebben reeds aangetoond dat het gebruik van 
Primovist resulteert in hoge sensitiviteit en specificiteit voor laesie detectie 
en karakterisering. Nadeel is dat deze scan relatief lang duurt omdat er zowel 
dynamisch als hepatobiliair gescand wordt. De exacte duur van de hepatobiliaire 
fase staat ook nog ter discussie. In hoofdstuk 9 tonen wij aan dat een hepatobiliaire 
fase van 10 minuten voldoende is om adequate karakterisering van de laesies 
te bereiken in patiënten met een verder normale leverfunctie. De aankleuring 
van de lever nam toe tot 10 minuten en stabiliseerde daarna. Na 5 minuten was 
het specifieke aankleuringspatroon waarop de karakterisering onder meer wordt 
gebaseerd in alle laesies bereikt. Wanneer het primaire doel van de MRI-scan de 
detectie van laesies betreft dan lijkt 10 minuten niet voldoende aangezien 8.5% 
van de kleine laesies (subcentimeter) dan gemist worden. 
Doordat Primovist een hepatocyten-specifiek contrastmiddel betreft, is het 
een waardevol middel om lever laesies die (functionerende) hepatocyten 
bevatten te onderscheiden van laesies die geen hepatoycten bevatten. Focale 
nodulaire hyperplasie (FNH) is een goedaardige laesie die geen verdere follow-
up of behandeling behoeft. Het is dus erg belangrijk om in de beeldvorming het 
onderscheid te kunnen maken tussen FNH en andere laesies Tot nu was de aanname 
dat FNH na Primovist toediening hyperintens wordt door de aanwezigheid van 
goed functionerende hepatocyten en galgangen. In hoofdstuk 10 tonen we echter 
aan dat er vier verschillende aankleuringspatronen van FNH zijn na toediening 
van Primovist: homogeen hyperintens, inhomogeen hyperintens, hypo-intens 
met een hyperintense randaankleuring en hypo-intens zonder randaankleuring. 
Deze verschillen konden worden verklaard door verschillen in histologische 
(weefsel) karakteristieken. Het aantal en type galgangen, de mate van fibrose 
(bindweefsel), de aanwezigheid van een ontstekingscomponent en de mate van 
vaatvoorziening werden geassocieerd met de mate van Primovist opname. Deze 
bevindingen suggereren een subclassificatie van FNH in vier groepen.
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In de laatste hoofdstukken van dit proefschrift worden de belangrijkste 
bevindingen beschreven en bediscussieerd. Tevens worden suggesties voor 
toekomstig onderzoek naar beeldvorming en behandeling van patiënten met 
focale leverlaesies gedaan.
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De totstandkoming van dit proefschrift was niet mogelijk geweest zonder de hulp 
van vele anderen. Ik wil een aantal personen in het bijzonder bedanken.

Geachte Professor van Hillegersberg, beste Richard, 
In 2006 klopte ik bij jou aan voor een onderzoeksstage. Achteraf bleek deze 
stage een voorloper van mijn promotie-onderzoek. Ik ben je zeer dankbaar voor 
de kansen die je mij geboden hebt en voor het feit dat jij mijn promotor wilde 
zijn. De ruimte die jij mij gaf gedurende mijn onderzoeksperiode zorgde ervoor 
dat ik mij goed kon ontwikkelen en dat ik een eigen visie aan mijn proefschrift 
kon geven. Dank ook voor je enthousiasme voor zowel de wetenschap als de 
chirurgie, jij wist mij altijd weer te motiveren om door te gaan of om nog net een 
stapje extra te zetten. Ik heb dan ook heel veel zin om de aankomende jaren ook 
in de heelkunde kliniek van je te kunnen leren! 

Geachte Professor van den Bosch, beste Maurice,

Graag wil ik je bedanken voor het enthousiasme, het opbouwende commentaar 
bij mijn manuscripten die ik altijd binnen afzienbare tijd retour kreeg, voor jouw 
betrokkenheid bij mijn onderzoek en daarnaast ook voor jouw doortastendheid. 
Jij wist altijd een heldere oplossing voor problemen te verzinnen waardoor jij 
ervoor hebt gezorgd dat mijn promotie-onderzoek gestaag vorderde. Ook wil ik je 
bedanken dat je mij de mogelijkheid gaf om de master Epidemiologie te volgen, 
dit is mijn onderzoek zeker ten goede gekomen. Als laatste, maar daardoor 
minstens zo belangrijk, was het ook erg leuk om met jou onderzoek te doen. Jouw 
positivisme en daadkracht werkten altijd motiverend. Ook al heb ik de radiologie 
nu definitief verlaten voor de chirurgie, ik verwacht dat we elkaar nog regelmatig 
zullen zien maar dan in de kliniek. 

Geachte Dr. Van Leeuwen, beste Maarten,

Jij bent vanaf het begin bij mijn onderzoek betrokken geweest en jouw 
betrokkenheid daarbij was fantastisch. Ik heb met veel plezier van jou geleerd, 
met jou gediscussieerd over mijn onderzoek en met jou samengewerkt. Jij leerde 
mij kritisch te zijn, goed na te denken voor te handelen, en ook dat onderzoek 
doen meer is dan naar een proefschrift toewerken. Maar daarnaast was het ook 
gewoon heel gezellig om met jou onderzoek te doen en ik heb al onze gesprekken 
(die zowel over het onderzoek gingen, als  ook over fotografie, reizen en andere 
belangrijke zaken in het leven) in de afgelopen jaren zeer gewaardeerd. Ik zie 
het afronden van mijn promotie dan ook zeker niet als het einde van onze 
samenwerking. 
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Geachte Prof. Borel Rinkes, beste Inne,

Voorafgaand aan mijn promotie wees jij mij er op dat promoveren een periode 
omvat met ups en downs en dat de ups vooral aan het einde kwamen. Gedurende 
mijn onderzoeksjaren heb ik nog regelmatig teruggedacht aan die woorden 
wanneer het even tegenzat en dat gaf zeker houvast! Tijdens de jaren die hierop 
volgden ben jij altijd betrokken geweest bij mijn onderzoek en ik waardeer het 
zeer dat ik onderdeel heb kunnen zijn van jouw research group. Het was niet 
alleen leuk om bij die groep te horen, maar het is ook zeker mijn onderzoek ten 
goede gekomen doordat jij bij onze research besprekingen vaak met slechts een 
paar zinnen verduidelijking kon scheppen en oplossingen wist te vinden. Dank 
daarvoor.

Prof. dr. P.R. Luijten, Prof. dr. I.H.M. Borel Rinkes, Prof. dr. E.E. Voest, en Prof. 
dr. T.M. van Gulik, hartelijk dank voor de bereidheid zitting te nemen in de 
beoordelingscommissie van mijn proefschrift.

Dr. H.M. Verkooijen, beste Lenny, ik heb genoten van jouw begeleiding bij mijn 
Epidemiologie master, maar ook van onze samenwerking bij de meta-analyse. 
Het was niet alleen leerzaam om met jou samen te werken, maar ook altijd erg 
gezellig!! Binnenkort een keertje bijpraten onder het genot van een wijntje!

Lieve Jaarclub, dank voor alle mooie momenten uit de afgelopen 10 jaar. Wat 
een schitterende feestjes, borrels en vakanties hebben wij meegemaakt! De 
vriendschap die ik met jullie heb opgebouwd is voor mij dan ook heel bijzonder 
en ik ben er trots op dat wij als 10e jaars nog zoveel leuke momenten beleven. Op 
naar ons 2e lustrum dan maar!

Dr. M.R. Vriens, beste Menno, ik kijk uit naar de aankomende twee jaar die ik 
onder jouw supervisie in het UMCU zal doorbrengen als assistent chirurgie. Ik 
verwacht dat het een mooie tijd gaat worden waarin ik veel van je zal kunnen 
leren.   

Dr. P.M.N.Y.H. Go, hartelijk dank voor het door u in mij gestelde vertrouwen als 
opleidings-assistent chirurgie. Het is een mooi vooruitzicht om over twee jaar 
terug te keren naar het St Antonius ziekenhuis om daar onder uw supervisie de 
resterende jaren van mijn opleiding te volgen. 

Dr. I.Q. Molenaar, beste Quintus, met jouw enthousiasme heb je mijn interesse 
in de leverchirurgie nog meer aangewakkerd. Het was leerzaam, maar ook vooral 
leuk om samen met jou onderzoek te doen en op de operatiekamer mee te 
kijken. Ik kijk er naar uit om aankomende twee jaar ook in de kliniek van jou te 
kunnen leren. 
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Onno Kranenburg, dank voor jouw interesse in mijn onderzoek. Jij bekeek de 
zaken vaak vanuit een heel nieuw perspectief en dit is mijn onderzoek zeker ten 
goede gekomen. Dank daarvoor en ik hoop ook in de toekomst nog te kunnen 
samenwerken. 

Alle stafleden en arts-assistenten van de afdeling Heelkunde in het UMCU, dank 
voor jullie interesse in mijn proefschrift. Ik verheug mij op de aankomende twee 
jaar als arts-assistent chirurgie in het UMCU. 

Stan Buckens, dank voor jouw hulp bij het uitvoeren van de meta-analyse. Ik heb 
altijd met verbazing gekeken hoe jij de ene na de andere R-formule uit je mouw 
schudde!

Niels Blanken, dank dat ik altijd bij je terecht kon met technische vragen over de 
MRI-scanners!

Anneke Hamersma, zonder jouw regelwerk en planning was het nooit gelukt 
zoveel patiënten te includeren in de PRIDE-studie! Fantastisch!

Dr. Witteveen, beste Els, dank voor de samenwerking. Het heeft enige tijd 
geduurd, maar er is een mooi manuscript uit voortgekomen.

Thomas Kwee, dank voor het scoren van de honderden volumemetingen! Het 
was fantastisch hoe jij de metingen binnen een recordtempo hebt verricht.

Dr. W. Veldhuis, beste Wouter, jij was als geen ander in staat om doelgericht en 
to-the-point te werk te gaan waardoor de afronding van mijn proefschrift in een 
sneltreinvaart is verlopen!

Hanke, nadat wij enkele maanden overlap hadden waarin wij veel samen gewerkt 
hebben, kon ik de PRIDE-studie met een gerust hart aan je overdragen! Ik heb het 
volste vertrouwen dat je de studie tot een goed eind gaat brengen en ik kijk uit 
naar de komende samenwerking! 

Ik wil graag alle secretaresses van de Heelkunde en in het bijzonder Romy Liesdek 
en Mariëlle Hoefakker bedanken voor hun organisatorische ondersteuning! Ik 
kon voor bijna alle vragen bij jullie terecht en jullie wisten de agenda’s van de 
hooggeleerden als geen ander te managen!
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Marja Kool en Petra Fledderus, ik weet dat ik soms het onmogelijke vroeg als ik 
weer een afspraak op korte termijn wilde. Het was super hoe jullie toch altijd 
weer een afspraak konden plannen en orde bewaarden in de drukke agenda’s. 
Dank daarvoor!

Mijn kamergenoten, Klaas, Emily, Roy, Pieter, Jacob, en in het bijzonder Jasper 
van Keulen, wat heb ik door jullie een schitterende tijd gehad op Isengard! Door 
jullie was het onderzoek doen dan ook bijna altijd leuk! De intensieve tijd die 
we met elkaar door hebben gebracht (zowel op het werk als daarbuiten) heeft 
voor een hechte band gezorgd en ik verwacht dat die ook in de toekomst zal 
blijven bestaan. Ik kijk er naar uit om ook in de kliniek weer als collega’s samen 
te werken. 

Mijn collega oncologie-onderzoekers, Benjamin Emmink, Ernst Steller, Lutske 
Lodewijk, Frederik Hoogwater, Menno de Bruijn, Danielle Raats, Andre Verheem 
en Jamilla Laloukili. Dank voor jullie kritische blik en interesse tijdens onze 
werkbespreking!

Mijn oud-kamergenoten, Stijn van Esser, Maarten Nijkamp, Nikol Snoeren, 
Tjaakje Visser, Eline van Hattum en Frederik Hoogwater, dank voor jullie wijze 
onderzoekslessen, de goede sfeer op Isengard, en niet te vergeten alle clipsessies 
(zonder jullie was ik hier nooit zo goed in geworden..). Dank daarvoor!

Mijn andere collega-onderzoekers Okan Bastian, Claire Pennekamp, Marjolein 
Heeres, Rob Hurks, Dave Koole, Martin Teraa, Guus van Lammeren, Vincent 
Scholtes, Herman Zandvoort, Samira Fegrachi, Peter Paul Wisman en Femke 
Mauritz. 

Lieve An en Em, lieve paranimfen, wat fijn dat jullie mijn paranimfen willen zijn. 
An, wat was het leuk om jou als kamergenoot en collega-onderzoeker te hebben! 
Wat waren we goed in borrelen en praten over lekker eten! Maar ook konden 
we samen alle statistiek aan en waren we in staat elkaar op te peppen als er 
een tegenslag in ons onderzoek was. Ik vind het dan ook schitterend dat we nu 
samen aan de opleiding Heelkunde hebben kunnen beginnen; hopelijk gaan we 
ooit samen opereren!
Em, we kennen elkaar al vanaf de eerste dag van de ontgroening en onze 
vriendschap is sindsdien alleen gegroeid. Lekkere wijn, lekker eten, Afrika, 
we kunnen er uren over praten. Het feit dat we allebei geneeskunde hebben 
gestudeerd heeft dit nog versterkt. Ook onze tijd in Suriname was fantastisch 
en ik had me geen betere reispartner voor kunnen stellen. Ik kijk uit naar alle 
etentjes, feestjes en trips die nog gaan komen en wie weet… misschien worden 
we ooit nog flying doctors?
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Lieve Geneco’s, wat is het leuk om met jullie te studeren, te promoveren en nu 
zijn we ook nog eens allemaal aan onze opleiding begonnen! Ik waardeer onze 
vriendschap enorm, niet alleen door alle mooie feestjes, etentjes en weekendjes 
weg, maar ook zeker door de gesprekken die ik met jullie kan voeren als collega’s.  
Dank daarvoor!

Lieve Mam, niemand was zo betrokken bij de voortgang van mijn proefschrift als 
jij, waarvoor dank. Dank ook voor alle mogelijkheden die jij me in mijn leven hebt 
geboden. We waren vaak met zijn tweeën en ik kan alleen maar zeggen dat we 
er samen iets moois van hebben gemaakt. Speciaal voor mij zijn daarbij ook alle 
reizen die we samen hebben gemaakt.  Ik kijk hier met veel plezier op terug en 
hoop dan ook dat we die traditie nog lang kunnen voortzetten! 

Lieve Pap, altijd was jij enthousiast en trots wanneer ik vertelde over mijn 
onderzoeksperiode en de voortgang van mijn proefschrift. Jouw enthousiasme 
en jouw verhalen over jouw eigen onderzoeksperiode werkte inspirerend, dank 
daarvoor. Ook dank voor jouw onvoorwaardelijke steun en vertrouwen in mij, 
niet alleen de afgelopen jaren maar ook in de jaren daarvoor. Ik kijk enorm uit 
naar onze aanstaande vakantie en ik hoop dat daarvan nog velen mogen volgen!! 

Lieve Jon, onze band is de laatste jaren sterker geworden en ik vind het fijn dat 
ook  jij aanwezig bent op deze belangrijke dag voor mij.  

Lieve Alexander, ik hou ontzettend veel van je! Het leven met jou samen is een 
feest en de afgelopen jaren waren dan ook fantastisch en intens. Soms was het 
ook een uitdaging een balans te vinden tussen werk en privé, maar die periode 
hebben we glansrijk doorstaan en mij alleen maar meer doen beseffen dat jij de 
ware bent. Ik kijk dan ook met heel veel plezier uit naar onze toekomst en ik heb 
er het volste vertrouwen in dat wij al onze dromen waar gaan maken!

 







Chapter 14

Review committee
Dankwoord

List of publications
Curriculum Vitae



Chapter 14

— 222 —

Wicherts DA, de Haas RJ, van Kessel CS, Bisschops RH, Takahara T, van 
Hillegersberg R, Bipat S, Rinkes IH, van Leeuwen MS. Incremental value of arterial 
and equilibrium phase compared to hepatic venous phase CT in the preoperative 
staging of colorectal liver metastases: an evaluation with different reference 
standards. Eur J Radiol. 2011 Feb;77(2):305-11. 

van Kessel CS, van Leeuwen MS, van den Bosch MA, Borel Rinkes IH, Mali 
WP, Westers P, van Hillegersberg R. Accuracy of multislice liver CT and MRI 
for preoperative assessment of colorectal liver metastases after neoadjuvant 
chemotherapy. Dig Surg. 2011;28(1):36-43.

van Kessel CS, van Leeuwen MS, Witteveen PO, Kwee TC, Verkooijen HM, van 
Hillegersberg R. Semi-automatic software increases CT measurement accuracy 
but not response classification of colorectal liver metastases after chemotherapy. 
Eur J Radiol. 2012 Jan 19. [Epub ahead of print]

van Kessel CS, Buckens CM, van Hillegersberg R, van den Bosch MAAJ, van 
Leeuwen MS, Verkooijen HM. Preoperative imaging of colorectal liver metastases 
following neoadjuvant chemotherapy: a meta-analysis. Ann Surg Oncol. 2012 
Mar 7. [Epub ahead of print]

van Kessel CS, Govaert KM, Ruers TJM, Lolkema MP, Borel Rinkes IHM. Does 
radiofrequency ablation (RFA) add to chemotherapy for unresectable liver 
metastases? Current Colorectal Cancer Reports 2012;8:130-137.

van Kessel CS, Veldhuis WB, van den Bosch MAAJ, van Leeuwen MS. MR liver 
imaging with Gd-EOB-DTPA: a delay time of 10 minutes is sufficient for lesion 
characterisation. European Radiology 2012 May 30. [Epub ahead of print]

van Kessel CS, de Boer E, ten Kate FJW, Brosens LAA, Veldhuis WB, van Leeuwen 
MS. Hepatobiliary enhancement patterns of focal nodular hyperplasia on 
Gadoxetic-acid contrast-enhanced MRI. Abdominal Imaging 2012 June 24. [Epub 
ahead of print]

van Kessel CS, van Leeuwen MS, van Hillegersberg R, Borel Rinkes IHM, van den 
Bosch MAAJ, Molenaar IQ. How to optimize pre-operative work-up of patients 
with colorectal liver metastases. Submitted to Digestive Surgery. 

van Kessel CS, Samim M, Koopman M, van den Bosch MAAJ, Borel Rinkes 
IHM, Punt CJA, van Hillegersberg R. Radiological heterogeneity in response to 
chemotherapy is associated with poor survival in advanced colorectal cancer 
patients. Submitted to Eur J Cancer.



List of publications

— 223 —

van Kessel CS, Govaert KM, Steller EJA, Emmink BE, van Hillegersberg R, 
Kranenburg O, Molenaar  IQ, Borel Rinkes IHM. Survival after surgical treatment 
of CRLM; influence of neoadjuvant chemotherapy and site of first recurrence. 
Submitted to Journal of Surgical Oncology.





Chapter 14

Review committee
Dankwoord

List of publications
Curriculum Vitae





Curriculum Vitae

— 227 —

Charlotte Sterre van Kessel was born on September 27, 
1983 in Rotterdam, The Netherlands. She graduated from 
the gymnasium at the Montessori Lyceum in Rotterdam 
in 2001. Following graduation, she took a one year 
sabbatical to make a trip around the world, including a 
four months trip from Ethiopia to South-Africa. Hereafter 
she studied Medicine at the Utrecht University from 2002 
to 2009. Her interest into Surgery began during a junior 
internship at the surgical department of the Diakonessen 

Hospital Utrecht in 2005. Since then she participated in several research projects 
at the Surgical Oncology Department of the University Medical Centre Utrecht 
(UMCU). In 2006, she attended a minor Public Administration & Organization 
Science at the Utrecht University and during that period she further extended 
her research interest. In May 2009 she obtained her medical degree, after which 
she started working as a PhD-student at the Surgical Oncology Department of the 
UMCU under the supervision of Prof. Dr. R. van Hillegersberg, Prof. Dr. M.A.A.J. 
van den Bosch and Dr. M.S. van Leeuwen. Her research focused on ‘Optimization 
of imaging and treatment of patients with focal liver lesions’. The results of her 
research are presented in this thesis. During that period she attended a master 
Clinical Epidemiology at the School of Life Sciences of the Utrecht University, 
graduating in September 2011. In January 2012 she commenced working at the 
surgical department of the St Antonius Hospital in Nieuwegein. In July 2012 she 
started the first two years of her residency in general surgery under Dr. M.R. 
Vriens’ auspices at the UMCU in Utrecht. She will complete the last four years of 
her residency at the St Antonius hospital Nieuwegein under the auspices of Dr. 
P.M.N.Y.H. Go. 




