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Metastases to local and distant lymph nodes play a major role in tumour staging, 
choice of therapy and in predicting prognosis of patients with malignant diseases. 
Histopathological examination of locoregional lymph nodes is still regarded the gold 
standard for establishing lymph node involvement, and has been the final basis for 
therapeutic decisions. Although this method is an extremely valid diagnostic tool, the 
method is invasive and thus bears a risk of complications, is time consuming, and 
expensive. Furthermore, due to early detection of tumours and the introduction of 
screening programs, the number of patients with positive lymph nodes is decreasing. 
In certain groups of cancer patients the number of patients with negative lymph nodes 
can be 70-80%, i.e. in breast cancer patients where axillary lymph node dissection was 
performed for initial staging up to 70% turned out to be histopathologically free of 
lymphatic metastases [Wunderbaldinger et al., 2006]. For low-stage cervical cancer 
patients these numbers are even higher: up to 80% turns out to be node-negative 
[Quinn et al., 2006]. The consequence is that for these patients the justification of this 
invasive and expensive diagnostic method could be questioned. One way to improve 
this situation has been the introduction of the sentinel lymph node concept in surgery. 
In this concept only the first draining lymph node of the tumour is removed and 
assessed before more lymph nodes are removed. In this way lymph node dissection 
can frequently be limited to the removal of a single node. Further discussion of this 
method is beyond the scope of this thesis. Another way to improve the situation is by 
way of non-invasive diagnostic imaging tests that can reliably exclude the presence of 
metastasis. 

Imaging techniques like computed tomography (CT) or magnetic resonance imaging 
(MRI) are rather new imaging tools that may non-invasively assess lymph node status. 
A CT scan represents a three-dimensional image of the inside of an object generated 
from a large series of two-dimensional X-ray images taken around a single axis of 
rotation. In the last 10 years this technique has seen a dramatic decrease in acquisition 
time while the extent of the coverage has expanded. This has resulted in superior 
three dimensional imagines. Although it is possible to acquire perfusion information 
to obtain functional imaging with CT is limited. 
MRI uses a strong magnetic field combined with radiofrequency waves to produce 
an image (so no ionizing radiation is involved). This extremely versatile technique can 
provide us with three dimensional images of excellent quality and can furthermore  
provide information about perfusion, diffusion, temperature, molecular composition, 
and many other functional characteristics of tissue. MRI provides much greater  
contrast between the different soft tissues of the body than CT does, making it 
especially useful in oncological imaging. 
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Lymph nodes can be evaluated by MRI using different nodal characteristics. Yet 
morphologic characteristics are still the most important ones, i.e. size, shape, and 
presence of fatty hilum. However, size measurements show great variability. Most 
define a spherical lymph node larger than 10mm as indicator for a malignant node, 
whereas an oval shape and/or a fatty hilus are considered more in line with benign 
signs [Koh et al., 2006]. But there are many different cut off levels for nodal size 
published, indicating that the size of a lymph node alone is not a reliable criterium 
for the assessment of malignancy of lymph nodes. In general it can be said that a 
low size threshold provides higher sensitivity with low specificity while using a 
larger size as the threshold will inevitably lower sensitivity but improve specificity. 
The specificity of MRI to exclude lymph node metastasis in cervical cancer patients 
is estimated to be high (90%), facilitated by the fact that the prevalence of lymph 
node metastasis in low-stage cervical cancer is about 15-20% [Bipat et al., 2003, Quinn
et al., 2006]. The sensitivity on the other hand is limited due to the inability to detect 
lymphatic metastasis in normal-sized nodes [Bipat et al., 2003, Scheidler et al., 1997]. 
Differentiation between reactive, inflammatory lymphadenopathy, and detection of 
micrometastases is an important challenge in nodal staging.

In this thesis we focus on two MR imaging techniques that are hypothesized to be 
able to increase diagnostic accuracy of lymph node staging. These two methods are 
the recently developed diffusion weighted imaging (DWI) and the contrast-enhanced 
MRI. 
Diffusion-weighted MRI (DWI) quantifies the thermally induced random movement 
of molecules (Brownian motion) by means of the apparent diffusion coefficient 
(ADC), characterizing structures by the movement of protons. The DWI signal is 
derived from the relative movement of water molecules in the extracellular space 
to the intracellular space and the intravascular space. The degree of hinder of water 
diffusion in biologic tissue is inversely correlated to the tissue cellularity. Movement 
of water molecules is more restricted in tissues with high cellular density associated 
with numerous intact cell membranes. Such tissue can be tumour tissue. Therefore, 
DWI adds functionality of nodes to anatomical or morphologic information obtained 
from conventional MRI. Fatty tissue surrounding the lymph nodes can be suppressed 
by a fat-saturation sequence. The images present a high contrast-to-noise ratio (CNR) 
in which lymph nodes are highlighted. Quantitative analysis of DWI can be carried 
out by plotting the logarithm of the relative signal intensity of the tissue on the y-axis 
against the b-values on the x-axis. Subsequently, a line can be fitted through the 
plots (exponential function). The slope of this line describes the apparent diffusion 
coefficient (ADC). The fit is improved by using several b-values to reduce error in 
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the calculation of the ADC. The ADC is independent of magnetic field strength and 
thus can provide significant comparative data. The ADC is calculated for each pixel 
of the image and is displayed as a parametric map. By drawing regions of interest on 
these maps, the ADCs of different tissues can be derived. Areas of hindered diffusion 
in highly cellular areas show low ADC values compared with less cellular areas that 
return higher ADC values [Koh et al., 2007, Takahara et al., 2004]. 
Paramagnetic contrast agents are usually administered intravenously, and most MR 
contrast agents in clinical use are chelates of gadolinium. Gadolinium shortens both T1 
and T2 relaxation, but it is the T1-shortening effect that is clinically relevant in typical 
tissue concentrations of the contrast agent. After intravenous injection, these agents 
first occur in the vascular space, and then diffuse into the extravascular space. This can 
result in an increased vascularisation of the tumour tissue but extravasation from leaky 
tumour vessels may occur as well. These are different mechanisms. When we look at 
lymph nodes increased vascularisation is the most important one. Inhomogeneous 
enhancement of an enlarged node is more likely to indicate malignant infiltration 
[Barentsz et al., 1996]. It is thought that the lymph node prepares for metastatic cell 
implantation by rearranging lymphatic and vascular structures. Consequently, new 
blood vessels develop within and surrounding lymph nodes [Fidler et al., 2003, Qian 
et al., 2006]. The administration of an intravenous gadolinium-based contrast agent 
could reveal these surrounding vessels and thus demonstrate more morphological 
characteristics of tumorous tissue such as increased angiogenesis and blood flow [Lin 
et al., 2007, Degani et al., 2003, Nunes et al., 1997, Peters et al., 2008]. Gadolinium-
contrast enhanced MRI uses the main advantage of T1-relaxation type contrast agents 
that is superior in anatomic resolution, improved lesion-to-tissue / contrast-to-noise 
ratio, and thus better conspicuity by its positive enhancement on T1-weighted images.
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The general research question of this thesis is: 

Which determinants influence the diagnostic accuracy of MRI to staging lymph node 
metastasis? 

This thesis consists of three parts:

Part 1 provides an overview of studies with respect to lymph node staging. We set 
out to summarize the diagnostic accuracy of lymph node staging of several imaging 
modalities. Special attention was paid to problems and prospects of lymph node 
staging in gynaecologic cancer patients (chapter 2). In chapter 3 we conducted a 
diagnostic meta-analysis of gadolinium-enhanced MRI in staging lymphatic metastasis 
in different cancer types.

Part 2 is devoted to some validity aspects of the new imaging tools. 
2.1. Although conventional MRI is increasingly used in lymph node assessment in 
gynaecologic cancer it is unknown how many pelvic lymph nodes are detected by this 
method in average. A first need of new methods seems to be the detection of more 
nodes. DWI images present a high contrast-to-noise ratio (CNR) in which lymph nodes 
are highlighted. DWI is thought to increase the detection rate of normal and metastatic 
pelvic lymph nodes due to the increase in contrast-to-noise ratio of the images. So, we 
set out to study the added value of DWI in detecting lymph nodes compared to the 
combination of conventional MRI and histopathological examination in chapter 4. 
2.2 In the beginning new methods are usually picked up by dedicated persons. 
However, in daily practice new imaging tools will be used by many specialists. This 
may affect reproducibility of results. In chapter 5 we studied inter- and intra-observer 
variability in detecting lymph nodes, both with conventional MRI as well as DWI. 
2.3 Finally, detection of lymph nodes is important, but surgical removement is 
too. If new imaging methods are able to detect more lymph nodes, the question is 
wether surgery will be able to remove these nodes. In chapter 6, we studied a group 
of patients who underwent a presurgical and postsurgical MRI scan. Because pelvic 
lymphadenectomy is considered the gold standard to diagnose and possibly treat 
lymphatic metastases in gynaecological cancer patients, the aim of this study is to 
evaluate whether all presurgical by MRI detected lymph nodes were removed during 
the systematic pelvic lymph node dissection.

In order to study the above a cohort of cervical cancer patients was recruited in two 
hospitals both tertiary referral centres in the Netherlands. All patients signed informed 
consent and the study was approved by the medical ethics committee. All patients 
underwent a preoperative MR scan consisting of unenhanced conventional sequences 
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and a DWI sequence at the state-of-the art 3.0T MR scanner, before undergoing a 
diagnostic pelvic or pelvic and para-aortic lymph node dissection. 

Part 3 of this thesis describes two experimental studies using an animal model. The 
experiments were based on an animal model frequently used to study lymph node 
staging by MRI [Vassallo et al., 1994, Weissleder et al., 1990]. The model comprised the 
subcutaneous injection of R3327 MAT LyLu prostate tumour variant in Copenhagen 
rats. The model has been used previously as an experimental model for synergeneic 
progression and metastasis of prostate cancer. All experiments were approved by 
the local animal care committee of the University Medical Centre Utrecht, the 
Netherlands. In vivo, this R3327 MAT LyLu tumour variant is characterized by a rapid 
and hormone-independent proliferation, anaplastic histology and metastasis to 
draining lymph nodes and lungs. After subcutaneous tumour implants, the draining 
popliteal lymph node is populated with proliferating carcinoma cells within a week 
[Geldof et al., 1990]. To create hyperplastic control lymph nodes, we used Complete 
Freund’s adjuvant (CFA), an aqueous solution of antigen emulsified in oil and killed 
mycobacteria. Lymphatic drainage from inoculation sites results in reactive hyperplasia 
of the regional nodes. Chapter 7 evaluates healthy, hyperplastic, and metastatic 
lymph nodes longitudinally by volume and ADC measurements. We aimed to detect 
enlargement patterns that could help differentiate reactive (benign) from metastatic 
(malignant) lymph nodes. In chapter 8 the same rat model described in chapter 7 
was used. A long-circulating gadolinium-based contrast agent was investigated for its 
characteristics and performance in lymph node imaging in a short technical report. 

Finally, in chapter 9 we discuss our findings in the light of other new imaging techniques 
for the detection of lymph nodes and the importance and clinical relevance of the 
detection of isolated tumour cells or micrometastases in regional or sentinel lymph 
nodes. 
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Summary 

Non-invasive lymph node staging has been a challenge in oncology for many years 
since it is the first route of tumour metastasis, determining tumour treatment and 
prognosis. In gynaecological malignancies, lymph nodes are surgically collected in a 
systematic way and histopathologically evaluated, which is the most sensitive approach 
to exclude lymphatic metastases. Lymph node dissection results in longer operating 
times, more peroperative blood loss and higher rates of postoperative complications, 
such as lymph cysts or lymphedema. Several imaging modalities have been tested for 
their diagnostic accuracy in lymph node visualization. Their performance is evaluated 
in this thorough review involving endometrial, ovarian, vulvar, and cervical cancer. 
Finally, new non-invasive diagnostic imaging techniques are discussed.   
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Introduction

The detection of lymph node metastases is an essential part of the staging and/or 
treatment of endometrial, ovarian, vulvar and cervical cancer. In high risk endometrial 
cancer and stage I-IIa ovarian cancer, the pelvic and para-aortal nodes are removed; 
in vulvar cancer it is the inguinal nodes and, in cervical cancer, the pelvic nodes. The 
lymph node status determines adjuvant therapy. Unfortunately, a lymphadenectomy 
is associated with incidence of lymphedema; up to 70% after an inguinal lymph node 
dissection and 20-30% after a pelvic node dissection. The lymphedema can even 
worsen after adjuvant external beam radiotherapy. Lymphedema is a mutilating 
sequel of the procedure and many patients would be thankful if the procedure could 
be replaced by a non-invasive technique to find tumour positive nodes. Besides 
which, a surgeon cannot 100% surely remove all lymph nodes, so the accuracy of 
the procedure cannot be 100%. Technologic advances in radiology have resulted in 
improved imaging techniques that have the potential to facilitate the diagnosis and 
treatment of gynaecologic malignancies. Cross-sectional imaging modalities, such 
as computed tomography (CT) and magnetic resonance imaging (MRI), ultrasound 
(US) and positron emission tomography (PET) have largely replaced conventional 
radiographic techniques. No clear malignancy criterion for lymph node visualisation 
is stated by the Fédération Internationale de Gynécologie et d’Obstétrique (FIGO); 
malignancy criteria also seem to differ per imaging modality and per study centre. 
The focus of this review is lymph node staging in gynaecologic malignancies. We will 
examine the role of US, CT, MRI and PET in the pre-treatment evaluation of patients 
with neoplastic disease of the uterine cervix, endometrium, ovary, and vulva. Lastly, a 
five-year view will be provided.

Literature search

In a methodological search, US, CT, MRI and PET were evaluated in their diagnostic 
performance in lymph node staging. The medical subject heading (MeSH) terms 
‘endometrial neoplasms’, ‘cervical neoplasms’, ‘ovarian neoplasms’ or ‘vulvar neoplasms’ 
were searched in combination with ‘diagnostic imaging’ or ‘diagnostic accuracy’, and 
‘lymphatic metastasis’ in the MEDLINE database. Keywords of the different imaging 
techniques (CT, US, MRI, PET) in combination with gynaecologic cancers were also 
searched. The EMBASE database was searched for keywords ‘endometrial cancer’, 
‘cervical cancer’, ‘ovary cancer’ or ‘vulva cancer’, integrated with ‘diagnostic imaging’, 
and ‘lymph node’. Abstracts were selected which contained these keywords and full 
text articles were obtained after selection.
Studies were reviewed that consisted of patients with primary gynaecological cancer 
proven by histopathological diagnosis and that presented raw data on the excised 



Chapter 2

- 20 -

lymph nodes and the reference test: histopathological examination. The studies found 
differed in imaging technique and malignancy criteria of the diagnostic test, that is, 
US, CT, MRI, and PET. Most studies considered lymph nodes measuring more than 1 
cm in short axis diameter or lymph nodes that presented central necrosis as tumour 
positive. Round nodes have a higher potential of being tumour positive, sometimes 
the short axis/long axis diameter ratio is mentioned as malignancy criterion. A ratio 
of 0.8-1.0 points to round nodes; ratios <0.8 are more often negative for metastatic 
deposits. Non-English but alphabetic script references were translated and included 
for methodology assessment. Review articles were excluded as well as Japanese or 
Chinese articles, or papers concerning animal studies.
Description of the imaging technique, malignancy criteria and surgery was subtracted 
from the full text article. Also, several methodological quality scores were evaluated, 
such as pro- or retrospectively designed study, quantity of patients and blinding. 
References of articles identified were cross-checked manually. The entry date was set at 
1990 and the search was performed until 13 June 2006; we believe imaging techniques 
have exponentionally improved, which makes comparison between studies before 
1990 difficult. When sufficient studies were gained, raw data were analyzed with Meta-
DiSc 1.2 statistical software package (only applicable in cervical cancer section). 

Endometrial cancer

Endometrial carcinoma is the most common gynaecologic tumour in developed 
countries [Horowitz et al., 2004]. Treatment and prognosis of endometrial cancer 
are based on the extent of the disease; the majority of these women have early 
stage endometrial cancer without pelvic node metastases. As preoperative clinical 
examination understages 22% of cases, routine surgical staging has been recommended 
by the FIGO since 1988. Nodal involvement is currently evaluated by histopathological 
examination of the surgically excised nodes [Hardesty et al., 2001, Kinkel et al., 1999]. 
Known risk factors for retroperitoneal lymph node metastases include age over 60 
years, histologic grade of the tumour and myometrial invasion [Todo et al., 2003]. 
The surgical staging method includes an exploratory laparotomy, hysterectomy, 
bilateral salpingo-oophorectomy, peritoneal cytology and pelvic and para-aortal 
lymph node dissection. For this procedure a 12% postoperative complication rate 
is reported. However, this number might be an underestimation since lymphedema 
and lymph cysts were not included as postoperative complications [Arduino et al., 
1997]. Other studies assessed 133 and 80 endometrial cancer patients and described 
an incidence rate of 34% and 44% respectively [Franchi et al., 2001, Kuoppala et al., 
2004], and 13% of the patients suffered from lymphedema and lymph cysts [Kuoppala 
et al., 2004]. 
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A non-invasive lymph node staging technique would be feasible in patients with 
endometrial cancer. Five full text articles were revealed in the search concerning CT, 
MRI and PET; they are evaluated for their diagnostic performance on lymph node 
staging [Horowitz et al., 2004, Pilka et al., 2004, Connor et al., 2000, Manfredi et al., 
2004, Taïeb et al., 2002]. The role of US in staging endometrial carcinoma is limited to 
evaluating depth of myometrial invasion [Ascher et al., 2005]. No studies were found 
on ultrasound and its role in lymph node imaging in endometrial cancer patients.  

Computed Tomography

CT staging of endometrial cancer can be used to assess myometrial invasion, 
parametrial and pelvic sidewall invasion. Limitations of CT are the failure to detect 
(microscopic) lymph node metastases, parametrial, rectal and bladder involvement 
and therefore CT can frequently understage the disease. 
A Czech study group presented 164 women who prospectively underwent a 
preoperative CT scan and nodal disease was confirmed by pathological findings. A 
lymph node was considered tumour positive when it measured more than 1 cm in 
diameter. Three true-positive and 147 true-negative nodes were found; the false-
positive and false-negative rates were both seven. The sensitivity, specificity, positive 
and negative predictive values were 30%, 95.5%, 30%, and 95.5% respectively [Pilka et 
al., 2004].
The second study retrospectively reviewed 702 patients of whom 56 had a 
preoperative CT scan evaluating nodal disease and a pathological examination of 
the lymph nodes. Lymph nodes were considered enlarged if they exceeded 1.5 cm. 
Seven patients had histopathological proven lymphatic metastases, and CT predicted 
positive adenopathy in four patients. Three scans that found negative adenopathy 
were positive for metastases at final histopathological diagnosis, leading to a 
sensitivity, specificity, positive and negative predictive value of 57%, 92%, 50% and 94% 
respectively. Limitations of this study were the retrospective nature of the data and 
changes in imaging techniques over the 15 years of inclusion, leading to confounding 
and selection bias [Connor et al., 2000]. 

MRI

Lymph node evaluation by MRI is based on size criteria. Two studies were found in which 
the diagnostic accuracy of MR in lymph node detection was evaluated. Manfredi et al. 
prospectively investigated the diagnostic accuracy of MRI in twenty-one endometrial 
cancer patients. Two patients had histopathological proven lymphatic metastases, of 
which the MRI was correct in one patient. One patient had a false-negative test result; 
and sensitivity, specificity, positive and negative predictive values was 50%, 95%, 50%, 
and 95% respectively [Manfredi et al.,2004]. A French group studied 83 endometrium 
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carcinoma patients undergoing a preoperative MRI scan. Eighteen patients were node 
positive, MRI incorrectly assessed nine patients, four false-positives and five false-
negatives. Sensitivity and specificity were 72% and 94%, respectively [Taïeb et al., 2002]. 

PET

The usefulness of 18F-fluordeoxyglucose (FDG) PET in the post-therapy surveillance 
is well established for several types of malignancies; for endometrial cancer its role 
must be refined [Belhocine et al., 2002]. A single study was retrieved that assessed 
eighteen endometrial carcinoma patients. Two of these patients had positive pelvic 
lymph nodesp; FDG PET predicted three patients with positive lymph nodes (two 
true-positives, one false-positive). One patient had negative lymph nodes, while PET 
indicated positive nodal disease. Sensitivity and specificity were therefore counted 
at 67% and 94%, suggesting that FDG PET cannot yet replace lymphadenectomy 
in endometrial cancer patients. More evidence is needed to investigate PET in 
endometrial cancer patient management [Horowitz et al., 2004].

Expert commentary

The importance of the correct staging of endometrial cancers in defining the exact 
prognostic factors and planning the most effective and safe treatment is well known. 
The presence of pelvic or para-aortic lymph node metastases is a basic prognostic 
factor. Histopathological evaluation is the most accurate way to determine lymph 
node metastases, although it often results in postoperative morbidity.  
CT scanning had low sensitivity and high false-negative rates; both studies conclude 
that preoperative CT scanning is a poor predictor of nodal disease in women with 
endometrial cancer. Refined MR pulse sequences or dynamic techniques also could 
not improve the diagnostic accuracy of MR imaging in lymph node imaging [Manfredi 
et al., 2004]. PET had a moderate sensitivity for preoperative detection of pelvic and 
para-aortic lymph nodes. 
These data suggest that US, CT, MRI and PET are not sensitive enough to be used 
routinely as imaging method for the preoperative detection of lymph node metastases. 
A negative result of a diagnostic tool was not equal to pathologically negative nodes; 
for now a lymphadenectomy is still necessary.

Ovarian cancer

Ovarian cancer is the second most common of all gynaecologic cancers and it is the 
leading cause of death from cancers of the female reproductive system. The overall 
5-year survival rate is approximately 40% and drops to 14% when patients present in 
advanced stages (FIGO > III) [Tingulstad et al., 2003]. The FIGO stage and the extent 
of residual disease after primary surgery are the most important prognostic factors 
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for survival. Ovarian cancer spreads both within the abdominal cavity and to the 
retroperitoneal space [La Fianza et al., 1992]. The incidence of lymph node metastases 
is 24% in stage I, 50% in stage II, and about 74% in stage III and IV. A total of 12% of 
cases has positive pelvic nodes with negative para-aortic nodes, while 9% has positive 
para-aortic nodes and negative pelvic nodes. The 5-year survival rate of patients with 
stage III disease and zero, one or more than one positive nodes drops from 69% to 58% 
and 28% [Burghardt et al., 1991]. Staging ovarian cancer generally occurs by means 
of an exploratory laparotomy and a pelvic and para-aortic lymph node dissection; in 
order to confirm the diagnosis, stage the disease and to remove the tumour volume in 
apparently low stage disease. 
The morbidity of pelvic and para-aortic lymph node dissection in ovarian cancer 
patients is high; an incidence rate of 28% is reported. Most of the morbidity is 
due to formation of lymph cysts and lymphedema [Benedetti Panici et al., 2005]. 
The therapeutic value of a systematic lymphadenctomy was investigated in one 
prospective randomized controlled trial. It was found that patients allocated to the 
systematic removal of pelvic and para-aortic lymph nodes arm had a significantly 
improved progression-free survival, however the overall survival rate was not different 
from patients in whom only bulky lymph nodes were removed [Benedetti Panici et 
al., 2005].   
CT, MRI and PET were evaluated in their diagnostic performance in lymph node 
staging in the systematic literature search. Five articles were retrieved that presented 
raw data on the comparison of an imaging modality and histology [La Fianza et al., 
1992, Tempany et al., 2000, Sugiyama et al., 1995, Petru et al., 1992, Medl et al., 1995]. 
The role of US in the visualization of lymphatic metastases is limited. In one study 
by the Radiology Diagnostic Oncology group 280 patients with ovarian cancer were 
prospectively submitted to at least two of three imaging modalities (US, CT or MRI) 
and results were compared to histologic examination of pelvic and para-aortic lymph 
nodes. US detected 6 out of 19 patients with lymph node metastases (sensitivity 
32%). The specificity was reported to be 93% (219/236), however only 118 of the 280 
patients had a malignant ovarian mass [Tempany et al., 2000].

Computed Tomography

CT has demonstrated to be reasonably accurate in the preoperative staging and 
surgical planning, particularly if neoadjuvant chemotherapy is considered [La Fianza 
et al., 1992]. We retrieved four studies that evaluated the diagnostic performance of 
CT in lymph node detection. A retrospective study found a sensitivity of 57% with 
a specificity of 100% for pelvic lymph node evaluation; for para-aortal lymph nodes 
these numbers were 64% and 100%, respectively [La Fianza et al., 1992]. Another 
retrospective study showed a sensitivity and specificity of 61% and 93% respectively; 
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this study included 95 ovarian cancer patients of whom 23 had positive lymph nodes. 
When separated by abdominal location, para-aortic nodes showed a higher sensitivity 
(69%) [Sugiyama et al., 1995]. The aforementioned large prospective study, carried 
out by Tempany et al., did not split these data and found 43% and 89% for sensitivity 
and specificity respectively. Their receiver-operating characteristic (ROC) analysis 
showed slight differences in pelvic and para-aortic evaluation (0.46 ± 0.15 and 0.57 ± 
0.14, respectively) [Tempany et al., 2000]. An additional prospectively designed study 
presented a sensitivity for detecting pelvic or para-aortic lymph node involvement 
in 42 ovarian cancer patients of 62% and 70%, respectively; the specificity was 100% 
[Petru et al., 1992]. The four studies described are somewhat difficult to compare; 
nodes were considered malignant if they measured over 2 cm [La Fianza et al., 1992], 
1.5 cm [Sugiyama et al., 1995], 1.0cm on the CT scan [Petru et al., 1992], or the size was 
not mentioned [Tempany et al., 2000], and had a pro- or retrospective nature. 

MRI

Two articles were found that handled MRI in lymph node metastases. In the first 
prospective study, MRI picked up lymph node involvement in 6 of the 12 histologically 
confirmed metastases. One patient had a false-positive result, leading to a sensitivity 
and specificity of 50% and 94% respectively. The scans were performed on a 1.0 T MR 
scanner and nodes were diagnosed as positive exceeding 10mm in diameter [Medl 
et al., 1995]. The other prospective study, by Tempany and colleagues, showed a 
sensitivity and specificity of 38% and 84% and was performed on a 1.5 T scanner. The 
malignancy criteria were not further specified in this report [Tempany et al., 2000].

Expert commentary

No studies were found on the diagnostic accuracy of PET in lymph node staging in 
patients with primary ovarian cancer. Because of the importance not to understage 
the disease, CT or MR imaging could be performed when stage III is suspected 
but not detected with the initial (abdominal) US [Kurtz et al., 1999]. CT and MRI 
seem to perform equally well (CT might be somewhat more precise); however, CT 
requires a relatively short examination time, and is cheaper than MR imaging. The 
studies presented incline towards a slightly better performance of CT on staging para-
aortal lymph nodes. For the diagnosis of lymphatic metastases, none of the imaging 
modalities can yet replace surgery and histopathological examination.

Vulvar cancer

Lymph node involvement is the most important prognostic factor in staging vulvar 
cancer. Primary lymph node regions of tumour drainage are the groin, usually to the 
ipsilateral side. When the groin nodes are involved, the survival rate drops from 90% 
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(negative nodes) to 50% (positive nodes) [Sohaib et al., 2003]. Clinical palpation is 
usually restricted to the superficial nodes, and as a method to detect lymph node 
metastases, it is unreliable [Soper et al., 2001]. The gold standard is groin lymph node 
dissection, which is performed for diagnostic purposes and has no therapeutic benefit. 
This procedure is associated with considerable morbidity, independent of the presence 
of lymphatic metastases. Lower leg lymphedema is a chronic and disabling cause of 
morbidity and is reported in up to 70% of the patients; acute wound breakdown is 
seen in 15-85% of patients [Rouzier et al., 2003, Zhang et al., 2000, Hall et al., 2003, 
Hawnaur et al., 2002]. As 20% of the patients will have histological proven lymphatic 
metastases, most patients (70-80%) will not benefit from the procedure and have 
a substantial risk of postoperative morbidity [Land et al., 2006]. A non-invasive 
diagnostic staging technique is warranted in vulvar cancer patients. Recently, the 
sentinel node procedure has made the transition from breast tumours and melanoma 
to vulvar cancer. The safety of this application is being studied.  
A non-surgical method must match the surgical histology as a measure for its accuracy, 
preferably with no false-negatives and minimal false-positives. US, CT, MRI and PET 
were evaluated in their diagnostic performance in the methodological literature 
search, as described previously, and the imaging technique could be compared to the 
histological diagnosis in seven articles [Hall et al., 2003, Hawnaur et al., 2002, Land et al., 
2006, Abang Mohammed et al., 2000, Moskovic et al., 1999, Sohaib et al., 2002, Cohn 
et al., 2002]. Three of these studies were published by a single institution; patient’s 
recruitment period, as well as imaging modality (US), show considerable overlap [Hall 
et al., 2003, Land et al., 2006, Moskovic et al., 1999]. 

Ultrasound

Owing to the superficial location of draining lymph nodes, US does play a role in 
staging vulvar cancer. Metastatic nodes evaluated by US are most likely rounded in 
shape (a long/short axis diameter ratio of <2), with irregular outlines, loss of hilal 
fat (which should be isointense with the surrounding tissue), and have a short axis 
diameter greater than 8mm. Doppler US can be helpful in the characterization of 
node vascularity, which is usually greater in metastatic than in normal or hyperplastic 
nodes. US can also be combined with fine needle aspiration cytology (FNAC). FNAC 
increases the accuracy of ultrasound evaluation of groin nodes; sensitivity and 
specificity rates varying from 80 to 85% and 82 to100% respectively were found in the 
literature [Hall et al., 2003, Land et al., 2006, Abang Mohammed et al., 2000, Moskovic 
et al., 1999]. However, there is a diagnostic overlap in normal and metastatic nodes 
and FNAC can fail to obtain metastatic cells. The sensitivity of FNAC alone, performed 
when nodes were thought suspicious after US, was only 33%, mainly because of failure 
to obtain representative material [Abang Mohammed et al., 2000]. False-positives will 
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not be found with FNAC; however, micrometastases may be missed and the technique 
requires training and experience of the investigator [Sohaib et al., 2003].

CT

In a partly prospective study performed by Land and colleagues, 51 groins in 29 
patients with vulvar cancer were studied for the diagnostic performance of CT in 
metastatic lymph node detection. Malignancy criteria were long axis diameter greater 
than 10mm, necrosis in the lymph node and extranodal disease. CT found 11 true-
positives, eight false-negatives, and 24 true-negatives, leading to a sensitivity of 58% 
and a specificity of 75% [Land et al., 2006].

MRI

Size is the main criterion in the MR assessment of metastatic nodes and short axis 
diameter measurement is most reliable. To increase the accuracy of the size criterion, 
shape and margins of a node are also taken into account [Hawnaur et al., 2002]. Ten 
patients were prospectively studied in order to assess the diagnostic value of MRI. 
Five women had metastatic disease; sensitivity and specificity were reported to be 
89% (95% confidence interval (CI) 0.57-0.98) and 91% (95% CI 0.62-0.98). These results 
are promising, although only a small number of patients were involved, leading to 
wide CIs. A retrospective study by Sohaib and colleagues showed a sensitivity and 
specificity of 40% and 97% for superficial nodes and 50% and 100% for deep inguinal 
nodes [Sohaib et al., 2002]. No raw data could be subtracted from this study. Although 
MRI has the advantage of being more reproducible for comparison during clinical 
follow-up, disadvantages such as costs and lengthy examination, limit MRI in its use of 
staging vulvar cancer [Sohaib et al., 2003, Hawnaur et al., 2002].

PET

The diagnostic accuracy of FDG-PET was evaluated prospectively in 15 vulvar cancer 
patients, of whom five had lymphatic metastases. Cohn et al. found moderate 
sensitivity (67%) and negative predictive value (86%), probably due to the metabolic 
inactivity of necrotic tumours leading to false-negative results. Positive images are 
more predictive of metastatic disease (95% positive predictive value). PET could 
be combined with lymphatic mapping of the sentinel node to assist the surgeon in 
identifying lymph nodes. Studies involving larger numbers of patients are needed 
[Cohn et al., 2002].

Expert commentary

CT is not generally used in staging vulvar cancer. MRI is limited in their use due to 
lack of tissue characterisation, resulting in low sensitivities and specificities with most 
malignant criteria based on size [Hall et al., 2003]. Ultrasound is safe, non-invasive 
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and highly accepted in patients. However, rupture of the lymph node capsule by 
FNAC is unwanted in a positive node and false-negatives are still reported [Hawnaur 
et al., 2002]. The sentinel node concept is promising in vulvar cancer and studies are 
underway to determine whether removing only the sentinel node could avoid lymph 
node dissection in selected groups of patients.

Cervical cancer

Cervical cancer is the second most common cancer in women worldwide, 
characteristically occurring in younger women. The FIGO has proposed a clinical 
staging system consisting of physical examination, colposcopy, cystoscopy, 
sigmoidoscopy, and chest radiography. However, discrepancies between clinical and 
surgical staging are reported, varying from approximately 25% in early-stage (<IIa) to 
90-95% in advanced-stage cervical cancer [Averette et al., 1975, Lagasse et al., 1980]. 
Although not included in the FIGO staging system, lymph node status is one of the 
most important prognostic factors. The 5-year survival expectance for women with 
lower than stage IIb disease and no detectable nodal metastases ranged from 98.4% 
to 80.9%, for these patients with positive lymph nodes these numbers were 72.7% and 
62.8% in [Benedet et al., 2003].
Currently, the lymph node status is assessed by surgery in a combined primary tumour 
resection and a bilateral pelvic lymph node dissection in patients with stage IB1 to IIA 
disease. A small study of 22 patients described clinical lymphedema in five patients 
with cervical cancer, leading to an incidence rate of 23% [Logmans et al., 1999]. An 
approximately 23% incidence rate has also been reported by two other study groups 
[Martimbeau et al., 1978, Raatz et al., 2001]. A much larger retrospective series of 1157 
patients treated for cervical cancer found in 5.1% of the patients lymphoceles and 
chronic lymphedema of the legs occurred in 12%. Chronic lymphedema of labia majus 
and little vulvar cysts presented only occasionally [Bortolozzi et al., 1986]. 
Between 20 and 25% of surgically evaluated lymph nodes have metastases, and 
despite their removal, postsurgical adjuvant therapy is needed. The integration of 
both dramatically increases morbidity rate, rising form 13.6% to 48.5%, and should 
therefore be avoided [Bortolozzi et al., 1986]. CT, MRI, and PET are used in clinical 
practice to evaluate the extent of the disease and to non-invasively assess lymphatic 
metastases; although these imaging modalities are not mandated by the FIGO. The 
systematic search revealed 25 full text articles which will be detailed below. US helps 
to evaluate hydronephrosis and distant metastases in liver and para-aortal region; 
however, in pelvic lymph node investigation, US is not recommended [Mamsen et al., 
1995]. 
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Computed Tomography

Assessment of nodal involvement by CT relies on size (long axis, short axis; their ratio), 
shape and the presence of central necrosis. The presence of central necrosis has a 
high positive predictive value in the diagnosis of nodal metastases. However, central 
necrosis occurs most frequently when the maximal transverse diameter of lymph 
nodes is more than two cm [Manfredi et al., 2004]. Most malignant nodes will not 
have central necrosis and measure aproximately 1 cm.  
The results of the literature search are presented in Figure 1. Some substantial 
differences in study design mean that these should be interpreted with caution. 
Studies were prospective [Cheung et al., 1998, Yang et al., 2000, Kim et al., 1990, 
Kim et al., 1993] or retrospective [Bellomi et al., 2005, Subak et al., 1995, Oellinger 
et al., 2000, Genolet et al., 1993, Kokka et al., 2003] in design and had differences in 
size criteria for malignancy, such as 1 cm [Cheung et al., 1998, Bellomi et al., 2005, 
Subak et al., 1995], 1 cm in long axis diameter [Yang et al., 2000], 1 cm and not clear 
whether this was in short- or long-axis diameter [Kim et al., 1990, Kim et al., 1993, 
Oellinger et al., 2000, Kokka et al., 2003], or not mentioned at all [Genolet et al., 1993]. 
No significant difference in enhancement value between benign and malignant nodes 
was found on the arterial and venous phase scans. The additional costs of two-phase 
CT do not seem justified by the lack of additional information [Yang et al., 2000].

Figure 1 Pooled sensitivity and specificity estimates of CT in lymph node staging in patients with cervical cancer. 



Lymph node imaging techniques in gynaecological malignancies

- 29 -

MRI

The assessment of lymph nodes by MRI also relies on the lymph node anatomy rather 
than function and physiology. The most widely accepted size criterion is a short-
axis transverse diameter exceeding 10mm [Bipat et al., 2003]. Lymph nodes are best 
detected on T2-weighted images, on which they demonstrate intermediate signal 
intensity and are well differentiated from hypointense muscles and blood vessels. 
The use of intravenous contrast agent does not improve accuracy in staging patients 
with cervical cancer. MRI scanning provides better soft tissue contrast than CT and 
may therefore enable better assessment of the primary tumour. Also the multiplanar 
capability is an additional benefit of MRI over CT [Narayan et al., 2001].
The diagnostic accuracy of MRI is summarized in Figure 2, although substantial 
differences remain between studies. Some studies had a retrospective design [Bellomi 
et al., 2005, Subak et al., 1995, Oellinger et al., 2000, Park et al., 2005, Belhocine et al., 
2002, Yu et al., 1998]; however, most had a prospective design [Yang et al., 2000, Kim 
et al., 1990, Kim et al., 1993, Sheu et al., 2001, Hawighorst et al., 1998, Wang et al., 2001, 
Heuck et al., 1997, Reinhardt et al., 2001, Kim et al., 1994, Choi et al., 2006, Hawnaur et 
al., 1994, Choi et al., 2004]. 
In one study, the surgeons were not blinded to the scan results [Choi et al., 2006]. 
As for magnetic field strength; most scans were made on a 1.5T scanner; however, 
several studies were assessed on a 0.5T [Kim et al., 1993, Kim et al., 1994, Hawnaur 
et al., 1994], 1.0T [Bellomi et al., 2005, Belhocine et al., 2002], or 2.0T scanner [Kim et 
al., 1990]. One study group used an endorectal coil [Wang et al., 2001], while most 
authors describe the use of a body or pelvic phased-array coil. The cut-off value for 
lymphatic metastases varied from more than 10 mm short-axis diameter [Oellinger et 
al., 2000, Subak et al., 1995, Park et al., 2005, Yu et al., 1998, Choi et al., 2006, Choi et al., 
2004], more than 8 mm in long-axis diameter [Heuck et al., 1997], more than 10 mm 
long-axis diameter [Yang et al., 2000, Hawighorst et al., 1998, Kim et al., 1994], more 
than 15 mm in long-axis diameter [Hawnaur et al., 1994], or remained unclear whether 
the more than 10 mm size criterion was measured in the long- or short-axis direction 
[Kim et al., 1990, Kim et al., 1994, Oellinger et al., 2000, Belhocine et al., 2002, Sheu et 
al., 2001, Wang et al., 2001, Reinhardt et al., 2001]. In addition, raw data was presented 
differently, analyses were made at a patient [Subak et al., 1995, Oellinger et al., 2000, 
Park et al., 2005, Yu et al., 1998, Sheu et al., 2001, Hawighorst et al., 1998, Heuck et al., 
1997, Reinhardt et al., 2001, Choi et al., 2006, Hawnaur et al., 1994], hemipelvic [Yang et 
al., 2000, Kim et al., 1990, Kim et al., 1993, Wang et al., 2001, Kim et al., 1994, Choi et al., 
2004], or lymph node level [Bellomi et al., 2005, Belhocine et al., 2002].  
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An important issue in this analysis is the difference in MR equipment used; varying field 
strength, pulse sequences, the plane of section and the use of contrast enhancement. 
We found no significant differences between these covariates, although this may be 
due to limited number of patients and studies evaluated. 

PET

The rationale of PET scan is detection of (lymph node) metastases; rather than 
evaluating size of the primary tumour. A lymph node is considered positive for 
malignancy if increased signal intensity is seen in two consecutive axial slices. A 
number of studies have been performed evaluating pelvic and para-aortal lymph 
nodes in patients with cervical cancer. Bladder interference difficulties are found in 
pelvic lymph node evaluation; the bladder fills with the isotope due to renal excretion. 
Small metastases with low glycolytic activity in microscopic nodal deposit provide 

Figure 2 Pooled sensitivity and specificity estimates of MRI in lymph node staging in patients with cervical cancer.
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false-negative results. In addition, it has been shown that anti-inflammatory cells such 
as activated macrophages of granulation tissue avidly take up FDG. Therefore, besides 
the limitation in the evaluation of pelvic lymph nodes, another limitation of FDG-PET 
is the differentiation between inflammatory and (micro)metastatic lymph nodes. 
The studies found are shown in Figure 3. Most studies used a Foley catheter and bladder 
irrigation to minimize interference in the pelvic area [Park et al., 2005, Reinhardt et al., 
2001] and added intravenous hydration and a diuretic [Narayan et al., 2001, Belhocine 
et al., 2002, Rose et al., 1999, Kühnel et al., 2001, Chou et al., 2006]. Three studies had a 
retrospective design [Narayan et al., 2001, Park et al., 2005, Belhocine et al., 2002], four 
prospectively included their patients [Reinhardt et al., 2001, Rose et al., 1999, Kühnel 
et al., 2001, Chou et al., 2006]. However, Rose and colleagues included advanced-stage 
patients after a negative CT scan and, Chou and colleagues after a negative MRI scan. 
Therefore, the pre-test probability of lymph node metastases differs due to a low 
prevalence of nodal metastases and therefore influences the diagnostic performance 
of the tests [Rose et al., 1999, Chou et al., 2006]. Some studies only evaluated pelvic 
nodes [Narayan et al., 2001, Park et al., 2005, Belhocine et al., 2002, Kühnel et al., 2001, 
Chou et al., 2006], whereas Reinhardt [Reinhardt et al., 2001] and Rose [Rose et al., 
1999] assessed both pelvic and para-aortic nodes; the regions could not be separated 
for evaluation.

Figure 3 Pooled sensitivity and specificity estimates of PET in lymph node staging in patients with cervical cancer. 
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Expert commentary

Ultrasound cannot be used to detect lymph node metastases preoperatively because 
of its high false-negatives leading to a low sensitivity. For the two cross-sectional 
anatomical imaging modalities, CT and MRI, lymph node enlargement may be due to 
inflammation or reactive hyperplasia, as well as metastases resulting in false-positives. 
By contrast, lymph nodes smaller than 10 mm may contain micrometastases. In the 
pooled sensitivity and specificity analysis, CT had a sensitivity of 0.51 (95% CI 0.44-
0.58) and a specificity of 0.93 (95% CI 0.91-0.95). For MRI these numbers were 0.57 
(95% CI 0.52-0.63) and 0.94 (95%CI 0.93-0.95), and for PET 0.59 (95% CI 0.47-0.70) and 
0.97 (95% CI 0.95-0.99), respectively. Our results are in accordance with previous meta-
analyses evaluating lymph node metastases, such as Bipat and colleagues, who found 
a pooled sensitivity for CT of 43% (95% CI: 37-57%) and MRI 60% (95% CI 52-68%) in a 
very well designed systematic review [Bipat et al., 2003]. The difference was significant 
in favour of MRI; the specificities were comparable, roughly 90-95%. Scheidler and 
colleagues also performed a meta-analysis on this subject and found a Q*-value in 
a SROC (summary receiver operating characteristic) curve (Q*-value corresponds to 
the point on the SROC curve where sensitivity and specificity are equal) of 0.78 (95% 
CI 0.73-0.83) for CT and 0.87 (95% CI 0.81-0.93) for MRI in the detection of pelvic 
node metastases. This difference did not reach statistical significance [Scheidler et al., 
1997]. A review performed by Boss and colleagues did not mention true sensitivity 
and specificity of lymph node staging by MR, although most studies included are also 
presented in this article. They found an accuracy of 86% (95% CI 75-100) in lymph 
node staging [Boss et al., 2000].
PET is a non-invasive and more useful method for the evaluation of extra-pelvic 
metastases than MRI, but it still has a high probability of missing microscopic pelvic 
disease. The main drawbacks of PET are the lower spatial and anatomical resolution 
compared to CT or MR, leading to less accurate information regarding the site of 
the lesion depicted [Sironi et al., 2006]. PET/CT combines the advantages of PET in 
reflecting metabolism and of CT in anatomical precision. Non-enlarged lymph nodes 
(5-10 mm) can be assessed. In cervical cancer patients, approximately 30-50% of 
malignant lymph nodes are normal sized [Sironi et al., 2006]. 
Two studies were found in the literature concerning PET/CT. Sironi and colleagues 
prospectively included 47 consecutive early-stage cervical cancer patients. A lymph 
node was considered as tumour positive if focal increased FDG PET uptake was found 
on PET images in a location that corresponded to a lymph node on CT images. In 
15 patients, the lymph nodes were positive for metastases. The overall patient-based 
sensitivity and specificity was 73% and 97% respectively. Five metastatic lymph 
nodes were missed by PET/CT, all were 5 mm or less in short-axis diameter. The size-
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threshold can be lowered to 5 mm with PET/CT, resulting in fewer false-negatives, but 
an increase in false-positives [Sironi et al., 2006]. Another prospective non-blinded 
designed study evaluated PET/CT in 22 cervical cancer patients revealed a sensitivity 
of 77% and specificity 56%. They found that PET/CT was more sensitive than MRI; 
however, the numbers were not uniform [Choi et al., 2006].
Further studies are needed to evaluate the usefulness of PET/CT accuracy of lymph 
node metastases staging, but also the cost-effectiveness of MRI, PET/CT in patients 
with cervical cancer needs to be evaluated [Park et al., 2005].
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Conclusion & five-year view

New developments to solve the problem of low sensitivity and specificity, based on 
different metabolism of tumour and normal lymphatic tissue, are in progress. 

Ultrasmall superparamagnetic iron oxide (USPIO) MRI 

MRI provides images with excellent anatomical detail and soft-tissue contrast but is, 
as mentioned earlier, relatively insensitive in the detection of lymph node metastases. 
However, the results of MRI can be improved by using newly developed contrast agents 
and acquisition techniques. In particular, the use of lymphotropic superparamagnetic 
nanoparticles holds considerable promise.

Efficacy 

A contrast agent, dextran-coated ultrasmall superparamagnetic iron oxide (USPIO), 
ferumoxtran-10, is one of a new class of MR contrast agents used in the evaluation 
lymph nodes. Two distinctive pathways of the iron oxide particles uptake within 
lymph nodes have been suggested [Weissleder et al., 1990]. The first (and most 
commonly accepted) suggests that the iron particles are transported to the lymph 
nodes by drainage of the lymphatic vessels, after being slowly extravasated from 
the blood capillaries to the interstitial space. Within the lymph vessels, the particles 
are phagocytosed by macrophages (Figure 4). The other pathway describes direct 
transcapillary passage through venules into medullary sinuses within the lymph 
node, followed by phagocytosis by macrophages. The dextran coating is meant to 
minimize interaction of the particles with plasma proteins and to decrease uptake 
by the liver; thus prolonging its plasma half-life to 35 h in humans [Anzai et al., 1997]. 
USPIO particles are biodegradable and are cleared from lymph nodes in a time-
dependent fashion. The iron oxide particles are degraded in phagolysomes within 
the macrophages. The elemental iron is incorporated in the human body iron pool 
[Weissleder et al., 1990, Vassallo et al., 1994]. The amount of one dose USPIO used for 
USPIO MRI is comparable with one unit blood [Hudgins et al., 2002].
The optimal timing and dose for lymph node evaluation is 24-36 h after administration 
of a 2.6 mg/kg dose on T2- and T2*-weighted images [Anzai et al., 1997]. USPIO 
particles reduce the signal intensity of normally functioning nodes, due to the magnetic 
susceptibility and T2-relaxation shortening effects of USPIO (iron). Metastatic nodes 
are partially or totally replaced by tumour cells and do not possess the same level of 
phagocytic activity as normal nodes, due to the (partial) absence of macrophages. 
They maintain the same signal intensity on postcontrast MR images. Common criteria 
for benignity are homogeneous complete darkening on the postcontrast images, 
central darkening with a small circumference of nondarkening and darkening of nodal 
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tissue with a central area of nondarkening, corresponding to a fatty hilum on T1-
weighted images. Lymph nodes are considered malignant on postcontrast images if 
there is only faint darkening, a focal area with high signal not corresponding to the fatty 
hilum on T1-weighted images, or a complete retention of high signal [Harisinghani et 
al., 2003].  Metastatic nodes are now differentiated not only by size or contour, like in 
CT or MR imaging, but also on morphologic changes. 

Figure 4 A, B: Electron micro-
graphs of the nanoparticle measur-
ing 3 nm on average. 
C, D: Molecular model of the sur-
face bound dextrans with an over-
all mean size   of 28 nm and the 
iron oxide crystal packing.
E: Mechanism of action: intrave-
nous administrated long circulat-
ing particles extravasate to the 
interstitium; from where they are 
drained through lymphatic vessels 
into the lymph nodes. During this 
extravascular route, the particles 
are phagcytosed by macrophages. 
Lymph flow disturbances or inter-
ruptions of nodal architecture by 
metastases lead to abnormal ac-
cumulation patterns which are 
detectable by MRI.  
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Effectiveness 

Two studies have evaluated the use of USPIO in patients with a gynaecologic 
malignancy. The first studied a small group of patients with primary endometrial 
cancer (n = 3), vulvar cancer (n = 1), and cervical cancer (n = 5). This led to a sensitivity 
and specificity score of 0.25 and 0.80; USPIO did not improve the scores of unenhanced 
MRI. Limitations of this study were the small sample size and the intention of the 
researchers to perform primary tumour and lymph node staging in one imaging 
session, so no precontrast scans were available for comparison [Keller et al., 2004].
The second study assessed the diagnostic performance of USPIO in a larger cohort of 
patients with cervical (n = 29) or endometrial cancer (n = 15). Out of the 44 patients, 
11 had one or more positive nodes. The pre- and postcontrast scans were evaluated 
prospectively by two independent radiologists with no previous experience in reading 
USPIO MRI. The second reader found one false-negative result, four false-positives, 
27 true-negatives and ten true-positives, which was the poorer result of both readers. 
Sensitivity and specificity scores for this reader were 0.91 and 0.87 respectively, which 
indicates a significant improvement in diagnostic performance of MRI due to USPIO-
enhancement [Rockall et al., 2005].
Recently, a thorough meta-analysis was performed on the diagnostic precision of 
nanoparticle-enhanced MRI for lymph node metastases. Studies were searched 
reporting comparative data for MRI and USPIO-enhanced MRI for the detection of 
lymph node metastases in any cancer until May 2005. Both studies described above 
were included. The keyword search identified 269 abstracts, of which 19 prospective 
studies were included in the data analysis and extraction. A summery ROC curve 
analysis for per-lymph node data showed an overall sensitivity of 0.88 (95% CI 0.85-
0.91) and overall specificity of 0.96 (95% CI 0.95-0.97). The overall weighted area-
under-the-curve was 0.96 (SE 0.01) for USPIO enhanced MRI and the diagnostic odds 
ratio (DOR) 123.05. Unenhanced MRI had less overall sensitivity, 0.63 (95% CI 0.57-
0.69), and overall specificity, 0.93 (95% CI 0.91-0.94). Overall weighted area-under-
the-curve was 0.84 (SE 0.11), and the DOR was 26.75 for USPIO-unenhanced MRI. 
Metaregression with respect to the difference in DOR (8.18, 95% CI2.50-26.69) was 
significant (p=0.001). A subgroup analysis by specific cancer type was not possible 
since the number of patients available to constitute a subgroup of clinical interest 
was limited. This meta-analysis suggests an improvement in diagnostic performance 
of MRI by using USPIO. Its role in gynaecological malignancies needs to be further 
explored [Will et al., 2006].
A limitation in the use of USPIO is that imaging is necessary before and 24 hours 
after administration of contrast. Some authors argue in favour of performing a single 
postcontrast MR scan in the evaluation of lymph nodes. No statistically significant 
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difference in lymph node characterization was reported between the use of paired 
pre- and postcontrast MRI and postcontrast MRI alone [Anzai et al., 2003, Harisinghani 
et al., 2004]. A few patients have contraindications to MRI or USPIO or experienced 
an adverse event after USPIO injection. The most common reported event is mild 
lumbar back pain in 6% of patients, followed by flushing and rash [Harisinghani et al., 
2003]. Reported false-negative results are usually consequences of micrometastatic 
areas in small lymph nodes that are below the current detection threshold of MR 
scanners. The reported false-positive results are usually due to reactive hyperplasia, a 
fatty hilum, or an insufficient dosage of Ferumoxtran-10.
Despite these limitations, the detailed meta-analysis has shown that USPIO-
enhanced MRI offers a better diagnostic performance than unenhanced MRI. Its 
role in gynaecologic oncology is not clear; and needs to be explored further. A direct 
comparison between dual PET/CT and USPIO enhanced MRI would help to clarify 
which technique should become the modality of choice in the evaluation of lymph 
node metastases in gynaecologic malignancies.

Diffusion Weighted Imaging 

A recent development in imaging is diffusion-weighted MRI (DWI). This technique 
is used as an adjunct to MRI and is considered to be a promising method to increase 
the sensitivity of MRI. Diffusion is the term used to describe the microscopically 
visualized thermally induced behaviour of the molecules moving in a random pattern: 
the Brownian motion. It is quantified by means of an apparent diffusion coefficient 
(ADC) that depends largely on the presence of barriers to diffusion within the water 
microenvironment, namely cell membranes and macromolecules. Consequently, 
compartments within different cellular structures may exhibit dissimilar ADCs and 
hence be distinctly identified on ADC maps. Cancer metastases in the regional lymph 
nodes may be associated with alterations in water diffusivity and microcirculation 
within the node. It is also likely that cell density may play an important role [Takahara 
et al., 2004]. 
The diffusion coefficient is significantly lower in tissues with a high cellularity, such 
as malignant lesions. These lesions can therefore be differentiated from cysts, benign 
lesions or normal tissue. Adding this technique to conventional MR images illustrating 
the anatomy could lead to an effective method of differentiating benign from 
malignant lymph nodes. A few studies have evaluated the diagnostic value of diffusion 
weighted imaging in the differentiation of benign and malignant tissue. An example 
of DWI in detecting a inguinal lymph node metastasis is presented in Figure 5A-F. 
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Many studies evaluated the accuracy of DWI in primary tumours [Guo et al., 2002, 
Naganawa et al., 2005, Woodhams et al., 2005]; one presents its results on lymph node 
imaging. Inflammatory nodes and metastatic nodes in the neck region were analysed 
and a significant difference was found between the ADC’s (0.41 ± 0.11 *10-3 mm2/s and 
0.30 ± 0.06 mm2/s respectively) [Sumi et al., 2003]. Also two articles involved a 3.0T 
MR scanner, but these data did not present a reference test such as histopathologic 
examination [Pickles et al., 2006, Chiu et al., 2005].
In conclusion, little is yet known on the diagnostic performance of DWI on lymph 
node imaging. A major advantage of DWI over USPIO is that there is no need of 
injecting a contrast agent and subjecting patients to more than one MRI scan. Further 
well-designed prospective studies comparing DWI with histopathology are warranted 
to investigate its role in gynaecologic oncology.

Figure 5 MR images of a 52-year old patient with vulvar cancer. Although the node measured less than 10 mm in 
short-axis diameter, at histopathological examination, a positive right groin node was revealed.
A T2-weighted image; B Fat-suppressed T2-weighted image; C DWI image on a 3T Philips MR scanner. b=0s/
mm2 (no gradient is applied); D b= 150s/mm2 (no gradient is applied); E b= 499s/mm2 (no gradient is applied); 
F b= 1000s/mm2 (no gradient is applied).
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Key issues

For all gynaecological malignancies, lymph node status is an important prognostic 
risk factor.
The gold standard for lymph node staging is systematic surgical dissection of the pelvic 
lymph nodes and pathological examination for cervical cancer. For endometrial cancer 
the para-aortal region may be included, and for ovarian cancer patients the para-
aortal region is included. For vulvar cancer, the inguinal lymph nodes are examined. 
This is an invasive procedure that can be accompanied by severe morbidity and 
postoperative complications.
Cross-sectional imaging modalities, such as CT and MRI have a high specificity in 
the detection of lymphatic metastases; however, their sensitivity is unacceptable in 
clinical practice for patients with cervical, ovarian and endometrial cancer. 
US can be of value in patients with vulvar cancer; most superficial lymph nodes can 
be visualized and reached by fine needle aspiration, although false-negatives do occur. 
The sentinel node concept in vulvar cancer could help to determine the lymph node 
status.
Because of the importance not to understage ovarian cancer, cross-sectional imaging 
could be performed when advanced disease (stage III-IV) is suspected but not 
detected with the initial (abdominal) US. CT and MRI seem to perform equally well; 
however, CT requires a relatively short examination time, is cheaper than MR imaging, 
and therefore is preferred over MRI.
PET scans evaluate the metabolism of lymph nodes. Renal excretion of the radioactive 
isotope fills the bladder and this interference difficulties pelvic lymph node evaluation, 
lowering its diagnostic accuracy. For para-aortal or clavicular lymph node evaluation, 
the performance of PET is more precise and can be used in clinical practice.
Further studies are needed to evaluate the usefulness of PET/CT for the accuracy of 
pelvic lymph node metastases detection, but also to evaluate the cost-effectiveness of 
MRI and PET/CT in gynaecologic oncologic patients.
A meta-analysis suggests an improvement in diagnostic performance of MRI by 
using ultrasmall superparamagnetic iron oxide particles. Its role of this technique in 
gynaecological malignancies needs to be further explored.
The diagnostic performance of diffusion weighted imaging is promising and more 
research is warranted in gynaecologic oncologic patients.
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Abstract

Background

Gadolinium-based contrast agents highlight tumour vascularity in organs. They are 
widely used for primary tumour visualisation. The existing evidence of its accuracy 
for lymph node staging has never been formally summarized. We investigated the 
diagnostic accuracy of Gadolinium-enhanced MRI for staging lymph node metastases 
by means of a systematic review and meta-analysis. 

Materials and Methods

We systematically searched the literature for studies that assessed the diagnostic 
accuracy of Gadolinium-enhanced MRI in the evaluation of lymphatic metastases 
compared to histopathological examination as reference test. Based on a priori 
defined clinical considerations, we studied three subgroups for studies using single 
or multiple malignancy criteria with or without contrast highlighting. Summaries of 
sensitivity and specificity were calculated using the bivariate regression model.

Results

The search yielded 43 full text papers. We performed quantitative pooled analyses on 
the 32 studies that provided data on patient-level diagnosis. The weighted estimates of 
sensitivity and specificity for all studies combined were 0.72 (95% CI 0.66-0.79) and 0.87 
(95% CI 0.82-0.91). Estimates of sensitivity and specificity were the same when a single 
criterion or multiple criteria were used without contrast highlighting. The sensitivity 
increased to 0.84 (95% CI 0.70-0.92) with a specificity of 0.82 (95% CI 0.72-0.89) for the 
subgroup incorporating contrast uptake in the multiple malignancy criteria.

Conclusion

The overall accuracy of Gadolinium-enhanced MRI for the detection of nodal 
metastases is moderate. Incorporating contrast highlighting in the malignancy criteria 
substantially improves the accuracy of this diagnostic considerably.
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Introduction

Lymphatic metastasis is an important prognostic factor in malignancies. Most tumours 
are classified by the TNM (Tumour Nodes Metastases) staging system and treatment 
and prognosis are adjusted when lymph node metastases are present. Lymph node 
staging by physical examination is not accurate in discriminating metastatic from 
benign lymph nodes. Even in superficial areas such as the cervical and inguinal regions, 
physical nodal evaluation cannot reliably detect metastases [Haberal et al., 2004, Singh 
et al., 2006]. The best method and current reference standard to stage lymph node 
metastases is histopathological examination, but this is an invasive surgical procedure 
in which complications and morbidity may occur. Non-invasive imaging tools, such 
as computed tomography (CT) and magnetic resonance imaging (MRI), have been 
proposed to enhance the diagnostic evaluation of lymph nodes. Conventional MRI 
and CT mainly evaluate the size of lymph nodes. Using node characteristics such as 
homogeneity, margins, and shape as diagnostic criteria were assumed to improve the 
discrimination between normal and metastatic lymph nodes, but with regular MRI 
no major increase in sensitivity was reached using these morphological characteristics 
[Kvistadt et al., 2000, Luciani et al., 2004, Oellinger et al., 2000].
Contrast-enhanced MRI has been proposed to improve diagnostic accuracy in nodal 
metastases detection. Ultrasmall superparamagnetic iron oxide particles (USPIO) is 
one of these contrast agents. A recent meta-analysis showed an overall sensitivity 
of 0.88 (95%CI 0.85-0.91) and specificity of 0.96 (95% CI 0.95-0.97) for USPIO-
enhanced MRI [Will et al., 2006]. However, this staging method also has a number of 
disadvantages, including the need for slow infusion of the contrast 24 hours prior to 
imaging to minimize hypersensitivity-related side effects [Anzai et al., 2003, Sharma et 
al., 1999]. Moreover, interpretation of the MR images is not a trivial task [Heesakkers et 
al., 2008]. Accordingly, the USPIO contrast agent is not yet registered at the European 
Medicines Agency nor approved by the US Food and Drug Administration.
It is thought that the lymph node prepares for metastatic cell implantation by 
rearranging lymphatic and vascular structures. Consequently, new blood vessels 
develop within and surrounding lymph nodes [Fidler et al., 2003]. The administration 
of an intravenous contrast agent could reveal these surrounding vessels and 
demonstrate more morphological characteristics of tumorous tissue [Lin et al., 2007, 
Degani et al., 2003, Nunes et al., 1997]. Gadolinium is such a contrast agent. Although 
Gadolinium should be used with care in patients with nephropathy, it is generally 
accepted as a safe contrast agent as compared to USPIO [Ersoy et al., 2007, Goyen 
et al., 2004]. As such, it has been used extensively to visualize various tumours with 
increased angiogenesis and blood flow [Peters et al., 2008]. 



Chapter 3

- 44 -

The number of studies that evaluated the accuracy of Gadolinium-enhanced MRI 
to detect nodal metastases as compared to histopathological examination has 
sharply increased in the last decade to over 30 [Kvistadt et al., 2000, Luciani et al., 2004]
However, a systematic review of all these studies has not yet been undertaken. Our 
purpose was to quantitatively summarize all existing evidence on the diagnostic 
accuracy of MRI with intravenously administered Gadolinium to detect metastatic 
lymph nodes, in any cancer, by means of a diagnostic meta-analysis.

Materials and Methods

Search strategy

We performed a comprehensive literature search of English and German language 
studies to identify articles examining the diagnostic accuracy of Gadolinium-enhanced 
MRI (index test) in evaluation of lymph nodes with histopathology as reference 
standard in cancer. We searched the MEDLINE, Cochrane, CANCERLIT, and EMBASE 
databases from January 1st 1988 to January 1st 2008 for the following items: “lymph 
nodes” OR “lymphatic metastasis” as medical subject headings (MeSH) or “lymph 
node” or “lymph nodes” as text words and “gado* OR gd” as text words. We explicitly 
included no terms related to the type of cancer, as our aim was to analyse the accuracy 
of Gadolinium to detect lymphatic metastases regardless of the location or type of the 
primary tumour. We identified additional references by cross-checking bibliographies 
of retrieved full text papers. 

Selection and data extraction

We included studies when the following inclusion criteria were met: 1) minimal sample 
size of 10 patients with histologically proven primary carcinoma; 2) Gadolinium- 
enhanced MRI compared with histopathology of lymph nodes, either obtained by 
surgery, autopsy, or biopsy as reference standard; 3) sufficient data to (re)construct a 
2x2 contingency table such that cells could be labelled as true positive, false positive, 
true negative, false negative (TP, FP, TN, FN). Studies including healthy volunteers 
only or patients with non-lymphatic metastases, and studies with overlap to already 
selected studies were not included in our review. 
Selection was done in two consecutive phases: title and abstract assessment (one 
reviewer, WK) and full paper assessment (two independent reviewers, WK and WV). 
If an article was included, the two reviewers independently extracted relevant data 
from the selected papers using a standard score form which included the QUADAS 
(QUality Assessment of Diagnostic Accuracy Studies) criteria [Whiting et al., 2003]. 
Discrepancies between the two reviewers were solved by consensus; if needed a third 
and fourth reviewer (P.P. or K.M.) resolved the discrepancies.
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For meta-analysis of diagnostic accuracy data, the two reviewers extracted the TP, 
FP, TN, and FN from each study. When diagnostic data were only available on lymph 
node region, site, or tumour level diagnosis, we requested patient level data from the 
authors of the study. 
Additional to the QUADAS criteria and 2-by-2 table contents, the following 
information was recorded: overall study characteristics such as author, institution, 
language and date of publication, patient characteristics such as mean age, primary 
tumour, stage of disease, and gender ratio and MRI characteristics such as magnetic 
field strength, type and dosage of the Gadolinium contrast agent and administration 
route, number of observers and whether they were blinded to each others results, 
type and number of malignancy criteria and whether the malignancy criteria were set 
before or after analysis. Subsequently, we clustered these malignancy criteria in three 
subgroups: studies presenting a single malignancy criterion (mostly size only), studies 
with multiple malignancy criteria (but without Gadolinium-enhancement included in 
the malignancy criteria), and studies evaluating lymph node metastases by multiple 
malignancy criteria including Gadolinium-enhancement. We also documented 
reference standard characteristics such as method of lymph node harvesting, staining, 
and sectioning of the histology material. 
When raw data were presented in 3x3 or 4x4 tables, e.g. when the lymph node 
stage was defined as N0 (no metastases), N1 (metastasis in one lymph node), N2 
(metastases in two lymph nodes), and N3 (more metastases in distant lymphatic 
draining region), we reconstructed 2x2 tables by considering N1 and higher stages as 
‘metastasis positive lymph nodes’ and N0 as ‘metastases negative lymph nodes’, as was 
common in most other individual studies. A number of papers presented raw data for 
several malignancy criteria. We consistently used the data with the highest sensitivity 
and performed a posteriori sensitivity analysis with regard to alternative choices. 

Data preparation and statistical analysis

We used forest plots to assess the precision by which sensitivity and specificity had 
been measured in each study and to get an indication of heterogeneity across the 
studies. We then used the bivariate random effect approach to obtain a weighted 
overall estimates of sensitivity and specificity of the Gadolinium-enhanced MR [Chu 
et al., 2006, Reitsma et al., 2005]. This method assumes a bivariate distribution for the 
logit-transformed pairs of sensitivity and specificity. Overall sensitivity and specificity 
and their 95% confidence intervals (CI’s) were calculated based on the binominal 
distribution of the true positives and true negatives. Besides accounting for study 
size, the bivariate model adjusts for the negative correlation between sensitivity and 
specificity of the index test, which is due to possible differences across the studies in 
the used MR threshold for test positivity. An advantage of the bivariate model is that 
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bivariate nature of the original data can be maintained throughout the analysis, and 
that it produces summary estimates of sensitivity and specificity.
The bivariate model uses a random effect approach for both sensitivity and specificity, 
also allowing for heterogeneity beyond chance due to clinical and methodological 
differences between studies. To formally quantify the extent of between-study variation 
(heterogeneity) we calculated the Q and I2 statistics [Higgins et al., 2002]. I2 describes 
the proportion of total variation in study estimates that is due to heterogeneity, which 
ideally would be 0% resulting essentially in a fixed effect analysis. We anticipated 
substantial clinical heterogeneity and subsequent statistical between-study variation 
in reported pairs of sensitivity and specificity, particularly due to differences in defining 
malignancy on the MR image. Hence, we estimated the overall accuracy of the index 
test across three a priori defined subgroups based on the number and type of criteria 
used to determine the lymph nodes shown on the MRI as malignant: studies using 
a single criterion (size), studies using multiple criteria without contrast highlighting, 
and studies using multiple criteria with contrast highlighting. These subgroups are 
important for clinicians to determine whether or not to take contrast-enhancement 
into account as malignancy criterion.
In addition to this primary subgroup analyses, we also investigated the effect of 
potential sources of heterogeneity on the diagnostic accuracy of Gadolinium-
enhanced MRI by including covariates in the bivariate model. As the number of 
studies was too small to perform such analyses without sufficient protection for 
type I errors, we restricted ourselves to do this one-by-one and present the results of 
this analysis as exploratory and hypothesis-forming. The covariates included lymph 
node region (upper abdomen, regional rectum, pelvis, pelvis and paraaortic, axilla, or 
other); prevalence of lymphatic metastases (>50%, 25-50%, <25%); language (German 
or English); complete versus incomplete outcome verification (the latter referring to 
possible verification or work-up bias); and whether observers of the index test were 
blinded for the results of the reference test and vice versa.
Meta-analytical results may be compromised by publication bias if the retrieved 
studies have results that are not representative of the full range of evidence that has 
been produced. We assessed publication bias by means of a regression test of the 
natural logarithm of the diagnostic odds ratio (lnDOR) on the inverse of the effective 
sample size [Deeks et al., 2005]. The regression test will be significant if small study 
effects cause asymmetry. We present the results as exploratory, since the approach 
is known to be unreliable in data sets with substantial between-study variation and 
when thresholds favour sensitivity over specificity or vice versa [Deeks et al., 2005, 
Sterne et al., 2000].
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STATA 10.0 [StataCorp 2007, Stata statistical software: release 10. College station, TX, 
USA: StataCorp LP], notably the midas [Dwamena et al., 2007] and metandi [Harbord 
et al., 2008] commands, MetaDisc [Zamora et al., 2006], and MIX [Bax et al., 2006] 
were used for statistical analyses.

Results 

Literature search and selection

The literature search revealed 1089 titles. We excluded 926 titles for they investigated 
infectious disease, non-malignant disease, cancers in non-human subjects or described 
technical aspects. Eighty-one papers were selected for full text reading. Thirty-one 
additional papers were found after reference list cross-checking, 15 of which were 
included in the analyses. The final number of included studies was 43 (Figure 1).

Data extraction and quality assessment

Of the 43 included studies, 32 described data on patient level diagnosis (Figure 1 
and Table 1) [Kvistadt et al., 2000, Luciani et al., 2004, Oellinger et al., 2000, Bley et 
al., 2005, Drew et al., 1999, Gaa et al., 1999, Hasegawa et al., 2003, Heuck et al., 1997, 
Kang et al., 2000, Kaza et al., 2006, Krupski et al., 2002, Low et al., 2003, Wallengren 
et al., 1996, Einspieler et al., 1991, Hawighorst et al., 1998, Hallsteidt et al., 1998, Kim 
et al., 2000, Sheu et al., 2001, Vorreuther et al., 1991, Manfredi et al., 2004, Murray et 
al., 2002, Okizuka et al., 1996, Rockall et al., 2007, Barentsz et al., 1996, Ramsay et al., 
2004, Hunerbein et al., 2000, Matsuoka et al., 2003, Tempany et al., 2000, Thurnher et 

Figure 1 Flowchart of systematic literature search.

 1089 Titles  

163 Abstracts  

81 Full text paper s        31 Extra full  text  papers  identified  by cross -reference  checking  

          46  Other aim ; i.e. infectious disease, non -malig nant disease  
 82 Abstracts excluded:     22  Preclinical studies ; i.e. animal studies, tec hnical  studies  

          13  Less than 10 patients    

            1  Non -original data; i.e narrative reviews,  letters  

          53   No 2 -by-2 table reconstructable,  no reference  test  performed,  
                                 or both not present  
           6   Les s than  10 patients  
68 Full texts excluded:       5    Multiple  or no contrast  agent  used  

           2   Other aim; i.e . infectious  disease,  non-malignant disea se 
           1   Intervention  between index  and reference test  
           1   Chinese lang uage 

           1   Double inclusion  

43 Includ ed full  text  papers  

32 Studies on patient  leve l  11 Studies on ot her than patient  level  (e.g.  lymph  node,  region, left and right side, or  tumour leve l) 

     481  Preclinica l studies; i.e . animal  studies,  technical  studies  
926 Titles excluded:      351  Other aim; i.e. infectious disease, non -malignant disease  
         94  Non -original data;  i.e.  narrative revi ews,  letters   
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al., 1991, Matsuoka et al., 2004, Medl et al., 1995, Mumtaz et al., 1997]. Eleven studies 
were not included in the meta-analysis (Appendix Table 1) as data were presented on 
a lower level diagnosis (lymph node, region, side or tumour) [Krestin et al., 1992, Choi 
et al., 2004, van den Brekel et al., 1991, Kim et al., 1994, Wide et al., 1999, Steinkamp 
et al., 1992, Yang et al., 2000, Kato et al., 1998, Takashima et al., 1998, Wang et al., 
1999, Crisci et al., 1997]. These studies could therefore not be compared to studies 
presenting data on patient level diagnosis. The total number of patients included in 
the 32 studies was 1402 (range 10 – 217), with mean age of 58.3 years. Eight studies 
described patients with (colo)rectal cancer, five studies presented cervical cancer 
patients, and four studies included breast cancer patients. A few studies described 
lymph node staging using Gadolinium contrast agent concerning lung, head and neck, 
esophagus, pancreatic, renal cell, urinary bladder, gall bladder, endometrial, ovarian, 
and gastric cancer patients.
The quality characteristics of the 32 studies assessed by the QUADAS items are shown 
in Figure 2 (with details in Appendix Table 2). Three out of 13 items (5, 12, 13) could 
be scored in all included papers. Differential verification bias was present in 35% of the 
studies. Also, blinding to index and reference test results was poorly reported (90% 
and 38% respectively), as was the presence of uninterpretable test results (81%).

Figure 2 Proportion of 13 relevant QUADAS criteria that could be scored as positive or negative (%).
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Study characteristic
Number of 
studies

Sensitivity (95%CI) Specificity (95%CI)

Malignancy criterion*

Single criterion
Multiple criteria without contrast  
enhancement
Multiple criteria with contrast 
enhancement

11
6

9

0.71 (0.61 – 0.79) 
0.70 (0.58 – 0.79)

0.84 (0.70 – 0.92)

0.88 (0.80 – 0.93)
0.86 (0.68 – 0.94)

0.82 (0.72 – 0.89)

Partial verification
no
yes/partly/not specified

15
17

0.75 (0.68-0.81)
0.68 (0.58-0.77)

0.83 (0.73-0.90)
0.89 (0.84-0.92)

Differential verification
no
yes/partly/not specified

26
6

0.75 (0.67 -0.81)
0.62 (0.47-0.75)

0.87 (0.81-0.92)
0.84 (0.78-0.88)

Blinding: index to reference test
yes
no
not specified

20
0
12

0.74 (0.64-0.82)

0.69 (0.59-0.78)

0.87 (0.81-0.91)

0.87 (0.76-0.94)

Blinding: reference to index test
yes
no
not specified

<4 studies
<4 studies
26

0.76 (0.69-0.82) 0.86 (0.80-0.91)

Lymph node regions† 
upper abdomen
pelvic and paraaortic
pelvic  
axilla
regional rectum

7
5
5
4
8

0.71 (0.55-0.83)
0.43 (0.30-0.57)
0.79 (0.67-0.88)
0.90 (0.62-0.98)
0.71 (0.59-0.81)

0.89 (0.81-0.94)
0.92 (0.82-0.96)
0.90 (0.83-0.95)
0.75 (0.61-0.85)
0.87 (0.68-0.95)

Language
German
English

6
26

0.83 (0.70-0.91)
0.69 (0.61-0.76)

0.92 (0.85-0.96)
0.85 (0.79-090)

Prevalence 
> 50%
>25-50%
≤25%

5
20
7

0.79 (0.68-0.87)
0.72 (0.64-0.79)
0.70 (0.37-0.90)

0.80 (0.69-0.87)
0.87 (0.80-0.91)
0.93 (0.79-0.98)

Table 2 Average sensitivity and specificity across the a priori defined subgroups. 

* Five studies did not specify their malignancy criterion.
† Studies including lymph nodes located in the head and neck region or in the mediastinum were not taken into 
 account in this subgroups analysis because no bivariate analysis could be performed with less than four studies
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Meta-analysis

The overall sensitivity of all 32 studies estimated from the bivariate model was 0.72 
(95% CI 0.66 – 0.79) and specificity was 0.87 (95% CI 0.82 – 0.91). There was substantial 
heterogeneity; I2 = 62.4 and 84.2, for sensitivity and specificity respectively (Figure 3).
The subgroup of 11 studies that used a single criterion for metastasis (Table 2) showed 
a lower sensitivity of 0.71 (I2=8.4) and specificity of 0.88 (I2=50.3). The area under the 
summary ROC curve (Figure 4) was 0.84 (95% CI 0.80 – 0.87). When using multiple 
criteria with contrast-enhancement (Table 2), the sensitivity was 0.84 (I2=49.5), 
specificity 0.82 (I2=67.2) and summary ROC area (Figure 4) 0.90 (95% CI 0.87 – 0.92). 
For the other covariates, paraaortic lymph node evaluation seemed most difficult: 
sensitivity dropped to 0.43 (95% CI 0.30 – 0.58). The sensitivity of Gadolinium-
enhanced MRI increased with increasing prevalence of disease, while the specificity 
declined. Generally sensitivity tended to be higher when no differential or partial 
verification was present. German language studies also allowed better diagnostic 
accuracy estimates (Table 2). The regression test for publication bias was just 
significant (p=0.04); publication bias cannot be ruled out (Figure 5). 
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Figure 3 Forest plots presenting sensitivity and specificity according to type of malignancy criterion. 
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Figure 4 Summary ROC graphs from the bivariate analysis with 95% confi dence region for 9 studies including 
contrast enhancement in their malignancy criteria and 11 studies using a single malignancy criterion. 
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Figure 5 Th e scatter plot shows diagnostic odds ratio on the y-axis and the reciprocal of eff ective sample size (ESS) 
x-axis. Black dots represent studies that included contrast enhancement in their malignancy criteria. Th e black 
square shows the mean lnDOR with a 95%CI dotted black line. Th e grey graph shows the results for studies using a 
single malignancy criterion. Sensitivity is set on the y axis, specifi city on the x-axis.  
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Discussion  

In this systematic review we investigated the diagnostic accuracy of Gadolinium-
enhanced MRI for the detection of lymph node metastases. Histpathological 
examination of the lymph nodes was used as reference test. We included 43 studies 
and quantified the pooled sensitivities and specificities of the 32 studies that provided 
data suitable for the analysis. We found an overall pooled sensitivity of 0.72 with 
specificity of 0.87. However, substantial between-study heterogeneity was present, 
in particular the variation in type and number of malignancy criteria used to stage 
the lymph nodes. We anticipated this and a priori defined three subgroups, i.e. 
studies using a single malignancy criterion, studies using multiple malignancy criteria 
(without including contrast-enhancement) and studies using multiple malignancy 
criteria including contrast-enhancement as malignancy criterion. In this last subgroup, 
sensitivity in staging lymph node metastasis increased to 0.84 while specificity was still 
0.82. 
A previous meta-analysis showed that USPIO particles as a lymphotropic intravenous 
contrast agent to stage lymphatic metastases increased the diagnostic performance 
of MRI [Will et al., 2006]. Still, USPIO administration has some clinical and logistical 
disadvantages [Anzai et al., 2003, Sharma et al., 1999, Heesakkers et al., 2008]. Another 
approach for lymph node imaging is Positron Emission Tomography (PET). PET 
evaluates tissue functionality. Its major limitation is its low spatial resolution. With 
newly developed PET/CT the resolution is increased to approximately 5mm. However 
small metastases may still be missed [Kyzas et al., 2008]. Gadolinium-enhanced MRI 
does not have the limitations of both modalities. Imaging can be performed directly 
after administration, it is approved by the EMEA and FDA, and is also commonly 
used for primary tumour visualisation providing no need for extra administration of 
contrast agents with potential adverse effects. Further research should investigate the 
added value of Gadolinium-enhanced MRI to inexpensive and non-invasive diagnostic 
approaches and see if combined testing might further incrWe found considerable 
non-reporting of diagnostic study quality items, particularly items on the blinding of 
observers of the reference test to the index test and vice versa, on the availability of 
clinical data as would be available in clinical practice when using the index test, on the 
time period between index and reference test, and on whether patients received the 
same reference test regardless of the index test result (QUADAS item 10, 11, 12, 4, and 
6, respectively). This limits the information provided by our quality assessment and 
made us refrain from formal analyses based on the quality assessment items. 
For practical reasons, we chose to only include studies written in German and English 
language. The potential influence of (language-related) publication bias is an issue that 
warrants attention in any meta-analysis. It is not unthinkable that some studies have 
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been suppressed in the dissemination process of evidence and we may have missed 
studies in other languages. The regression test for publication bias (or rather small 
study effects) on the diagnostic odds ratio is indeed significant, but this test is sensitive 
to selective threshold effects that are likely to play a role in data sets like ours [Deeks 
et al., 2005]. Also, there are numerous contrast agents, doses and administration 
routes of contrast agents. We could not perform separate subgroup analysis since the 
majority of included studies (about 80%) used Gd-DTPA as contrast agent in a dosage 
of 0.1 mmol/kg intravenously. 
In conclusion, we have shown that when Gadolinium contrast agent is used for 
primary tumour visualization, contrast highlighting of lymph nodes should be 
included as malignancy criterion. We further advocate the use of uniform malignancy 
criteria including contrast enhancement, for standardization of future evaluations. 
Gadolinium-enhancement by itself it does not have the diagnostic accuracy to 
replace histopathological examination of lymph nodes; however it can help point to 
suspected lymph nodes surgically to be collected for histopathological examination.
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Abstract: 

Background

To investigate whether diffusion weighted imaging (DWI) in addition to conventional 
MRI increases the detection of pelvic lymph nodes.

Materials and Methods 

Nineteen consecutive patients with cervical cancer had a presurgical conventional MR 
sequence followed by a DWI sequence on a 3.0T MR scanner. All patients subsequently 
had a pelvic lymph node dissection and histopathological examination of the 
lymph nodes. Two radiologists independently evaluated the images, and registered 
number, size and localisation of the lymph nodes. Results between nodes detected by 
conventional MR and nodes detected by DWI added to MR were compared.

Results

DWI added to conventional MR resulted in the additional detection of 21 (149 instead 
of 128) and 28 lymph nodes (195 instead of 167) in all patients combined for observer 
1 and 2 respectively. These lymph nodes were on average significant smaller than 
those detected by conventional MR (p<0.05). Although the detection of lymph nodes 
increased with DWI, still over 60% was missed compared to the number removed by 
surgery.

Conclusion

DWI increased the number of detected pelvic lymph nodes. Its clinical value has to be 
established with the detection of tumour positive nodes.  
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Introduction

Malignancies of gynaecological origin are the fourth most common cause of 
malignancy in women in Western countries [American Cancer Society 2008]. Lymph 
node involvement is an important prognostic factor. Metastases in lymph nodes 
indicate poor survival and a marked decrease in the 5-year survival rate [Tsai et al., 1999, 
Quinn et al., 2006]. So, for treatment planning, assessment of lymph node involvement 
is of utmost importance. The lymph node status of cervical cancer is assessed during 
surgery when the primary tumour is removed and a pelvic lymph node dissection 
(PNLD) is performed. A PLND includes the systematic removal of the bilateral lymph 
node bearing connective tissue along the common iliac artery, external iliac artery, 
internal iliac artery, and the obturator fossa. This procedure is invasive and may cause 
patient morbidity. In addition it increases duration of surgery and thus costs, whereas 
at least 80% of stage IB1 cervical cancer patients have metastasis negative lymph 
nodes [Quinn et al., 2006]. Therefore, a non-invasive imaging technique is warranted. 
Conventional MRI showed the highest lymphatic metastases detection rate when 
compared to CT scan [Bipat et al., 2003]. However its sensitivity of detecting metastatic 
lymph nodes still is only 60% (95% confidence interval (CI) 52-68%) [Bipat et al., 2003]. 
The number of pelvic lymph nodes detected by radiological modalities is substantially 
lower than the number removed by surgeons (approximately 10 MRI detected pelvic 
nodes vs. 20 surgically removed pelvic nodes) [Pieterse et al., 2007, Piura et al., 2006, 
Yang et al., 2000]. We hypothesize that sensitivity of imaging tests may increase if 
tests are able to localise more (potentially malignant) lymph nodes. A promising new 
method is diffusion weighted imaging (DWI). Heavily diffusion weighted imaging with 
fat suppression results in high contrast-to-noise ratios by which lymph nodes are 
highlighted [Nakai et al., 2008]. Subsequently these nodes can be further evaluated on 
the high resolution conventional MR sequences. 
We set out to assess the capacity of DWI added to conventional MRI to detect more 
pelvic lymph nodes than conventional MRI solely in a prospectively assembled study 
population consisting of patients with low stage cervical cancer. All patients appeared 
to be free of lymphatic metastasis at histopathologic examination of all surgically 
removed nodes. Size and localisation of these additionally detected lymph nodes is 
studied. 

Materials and Methods

Patients

Eligible patients were consecutive non-pregnant women with histopathological 
confirmed cervical carcinoma FIGO (international federation of gynecology and 
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obstetrics) stage IA2 to IIA and over 18 years of age. They were planned to undergo 
a radical hysterectomy to remove the primary tumour combined with a pelvic 
lymph node dissection. Exclusion criteria were contra-indications for MRI, i.e. cardiac 
pacemaker, claustrophobia or surgical clips in the brain. Before surgery, all participants 
underwent a conventional MRI scan followed by a DWI sequence. The local ethics 
research committee approved the study and informed consent was obtained from all 
patients after the nature of the study had been fully explained.

Conventional MR Imaging

All patients were scanned with a 3.0T Philips MR scanner and a phased-array sensitivity 
encoding (SENSE) torso or cardiac coil was used (Achieva, Philips Medical Systems, 
Best, the Netherlands). The field of view was set from the symphysis pubis to the 
common iliac arteries. An axial T1 Fast Field Echo (FFE bandwidth 1264.2 Hz) (echo 
time (TE) 2.3ms, repetition time (TR) 394ms flip angle 75º), an axial T2 Turbo Spin 
Echo (TSE) (TE 80ms, TR 3429ms), an axial and sagittal spectrally adiabatic inversion 
recovery (SPAIR) fat-suppressed T2 (both TE 80ms, TR 2881ms, inversion delay 110ms) 
weighted images were obtained. The TSE sequences had TSE factor 20 with bandwidth 
141 Hz. All sequences had a matrix size of 512x512, FOV 360 by 360 mm and the slice 
thickness was 4 mm with a 0 mm slice gap. This slice thickness and gap were chosen to 
compare DWI and conventional MRI slice by slice. 

Diffusion Weighted Imaging

The DWI sequence was designed with a spin echo sequence using single shot EPI 
(echo planar imaging), factor 41. The TE and TR were 54ms and 5000ms respectively, 
fat-suppression was obtained by a SPAIR pulse with an inversion delay of 70ms; and 
volume shimming was performed. The slice thickness and gap were 4 and 0 mm; the 
matrix was 256x256. Four b-values were used; 0, 150, 499 and 1000 s/mm2. Due to 
claustrophobia the DWI scan could not be made in one patient. The study included 
therefore the result in 19 patients. 

Image analysis

All images were classified by two experienced reviewers with more than 10 years 
experience of MR abdominal imaging. Two consensus meetings were organised, to 
obtain standardised test evaluations. In these meetings, the radiologists and the 
study coordinator discussed cervical cancer patients who were not included in the 
study population. The observers had knowledge of the clinical characteristics of the 
patients and the stage of disease based on FIGO’s clinical staging system. To assess the 
presence of lymph nodes, we considered high signal intensity (SI) maintaining from 
the faint to the heavily diffusion weighted (b=1000 s/mm2) images as a lymph node, if 
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in concordance with the anatomical location on the conventional MR sequences. All 
analyses were done on a PACS workstation. 
During the review process the conventional MR scans were evaluated first, subsequently 
the DWI was added to the evaluation. All lymph nodes with a short axis diameter 
measuring more than 3 mm were included in the measurements; we thought lymph 
nodes smaller than 3mm cannot be accurately evaluated as a lymph node on the 
conventional and DWI MRI scans. Therefore we used the cut-off point of 3mm in short 
axis diameter to include lymph nodes in the analysis. The axial sequence and slice at 
which the node was measured, the size (diameter of the long and short axis), and 
the region (left and right external iliac, obturator fossa, common iliac) were recorded. 
The external iliac region was defined as located medial and cranial to the external 
iliac vein, while the obturator region covered the caudal area of the external iliac vein 
until the internal iliac vessels. The common iliac region included lymph nodes from 
the bifurcation of the internal and external iliac arteries until the bifurcation of both 
common iliac arteries. These regions are similar to the surgical margins of the removed 
lymph node bearing tissue. After scan evaluation, the radiologists subjectively scored 
the scan quality of both conventional MRI and DWI on a visual analogue scale ranging 
from 0 to 10.

Surgical procedure

Surgical procedures were performed by three certified gynaecological oncologists. 
According to usual care a Wertheim-Meigs radical hysterectomy was done to remove 
the primary tumour combined with bilateral PLND. The surgeons were not aware of 
the number and localisation of the pelvic lymph nodes detected by imaging. All lymph 
nodes were collected from the six anatomical regions, i.e. the left and right obturator 
fossa including also the internal iliac and hypogastric lymph nodes, the external iliac 
and common iliac region. Specific for this study all lymph nodes were collected in 
marked cups referring to the anatomical location where the tissue was removed. 

Histopathology

Lymph nodes were cut in parallel slices of 2 mm thickness after they were routinely 
processed and embedded in paraffin. The sections were stained with Haematoxylin 
and Eosin and examined by a pathologist with 20 years of experience in gynaecological 
oncology. The pathologist was blinded to the radiological findings. The pathologist 
summarized the number of lymph nodes per anatomical site. For time efficacy 
reasons, the pathologist did not measure long and short axis diameters of all pelvic 
lymph nodes. 
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Statistical analysis

The numbers of lymph nodes detected by all conventional MRI sequences were 
compared to those detected by all conventional MRI sequences combined with DWI. 
Numbers were also compared to the pathological results per anatomical region and 
size. Frequency statistics were used for descriptive analysis. The difference in median 
axis diameter of lymph nodes detected by conventional MRI vs. DWI was tested using 
Mann-Whitney test. Differences in number of nodes detected affected by diagnostic 
history (cone excision, large loop excision of the transformation zone, or cervical 
tissue biopsy), FIGO stage (≤Ib1 or >Ib1), or age (<50 years or ≥50 years) were tested 
by ANOVA and Mann-Whitney statistics. A p-value of less than 0.05 was considered 
statistically significant. Data were entered using the Statistical Package for the Social 
Sciences version 15.0 (SPSS Inc, Chicago, IL).

Results 

Table 1 shows characteristics of the study population. Women were on average 48 years 
old (range 33-75). The majority of patients had squamous cell carcinoma of the cervix 
(68%), followed by adenocarcinoma (26%) and adenosquamous carcinoma (5%). 
Eleven patients presented with symptoms (58% had postcoital bleeding or abnormal 
uterine bleeding), and 8 cervical cancer patients were detected by the Papanicoulaou 
cervix cytology screening program. Thirty-seven percent of the patients were current 
smokers. The average duration between MR imaging and surgery was 16 days (1-36).
Observer 1 detected 128 lymph nodes by conventional MRI while DWI added another 
21 pelvic lymph nodes. For observer 2 these numbers were 167 and 28 respectively. 
Observer 2 detected more lymph nodes than observer 1 (p=0.005) (Table 2). An 
example is presented in Figure 1. The addition of DWI to conventional MRI resulted 
in an approximate 17% higher node detection rate for both observers. However, per 
patient large ranges in the number of lymph nodes detected by DWI and MRI were 
observed for both observers (range 2 – 31 and 4 – 37 for observer 1 and 2 respectively).
Surgery and pathological examination revealed 541 lymph nodes in total. Also for 
histopathologically examined nodes the variation in number per patient was large: 9 
– 59 (Table 2). The mean number of lymph nodes detected by DWI and conventional 
MRI by the two observers was 172 in 19 patients; this was only 31.8% of the lymph 
nodes found at pathological examination. All patients showed to have metastases 
negative lymph nodes at histopathological examination of the surgically removed 
tissue.
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   (Mean, range) Number (%)

Age    47.6 (32.8 – 75.4) 

Carcinoma: 

adeno

adenosquamous

squamous 

5    (26%)

1    (5%)

13  (68%)

Tumour stage:

1A2

1B1

1B2

2A

1    (5%)

15  (79%)

1    (5%) 

2    (11%)

Symptoms – signs

none, screening

postcoital bleeding

abnormal vaginal bleeding

8    (42%)

9    (47%)

2    (11%)

Deliveries: 

0

1

2

>2

1.6 (0-7)

8    (42%)

0    (0%)

8    (42%)

3    (16%)

Smoker

yes

no

7    (37%)

12  (63%)

Days between scan and surgery 16 (1 – 36)

Table 1 Baseline characteristics of 19 patients with cervical cancer. 
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Size

Lymph nodes detected by DWI added to conventional MRI were on average smaller 
than lymph nodes detected by conventional MRI. The diameter of the median long axis 
of lymph nodes detected by conventional MRI and DWI was 8.5 mm (range 3.6 – 17.5) 
and 4.5 mm (range 3.2 – 15.5) (p<0.001) for observer 1. For observer 2, these number 
were 7.0 (range 3.0 – 17.9) mm and 5.8 mm (range 3.6 – 13.7) (p=0.019) respectively. 
The median short axis diameter was also smaller: for observer 1 the median short 
axis size for conventional MRI detected nodes was 5.5 mm (range 2.7 – 12.8) and for 
nodes detected by DWI 4.1 mm (range 2.6 – 9.0), p<0.001. For observer 2: the short 
axis diameter of conventional MR vs. DWI detected nodes was 4.2 mm (range 2.7 – 
8.6) vs. 4.0 mm (range 3.2 – 8.3) (p=0.20). Figure 2 and 3 show the number of nodes 
within a category of long and short axis diameter for both conventional MRI and DWI. 
Additional lymph nodes found by DWI had a long axis diameter measuring less than 8 
mm and a short axis diameter measuring less than 6 mm.

Categorized long axis diameter (mm)
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Figure 2 Number of lymph nodes according to the 
size of the long axis diameter, for conventional MRI 
and DWI added to MRI 
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and DWI and MRI combined detection of lymph nodes.

Figure 3 Number of lymph nodes according to the 
size of the short axis diameter, for conventional MRI 
and DWI added to MRI

Localisation 

The localisation of the DWI detected nodes differed for both observers: DWI 
contributed to the detection of 23% more obturator nodes for observer 1, for observer 
2 the increase was predominantly found in the common iliac region (21%) (Table 2). 
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Overall, radiologists detected 31.8% of the pelvic lymph nodes removed by a PLND. 
The difference between radiologically and surgically detected nodes was smallest in 
the common iliac lymphatic region. Observer 1 detected 60% of all histopathologically 
detected nodes and observer 2 81%. Nodes in the external iliac region were most 
frequently missed by the radiologists: observer 1 missed 86% and observer 2 77% 
(Table 2). The radiologists detected two to three lymph nodes on average for each 
patient in the external iliac region, left and right combined. Again two to three lymph 
nodes were detected in the common iliac region, and approximately four lymph nodes 
were on average detected in the obturator region. Histopathological examination 
revealed 12 nodes in the external iliac and obturator region and 4 lymph nodes in the 
common iliac region (Table 2). However, for MR, DWI and histology wide ranges in 
numbers per patient are observed.

The total number of lymph nodes detected (both MRI and DWI) by both observers 
and by histopathological examination was not affected by medical history (conisation 
treatment, large loop excision of transformation zone or biopsy, p=0.18 and 0.36 for 
the two observers), clinical stage of the tumour (≤stage Ib1 of >Ib1, p=0.26 and p=0.15 
resp.) or patient age (<50 years or ≥50 years, p=0.82 and p=0.46 resp.). Also, subjective 
quality scores of conventional MR and DW imaging given by both radiologists did not 
influence the number of nodes detected. These results have to be interpreted with 
caution because of low numbers. 

Discussion   

We observed that the addition of DWI to conventional MRI resulted in a 17% higher 
detection of normal pelvic lymph nodes in cervical cancer patients. The nodes detected 
by DWI added to conventional MRI were smaller than those detected by conventional 
MRI. Variation in the number of detected lymph nodes was large, both between two 
observers and between patients. Although DWI resulted in a higher detection rate, 
still 68% of surgically removed pelvic lymph nodes were not detected by MR imaging.
The number of surgical removed pelvic lymph nodes reported in literature varies 
largely. In 1901 already three anatomical lymph node regions were recognized by 
Cunéo and Marcille: the common iliac containing two lateral, two posterior and two 
presacral lymph nodes; the external iliac region including nine to ten lymph nodes; 
and the internal iliac region, which counts four lymph nodes [Cunéo et al., 1901]. 
Multiple other nomenclatures were introduced to localize pelvic lymph nodes which 
make comparison between studies difficult. However, most authors describe 4-6 
common iliac nodes, 8-10 external iliac nodes, and 4-8 internal iliac lymph nodes [Gray 
et al., 2008]. A detailed study by Panici et al. evaluated 284 consecutive patients with 
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a gynaecological malignancy who had undergone a PLND. The following numbers of 
lymph nodes (median and range) were found in different pelvic regions: common iliac 
7 (5-10), external iliac 10 (6-12), internal iliac 7 (4-9), obturator fossa 15 (10-25), and 
in the presacral region 3 (2-5) [Panici et al., 1992]. The variation in surgically removed 
pelvic lymph nodes is large: between 2 and 107 per patient were reported [Pieterse 
et al., 2007, Piura et al., 2006, Benedetti-Panici et al., 1996, Park et al., 2005], but most 
studies report medians between 19 and 24 pelvic nodes. Some argue that at least 
20 lymph nodes should be yielded for a bilateral PLND to obtain a valid diagnosis in 
cervical cancer [Nijman et al., 2004]. For endometrial cancer it was estimated that 
removal of 20-25 lymph nodes is necessary to diagnosis metastasis while removal of 
more than 25 lymph nodes does not improve detection [Chan et al., 2007]. In our 
study, 70% of the patients had 20 or more pelvic lymph nodes removed by PLND.
Concerning pelvic lymph node detection by MRI, Yang et al. reported 380 nodes in 43 
cervical cancer patients (8.8 nodes per patient) detected by conventional MRI, while 
pathological examination of surgically removed nodes in the same patients yielded 
22.1 nodes per patient [Yang et al., 2000]. Choi et al. observed fewer pelvic lymph 
nodes with MRI in cervical cancer: 3.9 [Choi et al., 2006]. In one study the addition of 
gadolinium-enhanced MRI did not yield more lymph nodes: Rockall et al. found 7.6 
lymph nodes per patient [Rockall et al., 2007]. 
We show that the addition of DWI to conventional MRI was able to add on average 
one lymph node per patient. The detection rate was comparable to the findings by 
Rockall et al., but without the need of intravenous contrast agent injection (7-8 pelvic 
lymph nodes per patient). In this study, we were not able to study whether DWI is able 
to differentiate benign from malignant nodes because only metastases negative nodes 
were found at histopathological examination. There is a difference in the location 
where radiologists see lymph nodes and where surgeons remove most lymph nodes. 
This could be due to difficulties in exactly localise lymph nodes both by surgeons and 
radiologists. In our study we used an experienced reviewer with knowledge of surgical 
margins who was present during the radiological evaluation of the scans. The size of 
lymph nodes likely is also of influence. Nodes in the external and obturator region on 
average are smaller and therefore easier to be missed by the radiologists.
Also, 68% of surgically removed and pathologically examined nodes were not detected 
by the radiologists. We think that the prior set size criteria could explain this large 
difference. Radiologists included lymph nodes into the evaluation when measuring 
more than 3mm in short axis diameter, while the pathologist detected nodes as small 
as 2mm in long axis diameter because of the sectioning technique. The prevalence 
of lymphatic metastases in pelvic lymph nodes with a long axis <3mm in ovarian 
cancer or <5mm in uterine cancer were 0.3 and 0.7% respectively [Tangjitgamol et al., 
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2006, Tangjitgamol et al., 2003]. For cervical we did not find any literature, but these 
numbers suggest a limited added value for the detection of lymph nodes <3mm in 
short axis diameter. On the other hand, the prevalence of lymphatic metastases in 
nodes measuring between 4 and 10mm in long axis diameter in patients with ovarian 
or uterine cancer ranged from 2.2 to 5.2% [Tangjitgamol et al., 2006, Tangjitgamol et 
al., 2003]. Using a size cut-off to discriminate malignant from benign nodes, MRI has 
a fair specificity with low sensitivity. Lowering the size cut-off value will negatively 
influence specificity rates. Other node characteristics are being investigated to 
optimize MRI’s diagnostic accuracy, such as contrast enhancement or attenuation, 
and apparent diffusion coefficient (ADC). We think that an increased detection rate of 
small pelvic lymph nodes most likely missed in conventional MR imaging studies and 
further evaluation of these small nodes by advanced MRI methods (contrast, ADC) 
could contribute to a higher accuracy in detecting lymphatic metastaseThis study 
included only lymphatic metastasis negative patients. To determine the capacity of 
DWI added to MRI to detect lymph node metastases, its sensitivity and specificity has 
to be established. Future clinical studies should show whether the addition of DWI 
improves the diagnostic capacity of MRI.  
In conclusion, our study showed that DWI added to conventional MRI increased the 
detection of small pelvic lymph nodes compared to conventional MRI in low stage 
cervical cancer patients. Although the detection number of lymph nodes is increased 
by 17% still over 60% is missed when compared to the number removed by surgery. 
The value of DWI in the diagnosis of lymphatic metastases is subject of further studies.
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Abstract

Background

Conventional MRI and the recently developed Diffusion Weighted Imaging (DWI) 
technique both are being used for the detection of pelvic lymph node metastasis in 
gynaecologic cancers. Little is known about the reproducibility of DWI. This study 
assesses the reproducibility of pelvic lymph node detection by conventional MRI and 
DWI. 

Materials and Methods

17 Patients with gynaecological malignancies eligible for curative surgery were selected 
as population of interest. They had undergone preoperative conventional MRI and 
DWI on a 3.0T MR scanner. All images were evaluated by two experienced radiologists. 
Inter- and intra-observer agreements were assessed, and whether lymph node size and 
region were related to reproducibility. Differences were tested by Chi-square statistics.

Results

The reproducibility ranged between 42% and 65% for the two observers and for the 
two imaging tests, conventional MRI and DWI. Higher percentages of agreement were 
found for larger lymph nodes, i.e. for long as well as short axis diameter exceeding 5 
mm. Also, agreement was better for lymph nodes in the external iliac region and the 
obturator region compared to detection of lymph nodes in the common iliac area. 
Results for the newer technique, DWI, were comparable to the results of the more 
conventional MRI sequences. 

Conclusion

Reproducibility of MRI and DWI in the detection of pelvic lymph nodes in patients 
with a gynaecological malignancy was similar. For lymph nodes exceeding 5 mm in 
both long and short axis diameter the agreement was considerably better than for 
smaller nodes.
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Introduction

The reference standard for metastatic disease in pelvic lymph nodes has generally 
been assessed by the pathologists of surgically removed lymph nodes. Increasingly 
non-invasive imaging techniques are being used. Up to now, standard Magnetic 
Resonance Imaging (MRI) techniques have been used for this purpose; Diffusion 
Weighted Imaging (DWI) however is an upcoming MR sequence. As a result of free 
breathing DWI scans can reach high contrast-to-noise ratios for lymph nodes and 
thereby is assumed to facilitate the detection of lymph nodes [Takahara et al., 2004].
A prerequisite for good validity is high reproducibility. MRI, but also DWI, involves 
the judgement of radiologists and therefore results may vary between and within 
observers classifying the same scans [Webb et al., 1993]. Kappa statistics have been 
used as a measurement to quantify agreement within or between observers to 
classify benign and malignant nodes, adjusted for agreements by chance. Inter and 
intra-observer variations in staging lymph node metastases have been reported in 
several studies and show great variety [Drew et al., 1999, Kim et al., 2004, Bipat et al., 
2006, Singh et al., 2006, Bellomi et al., 2005]. A method hypothesized to improve the 
detection of any lymph nodes, and thus metastatic nodes, is DWI. The purpose of this 
study was to assess the reproducibility of lymph node detection in the pelvic region 
by conventional MRI and DWI.

Materials and Methods

Patients 

We included MR images of seventeen women who had a pelvic lymphadenectomy 
while treated for a gynaecological pelvic malignancy (3 ovarian cancers and 14 cervical 
cancers; median age 45, range 31-51). The patients were recruited for a diagnostic 
accuracy study in which they had undergone a preoperative conventional MRI and 
DWI scan. The 17 patients were included in the study consecutively and all had 
metastasis-negative lymph nodes. For testing the intra-observer agreement, a random 
sample of 5 patients for the two imaging techniques (conventional MRI and DWI) was 
selected. All 17 women were included for testing inter-observer agreement. The local 
ethical committee approved the study and informed consent was obtained from all 
patients.

MR Imaging

All patients were scanned before surgery with a 3.0T Philips MR scanner (Achieva, 
Philips Medical Systems, Best, the Netherlands). The coil used was a phased array 
torso coil with 6 elements. The diameter of the coil is 40 cm in craniocaudal length. 



Chapter 5

- 74 -

The field of view was set to the pelvic area which is aimed to cover the level of the 
inguinal portion up to the common iliac bifurcation. The conventional MRI consisted 
of the four following sequences: an axial T1 Fast Field Echo (FFE) (echo time (TE) 
2.3ms, repetition time (TR) 394ms, flip angle 75º), an axial T2 Turbo Spin Echo (TSE) 
(TE 80ms, TR 3429ms), an axial and a sagittal fat-suppressed T2 weighted images (TE 
80ms, TR 2881ms, inversion delay 110ms) with a spectral adiabatic inversion recovery 
(SPAIR) pulse. The slice thickness was 4 mm with a 0 mm slice gap and the matrix size 
was 512x512. The field of view was 360mm and the reconstructed voxel size was 0.45 
mm x 0.45 mm x 4 mm for the fat-suppressed T2-weighted image.
In addition to the conventional MR sequences all patients received a DWI sequence. 
The sequence was designed with a spin echo (SE) sequence using single shot EPI 
(echo planar imaging), factor 41. The TE and TR were 54 and 5000ms respectively, fat-
suppression was obtained by a SPAIR pulse with an inversion delay of 70ms; volume 
shimming was performed. The slice thickness and gap were 4 and 0 mm; the matrix 
size was 256x256. The field of view was 400mm and the reconstructed voxel size was 
1.56 mm x 1.55 mm x 4 mm. Four b-values were used; 0, 150, 499 and 1000 s/mm2.

Image analysis

Two training sessions were organised to standardize image reading and set definitions 
for lymph node detection between two experienced radiologists. The radiologists 
had both more than 10 years of abdominal MRI experience. Images of patients not 
included in the present study were used for these training meetings. The radiologists 
had knowledge of the clinical status of the patient, the type of malignancy and the 
stage of disease based on Fédération Internationale de Gynécologie et d’Obstétrique 
(FIGO) preoperative staging system, but were blinded to each others test results and 
to the histological test results (i.e. they were unaware of the lymph node status of the 
included patients). 
In the conventional MRI evaluation, all lymph nodes with a short axis diameter of 
>3mm, or lymph nodes with a long to short axis diameter ratio >2 were included in the 
analysis. Of the detected lymph nodes, the following characteristics were registered: 
the slice at which the node was measured, the size (long and short axis diameter), and 
the region (left or right external iliac region, obturator region, common iliac region). 
The measurements were done on the fat-suppressed T2-weighted images, to exclude 
chemical shift artefacts. 
The DWI assessments were done more than 6 weeks after conventional MRI evaluation 
to minimize recall of patients or images and independently of the conventional 
MR image reading. The presence of lymph nodes on the DWI scan was assessed by 
considering high signal intensity (SI) on the heavily diffusion weighted images (b=1000 
s/mm2) as a lymph node when in accordance with the anatomical location on the 
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fat-suppressed T2-weighted image. Lymph nodes were included in the analysis using 
similar abovementioned size criteria. The characteristics (i.e. slice, size and location) 
were registered based on the fat-suppressed T2-weighted images to eliminate 
distortion effects. 
To assess intra-observer variation, both radiologists re-evaluated the scans for lymph 
node detection by conventional MRI and DWI in a random sample of five patients. 
The interval between first and second reading was at least 6 weeks. All image analyses 
were performed on a PACS workstation.
An independent classifier decided whether detected lymph nodes were previously 
detected based on their location (region and slice) and size. In this way lymph nodes 
were classified as detected at both readings (matched lymph nodes) or detected at 
only one of the two readings (non-matched). 

Statistical analyses 

We computed the intra-observer agreement as the percentage matched lymph nodes 
of the total number of lymph nodes found at both readings by the same observer 
(both matched and non-matched lymph nodes). Interobserver agreement was 
computed as the percentage matched lymph nodes of the total number of lymph 
nodes detected by the two observers combined. This was done for both imaging tests, 
conventional MRI and DWI, and 95% confidence intervals (CIs) were calculated using 
the normal approximation to a binomial distribution. 
To assess the influence of lymph node size on reproducibility percentages of agreement 
were calculated for three categories of long axis measurements: small lymph nodes 
with a long axis diameter of ≤5mm nodes, intermediate sized lymph nodes measuring 
5-10 mm, and large lymph nodes with a long axis diameter >10 mm. Two categories 
were made for short axis size, i.e. ≤5 mm and >5 mm. For matched lymph nodes the 
mean of the measured axis size was used and for non-matched lymph nodes the size 
of the single measurement was used. To investigate differences in relation to location, 
the percentages of agreement were estimated separately for three pelvic regions, i.e. 
the external iliac region, the obturator region and the common iliac region. A Chi-
square test was used to test differences between groups. A p-value of less than 0.05 
was considered statistically significant. 
Data were entered using the Statistical Package for the Social Sciences version 14.0 
(SPSS Inc, Chicago, IL); Excel (Windows version 2003) was used for the proportion of 
agreement analyses. 
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Results

Inter- and intra-observer agreement

The results of this study are presented in Table 1. One patient suffered from sudden 
claustrophobia and no DWI scan could be made; the conventional MRI sequences of 
this patient were used in the reproducibility analysis of MRI. Observer I was able to 
detect substantially more lymph nodes than observer II in the sample of five patients 
used to estimate the intra-observer agreement. This was the case for the conventional 
MRI sequences (observer I detected 79 lymph nodes vs. 26 detected lymph nodes for 
observer II) as well as the DWI evaluation (69 vs. 29 detected lymph nodes respectively). 
The percentage of agreement for conventional MRI was 65% for observer II and 42% 
for observer I (p=0.02). For DWI the reproducibility for both observers was the same 
(52%). The inter-observer agreements for MRI and DWI were similar (43% and 49% 
respectively). 

Observer agreement according to size

Long axis diameter
When lymph nodes were categorized in 3 groups according to the size of their 
long axis, the reproducibility for lymph nodes smaller than 5 mm was low for both 
observers and for both imaging tests. Percentages of agreement were all below 38% for 
both conventional MRI and DWI. For lymph nodes measuring 5 to 10 mm in long axis 
diameter, the reproducibility was more than 40%. For the larger lymph nodes (over 10 
mm in long axis diameter) reproducibility of DWI was better than reproducibility of 
conventional MRI (approximately 70% vs. 50% respectively). 

Short axis diameter
Both observers showed that reproducibility of both conventional MRI and DWI in 
detecting lymph nodes with a short axis diameter greater than 5 mm was clearly 
better than for smaller nodes. The reproducibility of lymph nodes smaller than 5 
mm in short axis diameter was about 30%; and reproducibility of lymph nodes larger 
than 5 mm varied between 52% and 75% for MRI. DWI performed somewhat better, 
reproducibility ranged from 65% to 81%.  

Observer agreement according to pelvic region

Reproducibility was computed for lymph nodes in three pelvic regions. For lymph 
nodes in the external iliac region and the obturator region the percentages of inter 
and intra-observer agreement ranged between 44% and 65% for conventional MRI 
and between 50% and 56% for DWI. However, reproducibility of lymph nodes in the 
common iliac region showed a large variation: observer II had a reproducibility of 75% 
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for conventional MRI and 50% for DWI vs. observer I who had 31% reproducibility for 
conventional MRI and 36% for DWI. There was a statistical significant difference in 
DWI interobserver agreement found for detection of lymph nodes in the external iliac 
and obturator region versus the common iliac region (51% in external iliac region and 
56% in the obturator region vs. 32% in the common iliac region, p=0.03). These results 
should be interpreted with caution because of lack of formal adjustment for multiple 
comparisons and small numbers. 

Discussion

In this study we found that the inter- and intra-observer agreement in the detection 
of pelvic lymph nodes ranged from 42% to 65% for conventional MRI and from 49% to 
52% for DWI. The reproducibility was significantly better for lymph nodes measuring 
more than 5 mm in short axis diameters and interobserver agreement also increased 
when lymph nodes measured over 10 mm in long axis diameter, particularly in DWI 
evaluation. 
Sensitivity rates of MRI for detecting malignant pelvic lymph nodes in gynaecological 
cancer patients have been reported to vary largely. A meta-analysis by Bipat et al. 
estimated a pooled sensitivity of 0.60 (95% CI 0.53-0.68), while a later study computed 
a sensitivity of 0.80 (95% CI 0.64-0.91) [Bellomi et al., 2005, Bipat et al., 2003]. We 
hypothesized that the variation in reported sensitivity of MRI in staging lymph nodes 
could be partly caused by a low reproducibility in the detection of pelvic lymph nodes. 
The criterion for malignancy is mainly based on the size of the lymph node. Several 
cut-off values for short axis or long axis diameters have been proposed. Thresholds 
for malignancy have been set on >7 mm in short axis diameter, >8 mm, or more than 
10 mm in long axis diameter [Sahdev et al., 2007, Heuck et al., 1997, Yang et al., 2000, 
Hawighorst et al., 1998]. The most widely used malignancy criterion is a short axis 
diameter measuring more than 10 mm [Park et al., 2005, Choi et al., 2004, Narayan et 
al., 2001]. We found a good reproducibility in detecting these large lymph nodes, using 
both conventional MRI and DWI.
Webb et al. were the first to describe the variation between observers in lung cancer 
staging by MR. They reported a kappa value of 49% (moderate) [Webb et al., 1993]. 
Another study in 18 women with different gynaecological cancers reported a much 
higher agreement in diagnosing pelvic lymph node metastases (kappa = 85%) 
[Williams et al., 2001]. In the evaluation of cervical cancer kappa values were reported 
for interobserver variation of 84% (excellent) for the external and internal iliac lymph 
nodes but only 20% (poor) for staging the common iliac lymph nodes [Bellomi et al., 
2005]. We also found low reproducibility for detecting lymph nodes in the common 
iliac region. This area is relatively difficult to evaluate because of bowel and respiratory 
movements, stronger pulsatility motion in larger arteries and the presence of small 
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surrounding vessels that might be confounded for being lymph nodes. This could also 
be due to coil settings; the coil was placed on the uterine corpus as field of interest. 
With maximal 40 cm sensitivity in length of this coil, this may lead to a lower signal-
to-noise ratio of the images in the area of the common iliac nodes, causing poor 
reproducibility. However, we cannot confirm this hypothesis in our study, so it needs 
further evaluation. Lymph nodes involving metastatic lymphatic disease in cervical 
cancer patients present mostly in the external iliac region and the obturator region, 
while in ovarian cancer patients in whom lymphatic drainage also follows the ovarian 
veins to the para-aortal lymph nodes [Rob et al., 2005, Tangjitgamol et al., 2003]. 
Reproducibility is therefore most important in these areas with high prevalence of 
metastatic disease.
Because of its high contrast-to-noise ratio, DWI has been hypothesized to detect more 
lymph nodes when added to conventional MRI sequences and in addition to be able to 
improve reproducibility of detected lymph nodes [Takahara et al., 2004]. In our study 
observer I detected substantially more lymph nodes compared to observer II in both 
conventional MRI and DWI evaluation. Because of the large difference in detection 
rate between the two observers the agreement between observers can only reach 
limited values. Whether DWI has a higher sensitivity compared to conventional MRI 
is subject of a separate study. If we assume lymph nodes with short axes larger than 
10 mm to be malignant again reproducibility of DWI and MRI could be comparable. 
To appreciate the results of our study, some aspects should be considered. We decided 
whether there was a match of the lymph nodes between two measurements based on 
slice, region, side and size. However, in case of clustered lymph nodes this was difficult. 
Also, the used DWI sequence had a lower spatial resolution than conventional MRI 
and therefore small lymph nodes might have been missed more easily. Small lymph 
nodes may well be confounded with blood vessels surrounding the large iliac arteries 
and veins which could explain low reproducibility for small nodes. 
This study included patients with negative pelvic lymph nodes. In clinical practice the 
reproducibility of detecting metastatic lymph nodes is important. However, since 50-
80% of the lymph node metastases measure less than 10 mm in cervical or ovarian 
cancer patients reproducibility of smaller lymph nodes is of utmost importance as 
well [Tangjitgamol et al., 2003, Benedetti-Panici et al., 1996].

Conclusion

This study showed that, although there was a large variation, inter- and intra-observer 
reproducibility was reasonably fair for conventional MRI as well as DWI in detecting 
pelvic lymph nodes. Reproducibility for larger lymph nodes was better, as well as for 
lymph nodes located in the external iliac and obturator region.
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Abstract

Background

Pelvic lymphadenectomy is considered the gold standard to diagnose and possibly 
treat lymphatic metastases in gynaecological cancer patients. The aim of this study is 
to evaluate whether all presurgical MRI detected lymph nodes were removed during 
the systematic pelvic lymph node dissection (PLND) in cervical cancer patients. 

Materials and Methods

21 consecutive cervical cancer patients who were scheduled to undergo a PLND were 
evaluated by a MRI scan prior to surgery and 6 weeks afterwards. All patients had 
tumour metastasis negative lymph nodes at histopathological examination.

Results

On average, 10 pelvic lymph nodes (range 5 – 17) per patient were detected by 
presurgical MRI. Postsurgical MRI scans showed that on average 1 (range 0 – 3) pelvic 
node per patient was not removed by surgery. In total, 14% of the presurgically MR 
detected nodes were not removed by surgery (31/225). Approximately half of all 
lymph nodes that remained after surgery were located in the obturator region. In 
spite of remaining nodes, surgery and histopathological examination did detect more 
nodes than MRI: on average 21 lymph nodes per patient (range 9 – 59) were removed. 
Another 2 lymph nodes (range 0 – 6 per patient) were judged to be newly developed 
after surgery.

Conclusion

Although surgery was able to remove many more lymph nodes than those detected 
by presurgical MRI, 14% of presurgically MRI detected lymph nodes was not removed 
by PLND. The value of MRI prior to surgery for the detection of pathological lymph 
nodes is subject of further research. 
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Introduction

Cervical cancer is the second most common cancer in women worldwide. Every 
year, 555.094 people are diagnosed with cervical carcinoma, and 308.808 women die 
of the disease [Garcia et al., 2007]. Accurate cancer staging is crucial for appropriate 
treatment selection and treatment planning. In 1994 the Fédération Internationale 
de Gynécologie et d’Obstetrique (FIGO) developed a clinical staging system, which 
also can be used in developing countries. FIGO’s clinical staging uses findings 
from physical examination, colposcopy, lesion biopsy, radiologic findings (chest 
radiography, intravenous urography, and barium enema), and endoscopic results (e.g. 
cystoscopy and sigmoidoscopy) [Hricak et al., 2005]. Patients with stage IA2-IIA (low 
stage) are treated by radical hysterectomy and pelvic lymph node dissection (PLND), 
combined with chemoradiation or radiation therapy alone if the lymph nodes are 
tumour positive. However, the combination of the radical operation with adjuvant 
chemoradiation or radiation therapy is similar to chemoradiation therapy alone in low 
stage cervical cancer patients [Quinn et al., 2006, Landoni et al., 1997]. Mainly because 
of limitations to clinically detect lymphatic involvement FIGO’s staging underestimates 
the stage in 20-30% of low stage cervical cancer patients, when compared to surgical 
staging [Lagasse et al., 1980, van Nagell et al., 1971]. An imaging technique replacing 
or adjusting the PLND may prevent unnecessary surgery and could result in a better 
selection of patients for the different treatment modalities.  
MRI is becoming globally more available and FIGO currently stimulates the use of MRI 
in presurgical staging of cervical cancer patients, although its use is not mandatory. 
Estimation of tumour size by MRI is accurate in staging IB to IIB disease (correlation 
0.93), as is exclusion of parametrial invasion if the cervical stromal ring is intact (negative 
predictive value 94-100%) [Subak et al., 1995, Sala et al., 2007, Hricak et al., 1988]. The 
diagnostic performance of MRI in lymph node staging shows high specificity, but the 
sensitivity is low [Bipat et al., 2003, Scheidler et al., 1997]. Therefore, the PLND is still 
considered the gold standard to diagnose and possibly treat lymphatic metastases in 
patients with low stage cervical cancer. 
Knowledge is limited about the performance of MRI in the detection of lymph nodes 
in the female pelvis. We set out to study whether all presurgical MRI detected pelvic 
lymph nodes are indeed removed by PLND. For this we compared the presurgical MRI 
scan results with histopathologically examined surgically removed pelvic lymph nodes 
and a postsurgical MRI scan in cervical cancer patients with tumour negative nodes.
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Materials and Methods

Patients

The study was performed as a descriptive study without hypotheses to be tested, so an 
official sample size calculation was not possible. We included all eligible consecutive 
patients in our hospital who provided informed consent over a period of 23 months. 
This resulted in twenty-one patients with biopsy proven primary cervical carcinoma 
and FIGO stage IA2 - IIA scheduled for radical hysterectomy and PLND. All patients 
underwent a preoperative MRI scan less than four weeks before surgery and a 
postsurgical MRI at least six weeks after surgery. Patients with a contraindication 
to MRI (such as a cardiac pacemaker, surgical clips in the brain or claustrophobia), 
pregnant patients and women under 18 years of age were excluded. All included 
women turned out to be free of lymphatic metastases, diagnosed by histopathological 
examination. The study was approved by the institutional review board approval. 

Imaging technique

The MRI scans were made on a 3.0T MR scanner (Achieva, Philips Medical Systems, 
Best, the Netherlands), a phased-array SENSE torso or cardiac coil was used. The 
following sequences were made to evaluate the pelvic lymph nodes: an axial T2-
weighted image, axial and sagittal spectrally adiabatic inversion recovery (SPAIR) 
fat-suppressed T2-weighted images, and an axial T1-weighted scan. The field of view 
was set from the pubic symphysis to halfway the common iliac arteries. Additionally, 
an axial diffusion weighted scan was done, using four b-values; 0, 150, 499 and 1000 
s/mm2. The preoperative scans were made less than 4 weeks prior to surgery, to 
adequately compare the scans with the surgical results. The postsurgical scans were 
made approximately six weeks after the PLND, together with the surgical follow-
up consult. We considered that, at this point in time, the surgical wound would be 
adequately healed, most fluid would have been drained by the omentum and viscera, 
and the retroperitoneal tissue was less reactive. In this way the postsurgical scan 
results would be optimally comparable to the presurgical scans. 

Image evaluation

The presurgical images were separately analyzed by two experienced radiologists, 
who had knowledge of clinical parameters such as tumour type and clinical stage. 
The radiologists evaluated the presence, size, location and aspect of the lymph 
nodes, identified as hyperintense nodules on the fat-suppressed T2-weighted 
images. They used the T1- and T2-weighted scans to verify the presence of lymph 
nodes. Discrepancies were solved by consensus. The radiologists judged that all 
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lymph nodes were free of metastases in the included patients based on MRI size 
and shape criteria. The surgeons were informed that the pelvic lymph nodes were 
not suspected to be metastatic based on these criteria, however were unaware of the 
number and localization of the MRI detected lymph nodes. The postoperative MR 
scan was compared to the preoperative images and scan evaluations. In some cases 
it was difficult to differentiate a lymphocele from a lymph node. In these cases we 
used the diffusion weighted images; signal attenuation on the b=1000 s/mm2 scan 
was considered as a lymphocele or free fluid, while remaining high signal intensity was 
considered to represent a lymph node [Nakai et al., 2008]. All scans were evaluated 
using standardized forms and analyses were done on a PACS workstation.

Surgical treatment

The patients were surgically treated by three certified gynaecological oncologists. The 
PLND was combined with a radical hysterectomy to remove the primary tumour. The 
lymphatic tissue surrounding the bilateral external iliac and common iliac vessels, as 
well as nodes in the obturator fossa also including the internal iliac and hypogastric 
lymph nodes were systematically removed. The surgical borders were protocolized in 
our institution as follows: the circumflex iliac vein marks the ventral border of resection 
and the proximal border is defined by the lower one third of the common iliac artery 
cranial to the common iliac bifurcation. The lateral extent of the dissection is marked 
by the genitor-femoral nerve. The ureter formed the medial extent of the PLND, and 
all nodal tissue is removed from the obturator fossa anterior to the obturator nerve 
as the dorsal border. 

Histopathology

Lymph nodes were cut in parallel slices of 2 mm thickness after they were routinely 
processed and embedded in paraffin. The sections were stained with haematoxylin 
and eosin and examined by a pathologist with 20 years of experience in gynaecological 
oncology. The pathologist was blinded to the radiological findings. The pathologist 
summarized the number of lymph nodes per anatomical site.

Matching MRI with surgical pelvic regions

To adequately compare surgically removed lymph node bearing tissue to the lymph 
nodes on the MRI scans we chose to limit the analysis to nodes present in regions that 
could be well defined by both MRI and surgery. We included MRI detected lymph 
nodes in the evaluation when located 1.5 cm cranial to the internal ostium of the 
inguinal canal, since the circumflex vein was hard to identify on the MRI scans. Similar 
to surgery, the dorsal extent was formed by the obturator nerve and the ureter formed 
the medial extent. For the cranial border, we chose to limit the analysis to lymph 
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nodes at the bifurcation of the common iliac artery into the external and internal 
iliac arteries, since the surgically removed lower one third is a subjective margin. So, 
all lymph nodes distal to the common iliac bifurcation along the external iliac vein 
up to 1.5cm proximal to the internal ostium of the inguinal canal and anterior to the 
obturator nerve were included in the analysis. Lymph nodes visualized on the MRI, 
but outside this defined surgical area were used as an internal control to see whether 
the nodal aspect, size or location changed within six weeks. We separated the external 
iliac lymph node region from the hypogastric (defined as between the external and 
internal iliac vessels) and the internal iliac and obturator region combined. Although 
the obturator nerve was identified in most patients on the sagittal T2-weighted scan, it 
was occasionally difficult to verify whether detected lymph nodes were located dorsal 
to the obturator nerve. When a node remained after surgery, we decided that it was 
found outside the surgical area dorsal to the obturator nerve. If this node was removed, 
we determined that they were located in the obturator region. Furthermore, in some 
cases it was difficult to obtain the same scanning positions pre- and postsurgical and 
thus to decide if a specific lymph node seen on a presurgical scan was removed by 
surgery or not visible at the second MRI because of differences in the field of view. 
In these cases we decided that the lymph node was removed. MRI detected lymph 
nodes on the postsurgical scan were categorized as: 1) surgically removed (visible 
on the presurgical MRI, but not seen on the postsurgical scan at the same location), 
2) remained (detected on the same anatomical location at both the presurgical as 
postsurgical MRI), and 3) newly developed nodes (lymph nodes only detected at the 
postsurgical MRI when compared to the same location on the presurgical scan). 

Statistical analysis

Patient characteristics were described by frequency statistics. Data were not normally 
distributed and therefore presented as medians and interquartile ranges to show 
number of nodes per patient. Data were entered using the Statistical Package for the 
Social Sciences version 15.0 (SPSS Inc, Chicago, IL).

Results

Between February 2006 and December 2007, we included 21 consecutive cervical 
cancer patients in this study. Table 1 summarizes the patient characteristics. 
The median age of the patients was 46 years (range 31 – 75). Most prevalent was 
squamous cell carcinoma (57%), and only one patient had adenosquamous type of 
cervical cancer. Seventy-six percent of the patients were classified to have FIGO stage 
IB1 disease, two patients had stage IA2 and IIA cervical cancer and one patient stage 
IB2. One or multiple asymptomatic lymphoceles were found on the postsurgical 
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MRI in 50% of the patients. One patient experienced a symptomatic lymphocele 
with abdominal pain: several outpatient clinic visits, ultrasound examinations, and 
eventually CT guided drainage were needed to relieve the pain. We found fluid in the 
Pouch of Douglas in six patients.

No.

21

%

Age  (years)

Median (range) 46.1 (31 – 75)

Type of cancer

Squamous cell carcinoma

Adenocarcinoma

Adenosquamous

12

8

1

57.1 %

38.1%

4.8%

Tumour differentiation

well differentiated (grade I)

moderately differentiated (grade II)

poorly differentiated (grade III)

unknown 

4

12

4

1

19.0 %

57.1%

19.0 %

4.8 %

Distribution of FIGO stage 

IA2  

IB1  

IB2  

IIA

2

16

1

2

9.5 %

76.2 %

4.8%

9.5 %

Smoking

Yes  

No 

 

8

13

38.1 %

61.9 %

Table 1 Characteristics of 21 consecutive patients with cervical cancer.

Table 2 shows the results of the presurgical and postsurgical MRI scans and of the 
histological evaluation. The radiologists detected a median number of 10 pelvic lymph 
nodes per patient before surgery (range 5 – 17). Six weeks after the PLND in all but two 
patients at least one presurgical MR detected lymph node remained in the surgical 
area, with a maximum of three remaining pelvic lymph nodes (median 1, range 0 – 
3). An example is presented in Figure 1. The surgically remaining lymph nodes were 
predominantly observed in the obturator region (48% of all remaining nodes, Table 3). 
Twenty-nine percent (9 nodes) of remaining lymph nodes were located in the external 
iliac region, and 7 nodes (23%) were left in the hypogastric lymph node region. The 
PLND removed a median number of 21 nodes per patient (range 9 – 59). 
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Six weeks after surgery a median of two lymph nodes per patient (range 0 – 6) were 
detected by MRI that were not visible on the presurgical MR scans and therefore 
judged to be newly grown. These newly detected nodes were predominantly located 
in obturator region (71% of 52 newly developed nodes) (Table 3). 

  Median Interquartile

(25 – 75)

Range Total number 

in 21 patients

Detected lymph nodes at preoperative 

MRI

10.0 9.0 – 12.5 5 – 17 225

Detected lymph nodes at 

histopathological examination

21.0 17.0 – 33.5 9 – 59 530

Remaining lymph nodes detected in 

the surgical area

1.0 1.0 – 2.0 0 – 3 31

Newly developed lymph nodes at 

postoperative MRI

2.0 1.0 – 4.0 0 – 6 52

Table 2 Number of lymph nodes per patient, 21 patients in total.

Figure 1 Example of a presurgical MRI detected left hypogastric lymph node (arrow A), which grew and remained 
6 weeks after surgery on the postsurgical MRI (arrow B)
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Discussion  

We compared the presurgical MRI detected lymph nodes with the pelvic nodes seen 
on the postsurgical MRI in a surgically well defined area. A median number of 10 pelvic 
lymph nodes per patient was found on the presurgical MRI, and approximately one 
out of these ten lymph nodes remained after surgery. On average 21 pelvic nodes per 
patient were detected by histopathological examination. The radiologists detected on 
average 2 (range 0 – 6) lymph nodes in the surgical area six weeks after the PLND that 
were previously not visible.
Since the yield of surgical removed and histopathologically examined lymph nodes 
varies widely in literature [Panici et al., 1992, Pieterse et al., 2007], we questioned 
whether all MR detected pelvic lymph nodes are removed during an extensive 
surgical lymphadenectomy. We observed that some lymph nodes remained and this 
affected almost all patients. Our study was not designed to investigate the clinical 
consequences of these so-called remaining nodes. All patients had tumour metastases 
negative lymph nodes at histopathological examination. By December 2008, the 
median follow-up after surgery was 24.9 months (range 12.2 – 33.6), and all patients 
were disease free at follow-up. So far, we have not yet observed that MRI and PLND 
have missed metastatic nodes in our (small) population. However, we know from 
larger studies that the local recurrence rate in low stage cervical cancer patients after 
a radical hysterectomy with PLND and tumour negative nodes is 5-10% during the 
first 5 years follow-up, and most recurrences occurred during the first 22 months after 
initial treatment [Comerci et al., 1998]. 
In addition to remaining lymph nodes, we also observed newly developed lymph 
nodes after surgery. This has been reported before. Yoshimura et al. reported newly 
developed lymph nodes in patients with head and neck cancer treated by node 
dissection. In their study these new lymph nodes were small (less than 7 mm in size), 
rather soft and elastic and less movable than normal [Yoshimura et al., 2005]. We did 
not find data on pelvic nodes in women.

Total number of remaining 

pelvic lymph nodes (%)

Newly developed pelvic 

lymph nodes (%)

External iliac region 9    (29.0%) 3    (6.0%)

Internal iliac and obturator region 15  (48.4%) 37   (71.0%)

Hypogastric region 7    (22.6%) 12   (23.0%)

Total 31 52

Table 3 Localisation of remaining and newly developed pelvic lymph nodes.
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Although radiologists were certain in almost all cases to match the presurgical scans 
to the postsurgical scans using anatomical landmarks such as bone and muscle 
structures, we cannot assure that the pelvic anatomy did not change due to surgery 
within six weeks. Connective tissue could have retracted and caused displacement of 
lymph nodes. Lymph nodes could be judged to be new while in fact were remaining 
nodes. Also, lymph nodes outside our defined surgical area could have replaced into 
the surgical area, substituting removed lymph nodes, and could have been evaluated 
as remaining nodes. 
We have marked the postsurgical MRI as a reference standard for lymph node 
detection after surgery. But this is not an established method or reference standard for 
detecting pelvic lymph nodes. Although lymph nodes in the female pelvis were found 
both on the pre- and postsurgical scans on the same location marked by anatomical 
landmarks and showed features that did not point to other structures like nerves or 
blood vessels, i.e. growth, shape differences and fatty hilums; we cannot guarantee 
that the lymph nodes detected by radiologists on the postsurgical scan are in fact 
lymph nodes.
In conclusion, we found that 31 out of 225 MRI detected nodes (14%) were not 
removed by PLND. In addition to these remaining lymph nodes, we also observed new 
lymph nodes (i.e. lymph nodes not noticed on the presurgical scan). These may have 
been newly developed and appeared above resolution threshold of MRI. We conclude 
that the ability of MRI to detect pelvic lymph nodes is limited, since more than half of 
surgically removed nodes are not seen by experienced radiologists on the presurgical 
MRI. The clinical value of MRI in staging lymphatic disease in cervical cancer patients 
is part of further study in our institution. 
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Abstract 

Background

Lymph node metastasis is an important prognostic factor in cancer patients. A 
non-invasive imaging approach would be highly beneficial to stage these patients. 
In this experimental rat model healthy, metastatic and hyperplastic lymph nodes 
were evaluated longitudinally by volume and apparent diffusion coefficient (ADC) 
measurements to detect patterns in lymph node enlargement and to hereby 
differentiate reactive from metastatic lymph nodes. 

Materials and Methods

Three groups each consisting of four female Copenhagen rats were studied. A low-
dose tumour group received 4.0x104 R3327 MAT LyLu prostate cancer cells in their 
left hind footpad. A high-dose tumour group was inoculated with 2.5x105 cancer 
cells. Complete Freund Adjuvant (CFA, 0.05mL) was administered subcutaneously 
in the hind footpads of hyperplastic group rats to induce a hyperplastic response in 
the draining popliteal lymph node. Imaging was performed using a 3.0T Philips MR 
scanner at baseline and at 2, 5, 8, 11, and 14 days after tumour cell injection. The 
hyperplastic group was scanned more frequently. Finally, lymph nodes were excised 
and examined histopathologically. 

Results

The model used was highly efficient to induce enlarged lymph nodes: subcutaneous 
cell inoculation resulted in ipsilateral metastatic or reactive popliteal lymph nodes 
in all rats. Metastatic lymph node volumes increased from 5-7mm3 at baseline to 
25mm3 at day 14 when 2.5*105 tumour cells were injected. The mean volume of 
the contralateral control node at day 14 was 5mm3. The hyperplastic lymph nodes 
showed a fast increase in volume within 24 hours after CFA inoculation, and 6 days 
after injection a plateau was reached at 40mm3. The ADC of metastatic lymph nodes 
significantly decreased (range 13 – 32%) eight days after cell inoculation, while a 
significant decrease of ADC in reactive nodes was already seen four days after CFA 
injection. After an initial decrease, ADC values of both metastatic and reactive nodes 
tended to stabilize one week after injection. The correlation (r2) between ADC and 
volume in metastatic nodes was 0.38, in hyperplastic nodes 0.46. 

Conclusion

Metastatic and hyperplastic lymph nodes differed in terms of enlargement patterns 
and ADC changes. Volume is a better predictor of lymphatic metastasis than ADC. In 
this model, reactive nodes could not be differentiated from malignant nodes based 
on ADC values.  
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Introduction

The presence of lymph node metastasis is an important prognostic factor in patients 
with cancer. In cervical cancer patients; it determines (adjuvant) treatment and 
survival rate [Quinn et al., 2006, Pieterse et al., 2007]. Lymph node metastasis can 
be a macroscopic finding during surgical lymph node dissection and confirmed by 
histopathological investigation; however, in 50-80% of the low stage cervical cancer 
patients lymphatic metastases measure less than 10mm in size and are therefore 
infrequently detected during surgery [Tangjitgamol et al., 2006]. The sentinel node 
biopsy is a less invasive diagnostic procedure in which a radio-active isotope and 
blue dye are injected in or around the tumour 24 and 1 hour respectively before 
surgery to find the first radioactive and/or blue coloured draining lymph node. This 
node is also suspected to be the first node that the tumour will drain to. This node 
is then removed and thoroughly examined by the pathologist [Meyer et al., 1998]. 
However, both procedures (i.e. lymph node dissection and a sentinel node biopsy) are 
invasive, relatively expensive and pose a risk for peri- or postsurgical complications 
and morbidity [Johann et al., 2008, Liu et al., 2009, Querleu et al., 2006]. A non-invasive 
and accurate imaging modality would therefore be highly beneficial, both to predict 
survival and to spare patients an invasive diagnostic lymph node staging procedure. 
Magnetic Resonance Imaging (MRI) is a non-invasive diagnostic technique that allows 
3D morphological analysis of lymph nodes. In literature many methods are described 
to diagnose lymph node metastases, e.g. by means of lymph node size, shape or 
margins, by finding clusters of small lymph nodes, the presence of central necrosis, 
gadolinium contrast enhancement or lack of USPIO contrast attenuation [Laheye et 
al., 2009, Harisinghani et al., 2003, Klerkx et al., 2009, Low et al., 2003]. The most often 
used malignancy criterion is increased nodal size; a clinically practical parameter to 
obtain. Nodal volume measured by MRI has by our knowledge not formally been 
evaluated as a potential malignancy criterion for MR lymph node staging. 
Contrast in diffusion weighted imaging (DWI) is determined by the thermally induced 
movement of water protons (diffusion) of extracellular water protons, transport and 
diffusion of water protons through the cell membranes, and diffusion of intracellular 
water protons and microcirculation of blood. The signal intensities on DWI correlate 
well with changes occurring in cancerous tissue, such as increased cellularity. In 
hypercellular tissues the mobility of water protons is substantially diminished resulting 
in hindered diffusion [Herneth et al., 2003]. Diffusion can be quantified by means of 
the apparent diffusion coefficient (ADC) [Koh et al., 2007]. The ADC of tissue could 
allow us to detect lymphatic metastasis in normal-sized nodes and at the same time 
avoid false positive findings in enlarged reactive nodes.
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The purpose of this study is to document changes in nodal volume and ADC over time 
for both reactive and metastatic nodes in a straight-forward and reproducible model. 
Secondary, the relation between ADC and volume in normal, reactive and metastatic 
nodes is described. 

Materials and Methods

Animals and Tumour

The experiments were performed in female Copenhagen rats, weighing between 150 
and 200 grams. All experiments were approved by the local animal care committee 
of the University Medical Centre Utrecht, the Netherlands. The animals were allowed 
food and water ad libitum. Tumour implantation and adjuvant inoculation was 
performed by a medical doctor (W.K.). 
The R3327 MAT LyLu prostate tumour variant has been used as an experimental model 
for syngeneic progression and metastasis of prostate cancer. This tumour variant 
arose as a highly metastatic variant from the anaplastic R3327 AT variant, which had 
a low rate of metastasis [Isaacs et al., 1978]. In vivo, this tumour is characterized by 
a rapid and hormone-independent proliferation, anaplastic histology and metastasis 
to draining lymph nodes and lungs. In vitro, this tumour cell line is cultured using 
RPMI-1640 medium, supplemented with 10% fetal calf serum, 100 U/ml penicillin/
streptomycin, 1 mmol/l sodium pyruvate and Insulin/Transferrin/Selenite medium 
supplement at 37˚C in a humidified atmosphere of CO2 (5%) and air (95%) [Geldof et 
al., 1987 & 1999]. From subcutaneous tumour implants in flanks of male Copenhagen 
rats, the inguinal lymph node was populated with proliferating carcinoma cells within 
a week in most animals [Geldof et al., 1990]. 

Experimental treatment: “low-dose tumour group”, “high-dose tumour group” 
and “hyperplastic group”

In the present experiments a tumour cell suspension containing 4.0*104 and 2.5*105 
R3327 MAT LyLu prostate tumour cells in 0.05ml medium was made and inoculated 
aseptically in 8 Copenhagen rats. The “low-dose tumour group” consisted of 4 rats 
that were injected with 4.0*104 cells and the “high-dose tumour group” included 4 
rats injected with 2.5*105 cells in their left hind footpad. Rats were anaesthetized 
with 2-5% isoflurane in N2O/O2 (70:30) under spontaneous respiration during this 
procedure. The right (contralateral) popliteal node served as a benign control lymph 
node (“control group”). We chose these two groups to detect differences in lymph 
node enlargement patterns due to number of tumour cells injected. 
Complete Freund’s adjuvant (CFA) is an aqueous solution of antigen emulsified in oil and 
killed mycobacteria. CFA enhances antibody production and induces an inflammatory 
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response, primarily at the inoculation site. Lymphatic drainage from inoculation sites 
results in reactive hyperplasia of the regional nodes. This model is frequently used 
to create hyperplastic regional lymph nodes [Broderson et al., 1989, Vassallo et al., 
1994]. We aseptically administered 0.05ml CFA in four female Copenhagen rats 
(“hyperplastic group”) in their left hind footpad. During the procedure the animals 
were anaesthetized as described above. The right (contralateral) popliteal node served 
as a benign control node (“control group”). 

Magnetic Resonance Imaging

Anaesthesia was induced by intraperitoneal injection of 5.0 mL/kg midazolam and 
4.5 mL/kg of a mixture of fentanyl citrate (0.315 mg/ml) and fluanisone (10 mg/ml). 
A baseline MRI was made (day 0) and after imaging the MAT LyLu cells (low-dose 
and high-dose tumour group) or CFA (hyperplastic group) were injected in the left 
hind footpads of all 12 rats. Imaging was performed according to the longitudinal 
protocol described in Table 1. Each rat was scanned 6 times at different points in time 
for optimal information on this follow-up study. All scans were performed on a 3.0T 
MR scanner (Achieva, Philips Medical Systems, Best, the Netherlands) with a eight 
channel human wrist coil. After the routine localization images had been obtained, 
high resolution coronal and axial T2 weighted spin-echo (repetition time (TR) 3000 
msec / echo time (TE) 80 msec; TSE factor 9; section thickness 1mm, field of view 

Rats Baseline 1 2 4 5 6 7 8 11 14

Low-dose tumour group 

(4.0*104 tumour cells)

rat 1

rat 2

rat 3

rat 4

X

X

X

X 

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

High-dose tumour group 

 (2.5*105 tumour cells)

rat 1

rat 2

rat 3

rat 4

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Hyperplastic group (CFA)

rat 1

rat 2

rat 3

rat 4

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Table 1 Scan protocol for the rats, days after cell inoculation.
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65x65mm; matrix 324x252; number of averages, 2) scans were acquired. We also 
acquired a coronal T1-weighted (TR 8.1 msec / TE 4.1 msec; SPAIR fat suppression 
SPAIR offset 220 Hz, TFE factor 42; section thickness 0.5mm, field of view 80x80mm; 
matrix 320x319; number of averages 1), and a DWI data set (parameters: TR 2469 msec 
/ TE 59 msec; SPAIR fat suppression, EPI factor 41; section thickness 1mm, field of view 
60x60mm; matrix 76x74; number of averages 3). 

Image Analysis

All MRI images were analyzed by an experienced reviewer, who had knowledge of the 
model and the time period after cell inoculation. Image analysis was done using in-
house software written in MatLab (MathWorks, USA). The volume measurements 
were calculated from hand-drawn regions of interest (ROIs) around the lymph nodes 
on each slice the node was visible. Volume analysis was done on the axial T2-weighted 
scan, which has the highest in-plane and through-plane resolution. In case of doubt, i.e. 
partial volume effect, the coronal T2 and coronal T1 weighted images were consulted 
to evaluate lymph node extent from orthogonal slices. For the ADC calculation a ROI 
was drawn on the b=1000 mm2/s DW image within each lymph node at the slice in 
which the largest ROI could be drawn. This ROI was automatically copied to the ADC 
map. The ADC map was calculated by fitting the signal of the diffusion weighted 
images to the Stejskal-Tanner equation [Stejskal et al., 1965]: S(b) = S0 * e -b*ADC to the 
data points at 2 b-values: 0 and 1000 mm2/s, with S0 and ADC as fit parameters. In 
Figures 1 and 2 an example of the method used for the measurements is presented.
Further analysis consisted of correlating the ADC to the volume of metastatic, 
hyperplastic, and normal lymph nodes. Because ADC depends on the tissue 
cellularity, cell membrane permeability, and other factors such as extracellular matrix 
composition [Herneth et al., 2003, Koh et al., 2007], ADCs may differ per volume and 
per node type (metastatic, hyperplastic, and normal). This was measured in all lymph 
nodes at all time points. 

Lymph node dissection and histopathological examination 

Rats were sacrificed with a lethal dose of sodium pentobarbital 14 days after tumour 
cell or adjuvant inoculation or prior to day 14 if metastatic nodes reached a volume of 
>25 mm3. Sodium pentobarbital the (1.5mL) was administered intraperitoneally while 
the animals were still under anaesthesia. The popliteal lymph nodes were identified 
and dissected with the surrounding tissue, labelled for location (left or right popliteal 
node), and fixed with 10% formalin. The lymph nodes were subsequently embedded 
in paraffin and the sections were stained with haematoxylin and eosin for microscopic 
examination by an experienced pathologist. The pathologist noted the presence of 
tumour cells, necrosis, and reactive hyperplasia. In metastatic nodes, the percentage 
of lymph node involved by tumour cells was noted as well. 
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a 

b 

c 

d 

e 

Figure 1 An axial fat-suppressed T2-weighted scan in which volumes of the left 
(metastatic) and right (control) popliteal lymph nodes are measured in a Copen-
hagen rat 8 days after tumour cell inoculation.

a. Slice 7: sequential volume measurement left node area 169 voxels
b. Slice 6: left node area 244 voxels
c. Slice 5:left node area 194 voxels, adding up 607 voxels*0,0225mm3= 13,7mm3

d. Slice 6: Right node area 140 voxels
e. Slice 5: Right node area 79 voxels, adding up 219 voxels*0,0225mm3= 4,9mm3

 

a b c 

d e f 

g 

Figure 2 The axial diffusion weighted image measurements in a meta-
static lymph node 8 days after tumour cell implantation in the same Co-
penhagen rat as presented in figure 1.

a. DWI scan, b=0 s/mm2

b. DWI scan, b=500 s/mm2

c. DWI scan, b=1000 s/mm2

d,e. ADC map of the same axial slice presented in Figure 2a-2c
f.  ROI drawn in the left metastatic lymph node, ADC was 55*10-5 mm2/s
g. ROI in the left metastatic lymph node, ADC was 63*10-5 mm2/s
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Statistical analysis

The measurements of the contralateral control lymph nodes (“control group”) of rats 
in low-dose tumour group, high-dose tumour group, and hyperplastic group were 
combined since no statistical significant differences in volumes were found (ANOVA, 
p>0.05). The volume and ADC data are described using summary statistics and mean 
values are presented. The differences between two groups were tested by t-tests, while 
the three (low-dose tumour group, high-dose tumour group, and control lymph 
nodes) or four groups (low-dose tumour group, high-dose tumour group, hyperplastic 
group, and control group) were tested using ANOVA tests. Correlation of ADC and 
volume was tested by linear regression analysis. A p-value less than 0.05 was considered 
to indicate statistical significance. Data were entered using the Statistical Package for 
the Social Sciences version 15.0 (SPSS Inc, Chicago, IL).

Results

Histopathological analysis of the 24 popliteal lymph nodes in 12 female Copenhagen 
rats confirmed ipsilateral metastatic nodes in all eight tumour-injected rats, 
hyperplastic nodes in all four CFA-injected rats and normal nodes in the contralateral 
leg of the 12 animals. Focal central necrosis was found in 2/8 metastatic and 0/4 
hyperplastic nodes. The reactive nodes showed no oily collections in the paracortical 
regions, as was suspected due to drainage of CFA. All metastatic nodes showed 
patterns of secondary follicle formation. In the hyperplastic nodes, macrophages with 
phagocytosed particles, eosinophils, neutrophils, sinus histiocytosis and in one lymph 
node the presence of granulomas was found. Figure 3 presents the pathological 
findings. 

Volume 

As shown in Figure 4, Figure 5 and Table 2, enlargement of the metastatic lymph 
nodes became visible 2 days after cell inoculation (p=0.050), and in the three groups 
of nodes (low-dose tumour group vs. high-dose tumour group vs. contralateral nodes) 
the lymph node volume became significantly different from each other 14 days after 
cell inoculation. Enlargement of metastatic lymph nodes showed an exponential 
pattern. The lymph nodes in high-dose tumour group grew faster than nodes in low-
dose tumour group; eventually in both groups the lymph nodes did reach the same 
size although at a later point in time (data not shown). Hyperplastic nodes rapidly 
increased in size and lymph node volumes differed significantly from the control 
nodes within 24 hours after CFA administration. Six days after CFA inoculation the 
lymph node volume reached a plateau at approximately 40 mm3. The enlargement 
patterns of metastatic lymph nodes appeared to be different from that of reactive 
nodes, showing continued exponential enlargement during the observation period. 
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Figure 3 Pathological findings of hyperplastic and metastatic nodes

120

  
The presence of neutrophils in the hyperplastic lymph nodes is respectively a 5x, 20x and 63x enlargement. 

 
The presence of granulomas in the hyperplastic lymph nodes is respectively a 10x, 20x and 40x enlargement.  

  
The presence of macrophages with phagocytosed particles and eosinophiles in the hyperplastic lymph nodes is 
respectively a 10x, 20x and 63x enlargement. 

 
The presence of metastasis in the tumour lymph nodes is respectively a 5x, 20x and 63x enlargement. The cells 
are of epithelial original and poorly differentiated.  

  
Findings in the metastatic nodes: a) mitosis figures b) necrosis c) secondary follicles.  
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Volume (mm3) Baseline Day 1 Day 2 Day  4/5 Day 8 Day 11 Day 14

Control group 5.4 6.3 5.4 5.4 5.2 4.9 5.6

Low-dose tumour group 4.9 7.3 8.8 10.1 11.8 14.5

High-dose tumour group 7.2 7.4 9.4 14.3 18.9 25.7

Hyperplastic group 6.6 11.3 13.7 19.3 42.5 45.2

ADC * 10-3 Baseline Day 1 Day 2 Day  4/5 Day 8 Day 11 Day 14

Control group 0.72 0.87 0.71 0.75 0.77 0.68 0.70

Low-dose tumour group 0.69 0.69 0.65 0.60 0.51 0.59

High-dose tumour group 0.79 0.65 0.64 0.54 0.49 0.52

Hyperplastic group 0.81 0.67 0.70 0.59 0.62 0.49

Table 2 Mean volume (mm3) and ADC (* 10-3 mm2/s) of metastatic, hyperplastic and control lymph nodes over time.
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Figure 4 Volume of metastatic nodes in days after tumour inoculation. Error bars represent the standard error of 
the means.
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Figure 5 Volume of hyperplastic nodes in days after tumour inoculation. Error bars represent the standard error 
of the means. 
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ADC 

Metastatic as well as reactive lymph nodes showed a decrease in ADC after cell 
inoculation (Table 2, Figure 6). As the mean ADC of control lymph nodes varied 
between 0.70*10-3 and 0.80*10-3, the ADC of metastatic nodes dropped to 0.50*10-

3 – 0.60*10-3 within eight days (p=0.005 for metastatic vs. control nodes, t-test). The 
ADC of hyperplastic nodes also dropped to 0.50*10-3 – 0.60*10-3 and this decrease 
was already seen in four days (p=0.023 for hyperplastic vs. control nodes, t-test). The 
percentage decrease in ADC was 13-32% ((ADC day 8 / Baseline ADC) *100%) for 
metastatic nodes at day 8 after injection, versus a decrease of approximately 24% 
((ADC day 8 / Baseline ADC) *100%) in the reactive nodes in the same time period.
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 mean ADC high-dose tumour group  
 mea n A DC hyperplastic  group  

Day s after inoculation  

Figure 6 Difference in ADC from the baseline ADC.

ADC related to nodal volume 

The relation of ADC to volume of lymph nodes is quite similar for metastatic and 
hyperplastic lymph nodes (Figure 7). The correlation is somewhat stronger for reactive 
nodes: the r2 was 0.46 versus r2 0.38 for metastatic ADC for each volume, meaning that 
38% of the ADC values can be explained by the volume of the lymph nodes versus 46% 
for reactive nodes. 
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Discussion

We have shown that the injection of CFA or tumour cell suspension constitutes an 
efficient experimental model to study normal, hyperplastic reactive and metastatic 
nodes. Subcutaneous cell or adjuvant inoculation resulted in ipsilateral metastatic 
or reactive popliteal lymph nodes in all rats. The contralateral popliteal lymph 
node served as internal control. The volume of metastatic lymph nodes increased 
exponentially depending on the number of cells that was administered: when 2.5*105 
tumour cells were injected the node reached a volume of 25mm3 in 14 days, with 
4.0*104 injected cells the volume was 14mm3 in 14 days. The contralateral control 
lymph node remained at baseline volume: 5mm3. The reactive lymph nodes grew in 
a different pattern: a fast increase in volume within 24 hours after CFA inoculation, 
which reached a plateau 6 days after injection at 40mm3. There were no oily 
compounds visible in the hyperplastic nodes after CFA administration. The ADC of 
metastatic lymph nodes significantly decreased (range 13% – 32%) eight days after cell 
inoculation, while a significant decrease (24%) in ADC in hyperplastic reactive nodes 
was seen already within four days after injection. After the initial decrease, ADC values 
of both metastatic and reactive nodes remained at that level one week after injection. 
Only 38% of the ADC value in metastatic nodes could be explained by their volume. 

Figure 7 ADC versus volume in metastatic (low-dose and high-dose tumour group combined), reactive (hyperplas-
tic group) and control lymph nodes.

143

Figure 7: ADC versus volume in metastatic (low-dose and high-dose tumour group 
combined), reactive (hyperplastic group) and control lymph nodes. 
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For hyperplastic reactive nodes this percentage was somewhat higher: 46%. So, ADC 
values are just partly related to nodal volume. There was no significant difference 
in ADC between hyperplastic and metastatic nodes. ADC depends on the tissue 
cellularity, cell membrane permeability, and other factors such as extracellular matrix 
composition [Herneth et al., 2003, Koh et al., 2007]. In our model hyperplastic and 
metastatic nodes resemble each other in terms of cellularity and histopathological 
results point in this direction as well. It was not possible to measure tissue cellularity 
with histopathological examination. The ADC was not sufficient in differentiating 
small metastatic from small hyperplastic or control lymph nodes. 
The current model to create metastatic lymph nodes was previously used successfully 
by Vassallo et al. to study the uptake of ultrasmall iron particles in lymph nodes 
[Vassallo et al., 1994]. R3327-MATLyLu variant of the Dunning rat prostate carcinoma 
showed rapid growth and almost invariably metastasis in lymph nodes within 10-15 
days after subcutaneous implantation [Vassallo et al., 1994, Isaacs et al., 1978]. Another 
often used model to create lymphatic metastasis employs New Zealand white rabbits 
and VX2 squamous cell carcinoma cells to resemble head and neck cancer [Jefferis 
et al., 1989]. There are some advantages in the use of R3327 MATLyLu cells over VX2 
carcinoma cells: the use of smaller animals (Copenhagen rats) in R3327 MATLyLu cells 
allow for a better MR image resolution. Also, in the footpad model there is only a 
single popliteal lymph node in the anatomic structure of the murine rear leg and the 
anatomic location of the popliteal lymph node is constant, superficial, and easy to 
identify by palpation and MR imaging. In our model, all measurements were done 
using a clinical MR scanner with sequences available in daily clinical practice. In this 
way, results can be directly translated to the clinical settin
Swollen, reactive lymph nodes (potentially caused by local inflammation due to 
tumour presence or reactive to prior diagnostic procedures like tumour biopsy) 
may cause false positive results while staging lymph nodes by size criteria. On the 
other hand, small metastases in normal-sized nodes may be missed and cause false 
negative findings. None of the currently used malignancy criteria has proven to be 
sensitive and specific enough to replace histopathological examination as reference 
standard for metastasis. Vassallo et al also used CFA to induce lymphadenitis in 
draining lymph nodes and compared results of metastatic and reactive nodes in 
lymph node MR staging [Vassallo et al., 1994]. This was not performed in some other 
experimental studies evaluating lymph node metastases [Choi et al., 2007]. We think 
differentiating small metastatic from small reactive and control lymph nodes is one of 
the most important features of lymph node staging. As described earlier, Complete 
Freund’s Adjuvant (CFA) is an aqueous solution of antigen emulsified in oil and killed 
mycobacteria. It has been used the past 45 years to stimulate polyclonal antibody 
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production in animals. In addition, it has been shown to consistently induce local 
granulomatous reactions and lymphatic drainage from inoculation sites resulting 
in reactive hyperplasia of the regional nodes. However, it was not described earlier 
in literature that reactive lymphadenitis created by CFA administration resembles 
reactive lymphadenitis as response to tumour-associated proteins. The term for this 
condition is tumour-reactive lymphadenopathy [Ioachim et al., 2002]. As we show 
that volume increase of reactive versus metastatic lymph nodes measured by MRI 
had very different patterns and similar tissue cellularity measured by ADC using CFA 
administration as a control model for tumour-reactive lymphadenopathy. 
Total lymph node volume measured by CT has been studied for correlating with 
treatment response and differentiating benign from malignant disease in head and 
neck cancer patients [Labadie et al., 2000, Liang et al., 2009]. Liang et al found that 
tumour volume measured by CT in patients with head and neck cancer was higher in 
patients with cervical metastases than those without cervical metastases; however, it 
was not an independent factor associated with metastases after controlling for other 
variables like central nodal necrosis and short axis diameter > 7.4 mm [Liang et al., 
2009]. Murray et al. measured an oblique sagittal nodal area (cm2) on MRI scans and 
found a sensitivity and specificity of 100% and 56% respectively in predicting lymph 
node metastasis when area measurement was used in combination with gadolinium 
enhancement [Murray et al., 2002]. No literature was found in which lymph node 
volume was directly evaluated as a malignancy criterion for lymphatic metastasis. 
ADC of transplanted squamous cell tumours has been studied before in a mouse 
model [Herneth et al., 2003]. They found a decrease in ADC during tumour growth 
which tended to increase again when tumour necrosis developed. These results in 
primary squamous cell tumours are comparable to our results of ADC in metastatic 
lymph nodes; however, we did not sacrifice rats at all time points, so correction for 
necrosis was only possible at day 14.
A prerequisite for adequate diagnostic accuracy is reproducibility. Fabel et al. 
studied reproducibility of CT measured nodal volume in patients with melanoma. 
They compared lymph node diameters measured by response evaluation criteria in 
solid tumours (RECIST) and semi-automated nodal volumetric analysis in terms of 
observer variability; the RECIST measured differences between two observers were 
approximately 0.9cm, for the volumetric analyses this was very much improved to 
0.2cm [Fabel et al., 2008]. So, it seems that volume measurements allow for a higher 
precision than axis diameter measurements. Reproducibility of ADC measurements 
varies in literature. While Koh et al. found excellent reproducibility of ADC measured 
in solid tumours [Koh et al., 2009], ADC reproducibility of normal human lymph nodes 
was not optimal; Kwee et al. found significant heterogeneity [Kwee et al., 2009]. We 
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did not perform a reproducibility study; data are limited and the purpose of this study 
was to descriptively investigate the relation of reactive and metastatic lymph node 
enlargement in terms of volume and ADC measurements. Although reproducibility 
was not a subject of our study, it should be kept in mind interpreting the results. 
A possible limitation of our study was that the ROIs were drawn on the whole lymph 
nodes and no necrotic tissue was excluded from metastatic or reactive nodes. This 
might possibly affect ADC values. 
In conclusion, the results suggest that nodal volume increases before ADC decreases 
in metastatic lymph nodes. This was in contradiction with our hypothesis that ADC 
would decrease before volume increased because of hindered diffusion due to increase 
in cell numbers. Metastatic and reactive lymph nodes could not be differentiated 
based on ADC values in this experimental setting. 
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Abstract 

Background

The purpose of this longitudinal study was to analyze the dynamic enhancement 
patterns of metastatic, hyperplastic and normal lymph nodes after intravenous 
administration of a long-circulating gadolinium-based blood pool agent (MS-325). 

Material and Methods

MS-325 (Vasovist) was administered intravenously in five Copenhagen rats in 
which a reactive lymph node was induced by means of Complete Freund Adjuvant 
administration and in seven animals in which metastatic nodes were induced using 
a highly metastatic tumour cell suspension (R3327 MAT LyLu prostate cancer cells). 
Before injecting the contrast agent a high resolution T1-weighted dataset was acquired. 
During the injection a bolustrack sequence was run to confirm successful injection. 
After administration the high resolution T1-weighted sequence was repeated eight 
times, with a temporal resolution of eight minutes to investigate the dynamics of 
contrast-enhancement. Animals were scanned at baseline (before inducing metastatic 
or hyperplastic nodes), and at 2-5 days, 7-8 days and 10-14 days after cell/adjuvant 
administration. 

Results

Hyperplastic and metastatic lymph nodes were confirmed in all cases by pathological 
examination. Due to partial bolus injection, as evidenced from the bolustrack data set, 
6/29 datasets had to be excluded from analysis. We did not find significant differences 
in enhancement patterns between benign hyperplastic, metastatic and control lymph 
nodes. Nor did we find more heterogeneous enhancement in metastatic lymph nodes: 
normal, reactive, as well as metastatic nodes enhanced homogeneously.

Conclusion

In this experiment, at multiple follow-up days no significant differences in dynamic 
enhancement patterns were seen between normal, hyperplastic and metastatic lymph 
nodes after injection of a long-circulating gadolinium-based blood pool contrast 
agent. 
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Introduction

The detection of lymph node metastasis is critical for tumour staging and preoperative 
planning in cancer patients. Current imaging approaches such as contrast-enhanced 
computed tomography (CT) and conventional magnetic resonance imaging (MRI) 
mainly rely on size and shape of the involved lymph node and are limited in terms of 
their abilities to detect metastatic disease in normal sized or shaped nodes [Kvistadt 
et al., 2000, Luciani et al., 2004, Oellinger et al., 2000]. However, the use of a contrast 
agent can improve both the sensitivity and specificity of nodal staging by MR [Klerkx 
et al., 2009]. For example by criteria such as inhomogeneous contrast uptake [Drew 
et al., 1999] or rapid signal intensity (SI) increase [Kvistadt et al., 2000]. But even with 
intravenously gadolinium administration the sensitivity of MRI does not exceed 84% 
[Klerkx et al., 2009]. 
Gadolinium complexes shorten the T1-relaxation of water protons in their 
meighbourhood. In a T1-weighted image, water molecules with shortest T1 will give 
the highest signal. Consequently, areas of the body containing contrast agent will 
appear as bright region in an MR image.  MS-325 (Vasovist; Bayer Shering Pharma, 
Berlin, Germany) binds strongly and reversibly to plasma albumin [Caravan et al., 
2002]. Protein binding is mediated by a lipophilic chemical group attached to the 
gadolinium chelate. This strong binding also reduces the fraction of free chelate 
available for glomerular filtration in the kidneys, thus lowering the renal excretion rate 
and contributing to an extended blood half-life. With a prolonged T1-shortening of 
blood, MRI resolution can be improved because a longer imaging window is available 
after a single injection. Vasovist has already been studied in artherosclerotic disease 
by MR angiography (MRA) in humans and is safe and effective method to detect 
aortailiac occlusive disease [Goyen et al., 2005]. 
Because of the relatively high albumin-content of lymphatic fluid MS-325 has already 
been investigated for interstitial administration in MR lymphography. Contrast uptake 
in normal lymph nodes was shown to be higher than in tumour bearing nodes and 
hereby could be qualitatively differentiated normal from metastatic nodes [Herborn et 
al., 2002]. A disadvantage of signal void in involved lymph nodes is interpretation of a 
negative signal; while radiologists rather interpret a positive signal. Also, by interstitial 
administration only regionally draining lymph nodes can be differentiates while 
systemic administration allows evaluation of all detectable lymph nodes. Lahaye et 
al. investigated intravenous administered MS-325 lymph node enhancement in rectal 
cancer patients. They found absent Vasovist enhancement in what were presumed to 
be the metastatic parts of the lymph node [Lahaye et al., 2009]. 
In conclusion, no dynamic contrast enhancement studies are performed investigating 
the accuracy and efficiency of MS-325 in lymph node imaging by intravenous 
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administration. The purpose of this longitudinal study was to detect differences in 
enhancement patterns of MS-325 between metastatic, hyperplastic and normal 
lymph nodes. 

Materials and Methods

Animals and experimental design

All studies were conducted with the approval of the local animal care committee. The 
experiments were performed using five Copenhagen rats that, after baseline imaging, 
were inoculated with complete Freund’s adjuvant (CFA); and seven Copenhagen 
rats that, after baseline imaging, were inoculated with tumour cells. The animals 
were allowed food and water ad libitum between the various procedures. They were 
anaesthetized by inhalation anaesthesia of 2-5% isoflurane for a period of maximal 
three minutes to inject the tumour cells or CFA. 
To induce metastatic lymph nodes, 10*5 R3327 MAT LyLu prostate cancer cells 
suspended in 0.05ml 0.9%NaCl were administered in the left hind footpads in seven 
rats. To create hyperplastic lymph nodes, 0.05ml CFA was injected in the hind footpads. 
MR imaging was performed at four time-points: baseline, 2-5 days after inoculation, 
7-8 days after inoculation and 10-14 days after inoculation. Each rat was scanned at 
least twice in this experiment (meaning: baseline and at least 1 datapoint in follow-
up) and if possible three times. In total, 29 measurements were done. 

Vasovist Contrast Agent

Vasovist is a formula of stabile gadolinium diethylenetriaminepentaacetic acid chelate 
(Gd-DTPA) substituted with a diphenylcyclohexylphosphate group (gadofosveset-
trisodium). Vasovist reversibly binds to serum albumin and binding increases the 
T1-relaxivity tenfold at 1.5T, compared to non-albumin bound gadolinium chelates, 
leading to lower dosage administration (Shering AG, Berlin Germany). We used a 
0.25mmol/mL concentration to administer a dosage 0.03mmol/kg as advocated by 
the manufacturers. Increasing the dose is not useful, since the blood pool activity is 
limited by the plasma albumin concentration; and an increase in dose leads to an 
increase of the free form due to saturation of albumin binding. 

MR Imaging 

During imaging; the rats were anaesthetized by an intra-peritoneal injection of 5.0 
mL/kg midazolam and 4.5 mL/kg of a mixture of fentanyl citrate (0.315 mg/mL) 
and fluanisone (10mg/mL) allowing independent breathing. All examinations were 
performed using a 3.0T MR scanner (Achieva, Philips Medical Systems, Best, the 
Netherlands) and employing a human 8-channel wrist coil. After obtaining the 
routine localization images, a coronal T1-weighted high resolution isotropic volume 
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examination (THRIVE), followed by a bolustrack sequence and a dynamic coronal 
THRIVE again. The parameters of the THRIVE series were: repetition time (TR) 8.1ms 
/ echo time (TE) 4.1 ms, fat-suppression using spectral adiabatic inversion recovery 
pulse (SPAIR) with an inversion delay of 190ms, turbo field echo (TFE) factor 42, 
and a flip angle of 12º. The field of view was 80x80 mm, and matrix size was 320x319 
resulting in a reconstructed voxel size of 0.2x0.2x0.25 mm. The duration of this THRIVE 
scan was 8:15 minutes. The 2D bolustrack used was T1-weighted sequence: TR 10 
ms, TE 1.35ms and presenting 100 thick (40 mm) coronal slices shot every 0.5 sec to 
allow a dynamic visualization of contrast administration and uptake from the tail vein 
through the inferior cava vein to the heart. After this bolustrack the THRIVE sequence 
was repeated eight times.

Vasovist administration

First a THRIVE sequences was done as ‘baseline’, without Vasovist contrast 
administration. After this, the bolustrack scan was manually start while the 
anaesthesized rat was in the centre of the MRI bore. The intravenous tail vein 
canule was inserted before start all scans and was just reachable for the researcher 
administrating the contrast during the bolustrack sequence. After 0.05ml Vasovist was 
administrered, we used 0.1ml of saline (0.9% NaCl) to flush the canule. Directly after 
the bolustrack the eight dynamic THRIVE series were started.

Image Analysis

Image analysis was performed using in-house software written in MatLab (MathWorks, 
USA). Measurements were done by an experienced reviewer who had knowledge 
of the model, murine anatomy, and imaging timing after cell/adjuvant inoculation. 
The signal intensity (SI) measurements were calculated from hand-drawn regions of 
interest (ROIs) around the lymph nodes on the slice the largest surface of the lymph 
nodes was visible (qualitatively). The ROIs were automatically copied to all dynamic 
series (8) and manually adjusted if necessary. This was done for all metastatic and 
hyperplastic lymph nodes as well as for all contralateral benign lymph nodes. In each 
animal, a separate ROI was drawn on muscle tissue in the same slice. 

Histopathological Evaluation

After the images were obtained at day 14 of the experiment, the animals were 
sacrificed by intraperitoneal administration of a lethal dose of sodium pentobarbital 
(1.5mL) while the animals were still under anaesthesia. The popliteal nodes were 
exposed and carefully dissected along with their surrounding fat and fixated in 
10% formaldehyde for subsequent embedding in paraffin for pathological analysis. 
Lymph node morphology was studied on the largest transverse section stained with 
haematoxylin and eosin. 
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Figure 1 Example of the SI measurement in the coronal dynamic T1-weighted scan.
a. Overview; b. First THRIVE (no Vasovist contrast); c. Second THRIVE (finished 9 minutes after Vasovist adminis-
tration); d. Third THRIVE (finished 17:15 minutes after Vasovist administration); e. Fourth THRIVE (finished 25:30 
minutes after Vasovist administration); f. Fifth THRIVE (finished 33:45 minutes after Vasovist administration); g. 
Sixth THRIVE (finished 42 minutes after Vasovist administration); h. Seventh THRIVE (finished 50:15 minutes after 
Vasovist administration); i. Eighth THRIVE (finished 58:30 minutes after Vasovist administration); j. Ninth THRIVE 
(finished 66:45 minutes after Vasovist administration)
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Results

The lymph nodes of the five rats inoculated with CFA all showed inflammatory 
features at the histopathological investigation: macrophages with phagocytosed 
particles, eosinophils, neutrophils, and sinus histiocytosis was found. In one lymph 
node paracortical granulomas were detected. In the seven rats injected with tumour 
cell suspension, a poorly differentiated metastasis of an epithelial carcinoma was 
found. The metastatic nodes showed also patterns of secondary follicle formation. In 
two hyperplastic nodes we detected a high endothelial venule (HEV). We did not find 
these HEVs in metastatic node, possibly because of >50% occupation with metastatic 
cells (Figure 2). 

Due to partial bolus injection, as evidenced form the bolustrack dataset, 6/29 datasets 
had to be excluded from analysis. No differences we seen in dynamic SI pattern 
between normal, hyperplastic and metastatic nodes 2-5 days after tumour cell or CFA 
injection. Since partial bolus injection occurred (1/2 times) in the dataset measuring 
SI patterns 10-14 days after CFA administration we decided to present the results 7-8 
days after tumour cell and CFA inoculation in Figures 3-8.
There were no differences found in dynamic SI patterns between hyperplastic and 
their contralateral benign nodes at day 7/8 after CFA administration, but there 
were some differences (although not significant) between measurements at day 7/8 
compared to day 0 (baseline), namely an increase in SI uptake compared to the pre-
contrast THRIVE. This could indicate that enhancement patterns increase due to an 
inflammatory process, a systemic reaction. When SI patterns of metastatic nodes and 

Figure 2 High endothelial venule (HEV) in a hyperplastic lymph node. These 
HEVs were also found in some metastatic nodes. 
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their contralateral control nodes were compared, a trend towards a wash-out type 
pattern was seen in metastatic nodes (Figure 7, 8). 
Also, dynamic enhancement patterns did not seem to change after 4 post-contrast 
THRIVE series and SI’s than return to baseline (pre-contrast) values. Thus, in the 
current setting, Vasovist enhancement is limited to 33 minutes. 

Figure 3 SI enhancement in muscle after intravenous Vasovist administration 7-8 days after CFA inoculation. 
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Figure 3:  SI enhancement in muscle after intravenous Vasovist administration 7-8 days after 
CFA inoculation.  
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Figure 4 SI enhancement in the hyperplastic lymph node after intravenous Vasovist administration 7-8 days after 
CFA inoculation. 
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Figure 5 SI enhancement in the control lymph node after intravenous Vasovist administration 7-8 days after CFA 
inoculation. 
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Figure 4:  SI enhancement in the hyperplastic lymph node after intravenous Vasovist 
administration 7-8 days after CFA inoculation.  

Figure 5:  SI enhancement in the control lymph node after intravenous Vasovist administration 
7-8 days after CFA inoculation.  
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Figure 6 SI enhancement in muscle after intravenous Vasovist administration 7-8 days after tumour cell
inoculation.
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Figure 6:  SI enhancement in muscle after intravenous Vasovist administration 7-8 days after 
tumour cell inoculation. 
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Figure 7 SI enhancement in metastatic lymph node after intravenous Vasovist administration 7-8 days after tu-
mour cell inoculation.
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Figure 7:  SI enhancement in metastatic lymph node after intravenous Vasovist administration 7-
8 days after tumour cell inoculation. 
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Figure 8 SI enhancement in the control lymph node after intravenous Vasovist administration 7-8 days after 
tumour cell inoculation.
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Figure 7:  SI enhancement in metastatic lymph node after intravenous Vasovist administration 7-
8 days after tumour cell inoculation. 
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Discussion

We did not find significant differences in dynamic contrast enhancement patterns 
between benign hyperplastic, metastatic and control lymph nodes after injection of a 
long-circulating gadolinium-based blood pool contrast agent. 
The hypothesis posed by Paget et al. in 1889 that the primary tumour manipulates 
the soil to improve the seeding of subsequent metastases interested us to investigate 
whether vascularity-changes in lymph nodes induced by tumour presence could 
be differentiated from vascularity in normal or hyperplastic lymph nodes by a long 
circulating blood pool agent: MS-325 (Vasovist) [Fidler et al., 2003]. 
Because of the relatively high albumin-content of lymphatic fluid MS-325 has already 
been investigated for interstitial administration in MR lymphography. At a dose of 0.03 
mmol/kg injected interstitially in rabbits, lymph nodes became visible 5 minutes after 
contrast injection (optimal 5-15 minutes). Herborn et al found that contrast uptake 
in normal lymph nodes was more homogeneous than in tumour bearing nodes 
and thereby qualitatively differentiating normal from metastatic nodes [Herborn et 
al., 2002]. A disadvantage of signal void in involved lymph nodes is interpretation 
of a negative signal; while radiologists rather interpret a positive signal. Also, only 
regional draining nodes can be evaluated in this setting. In our experiment we 
investigated systemically administered MS-325 by intravenous injection, and found 
no heterogeneous enhancement in metastatic nodes. Lahaye et al. also investigated 
Vasovist enhancement after intravenous injection in 10 rectal cancer patients [Lahaye 
et al., 2009]. Similar to Herborn et al., they found absent Vasovist enhancement in 
what was presumed to be the metastatic parts of lymph nodes. Although no definitive 
node-to-node correlation was possible in their study, the distribution of homo- and 
heterogeneously enhancing lymph nodes among node-negative and node-positive 
patients support their hypothesis that heterogeneous enhancement may correlate 
with metastatic infiltration. We did not find heterogeneous enhancement in metastatic 
nodes even if these nodes were occupied with metastatic cells for more than 50%, i.e.: 
when a large non-enhancing area would have been detected. The fact that we did not 
detect intranodal differences in cannot be explained by lack of imaging resolution: our 
in-plane resolution of 0.20x0.20x0.25 mm was higher. 
Also, Lahaye et al. found a peak enhancement in lymph nodes at 15 minutes after 
intravenous contrast administration while our peak enhancement for all tissues 
measured was at 9 minutes after injection. 
Qian et al showed that altered high endothelial venules were found in lymph nodes 
preceding metastatic deposits [Qian et al., 2006]. We found non-altered HEVs in the 
hyperplastic nodes; this finding corresponds to their conclusion that morphology of 
HEVs was not altered by reactive hyperplasia [Qian et al., 2006]. However, we could 
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not find the altered HEVs (thin-walled, dilated and containing red blood cells) in 
metastatic nodes at histopathologic examination; however, we sacrificed our rats at 
day 14 of the experiment and most lymph nodes were largely occupied with metastatic 
cells at that point in time.
There are several limitations in our experimental set-up that should be discussed. 
Unexpectedly, part of the Vasovist injections failed during the latter days in the 
longitudinal series. This could be explained by the fact that the tail vein is damaged 
by the canule at baseline measurement and contrast administration at follow-up was 
not possible in some rats at day 10-14. Also, to real-time check the influence of HEVs, 
hyperplasia and metastasis, we should have increased the groups and sacrifice animals 
directly after the MRI scan was made and histopathologically examine the nodes. We 
limited the number of animals needed in our protocol approved by the local animal 
ethics committee. Finally, we expected that the half-life circulation time of Vasovist 
was at least 24 minutes [Corot et al., 2003] and therefore prolonged the dynamic 
series to 66 minutes (eight dynamic scans). These last 4 THRIVEs were not needed 
to investigate differences in enhancement patterns, it seems beneficial to decrease 
the duration time of our THRIVE to three minutes and study the wash-out effects of 
Vasovist enhancement. If a gadolinium compound will prove to be as efficient as an 
iron oxide based compound in the prediction of nodal metastases, it could become a 
promising alternative to iron oxide particles [Will et al., 2006]. Vasovist does not need 
an infusion of 45 minutes 24 hours before scanning requiring a double visit for one MR 
scan and is therefore less cumbersome to patients. 
In this experiment, at multiple follow-up days no significant differences in dynamic 
enhancement patterns were seen between normal, hyperplastic and metastatic lymph 
nodes after injection of a long-circulating gadolinium-based blood pool contrast 
agent. 
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Discussion

In this chapter, I will discuss several new and promising imaging techniques. Since new 
techniques will increasingly be able to detect small lesions, I will also summarize our 
current knowledge about the importance of micrometastases.

There are several perspectives on MRI use in future. The capacity of MRI to detect 
lymph node metastases differs for different tumour sites: for cervical cancer sensitivity 
is 60% (95% CI 52% - 68%) [Bipat et al., 2003]. In a meta-analysis we found that using 
multiple malignancy criteria and gadolinium contrast enhancement sensitivity 
increased to 84% (95% CI 70% - 92%), while specificity was 82% (95% CI 72% - 89%) 
[Klerkx et al., 2009]. However, these results do not provide valid evidence to replace 
current invasive methods such as a sentinel node biopsy or a systematic lymph node 
dissection. 
There are promising new methods. Ultrasmall superparamagnetic iron oxide particles 
(USPIO) are taken up by the reticuloendothelial system and are mainly distributed 
to lymph nodes. Two pathways are described regarding this process: either direct 
transcapillary passage through venules into the medullary sinus within the node 
followed by phagocytosis; or nonselective endothelial transcytosis in the interstitium 
followed by uptake and transport via the afferent lymphatic vessels into the lymph 
nodes [Weissleder et al., 1989, Harisinghani et al., 2003]. USPIOs taken by macrophages 
within normal nodes, reduce the signal intensity due to T2 relaxation time. Metastatic 
nodes do not show this signal loss and three mechanisms are currently discussed: 1) 
blocking of afferent lymphatic vessels, 2) re- and displacement of macrophages by 
tumour cells that fail to sufficiently phagocytise the contrast agent, and 3) changes 
of lymph node physiology by tumour cells. Will et al. published a meta-analysis on 
the diagnostic performance of USPIO in staging lymph node metastases and found 
a sensitivity of 88% (95% CI 85% - 91%) and a specificity of 96% (95% CI 95% - 97%). 
However, USPIOs are still not commercially available. EMEA (European medicines 
agency) has not approved the diagnostic use of USPIO (February 2008). This decision 
was based on one death from anaphylaxis after direct injection of the undiluted 
contrast. [http://www.emea.europa.eu/humandocs/PDFs/EPAR/sinerem/H-801-WAR.pdf]. 
For now, USPIO can only be used in research setting. 
18F-fluoro-2-deoxy-D-glucose (FDG) – positron emission tomography (PET) has 
already gained widespread acceptance in initial staging of cancer, management of 
recurrent disease, and monitoring therapy response. This method allows identification 
of biochemical and physiological alterations in tumours based on the fundamental 
aspect of tumour glucose metabolism. PET/CT combines the advantages of PET in 
reflecting cell metabolism and of CT in anatomical precision. However, there are 
some limitations: it is expensive and it deals with open radioactive substances bearing 
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the need of special safety requirements. Furthermore, false positive hot spots are 
caused by inflammatory processes with increased glucose metabolism and by active 
degenerative diseases. A meta-analysis showed an overall sensitivity of FDG-PET in the 
preoperative assessment of lymph nodes in patients with head and neck carcinoma of 
79% (95% CI 72% - 85%) and specificity of 86% (95% CI 83% - 89%) [Kyzas et al., 2008]. 
But in patients with clinically negative nodes sensitivity dropped to 50% (95% CI 37% 
- 63%). Few studies described the diagnostic accuracy of PET/CT for pelvic lymph 
nodes in low-stage cervical cancer patients. Sensitivity ranged between 73-75%, while 
specificity was 96-97%, but these studies were small (n=47 and n=25, respectively) 
[Sironi et al., 2006, Loft et al., 2007]. Most metastatic lymph nodes that were missed by 
PET/CT were smaller than 0.5 cm in short-axis diameter. False negative results of PET/
CT may be caused by bladder interference, or by small lymph node metastasis that 
show low glycolytic activity. Even though the image fusion of function and anatomy 
in a PET/CT scan increases the diagnostic accuracy, histopathogical verification from 
PET positive foci is still mandatory [Subhas et al., 2005]. 
The third newly developed imaging modality is optical imaging and uses the enzymatic 
activation of cystein proteases such as Cathepsin B. Cathepsin B is a ubiquitously 
expressed enzyme found in parenchymal organs and in the reticulo-endothelial system, 
it is also found in lymph nodes and lymphatics. Using this activation probe generates a 
strong near infrared fluorescence signal (NIRF, 700-1000nm) which efficiently traverses 
tissue as the absorption of water and haemoglobin is very low in that spectrum. 
Furthermore, basically no auto-fluorescence is seen in biological tissues in the near 
infrared spectrum. Advantages of NIRF are the lack of radiation and a highly specific 
activation by the targeted enzyme. However, there are still technical limitations: light 
is scattered in tissue, and the visualization of deeper structures is hampered by the 
resulting spatial resolution. Most experimental studies were performed in partly 
skinned or dissected animals. The optical probe can be administered subcutaneously 
for visualization of local nodes and intravenously for systemic evaluation of nodes. 
The current imaging cut-off distance is approximately 10-15 mm. Endoscopic optimal 
imaging in laparoscopic surgery could resolve this problem. When nodes are detected 
by optical imaging probes, the differentiation of normal nodes from reactive enlarged 
as well as metastatic lymph nodes has to be solved. The hypothesis is that more cystein 
proteases are found in pathological altered tissue such as inflammations and tumours 
[Wunderbaldinger et al., 2006]. Preliminary data suggest a role for sentinel lymph node 
mapping in an experimental model of bladder cancer in dogs in which the tracers were 
found in metastatic sentinel lymph nodes [Knapp et al., 2007]. Altogether, although 
non-invasive and specific, the limitation in imaging distance between the probe and 
the exiting photon source of 10-15 mm remains a clinical problem. 
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A fourth new MRI imaging modality is diffusion-weighted MRI (DWI) Kim et al. 
reported the sensitivity and specificity of ADC measurement in DWI scans in 125 
cervical cancer patients to be 87% and 80% respectively [Kim et al., 2008]. However, 
ADC measurements in this study were done by selecting lymph nodes by the 
pathological reports and maximal two lymph nodes (the largest node at each pelvic 
side) per patient were selected. A large prospective cohort study including all pelvic 
lymph nodes in patients with low stage cervical cancer is currently on-going at our 
institution; and results are expected in 2010. DWI can be a useful contribution to 
conventional MRI. We have already shown that this method can help to detect more 
pelvic lymph nodes. However, still 60% to 80% of the pelvic lymph nodes removed by 
surgery were not detected. 

We found that the use of gadolinium-enhanced MRI and diffusion weighted imaging 
may improve the value of MRI in lymph node detection in cancer patients. Improved 
technology of imaging techniques will detect more lymph nodes, and increasingly 
minimal metastasis is found. Metastasis, the spread of cancer cells to distant sites from 
the primary tumour, is the most devastating aspect of cancer. While many tumours 
can be treated successfully if not spread beyond the confines of the primary organ, 
cancer that has metastasized is more difficult to treat, and accounting for over 90% of 
lethality in cancer patients. 
Before metastasizing to distant organs, most primary tumours first spread to regional 
lymph nodes. However, the prognostic value of minimal metastasis of isolated 
tumour cells in regional lymph nodes is not fully understood. Most studies involve 
breast cancer patients and the latest TNM classification includes a special coding 
for isolated tumour cells (ITCs) (≤0.2 mm) and micrometastasis (0.2 mm < and ≤ 
2 mm) in sentinel lymph nodes, pN0(i+)(sn) and pN1mi(sn), respectively. A recent 
study of de Boer et al. in the NEJM showed an increased risk of local and distance 
recurrence and death in patients with isolated tumour cells or micrometastases in the 
sentinel node both when compared to patients with node-negative sentinel nodes 
(hazard ratio 1.51 (95%CI 1.20-1.90)), and when compared to comparable patients 
with micrometastases but who had received adjuvant therapy [de Boer et al., 2009]. 
In addition, no difference in risk was observed between patients with isolated tumour 
cells or with micrometastases. This study was an observational study, so confounding 
by indication may have distorted the effect. In another, much smaller cohort of 
patients the prognosis of ITCs was similar to patients with negative sentinel lymph 
nodes with a local recurrence rate of 5.5% [Imoto et al., 2006]. They recommend that 
ITCs positive sentinel lymph node breast cancer patients should be clinically managed 
as node-negative patients. 
Also for malignant melanoma the prognostic value of micrometastases was studied 
[van Akkooi et al., 2008]. van Akkooi et al. studied 388 sentinel node positive 
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patients, of whom 10% had isolated tumour cells or micrometastases. The lesions 
were categorized as < 0.1 mm in maximum diameter (sub-micrometastasis), 0.1 mm 
to 1 mm (intermediate) and > 1 mm (large). The 5-year overall survival was 91% 
for sub-micrometastasis, 61% for intermediate lesions and 51% for large lesions. For 
lesions ≤ 0.2 mm the estimated 5-year overall survival was 89%, comparable to the 
survival of patients with sub-micrometastases [van Akkooi et al., 2008]. This survival 
is also comparable to survival of SN negative patients (90-94%) as reported in the 
MSLT-1 [Morton et al., 2006, Scheri et al., 2007]. It was hypothesized that not all 
micrometastases would have progressed to clinical disease if the sentinel node was 
not excised.  
Woolgar et al. came to the same conclusion regarding micrometastasis (< 3 mm) in 
patients with oral/oropharyngeal squamous cell carcinoma [Woolgar et al., 1999]. The 
outcome of patients with only micrometastases was equal to patients without cervical 
node metastases. However, the study was retrospective and the number of patients 
with ITCs or micrometastases was low (14 patients). Others showed that the prognosis 
did significantly differ in patients with micrometastases [Nieuwenhuis et al., 2003]. 
Lentz et al investigated the prevalence of micrometastasis in lymph nodes of low-
stage cervical cancer patients. In 19/132 patients (29/3106 nodes) they found a 
micrometastasis which was defined as an isolated cell or small groups of malignant 
cells. The presence of micrometastasis was not associated with other prognostic 
factors as age, histology, positive resection margins, stage and tumour volume, 
although numbers were low. Prognosis was not estimated, but this 15% prevalence 
of patients with micrometastases does resemble the recurrence rate of patients with 
negative nodes [Lentz et al., 2004].  
In conclusion, the meaning of micrometastases is still uncertain. Different types 
of tumours may behave differently, and breast cancer patients with ITCs < 0.2 mm 
should receive adjuvant treatment, while melanoma patients with ITCs < 0.1 mm do 
not seem to have worse survival. In gynaecologic malignancies we did not find relevant 
data. Future research should establish the value of detecting these small metastases 
in lymph nodes.

In our experimental studies we used a reconstructed voxel size of 0.2 x 0.2 x 0.25 mm, so 
technically it is possible to detect micrometastases. However by reducing the voxel size, 
the signal intensity will decrease as well. If we have to detect micrometastases within 
one voxel, there should be fairly high contrast between normal lymphatic tissue and 
metastatic deposits. Increasing magnetic field strength could allow for good signal-to-
noise-ratios in small voxel sizes. Diagnostic staging has become increasingly complex 
as newer technologies have developed more rapidly than research has been able to 
confirm the accuracy of these technologies. All above techniques seem promising in 
detecting, yet have to be tested in large patient series to define their clinical value.
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Summary

This thesis addresses the value of MRI in lymph node staging in cancer patients. 
The use of gadolinium-enhanced MRI and diffusion weighted imaging for improving 
the diagnostic accuracy of MRI in detection of lymphatic metastases as well as 
determinants influencing the diagnostic performance have been studied. In the 
following, the results of literature studies (Part 1), observational validity studies (Part 2) 
and experimental animal studies (Part 3) are summarized.

Chapter 1

In the introduction of this thesis the clinical problems of currents strategies handling 
lymphatic metastases are discussed as are the aims and outlines of this thesis. 
Metastases to local and distant lymph nodes play a major role in tumour staging, 
choice of therapy, and in predicting prognosis of patients with malignant diseases. 
Histopathological examination of locoregional lymph nodes is still regarded the gold 
standard for establishing lymph node involvement, and therapeutic decisions are 
based on its results. Although this method is an extremely valid diagnostic tool, the 
method is invasive and thus bears a risk of complications, and it is time consuming 
and expensive. Therefore, interest has grown in non-invasive imaging techniques as an 
alternative for assessing lymph nodes.
Lymph nodes can be evaluated by MRI using different nodal morphological 
characteristics: i.e. size, shape, and presence of fatty hilum. However, size measurements 
show great variability, and although specificity is excellent the diagnostic accuracy 
is limited due to the inability to detect lymphatic metastasis in normal-sized nodes. 
This thesis focuses on two MR imaging techniques that are hypothesized to be able 
to increase diagnostic accuracy of lymph node staging. These two methods are the 
recently developed diffusion weighted imaging (DWI) and the contrast-enhanced 
MRI. 

Part 1

Chapter 2

This chapter reviews the literature with respect to non-invasive lymph node staging in 
gynaecological malignancies. For all gynaecological malignancies, lymph node status 
is an important prognostic risk factor. The gold standard for lymph node staging is 
systematic surgical dissection of the pelvic lymph nodes and pathological examination 
for cervical cancer. For endometrial cancer the para-aortal region may be included, 
and for ovarian cancer patients the para-aortal region is included. For vulvar cancer, 
the inguinal lymph nodes are examined. This is an invasive procedure that can be 
accompanied by severe morbidity and postoperative complications. Cross-sectional 
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imaging modalities, such as CT and MRI have a high specificity in the detection of 
lymphatic metastases; however, their sensitivity is unacceptable in clinical practice for 
patients with cervical, ovarian and endometrial cancer. US can be of value in patients 
with vulvar cancer; most superficial lymph nodes can be visualized and reached 
by fine needle aspiration, although false-negatives do occur. The sentinel node 
concept in vulvar cancer could help to determine the lymph node status. Because 
of the importance not to understage ovarian cancer, cross-sectional imaging could 
be performed when advanced disease (stage III-IV) is suspected. CT and MRI seem 
to perform equally well; however, CT requires a relatively short examination time, 
is cheaper than MR imaging, and therefore is preferred over MRI in ovarian cancer 
patients. PET scans evaluate the metabolism of lymph nodes. Renal excretion of the 
radioactive isotope fills the bladder and this interference difficulties pelvic lymph 
node evaluation, lowering its diagnostic accuracy. For para-aortal or clavicular lymph 
node evaluation, the performance of PET is more precise and can be used in clinical 
practice. Further studies are needed to evaluate the usefulness of PET/CT for the 
accuracy of pelvic lymph node metastases detection, but also to evaluate the cost-
effectiveness of MRI and PET/CT in gynaecologic oncologic patients. Finally, new non-
invasive diagnostic imaging techniques such as ultrasmall superparamagnatic iron 
particles-enhanced MRI and DWI are discussed.   

Chapter 3

In this chapter we investigated the diagnostic accuracy of Gadolinium-enhanced 
MRI for staging lymph node metastases by means of a systematic review and 
meta-analysis. Gadolinium-based contrast agents highlight tumour vascularity in 
organs and are widely used for primary tumour visualisation. The existing evidence 
of its accuracy for lymph node staging has never been formally summarized. We 
systematically searched the literature for studies that assessed the diagnostic accuracy 
of Gadolinium-enhanced MRI in the evaluation of lymphatic metastases compared to 
histopathological examination as reference test. The search yielded 43 full text papers. 
We performed quantitative pooled analyses on the 32 studies that provided data on 
patient-level diagnosis. The weighted estimates of sensitivity and specificity for all 
studies combined were 0.72 (95% CI 0.66-0.79) and 0.87 (95% CI 0.82-0.91). Estimates 
of sensitivity and specificity were the same when a single criterion or multiple criteria 
were used without contrast highlighting. The sensitivity increased to 0.84 (95% CI 
0.70-0.92) with a specificity of 0.82 (95% CI 0.72-0.89) for the subgroup incorporating 
contrast uptake in the multiple malignancy criteria. In conclusion, the overall accuracy 
of Gadolinium-enhanced MRI for the detection of nodal metastases is moderate. 
Incorporating contrast highlighting in the malignancy criteria substantially improves 
the accuracy of this diagnostic tool considerably.
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Part 2

Chapter 4

The aim of this chapter was to investigate whether diffusion weighted imaging in 
addition to conventional MRI increases the detection of pelvic lymph nodes. Nineteen 
consecutive patients with cervical cancer had a presurgical conventional MR sequence 
followed by a DWI sequence on a 3.0T MR scanner. All patients subsequently had a 
pelvic lymph node dissection and histopathological examination of the lymph nodes. 
Two radiologists independently evaluated the images, and registered number, size 
and localisation of the lymph nodes. DWI added to conventional MR resulted in the 
additional detection of 21 (149 instead of 128) and 28 lymph nodes (195 instead of 
167) in all patients combined for observer 1 and 2 respectively. These lymph nodes 
were on average significantly smaller than those detected by conventional MR 
(p<0.05). Although the detection of lymph nodes increased with DWI, still over 60% 
was missed compared to the number removed by surgery. Its clinical value has to be 
established with the detection of tumour positive nodes.  

Chapter 5

The purpose of this chapter was to assess the reproducibility of pelvic lymph node 
detection by conventional MRI and DWI. Conventional MRI and the recently 
developed Diffusion Weighted Imaging (DWI) technique both are being used for 
the detection of pelvic lymph node metastasis in gynaecologic cancers. Seventeen 
patients with gynaecological malignancies eligible for curative surgery had undergone 
preoperative conventional MRI and DWI on a 3.0T MR scanner. All images were 
evaluated by two experienced radiologists. The reproducibility ranged between 42% 
and 65% for the two observers and for the two imaging tests, conventional MRI and 
DWI. Higher percentages of agreement were found for larger lymph nodes, i.e. for long 
as well as short axis diameter exceeding 5 mm. Also, agreement was better for lymph 
nodes in the external iliac region and the obturator region compared to detection of 
lymph nodes in the common iliac area. Results for the newer technique, DWI, were 
comparable to the results of the more conventional MRI sequences. 

Chapter 6

This chapter addresses the clinical significance of presurgical MRI detected lymph 
nodes and whether these were removed during the systematic pelvic lymph node 
dissection (PLND) in cervical cancer patients. Twenty-one consecutive cervical cancer 
patients who were scheduled to undergo a PLND were evaluated by a MRI scan prior 
to surgery and 6 weeks afterwards. All patients had tumour metastasis negative lymph 
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nodes at histopathological examination. On average, 10 pelvic lymph nodes (range 
5 – 17) per patient were detected by presurgical MRI. Postsurgical MRI scans showed 
that on average one (range 0 – 3) pelvic node per patient was not removed by surgery. 
In total, 31 of the 225 presurgically MR detected nodes were not removed by surgery. 
Approximately half of all lymph nodes that remained after surgery were located in 
the obturator region. In spite of remaining nodes, surgery and histopathological 
examination did detect more nodes than MRI: on average 21 lymph nodes per patient 
(range 9 – 59) were removed. Another two lymph nodes (range 0 – 6 per patient) were 
judged to be newly developed after surgery. In conclusion, although surgery was able 
to remove many more lymph nodes than those detected by presurgical MRI, 14% of 
presurgically MRI detected lymph nodes was not removed by PLND. The value of MRI 
prior to surgery for the detection of pathological lymph nodes is subject for further 
research. 

Part 3

Chapter 7

In this chapter an experimental rat model involving healthy, metastatic and hyperplastic 
lymph nodes. These lymph nodes are evaluated longitudinally by MR volume and 
apparent diffusion coefficient (ADC) measurements is presented. This model was 
used to detect patterns in lymph node enlargement and to hereby differentiate 
reactive from metastatic lymph nodes. A low-dose tumour group consisting of four 
Copenhagen rats received 4.0x104 R3327 MAT LyLu prostate cancer cells in their left 
hind footpad. A high-dose tumour group (n=4) was inoculated with 2.5x105 cancer 
cells. Complete Freund Adjuvant (CFA, 0.05mL) was administered subcutaneously in 
the hind footpads of hyperplastic group rats (n=4) to induce a hyperplastic response 
in the draining popliteal lymph node. Imaging was performed using a 3.0T Philips MR 
scanner at baseline and at 2, 5, 8, 11, and 14 days after tumour cell injection. Finally, 
lymph nodes were excised and examined histopathologically. The model used was 
highly efficient to induce enlarged lymph nodes: subcutaneous cell inoculation resulted 
in ipsilateral metastatic or reactive popliteal lymph nodes in all rats. Metastatic lymph 
node volumes increased from 5-7mm3 at baseline to 25mm3 at day 14 when 2.5*105 
tumour cells were injected. The mean volume of the contralateral control node at 
day 14 was 5mm3. The hyperplastic lymph nodes showed a fast increase in volume 
within 24 hours after CFA inoculation, and 6 days after injection a plateau was reached 
at 40mm3. The ADC of metastatic lymph nodes significantly decreased (range 13 – 
32%) eight days after cell inoculation, while a significant decrease of ADC in reactive 
nodes was already seen four days after CFA injection. After an initial decrease, ADC 
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values of both metastatic and reactive nodes tended to stabilize one week after 
injection. The correlation (r2) between ADC and volume in metastatic nodes was 0.38, 
in hyperplastic nodes 0.46. In conclusion, metastatic and hyperplastic lymph nodes 
differed in terms of enlargement patterns and ADC changes. Volume was a better 
predictor of lymphatic metastasis than ADC; in this model reactive lymph nodes 
could not be differentiated from malignant nodes based on ADC values.

Chapter 8

The purpose of this chapter was to analyze the enhancement patterns of metastatic, 
hyperplastic and normal lymph nodes after intravenous administration of a long-
circulating gadolinium-based blood pool agent (MS-325). MS-325 (Vasovist) was 
administered intravenously in five Copenhagen rats in which a reactive lymph node 
was induced by means of Complete Freund Adjuvant administration and in seven 
animals in which metastatic nodes were induced using a highly metastatic tumour 
cell suspension (R3327 MAT LyLu prostate cancer cells). Before injecting the contrast 
agent a high resolution T1-weighted dataset was acquired. During the injection a 
bolustrack sequence was run to confirm successful injection. After administration the 
high resolution T1-weighted sequence were repeated eight times to investigate the 
dynamic of contrast-enhancement patterns. Animals were scanned at baseline (before 
inducing metastatic or hyperplastic nodes), and at 2-5 days, 7-8 days and 10-14 days 
after cell/adjuvant administration. Hyperplastic and metastatic lymph nodes were 
confirmed in all cases by pathological examination. We did not find any significant 
or relevant differences in enhancement patterns between benign hyperplastic, 
metastatic and control lymph nodes. When SI patterns of metastatic nodes and their 
contralateral control nodes were compared, a trend towards a wash-out type pattern 
was seen in metastatic nodes.

Chapter 9

This chapter addresses several new and promising imaging techniques. Since new 
techniques will increasingly be able to detect small lesions, current knowledge about 
the importance of micrometastases is summarized. 
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Major conclusions of this thesis

The overall accuracy of Gadolinium-enhanced MRI for the detection of nodal 
metastases is moderate. Incorporating contrast highlighting in the malignancy criteria 
substantially improves the sensitivity from 0.72 (95% CI 0.66-0.79) to 0.84 (95% CI 
0.70-0.92) with comparable specificities: 0.87 (95% CI 0.82-0.91) and 0.82 (95% CI 0.72-
0.89) respectively.
Diffusion-weighted imaging (DWI) added to conventional MRI resulted in the 
additional detection of pelvic lymph nodes. These DWI detected lymph nodes were 
on average significantly smaller than those detected by conventional MR: the long axis 
diameter of lymph nodes detected by conventional MRI was approximately 7.8 mm 
for both observers together and 5.2 mm for DWI detected lymph nodes (p<0.02). For 
the short axis diameter these number were 4.9 mm and 4.1 mm respectively. 
Although the detection of lymph nodes increased with DWI, still over 60% of the 
pelvic lymph nodes was missed compared to the number removed by surgery.
Although surgery was able to remove many more lymph nodes than those detected 
by presurgical MRI, 14% of presurgically MRI detected lymph nodes was not removed 
by pelvic lymph node dissection.
Reproducibility of MRI and DWI in the detection of pelvic lymph nodes in patients 
with a gynaecological malignancy was similar, i.e. ranging between 0.42 – 0.65 for 
conventional MRI and 0.49 – 0.52 for DWI. 
Higher percentages of agreement were found for larger lymph nodes, i.e. for long as 
well as short axis diameter exceeding 5 mm. Also, agreement was better for lymph 
nodes in the external iliac region and the obturator region compared to detection of 
lymph nodes in the common iliac area. 
On average, 10 pelvic lymph nodes (range 5 – 17) per patient were detected by 
presurgical MRI. 
Approximately two pelvic lymph nodes (range 0 – 6 per patient) were judged to be 
newly developed after surgery.
Metastatic and hyperplastic popliteal lymph nodes in Copenhagen rats inoculated 
with R3327 MAT LyLu cell suspension or Complete Freund Adjuvant respectively 
differed in terms of enlargement patterns and apparent diffusion coefficient (ADC) 
measurements. Nodal volume is a better predictor of lymphatic metastasis than ADC. 
In this model, reactive nodes could not be differentiated from malignant nodes based 
on ADC values.  
The use of a long-circulating gadolinium based blood pool agent (Vasovist) for 
dynamic contrast enhancement studies in an experimental animal model did not show 
differences in enhancement patterns between normal, hyperplastic and metastatic 
lymph nodes.
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De prognose van verschillende gynaecologische tumoren, dat wil zeggen 
baarmoederhals-, eierstok-, baarmoederslijmvlies- en vulvacasinoom, wordt in grote 
mate bepaald door de aanwezigheid van uitzaaiingen in de regionale lymfeklieren. 
Het opsporen van metastasen in deze regionale lymfeklieren gebeurt chirurgisch, wat 
kan leiden tot peri-operatieve complicaties en postoperatieve morbiditeit terwijl bij 
veel patiënten met kanker in een vroeg stadium de lymfeklieren vrij van tumor zijn. 
Een niet-invasieve diagnostische test die de lymfeklieren preoperatief nauwkeurig kan 
beoordelen op het al dan niet aanwezig zijn van tumorcellen, zou een waardevolle 
aanvulling zijn bij het vaststellen van uitzaaiingen in deze lymfeklieren. Beeldvormende 
technieken zoals CT, MRI en PET zijn tot op heden niet nauwkeurig genoeg gebleken 
om deze informatie te kunnen geven. Er zijn echter nieuwe technieken ontwikkeld 
die zowel de functie (normaal, reactief vergroot of metastatisch) als de anatomie 
(vergroot, irregulair, necrose) van de lymfeklier in beeld kunnen brengen. Het 
probleem van het beoordelen van lymfekliermetastasen met behulp van MRI is in dit 
proefschrift op verschillende manieren benaderd. De introductie tot dit proefschrift 
wordt in hoofdstuk 1 beschreven. 

Deel 1: Literatuur onderzoek

In hoofdstuk 2 worden de mogelijkheden en beperkingen van verschillende 
beeldvormende technieken (zoals ultrageluidsonderzoek, CT, MRI en PET scans) bij 
het opsporen van lymfekliermetastasen bij patiënten met gynaecologische kanker 
beschreven. De conclusie luidt dat de specificiteit (dat is de kans dat de ziekte bij 
een negatieve testuitslag werkelijk afwezig is) redelijk goed is voor zowel CT als 
MRI. Bij vulvakanker kan ultrageluidsonderzoek in combinatie met fijne naald 
aspiratie cytologie van toegevoegde waarde zijn, omdat de meeste lymfeklieren 
waarnaar de tumor draineert oppervlakkig in de lies gelegen zijn. Bij de stadiëring 
van eierstokkanker heeft CT voordelen boven MRI. Het belangrijkste voordeel is het 
grotere bereik van CT in een korte scantijd. PET scans en PET gecombineerd met CT 
is nog van beperkte waarde bij het stadiëren van tumoren in het kleine bekken, maar 
kan bij een uitgebreidere tumor nuttig zijn, omdat met PET het hele lichaam wordt 
afgebeeld en dus metastasen op afstand ontdekt kunnen worden. Nieuwe, op MRI 
gebaseerde beeldvormende technieken, zullen hun waarde bij het ontdekken van 
lymfekliermetastasen nog moeten bewijzen.
In hoofdstuk 3 is de waarde van Gadolinium contrast bij MRI bij de opsporing van 
lymfeklierenmetastasen onderzocht. Gadolinium wordt als MRI contrastvloeistof 
veel gebruikt om de primaire tumor aan te tonen. Wij zijn nagegaan of er ook een rol 
is weggelegd voor Gadolinium contrast bij het opsporen van lymfekliermetastasen 
(uitzaaiingen in de lymfeklieren). Dit is onderzocht in een meta-analyse waarbij 
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studies geïncludeerd zijn die de diagnostische waarde van MRI met Gadolinium 
contrast vergeleken met het histologisch onderzoek van de bij chirurgie verwijderde 
lymfeklieren in de detectie van lymfekliermetastasen. In totaal werden 43 studies 
geïncludeerd die voldeden aan de inclusiecriteria. Hiervan presenteerden 32 studies 
hun resultaten op patiëntniveau. In deze meta-analyse is gevonden dat de inclusie van 
“de toename van contrast in de lymfeklier” in de criteria om een lymfekliermetastase 
aan te tonen, de sensitiviteit (de kans dat de metastase inderdaad gevonden wordt 
bij mensen die de metastase ook daadwerkelijk hebben) van MRI verbeterde: 72% bij 
het gebruik van alleen grootte als criterium voor lymfekliermetastasen en steeg naar 
84% bij het gebruik van criteria die contrast toename meenamen als criterium voor 
metastase. Gadolinium lijkt hiermee van toegevoegde waarde bij het opsporen van 
lymfekliermetastasen met MRI. 

Deel 2: Validiteits onderzoek

Begin 2006 is er een klinisch cohort onderzoek gestart bij patiënten uit het UMC Utrecht 
en het AMC te Amsterdam met een laag stadium baarmoederhalskanker. Het doel van 
dit onderzoek is om de sensitiviteit en de specificiteit van conventionele en diffusie-
gewogen MRI te bepalen bij de preoperatieve opsporing van lymfekliermetastasen. 
Patiënten bij wie de lymfeklieren chirurgisch verwijderd zouden worden, werden 
geïncludeerd in de studie. Deze patiënten kregen voor de operatie een conventionele 
en diffusie-gewogen MRI scan op de 3.0T MRI scanner. De resultaten volgend uit 
dit klinische onderzoek volgen nog. Drie andere onderzoeksvragen die beantwoord  
konden worden, worden in dit proefschrift besproken. 
De eerste onderzoeksvraag betrof de toegevoegde waarde van diffusie-gewogen 
MRI in vergelijking met conventionele MRI bij de visualisatie van normale 
lymfeklieren in het kleine bekken (hoofdstuk 4). Hiervoor werd een subgroep 
van 19 baarmoederhalskanker patiënten bestudeerd. Bij deze patiënten werd een 
conventionele en een diffusie-gewogen MRI scan gemaakt vóór de operatie. Alle 
patiënten hadden normale lymfeklieren bij histologisch onderzoek. In deze studie 
werd gevonden dat met diffusie-gewogen MRI meer lymfeklieren zichtbaar gemaakt 
konden worden dan met conventionele MRI, namelijk gemiddeld 1 extra lymfeklier 
per patiënt. Het betrof voornamelijk kleine lymfeklieren die met de toegevoeging van 
diffusie gewogen MRI gevonden werden. De contrast-ruis verhouding van diffusie-
gewogen MRI is erg gunstig en draagt hiermee bij aan een voor radiologen snellere 
detectie van lymfeklieren. Echter, uit deze studie bleek ook dat nog altijd 60% van de 
chirurgisch verwijderde lymfeklieren worden noch met conventionele MRI, noch met 
diffusie-gewogen MRI gevonden werden.
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In hoofdstuk 5 werd de reproduceerbaarheid van de lymfeklierdetectie door radiologen 
bestudeerd. In een subgroep van patiënten uit het klinische cohort en in patiënten 
met eierstokkanker bij wie na histologisch onderzoek geen lymfekliermetastasen 
gevonden waren, werd de preoperatief gemaakte conventionele en diffusie-gewogen 
MRI scans opnieuw door twee ervaren radiologen beoordeeld. Deze radiologen 
waren niet op de hoogte van elkaars beoordeling. Uit dit onderzoek bleek dat de 
reproduceerbaarheid van de detectie van normale lymfeklieren tussen de 42-65% 
was. Echter, de reproduceerbaarheid nam toe naarmate de lymfeklier groter was 
(> 5 mm in lange of korte as diameter). De reproduceerbaarheid van de detectie van 
lymfeklieren met diffusie-gewogen MRI was vergelijkbaar met de reproduceerbaarheid 
van conventionele MRI. Ook was de reproduceerbaarheid beter voor lymfeklieren 
in de regio rond de vene iliaca externa de de obturator vergeleken met lymfeklieren 
gevonden rondom de a. iliaca communis. 
De derde onderzoeksvraag was of alle met MRI gevonden lymfeklieren inderdaad met 
de operatie verwijderd werden. Hiervoor werd in een subgroep van 25 patiënten met 
laag stadium baarmoederhalskanker zonder lymfekliermetastasen bij histologisch 
onderzoek zes weken na de operatie een tweede MRI scan gemaakt (hoofdstuk 6). Het 
bleek dat een deel van de lymfeklieren, die voor de operatie met MRI zichtbaar waren, 
niet door de chirurg verwijderd was (14%). Er werden gemiddeld 10 lymfeklieren per 
patiënt met MRI gevonden waarvan er gemiddeld 1 niet met de operatie verwijderd 
was. Eveneens bleken er zich gemiddeld twee ‘nieuwe’ lymfeklieren per patiënt in het 
kleine bekken te hebben ontwikkeld. Waarschijnlijk waren deze ‘nieuwe’ lymfeklieren 
al voor de operatie aanwezig, maar te klein om op de eerste MRI scan gevonden te 
worden. Na het chirurgisch wegnemen van andere lymfeklieren zijn deze ‘nieuwe’ 
lymfeklieren waarschijnlijk, als reactie op de operatie, in volume toegenomen tot een 
met MRI detecteerbare grootte. 

Deel 3: Dierexperimenteel onderzoek

In samenwerking met het Gemeenschappelijk Dierenlaboratorium te Utrecht en 
het VUMC te Amsterdam werd een dier-experimenteel model ontwikkeld waarin 
door tumor vergrote lymfeklieren en door ontsteking vergrote lymfeklieren met MRI 
bestudeerd konden worden. Aan Copenhagen ratten werd een tumor cellijn of een 
adjuvant toegediend met als doel een metastatische (een lymfeklier met kankercellen) 
of reactief vergrote (een door ontsteking vergrote) lymfeklier te doen ontstaan. Deze 
lymfeklieren werden twee weken met MRI gevolgd waarbij diverse metingen werden 
gedaan. Deze metingen bestonden uit de ADC (apparent diffusion coefficient, 
een maat voor de thermisch geïnduceerde beweging van waterstofmoleculen per 
seconde), het volume en de signaal intensiteit in de lymfeklier na het toedienen van 
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een lang-circulerend Gadolinium contrastmiddel (Vasovist). De meetingen werden op 
verschillende momenten in de tijd herhaald. 
Het volume van de lymfeklier bleek een zeer betrouwbare maat voor het vaststellen 
en vervolgen van een lymfekliermetastase, in tegenstelling tot het momenteel veel 
gebruikte meten van de korte as diameter. Het meten van de ADC is echter een minder 
goede methode om onderscheid te maken tussen normale lymfeklieren, reactief 
vergrote (hyperplastische) lymfeklieren en metastatische lymfeklieren (hoofdstuk 
7). Na het intraveneus toedienen van Vasovist contrastmiddel werd geen duidelijk 
verschillend aankleuringspatroon tussen normale, hyperplastische en metastatische 
lymfeklieren gezien (hoofdstuk 8). Deze door dier-experimenteel onderzoek behaalde 
resultaten zijn van belang voor de dagelijkse klinische praktijk.
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Belangrijkste conclusies

De betrouwbaarheid van Gadolinium contrast MRI in de detectie van lymfeklier-
metastasen is matig; het meenemen van verhoogde aankleuring van lymfeklieren in 
de criteria voor het vaststellen van een metastase verhoogd de betrouwbaarheid van 
MRI aanzienlijk.
De toevoeging van diffusie-gewogen MRI aan conventionele MRI leidt tot de detectie 
van meer lymfeklieren. Deze additioneel gevonden lymfeklieren waren gemiddeld 
kleiner dan lymfeklieren gevonden met de conventionele MRI.
Hoewel er bij diffusie-gewogen MRI meer lymfeklieren ontdekt worden, werd nog 
altijd 60% van de lymfeklieren gevonden bij histologisch onderzoek gemist. 
Ondanks dat bij de operatie meer lymfeklieren verwijderd werden dan met MRI 
(conventionele en diffusie-gewogen MRI samen genomen gevonden), was 14% van de 
met MRI gevonden lymfeklieren niet door de operateurs verwijderd. 
De reproduceerbaarheid in de detectie van lymfeklieren was voor conventionele MRI 
en diffusie-gewogen MRI gelijk.
De reproduceerbaarheid in de detectie van lymfeklieren nam toe bij het detecteren 
van grotere lymfeklieren. Dit gold voor zowel lymfeklieren met een lange as diameter 
> 5 mm als voor lymfekllieren met een korte as diameter > 5 mm, en gold zowel voor 
conventionele MRI als diffusie-gewogen MRI. Ook was de reproduceerbaarheid beter 
voor lymfeklieren in de regio rond de vene iliaca externa de de obturator vergeleken 
met lymfeklieren gevonden rondom de a. iliaca communis. 
Gemiddeld worden er 10 lymfeklieren in het kleine bekken ontdekt met MRI.
Er ontstaan gemiddeld twee “nieuwe” lymfeklieren per patiënt in het kleine bekken na 
een systematische lymfeklierdissectie. 
Metastatische en reactief vergrote lymfeklieren in een dier-experimenteel model 
vertonen verschillende groeipatronen. Lymfekliervolume is een betere voorspeller 
van metastase dan het meten van veranderingen in de ADC; in dit model konden 
metastatische lymfeklieren niet op basis van de ADC van reactief vergrote lymfeklieren 
onderscheiden worden. 
Normale, reactief vergrote en metastastische lymfeklieren konden in dit dier-
experimenteel model niet met behulp van Vasovist (een langcirculerend Gadolinium 
contrastmiddel) en dynamische MR beeldvorming van elkaar onderscheiden worden. 
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Van USPIO naar diffusie MRI voor de beoordeling van lymfeklieren is niet zo’n grote 
stap, tenzij als je een grote omweg neemt langs mammacarcinoom, in vivo nmr, en 
de high tech campus in Eindhoven. Uiteindelijk is het resultaat er en wil ik een aantal 
mensen bedanken voor hun hulp, steun en bijdrage aan dit proefschrift.
Allereerst wil ik alle patiënten bedanken die belangeloos hebben deelgenomen aan 
het onderzoek. Vlak na de diagnose ‘kanker’ kozen zij ervoor deel te nemen aan een 
wetenschappelijk onderzoek. Ik bewonder jullie keuze. 
Ook de 32 Kraaloogjes wil ik bedanken dat zij hun leven voor de wetenschap hebben 
gegeven. 

Beste Peter, vijf jaar geleden stonden we samen aan de OK-tafel in het St. Antonius 
in Nieuwegein. Nadat ik de a. mesenterica inferior had benoemd, mocht ik bij jou 
langskomen om over mijn wetenschappelijke stage te praten. De sfeer was typerend 
voor jouw begeleiding: heel relaxed (een kopje thee en de muziek aan) en je had alle 
tijd voor me. Hierbij werd de basis gelegd voor dit promotietraject. Ik vind het heel 
bijzonder dat ik jouw laatste promovenda ben. Heel veel dank!

Beste professor Mali, vier jaar lang mocht ik elke maandagochtend mijn verhaal komen 
doen. De ene keer met meer enthousiasme dan de andere keer, dat wel. Ik heb heel 
veel bewondering voor uw vermogen overzicht te houden op de data en relevante 
conclusies te benadrukken. En ik ben zeer blij dat u Microsoft Word reviseren heeft 
ontdekt!

Beste Petra, het begon met jouw begeleiding bij de Master scriptie van de klinische 
epidemiologie. Er is de afgelopen vier jaar veel in jouw leven gebeurd; je bent 
hoogleraar geworden en hebt een half jaar in Londen gewerkt. Ik heb waardering voor 
jouw vermogen mijn ingewikkelde zinsconstructies tot een kort en duidelijk verhaal 
te (re)formuleren. De resultaten van de DINGO-studie, komen echt, dat beloof ik je!

Beste Wouter, halverwege mijn promotietraject kwam jij ineens in beeld. Ik wilde 
experimenteel onderzoek doen met een rat-model en jij wilde promovendi begeleiden: 
professor Mali heeft ons succesvol gekoppeld. Hoewel ik je nog steeds niet bij kan 
houden met je UNIX taal en programmeer-vermogen, heb ik ontzettend veel van je 
geleerd. Ik waardeer je doorzettingsvermogen en bewonder je kennis in de technische 
en fysische radiologie, ik hoop dat we samen doorgaan met wetenschap. Slaap jij wel 
eens?
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Professor Borel Rinkes, professor Verheijen, professor Van Diest, en professor Van 
Schaik wil ik bedanken voor het plaatsnemen in de beoordelingscommissie. 

Beste Ab, ook jij hebt me geholpen met het doen van wetenschappelijk onderzoek 
met een experimenteel model. Van jou heb ik de celkweek techniek geleerd, veel dank 
daarvoor. Ook heb je me geïntroduceerd bij de AACR en hebben we een interessant 
congres in Vancouver gehad. Een ‘potlatch’ betekent overigens een ceremonieel feest 
bij indianen.  

Beste Carl en Leon, heel erg bedankt voor de samenwerking die leidde tot een 
mooie publicatie in JNCI. Leon, jij leerde me werken met wéér een nieuw computer-
programma: SAS. Carl, ook jij leerde me samenvatten, het zal wel iets van het Julius 
Centrum zijn.  

Dear Taro, I’ve enjoyed working with you. Besides knowing all about DWI you were 
also interested in my personal life. I have learnt a lot and hope to continue our 
collaboration in the MR hysterography. Beste Peter, als hoofd van de 7Tesla groep 
heb jij me in contact gebracht met Taro Takahara en Fredy Visser (die ik hierbij ook 
enorm wil bedanken voor de bijdrage aan het rat model scan protocol). Starten met 
het model op de High Tech Campus in Eindhoven is niet doorgegaan, maar ik denk dat 
we in het UMCU prima resultaten uit ons model hebben gehaald. 

Beste Gerard, dank voor al die middagen DINGO scans bekijken. Eerst met mij, later 
nog eens met Jaap. Jij hebt er veel tijd ingestoken. Beste laboranten en Niels in het 
bijzonder, heel veel dank voor protocol-ontwikkeling en alle scans die jullie hebben 
helpen maken; we konden altijd schuiven en proefpersonen invoegen. Anneke, 
bedankt voor het flexibel plannen van de DINGO patiënten. Wilbert en Koen, ook 
jullie wil ik noemen voor de lessen ‘basics of MRI’ en ADC-mixen, maar vooral omdat 
ik zo hard met jullie kon lachen.

Beste collega-onderzoekers bij de in vivo NMR: Rick, Annette, Erwin, Maurits, Ivo, 
Anja, heel erg bedankt voor dat ene jaar bij jullie. Ik heb weer geleerd met een nieuw 
computer-programma te werken (MATLAB, UNIX taal) en de basis van MRI hebben 
jullie me bijgebracht. Jullie zijn een inspirerende onderzoeksgroep. Ik wil Maurits en 
Anja ook heel erg bedanken voor het helpen met het inbrengen van de canule in de 
staartvene. op elk moment , ‘s avonds laat en op zondagochtend. En Maurits, jij hielp 
me met alles wat mis ging…
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Beste collega’s van divisie Vrouw en Baby: Henk, Eleonora, Karien, Ronald, René en alle 
assistenten die in hun oncologie stage DINGO patiënten voor mij verzamelden. Drie 
jaar tumor-board: Els, Judith, Robbert en Daisy, bedankt voor de vele leermomenten. 
Maarten, bedankt voor het includeren van patiënten uit het Diakonessen Ziekenhuis in 
Utrecht. Poli-verpleegkundigen, Tessa en Ingrid, bedankt voor jullie hulp en interesse!

Ko en Fon, bedankt voor jullie hulp bij het includeren van cervixcarcinoom-patiënten 
in het AMC; ik heb de samenwerking altijd als heel prettig en soepel ervaren. Ook Jaap, 
Anje, Shandra en Aart, heel erg bedankt voor jullie bijdrage aan de DINGO studie, 
zonder jullie inzet was de inclusie niet zo groot geweest. Wat een mooi artikel zal dat 
worden!

Dan mijn collega-uitvinders van de radiologie: de hele epi-rad groep, Nicky (jij hebt 
me ‘ingewerkt’), Annemarieke en Hester in het bijzonder, dank voor jullie interesse, 
wetenschappelijk stimulans maar ook de goed voor elkaar X-mas party’s, fietsrally’s 
en congressen in Chicago, Toronto en Honolulu. Lisa, wij begonnen samen bij de 
radiologie aan twee heel verschillende projecten: jij bestudeert hart- en vaatziekten 
bij oude mannen; ik kanker bij jonge vrouwen. Samen hebben we de Master gedaan 
en ik vind het geweldig dat je naast me staat op 26 november. Van collega’s zijn 
we vriendinnen geworden. Ook de uitvinders van ‘deze en de andere kant’: Nicole 
(dank zij jou kwam ik erbij!), Floor (jij was mijn voorbeeld), Carolien (jou te moeten 
missen nadat we elkaar 3 jaar lang zo’n 9 uur per dag zagen was echt wennen), Marian 
(nuchter), Marieke, Erik, Jeroen, Suzanne, Monique, Marlies, Ouijsdaine, Margarida, 
Lotte, Yvonne, Gijs, Bas, Roel, Margo, Annemiek, Esther, Joepe, Michelle, Maarten, 
Femi: bedankt! Ook al sta je ongeveer 3 jaar bovenaan de ‘lijst’ (van personen waarmee 
je niet wilt ruilen): het komt goed! Dat boekje komt er echt wel!

Ook mijn collega’s van het Elisabeth Ziekenhuis in Tilburg wil ik bedanken. Ik hoop dat 
jullie niet teveel last hebben gehad van het afronden van mijn proefschrift. Vanaf nu 
weer de onverdeelde aandacht voor het werk daar!

Dan nu wil ik een heel aantal mensen bedanken omdat ze NIETS met dit onderzoek 
of ziekenhuis te maken hadden. Ik kon namelijk met jullie heerlijk mijn gedachten 
verzetten. Lekker buiten hardlopen, hockeyen, wielrennen, bbq-en in onze ‘provence’, 
terrasjes, etentjes, feestjes! Deze sociale en mentale ontspanning heeft natuurlijk 
bijgedragen aan dit proefschrift. Dus: al mijn vrienden heel erg bedankt! Ik wil een 
aantal mensen persoonlijk bedanken: Anandi, Carolien, en Judy, wat een goede combi! 
Op naar het volgende Isis-kerstdiner; ik neem m’n memory mee! Laura, wat fijn dat we 



via hockey en via onderzoek in de gynaecologische oncologie een jaar geleden op een 
strandje in Thailand lagen. Na Ameland nu op wintersport met ons gezellige groepje! 
Marjolein, toen wij elkaar 11 jaar geleden in Groningen ontmoetten en genoten van 
de lokale horeca, had ik niet gedacht dat we beiden ooit zouden promoveren! Heel erg 
fijn dat je 26 november naast me zal staan; ik wens je alle geluk en liefde toe. Manga, 
lieve dames, ook al meer dan 10 jaar lief en leed gedeeld. Ik hoop dat we heel veel 
mooie momenten met elkaar mogen meemaken. Mijn hockeyteam Kampong dames 
9 en GCHC dames 2. Mijn co-groepje Marion en Eva, huisgenoten van de Kenepaweg 
op Curaçao (Marsha! Fijn dat we collega’s worden! Ellen en Annemarijn). 

Lieve familie en tegenwoordig officieel schoonfamilie, bedankt voor jullie oprechte 
interesse in mijn werk. Anke en Jans, we hebben heel veel meegemaakt: mooie maar 
ook verdrietige momenten. Ik wens jullie al het geluk toe. Arne-Peter en Annelies, 
onze banden worden steeds hechter en daar ben ik blij mee. Lieve pap en mam, jullie 
hebben altijd mij mijn eigen beslissingen laten nemen en vertrouwd op mijn oordeel. 
Vervolgens stonden jullie achter mijn keuze, heel fijn. Mam, ik hoop dat we samen nog 
in het Diak zullen werken. Lieve Rik, Londen Utrecht is niet dichtbij, toch ben ik blij 
met de Bourgondische weekendjes met jou en Marijn. Lieve Emma, mijn kleine grote 
zus, mijn lieve vriendin. Bedankt dat je er op de momenten dat ik je nodig had er voor 
me was. 

Mijn allerliefste, zonder jou had ik het nooit afgemaakt. Jij luisterde en gaf waar nodig 
me heel verstandige adviezen voor iemand die niets van medicijnen, statistiek, fysica 
of epidemiologie afweet. Als ik het niet meer zag zitten (en is toch best een aantal keer 
voorgekomen) wist jij alle problemen te relativeren. Jij staat altijd voor me klaar, ik kan 
niet genoeg zeggen hoeveel ik van je houd en wat je voor me betekent. Gelukkig weet 
jij het al. 
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Curriculum vitae

Wenche Margrethe Klerkx was born on July 12th 
1980 in Arendal, Norway as eldest of three children. 
After spending several years abroad with her parents, 
she moved in 1987 with her family to Houten, the 
Netherlands. Following her graduation from the st. 
Bonifatius College in Utrecht in 1998, she started her 
medical study at the University in Groningen.

 

 

During her medical study, Wenche decided to study and practice her Norwegian and 
followed a student-internship pulmonary disease at the Glittre Klinikken in Hakadal, 
Norway. She attended further clinical internships in the University Medical Centre 
Groningen and allied regional hospitals. Just before moving to Willemstad, Curaçao 
to attain the 6 months of her internship at the Sint Elisabeth Hospital, her interest 
rose in Gynaecology and Obstetrics. Having returned to the Netherlands, she followed 
an extra Gynaecology and Obstetrics internship at the St. Antonius Hospital in 
Nieuwegein. Here, she came in touch with professor Heintz. After finishing her master 
thesis in the University Medical Centre Utrecht under supervision of (now) professor 
Nijman and professor Heintz and graduating her Medicine study in June 2005 she 
started as PhD-student at the Department ‘Woman and Baby’. The PhD-program ‘MR 
Imaging of pelvic lymph nodes’ was conducted under supervision of professor Heintz, 
professor Mali and professor Peeters. From September that year she combined her 
work with a Master of Science in Clinical Epidemiology which she finished June 2008. 
As of March 2009 she started working as AIOS gynaecology and obstetrics at the 
Sint Elisabeth Hospital in Tilburg under supervision of Dr. Vervest.
October 3rd this year, she married Joost-Jan Kinds with whom she has been together 
for nearly ten years.
 






