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General introduction and thesis outline

Epidemiology
Endometrial cancer is the most prevalent gynaecological malignancy in industrialized countries, with approximately 382,000 new diagnoses and 89,900 deaths worldwide in 2018.1 Globally, women have a cumulative risk of 1% of developing the disease at the age of 75.2 The incidence of endometrial cancer is increasing in Europe
and the United States, due to the ageing population, and increased incidence of obesity and metabolic syndrome.3, 4 In the Netherlands, 1,978 women were diagnosed
with endometrial cancer in 2018, compared to 1,406 in 2000.5 In low-income countries, these risk factors are less common, and consequently the incidence of endometrial cancer in these countries is up to ten times lower.4 Most cases of endometrial
cancer are sporadic, while approximately 5% occurs as part of a hereditary susceptibility syndrome, especially Lynch syndrome.6 The majority of women are postmenopausal at the time of diagnosis, approximately 15% is diagnosed in women
below 45 years of age, and 5% in women below 40 years of age.7, 8

Histopathological classification
Endometrial cancer can be classified into various histological subtypes.9 Around
85% of all newly diagnosed endometrial cancer cases consist of the endometrioid
endometrial carcinoma (EEC), arising in a background of endometrial hyperplasia
as a result of continuous endometrial exposure to exogenous or endogenous estrogens, in absence of sufficient progesterone to counteract.3, 10 Non-endometrioid endometrial carcinomas (NEEC) represent about 15% of less common histological subtypes, including uterine serous carcinoma (USC), clear cell endometrial carcinoma
(CCEC), carcinosarcoma, mixed carcinoma, and undifferentiated carcinoma. These
carcinomas generally arise in a background of endometrial atrophy, and differ from
EECs by an older age of onset, distinct molecular features, and a generally poor
prognosis.10, 11 Even though NEECs were assumed to be estrogen-independent, it
was recently shown that common risk factors such as diabetes mellitus, oral contraceptive use, parity, and age at menarche, were associated with both types to a similar
extent, suggesting a more common etiology than previously thought.10 Interestingly,
the increasing incidence of endometrial cancer can mainly be attributed to the rising
incidence of NEECs.3
According to the International Federation of Gynaecology and Obstetrics (FIGO),
EECs are graded as grade 1, 2 or 3, based on the area of solid growth and the degree
of cytonuclear atypia.12 Most EECs are grade 1 or 2 (well to moderately differentiated), whereas NEECs are classified as grade 3 (poorly differentiated) by defini-
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tion. The importance of accurate histological assessment is underlined by the direct impact of histological subtype on five-year survival: 85% in EEC and 58-70% in
NEEC.13, 14

Carcinogenesis
Endometrial carcinoma originates from the inner lining of the uterus, the uterine epithelium. EECs are assumed to arise from hyperplastic endometrium, under the
influence of unopposed estrogen exposure. Obesity is present in approximately
50% of patients with EEC and increases extraglandular conversion of androgens
into estrogen in adipose tissue.15, 16 Altered concentrations of insulin-like growth
factors further induce estrogen receptor transcriptional activity.17 We have demonstrated that increased levels of androgens and estrogen were associated with ovarian stromal hyperplasia and Leydig cell hyperplasia in part of endometrial cancer
patients, suggesting an intrinsic role of the postmenopausal ovary in endometrial
carcinogenesis.18 Under continuous estrogenic stimulation, the postmenopausal atrophic endometrium will become hyperplastic, and nuclear atypia may develop.19
Endometrial hyperplasia with atypia often harbors cancer-related mutations and
bears a substantial risk of progressing to or co-existing with endometrial cancer.20, 21
At a molecular level, the phosphatidylinositol 3-kinase pathway/protein kinase B/
mammalian target of rapamicyn (PI3K/Akt/mTOR) pathway has aberrations in 80%
of EECs, with possible mutations in several members of the pathway (Figure 1).22
PTEN is the most frequently mutated gene in EEC, and is considered as an early
event (Table 1).23 As inactivation of the PTEN protein is frequently observed in endometrial glands of healthy premenopausal women with a menstrual cycle without
progression to actual (pre)malignant lesions, other mechanisms are mandatory for
the initiation of carcinogenesis as well.24, 25 PIK3CA and PIK3R1 mutations frequently
co-exist with PTEN mutations in EEC, and are involved in the development of EEC
via the activation of the PI3K/Akt/mTOR pathway.22, 26, 27 CTNNB1 mutations have
also been shown to promote endometrial cancer in mice with PTEN loss and PIK3CA
activation.28 Mismatch repair deficiency (MMR-D) is the result of epigenetic silencing of MLH1, or somatic mutations in MLH1, MSH2, MSH6 or PMS2, which is shown
to accelerate endometrial carcinogenesis in mice with PTEN loss.29
The tumor suppressor gene ARID1A is also frequently mutated in EEC and is assumed to be an early event, as loss of the protein is also found in premalignant
lesions.23, 30 Loss of the ARID1A protein has been associated with the presence of
MMR-D in endometrial cancer.31 Mutations in the proto-oncogene KRAS are associated with downregulation of the mitogen-activated protein kinase (MAPK/Erk)
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and PI3K/Akt/mTOR pathway and is seen in 19-27% of EECs.32 There is some evidence that transcriptional activity of estrogen receptor (ER) is upregulated by KRAS
mutations.33 Recently, activating hotspots mutations in polymerase epsilon (POLE)
were detected in precursors of endometrial cancer, indicating these mutations are
early events as well.34
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Figure 1. Intracellular pathways in endometrial cancer. ER, estrogen receptor; MMR, mismatch repair; RTK, receptor tyrosine kinase.

USCs have a distinct molecular background and may arise from serous intraepithelial carcinoma (SEIC) in atrophic endometrium. These carcinomas present with chromosomal instability, amplification of ERBB2, and TP53 mutations in 75-93% of cases
(Table 1).11, 35-37 CCECs generally have more heterogenous molecular features, including mutations in PIK3CA, ARID1A, PTEN and TP53, suggesting different carcinogenic pathways.11, 38 Carcinosarcomas frequently harbor TP53 mutations, as well
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as mutations in EEC-related genes such as PTEN, PIK3CA and KRAS.39 Grade 3
EECs harbor TP53 mutations more often and PTEN mutations less often compared
to grade 1 - 2 EECs, whereas other genes do not differ between these subtypes.40
Table 1. Somatic mutation frequencies (%) of driver genes in endometrial cancer.

PTEN
PIK3CA
PIK3R1
POLE
CTNNB1
KRAS
MSI
ARID1A
TP53
ERBB2

EEC
G1/2

EEC G3

EEC

USC

CCEC

Carcino- References
sarcoma

52-67
23-40
19-44
5-10
24-41
17-79
19-35
29-47
6-10
3

62-90
17-57
31-33
2-19
6-20
7-27
21-36
39-60
21-31
4

54-77
18-53
21-43
9-15
9-37
19-27
28-36
33-41
9-17
3

2-11
15-42
8
0-4
0-3
0-10
0-25
6-11
75-93
26

3-7
24-36
16-18
5-7
0
2-14
11-19
16-22
24-40
11

11-41
18-41
11-18
2
5-12
12-27
3-18
12-32
43-91
9

11, 22, 38-40, 45-48
11, 21, 22, 35-40, 46-49
11, 22, 38, 39, 46-50
11, 38, 39, 41, 44, 47, 51, 52
11, 21, 38, 40, 47, 49, 51
11, 21, 22, 38-40, 46-49, 53
11, 38, 39, 41, 42, 44, 46, 47, 49, 51-53
11, 37-40, 46, 47, 54
11, 22, 36-40, 44, 46-48, 51-53
11, 12, 14, 38, 47

Frequencies are presented as percentages (%). CCEC, clear cell endometrial carcinoma; EEC, endometrioid endometrial carcinoma; MSI, microsatellite instability; USC, uterine serous carcinoma.

In 2013, genome-wide analyses by The Cancer Genome Atlas (TCGA) introduced
a new endometrial cancer classification, irrespective of histological subtype, distinguishing four subgroups based on genomic architecture.11 First, the ‘ultramutated’
subgroup, characterized by mutations in the exonuclease domain of POLE and a very
favorable outcome; second, the ‘hypermutated’ subgroup, with microsatellite instability (MSI) and an intermediate prognosis; third, a ‘copy-number high’ subgroup,
characterized by TP53 mutations and a poor prognosis; and fourth, a ‘copy-number
low’ subgroup, with no specific molecular subgroup and an intermediate prognosis.
More recently, clinically applicable classifiers have been introduced that recapitulate
these four TCGA subgroups with targeted sequencing of POLE and immunohistochemistry of mismatch repair (MMR) proteins and p53, allowing identification of
these subgroups with low-cost technologies.41-44
Metastasis is a stepwise process involving local invasion, intravasation, systemic
dissemination, extravasation and colonization.55 Epithelial-mesenchymal transition
(EMT) is a cancer hallmark playing a key role in invasion, metastasis, and drug
resistance.56-58 During this process epithelial cells lose their polarity and cell-tocell adhesions, acquire migratory abilities, undergo remodeling of the cytoskeleton and express mesenchymal-type genes. On a molecular level, endometrial cancer cells show loss of ER and progesterone receptor (PR) expression, associated
with expression of EMT markers, vascular invasion and deep myometrial invasion
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(MI).59, 60 Loss of epithelial markers includes E-cadherin, and expression of nonepithelial cadherin such as N-cadherin.61 There is an increased activity of metalloproteinases, upregulation of L1 cell adhesion molecule (L1CAM), and other mesenchymal markers such as vimentin, and fibronectin.57, 62 L1CAM is an important
regulator of EMT and associated with loss of ER, PR and E-cadherin.63, 64 Other
core regulators include transcription factors like TWIST, members of the SNAIL,
SLUG, and Zinc finger E-box binding homeobox 1 (ZEB1) protein families.65-67 Importantly, hypoxia has also been shown to promote angiogenesis, metastasis and
EMT. Hypoxia-induced stabilization of hypoxia inducible factor 1 (HIF1) controls
the expression of EMT regulators, including SNAIL, and ZEB and a pivotal role
for the HIF1α/TWIST/E-cadherin system is suggested for malignant progression
and metastasis in endometrial cancer.68, 69 Other intracellular pathways involved
in EMT include the PI3K/Akt/ mTOR, MAPK/ERK, Wnt/β-catenin, and TGF-β
pathways.70

Endometrial cancer diagnosis
Approximately 90% of women diagnosed with endometrial cancer present with abnormal or postmenopausal vaginal bleeding. The probability of endometrial cancer
in women with postmenopausal bleeding is 5-10%, with increasing risk in women
with higher age or known risk factors.71, 72 The standard strategy for endometrial
evaluation in these women includes transvaginal ultrasonography (TVU) and, when
the endometrium is thickened, histological evaluation.5, 73 Histological evaluation
can be performed by either an outpatient endometrial biopsy by pipelle or hysteroscopy, or by dilatation and curettage (D&C).

Integrating biomarkers for endometrial cancer diagnosis
Pipelle endometrial biopsies allow a minimally invasive out-patient histological
sampling of the endometrium. However, due to the blind sampling technique and
often scarce amount of tissue, a substantial discrepancy exists between preoperative histological subtype and tumor grade when compared to the final diagnosis,
assessed after hysterectomy.74-76 We already demonstrated that the concordance between preoperative and final diagnosis is directly dependent on the amount of endometrial tissue obtained from the biopsy.77 As histological subtype and grade assignment is important for the preoperative risk stratification for lymphadenectomy,
this discrepancy potentially leads to suboptimal treatment. Furthermore, pipelle
procedures fail in approximately 30%, either because the uterine cavity cannot be
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accessed during the procedure or because an insufficient amount of tumor tissue is
obtained (Figure 2).45, 78 As the risk of malignancy is 8% in case of an inadequate sample, a second procedure should be performed, being either hysteroscopy or D&C.79
The addition of several molecular techniques, including targeted next-generation
sequencing (NGS), DNA methylation pyrosequencing, and targeted proteomics, potentially increases the detection rate.80-83 Despite promising results, diagnosing endometrial cancer based on molecular techniques alone is currently unfeasible in clinical practice, their use is limited to research settings and the diagnostic accuracy
should further be prospectively investigated.

Endometrial cancer risk stratification
Primary surgical treatment of endometrial cancer consists of hysterectomy and bilateral salpingo-oophorectomy. Pelvic and para-aortic lymphadenectomy is performed
in patients with substantial risk for lymph node metastasis (LNM), as lymphadenectomy has no survival benefit in patients with low-risk features, and is associated with
substantial long-term morbidity.84-86 To stratify patients for surgery, several clinicopathological markers are currently implemented in international guidelines and risk
stratification systems, including histological subtype, tumor grade, tumor size and
depth of MI (Table 2).
Although histological subtype and tumor grade can be used in clinical decisionmaking algorithms, the prognostic value is limited as 20% of EECs will recur and
50% of NEECs will not.13 Risk of LNM in patients with preoperative grade 1 or
2 is estimated around 8%, whereas patients with grade 3 carcinomas will have a
25% risk.87 Consequently, histological subtype and tumor grade alone are not sufficient to properly stratify patients for surgery. In addition, deep MI is an adverse
prognostic factor associated with increased risk of LNM.88 The depth of MI can be
assessed by magnetic resonance imaging (MRI), transvaginal ultrasound (TVU), or
intra-operative frozen sectioning, but sensitivity and specificity for these techniques
are limited, varying between 0.63-0.79 and 0.80-0.87, respectively.89-91 Although current guidelines are not consistent on the evaluation for extra-uterine disease, several options are suggested and are currently implemented in several prediction
models.5, 92-95 There is evidence that cancer antigen 125 (CA-125) is correlated with
deep MI, cervical invasion and LNM. Also computed tomography (CT) and/or 18 Ffluorodeoxyglucose positron emission tomography (18 FDG PET)-CT can be considered to assist in the assessment of ovarian, nodal, and peritoneal involvement.
To stratify patients for adjuvant therapy, postoperative risk stratification is based
on different clinicopathological factors that are assessed after surgery. International
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guidelines and risk stratification systems recommend the use of different combinations of clinicopathological factors including age, FIGO-stage, histological subtype,
tumor grade, and lymphovascular space invasion (LVSI) (Appendix 1). Whereas
low-risk patients do not receive adjuvant therapy, adjuvant radiotherapy is recommended for (high)-intermediate patients based on these factors.97-100 So far, the use
of chemotherapy is only supported in advanced stage and specific high-risk histological subtypes.101
Table 2. Preoperative risk stratification systems.
Risk

Dutch
guideline96

ESMO92

SGO5

Available prediction
models93-95

Low

EEC

Grade 1/2, MI<50%

Grade 1/2, MI<50%
and tumor <2cm

NEEC

Grade 1/2, MI≥50%
Grade 3, MI<50%
Grade 3, MI≥50%

Combinations of MI,
CA-125, histological
subtype,
extra-uterine disease
on imaging

Intermediate
High

All other

CA-125, cancer antigen 125; EEC, endometrioid endometrial carcinoma; ESMO, European Society
for Medical Oncology; MI, myometrial invasion; NEEC, non-endometrioid endometrial carcinoma;
SGO, Society of Gynecologic Oncology.

To illustrate, age is incorporated in several guidelines as higher age is associated with
risk of recurrence and disease-specific survival.99 However, the age cut-offs used to
define patients at high-risk for poor outcome vary across different trials.99, 102 Endometrial cancer is surgically staged according to the 2009 FIGO staging (Appendix
2).103 The most important factors assigning FIGO-stage include MI, cervical invasion
(CI) and the presence of LNM. FIGO-stage is associated with 5-year survival, being
85% for stage I, 75% for stage II, 45% for stage III, and 25% for stage IV.104 Most risk
stratification systems also include final histological subtype and tumor grade, assessed in the hysterectomy specimen. Risk of LNM varies from 3% in grade 1, 9% in
grade 2 and 18% in grade 3 carcinomas, diagnosed in the hysterectomy specimen.88
Lymphovascular space invasion is an adverse prognostic factor and substantial LVSI
is associated with decreased survival.105 The presence of LVSI is used to triage adjuvant radiotherapy in (high)-intermediate patients.92, 98
To summarize, current guidelines use histopathological criteria to risk stratify patients for adjuvant treatment. The prognostic value of the systems has been shown
to be moderate, and there is a need for additional tools such as biological markers to
improve risk stratification in these patients.106, 107
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Many immunohistochemical biomarkers have been studied for their diagnostic and
prognostic value in endometrial cancer.108 Among the most well-studied immunohistochemical biomarkers in endometrial cancer are expression of ER, PR and p53.
41-43, 87, 109

Loss of ER and PR, and aberrant expression of p53 are associated with an

aggressive phenotype and poor outcome. L1CAM was more recently identified as
a prognostic biomarker and is associated with EMT and non-endometrioid histology, LNM and poor outcome.110-112 However, until now the use of these markers has
been limited to research settings, and it should be further investigated how they can
complement current risk stratification. Prediction of recurrence with the current risk
stratification systems is only moderate, and adjuvant radiotherapy increases locoregional control, but does not affect survival with distant metastasis in approximately
8% of patients.84, 99, 106 Molecular biomarkers have emerged that may improve prognostication, and integration with clinicopathological biomarkers has the important
potential to further refine postoperative risk stratification.44

Aims of the thesis
The current work-up for diagnosis of endometrial cancer is based on histopathological assessment of endometrial biopsies (Figure 2). Two clinical problems are
identified limiting the accuracy of current diagnostics:
• Outpatient biopsy procedures have a significant failure rate
• There is a significant discordance between preoperative and final histological
subtype and tumor grade
Risk stratification for primary surgical as well as adjuvant treatment are based on
clinicopathological stratification systems which are challenged by:
• An only moderate diagnostic accuracy for prediction of LNM and recurrence
• Suboptimal use of available clinical and molecular biomarkers
Integration of molecular tumor alterations has great potential to further refine existing stratification. In this thesis we aim to integrate molecular and clinicopathological
biomarkers to improve the diagnosis and risk stratification of endometrial cancer.
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Outline of the thesis
Part 1 focuses on integrating biomarkers to improve histopathological diagnosis of
EC:
• Chapter 2: A systematic review and meta-analysis is performed to investigate the agreement on grade and histological subtype between preoperative
endometrial sampling and final diagnosis following hysterectomy.
• Chapter 3: A prospective multicenter study is presented investigating the diagnostic accuracy of mutational analysis to diagnose endometrial cancer.
Part 2 focuses on integrating biomarkers to improve EC risk stratification:
• Chapter 4: A systematic review and meta-analysis is performed to investigate
the diagnostic accuracy of clinical biomarkers assessed in a preoperative setting, to predict the presence of LNM.
• Chapter 5: One of these markers, e.g. CA-125, is investigated to study its prognostic value in associated with preoperative tumor grade.
• Chapter 6: The prognostic value of hypoxia and angiogenesis is investigated
in a large cohort of patients surgically treated for endometrial cancer.
• Chapter 7: The predictive value of the Proactive Molecular Risk Classifier for
Endometrial Cancer (ProMisE), identifying the four TCGA subgroups, is analyzed for the response on radiotherapy in a cohort of stage IB/II high-grade
endometrial cancer.
• Chapter 8: The molecular profile of synchronous endometrial and ovarian cancers (SEOs) is associated with outcome.
• Chapter 9: With the use of clinical, histological and molecular biomarkers a
preoperative Bayesian network is developed to predict LNM and poor outcome. This Bayesian network was externally validated in the prospective MoMaTEC and PIPENDO cohorts.
• Chapter 10: A summarizing discussion and future perspectives are presented.
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Clinical practice

Diagnosis

Pitfalls
Significant failure rate

Pipelle

Preoperative risk
stratification
Histology, grade
Myometrial invasion
(CA-125, imaging for
extra-uterine disease)

Discordance between
preoperative and final
grade and subtype
Pitfalls
Moderate accuracy
for prediction of LNM
Clinical and molecular
biomarkers not integrated

Surgery

Hysterectomy
BSO
+/- lymphadenectomy

Postoperative risk
stratification
Grade, histology
FIGO stage
LVSI
Age

Pitfalls
Moderate accuracy
for prediction of recurrence
Clinical and molecular
biomarkers not integrated

Adjuvant treatment
None
Radiotherapy
and/or
Chemotherapy

Figure 2. Routine work-up of patients with endometrial carcinoma. BSO, bilateral salpingooophorectomy; CA-125, cancer antigen 125; FIGO, international federation of gynecology and
obstetrics; LNM, lymph node metastasis; LVSI, lymphovascular space invasion.
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Abstract
Objective To assess the agreement between preoperative endometrial sampling and
final diagnosis for tumor grade and subtype in patients with endometrial carcinoma.
Methods MEDLINE, EMBASE, ClinicalTrials.gov, and the Cochrane library were
searched from inception to January 1, 2017, for studies that compared tumor grade
and histologic subtype in preoperative endometrial samples and hysterectomy
specimens. In eligible studies, the index test included office endometrial biopsy,
hysteroscopic biopsy, or dilatation and curettage; the reference standard was
hysterectomy. Outcome measures included tumor grade, histologic subtype, or
both. Two independent reviewers assessed the eligibility of the studies. Risk of bias
was assessed (Quality Assessment of Diagnostic Accuracy Studies).
Results A total of 45 studies (12,459 patients) met the inclusion criteria. The pooled
agreement rate on tumor grade was 0.67 (95% confidence interval [CI] 0.60-0.75) and
Cohen’s κ was 0.45 (95% CI 0.34-0.55). Agreement between hysteroscopic biopsy
and final diagnosis was higher (0.89, 95% CI 0.80-0.98) than for dilatation and curettage (0.70, 95% CI 0.60-0.79; p=0.02); however, it was not significantly higher than
for office endometrial biopsy (0.73, 95% CI 0.60-0.86; p=0.08). The lowest agreement
rate was found for grade 2 carcinomas (0.61, 95% CI 0.53-0.69). Downgrading
was found in 25% and upgrading was found in 21% of the endometrial samples.
Agreement on histologic subtypes was 0.95 (95% CI 0.94-0.97) and 0.81 (95% CI 0.690.92) for preoperative endometrioid and non-endometrioid carcinomas, respectively.
Conclusion Overall there is only moderate agreement on tumor grade between
preoperative endometrial sampling and final diagnosis with the lowest agreement
for grade 2 carcinomas.
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Introduction
Endometrial carcinoma is the most common gynecologic malignancy in the Western
world.1,2 Although most patients are diagnosed with early-stage disease and have
a favorable prognosis, approximately 20% of the patients will have high-grade endometrial carcinoma with extended disease and a poor outcome.3 The group with a
favorable outcome consists primarily of low-grade (grade 1 and 2) endometrioid carcinomas, whereas the group with a poor outcome consists of high-grade carcinomas:
grade 3 endometrioid and non-endometrioid carcinomas. In clinical early-stage endometrioid carcinoma, the risk of pelvic lymph node metastasis depends on grade,
varying from 3% (grade 1) to 12% (grade 3 endometrioid carcinomas).4,5 In this perspective, preoperative tumor grade is an important cornerstone in determining the
extent of surgical treatment.6,7
Endometrial sampling can be performed by office endometrial biopsy, hysteroscopic
biopsy, or dilatation and curettage (D&C). Often limited tissue is available, which
makes this diagnosis challenging. Discordances in grading and histologic subtype in
preoperative and final diagnosis can lead to either undertreatment by underestimating the risk of lymph node metastasis or overtreatment with unnecessary surgical
procedures with associated complications.
Several studies addressing this issue are limited by relative small sample sizes of
less than 200 patients and different endometrial sampling techniques. Agreement
rates for tumor grade between preoperative endometrial sampling and final diagnosis vary from 32% to 97%.8,9 Therefore, a systematic review of the literature and
meta-analysis was performed to assess the agreement on grade and histologic subtype between preoperative endometrial sampling and final diagnosis.

Materials and methods
The systematic review was performed according to the Meta-Analyses and Systematic Reviews of Observational Studies guidelines.10 A literature search was
performed in MEDLINE, EMBASE, ClinicalTrials.gov, and the Cochrane Library
from inception to January 1, 2017.

The following keywords and all known

synonyms for these keywords were used: “endometrial cancer,” “hyperplasia,”
“biopsy,” “hysterectomy,” and “grade.” The search strategy can be found in Appendix 1. Additional searches were performed by manual cross-referencing. Two
independent investigators (C.R., N.C.M.V.) reviewed each study for eligibility based
on title and abstract. The full text of presumably eligible studies was evaluated
to decide whether the study fulfilled the inclusion criteria. In eligible studies, the

26

Accuracy of endometrial sampling in endometrial carcinoma

index test included office endometrial biopsy, hysteroscopic biopsy, or D&C; the
reference standard had to be hysterectomy. Outcome measure had to be tumor
grade, histologic subtype, or both. Exclusion criteria were conference abstracts,
case reports and papers containing less than five patients, review articles, absence
of hysterectomy or preoperative histology, intraoperative frozen biopsies, not in
English, lack of the percentage of agreement, and absence of possibilities to calculate
these from available data. In case of overlapping patient data, the study with
the most outcome data was included. In case of discrepancies between the two
investigators, consensus was made after discussion. The agreement on the selection
of studies between the investigators was calculated (weighted κ).

The revised tool for Quality Assessment of Diagnostic Accuracy Studies was used
for assessment of methodologic quality of the studies by two independent investigators (N.C.M.V., C.R.).11 In case of disagreement, a consensus score was achieved by a
third investigator (J.M.A.P.). Risk of bias was assessed as “low-risk,” “high-risk,” or
“unclear risk” in four domains: patient selection, index test, reference standard, and
flow and timing. The first three domains were also assessed in terms of applicability.
Studies were only classified as “low-risk of bias” or “low-risk regarding applicability” in a specific domain when all subdomains were scored as “low-risk.” Studies
scored as “high-risk” on more than one item were excluded from the meta-analysis.
A data extraction form was designed before inclusion containing information about
study design, index test, patient characteristics (age, menopausal status), and preoperative and hysterectomy tumor characteristics (grade and histologic subtype). The
number of grade 1, 2, and 3 tumors, both in preoperative histology and hysterectomy, was extracted from the studies. Discrepancies between values reported in the
text and the tables were found in one study.12 For this study, values from tables were
used for analysis.
Endometrial carcinomas were graded based on the World Health Organization criteria, defining three different grades: grade 1 (well differentiated), grade 2 (moderately
differentiated), or grade 3 (poorly differentiated).13 Histologic subtypes were defined
as endometrioid and non-endometrioid endometrial carcinoma. Serous carcinomas,
clear cell carcinomas, mixed adenocarcinomas, and carcinosarcomas were classified
as non-endometrioid carcinomas.
The endometrial sampling methods were defined as “office endometrial biopsy,”
“hysteroscopic biopsy,” and “D&C.” In case the preoperative test was described as
“endometrial biopsy” without mentioning hysteroscopy or curettage or as “curettage” without any signs that the test was performed in an outpatient clinic, the authors were contacted to verify the endometrial sampling method.
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Downgrading included both grade 3 endometrioid carcinoma downgraded to grade
1 or 2 and grade 2 endometrioid carcinoma downgraded to grade 1. Upgrading included both grade 1 endometrioid carcinoma upgraded to grade 2 or 3 and grade
2 endometrioid carcinoma upgraded to grade 3. Subsequently, clinically relevant
upgrading was defined as preoperative low-grade (grade 1 or 2 endometrioid carcinoma) and postoperative high-grade (grade 3 endometrioid carcinoma).
The primary outcome of this review was the agreement on tumor grade and histologic subtype between preoperative histology and final diagnosis. A sub-analysis
for endometrial sampling method and separate grades was performed, and Cohen’s
κ was calculated. Secondary outcomes included down- and upgrading and a subanalysis for clinically relevant down- and upgrading.
For the primary outcome regarding tumor grade, only studies analyzing all three
grades of endometrioid carcinoma were included in the analysis. For all outcomes
containing grade, only patients preoperatively diagnosed with endometrioid carcinoma were analyzed. Consequently, only studies that included exclusively endometrioid carcinoma or differentiated the numbers of endometrioid carcinoma
grade 3 and non-endometrioid carcinoma were included.
Contingency tables containing the number of grade 1, 2, and 3 tumors and the number of endometrioid and non-endometrioid carcinomas as assessed on preoperative
histology and on hysterectomy specimen were constructed. Agreement between tumor grade in preoperative endometrial samples and final diagnosis was calculated
from these tables by dividing the number of correctly assessed cases on the preoperative histology by the total number of tumors in which tumor grade was determined.
Cohen’s κ and all other outcomes were calculated from these tables as well. Percentages of agreement and κ values were visualized with 95% CIs into forest plots
together with pooled estimates. The strength of agreement was considered poor for
κ less than 0.2, fair for κ=0.21-0.40, moderate for κ=0.41-0.60, substantial for κ=0.610.80, and almost perfect for κ=0.81-1.00.14
To test the amount of heterogeneity between the studies, I2 statistic was used.15 This
test indicates what amount of variance can be attributed to heterogeneity rather than
to chance and values lie between 0% and 100%. A value of 0% equals no heterogeneity with larger values equaling increasing heterogeneity. Funnel plots were
generated to visualize publication bias.16 Statistical analyses were performed with
R statistics 3.3.2 GUI 1.68, including the metafor package (1.9-9).17
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Results
A total of 1,428 studies were retrieved by the database search, of which 1,042 remained after removal of duplicates. Based on title and abstract, 190 studies were
found to be relevant. After full-text screening, 145 studies were excluded (Figure
1). A total of 45 studies, comprising 12,459 patients, were included in the systematic review.8,9,12,18-59 Of the nine studies not mentioning the endometrial sampling method, we were able to verify the sampling method in four studies.29,44,51,52
The remaining five studies were excluded from the subanalysis.27,30,37,49,58 The initial
agreement of the two reviewers (N.C.M.V. and C.R.) regarding eligibility was 98%
(weighted κ=0.79, 95% CI 0.70-0.88).

database searching
(n=1,428)

through other sources
(n=6)

(n=1,434)
Excluded, duplicates
(n=386)
Screening

Records screened
(n=1,048)
Records excluded
(n=858)

Eligibility

Full-text articles
assessed for eligibility
(n=190)
Full-text articles excluded,
with reasons
(n=145)
Studies included in
qualitative synthesis
(n=45)

Included
Studies included in
quantitative synthesis
(meta-analysis)
(n=45)

Figure 1. Flowchart of the systematic review process.

Of the included studies, 42 were retrospective. Characteristics of all included studies
are shown in Appendix 2. All selected studies were evaluated by means of the revised Tool for Quality Assessment of Diagnostic Accuracy Studies to assess the risk
of bias and the applicability. Results are shown in Figure 2 and Appendix 3. Overall,
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the risk of bias was unclear in most studies, which was mainly attributable to patient
selection and interpretation of the index test and reference standard. Thirty-four
studies had an unclear risk of bias in patient selection attributable to the absence of
homogenous exclusion criteria, for example, exclusion based on neoadjuvant treatment between the index test and reference test. Risk of bias in interpretation on the
index test and reference standard was mainly attributable to the absence of (blinded)
central review of the histology results.

QUADAS-2 domain

Flow and timing
Reference standard
Index test
Patient selection
0

20

60

80

100

80

100

Percentage of studies

A
QUADAS-2 domain

40

Reference standard
Index test
Patient selection
0

20

40

60

Percentage of studies

B
Low

High

Unclear

Figure 2. Overall risk of bias (A.) and concerns regarding applicability (B.) using the revised
Quality Assessment of Diagnostic Accuracy Studies (QUADAS-2).

The clinical setting was heterogeneous in some studies, which included endometrial
samples performed in more than one hospital.20,21,23,24,28,30,35,36,40,48,54 Only one study
had an overall low-risk of bias.50 None of the studies scored high-risk of bias, and
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as a result, no study was excluded after quality assessment. Applicability concerns
were low in all studies. Funnel plots for the primary outcome did not indicate any
publication bias (data not shown).
Of the 45 studies included, 16 studies provided information about the numbers of individual patients with grade 1, 2, and 3 endometrioid carcinoma and were included
in this analysis. The pooled percentage of overall agreement between endometrial
sampling and final diagnosis was 0.67 (95% CI 0.60-0.75) including 5,055 patients
(Figure 3). A random-effects model was used, because of an I2 of 91.6% (P<001),
indicating high heterogeneity (Table 1). The pooled estimate of Cohen’s κ for grade
was 0.45 (95% CI 0.34-0.55) indicating moderate agreement (Figure 4).
Author and Year

Total

Weight

Agreement

687 13.59% 0.59 [0.55, 0.63]

Wang, 2009

79

1.56% 0.61 [0.50, 0.72]

Karateke, 2011

136

2.69% 0.61 [0.53, 0.69]

Cirisano, 1999

466

9.22% 0.62 [0.58, 0.67]

335

6.63% 0.64 [0.58, 0.69]

Batista, 2016

Goksedef, 2012

1766 34.94% 0.67 [0.65, 0.70]

Francis, 2009

300

5.93% 0.68 [0.63, 0.74]

Wang, 2005

38

0.75% 0.68 [0.54, 0.83]

Yamazaha, 1997

53

1.05% 0.70 [0.57, 0.82]

Kisielewski, 2016

85

1.68% 0.71 [0.61, 0.80]

DuBeshter, 2003

77

1.52% 0.71 [0.61, 0.82]

Sykes, 2002

114

2.26% 0.72 [0.64, 0.80]

Huang, 2007

238

4.71% 0.72 [0.67, 0.78]

Helpman, 2014

464

9.18% 0.75 [0.72, 0.79]

Cho, 2010

182

3.60% 0.81 [0.75, 0.86]

35

0.69% 0.97 [0.92, 1.00]

Okadome, 2014

Cutillo, 2007
Pooled estimate (95% CI)
with 95% prediction interval

100.00% 0.67 [0.60, 0.75]

0

0.25

0.5

0.75

1

Figure 3. Forest plot of agreement on grade between endometrial sampling and final diagnosis with study-specific and pooled estimate. Values in brackets are 95% confidence intervals.

For agreement on individual grades, all studies were included analyzing the three
specific grades, including the 16 studies mentioned previously: 39 studies analyzed
grade 1, 36 studies analyzed grade 2, and 17 studies analyzed patients with grade
3 endometrioid carcinoma. Lowest agreement was found in the group of preoperative grade 2 endometrioid carcinomas, more specifically a pooled agreement of 0.61

5,055
5,380
3,027
790
1,311
169
2,178
2,473
709
8,483
9,475
5,687
3,006
7,292
517
585

24
10
13

Number of
patients

16
40
37
19
9
3
16
16
16
41
41
41
37

Number of
studies

0.95 [0.94-0.97]
0.81 [0.74-0.91]
0.81 [0.69-0.92]

0.67 [0.60-0.75]
0.75 [0.69-0.81]
0.61 [0.53-0.69]
0.75 [0.65-0.86]
0.73 [0.60-0.86]
0.89 [0.80-0.98]
0.70 [0.60-0.79]
0.25 [0.16-0.34]
0.26 [0.17-0.36]
0.21 [0.17-0.24]
0.08 [0.06-0.10]
0.04 [0.03-0.05]
0.14 [0.12-0.17]

Agreement
[95% CI]

84.0
83.1
86.2

91.6
92.0
89.2
89.2
95.1
82.1
92.2
91.8
80.8
89.6
77.7
58.6
61.9

I2 (%)

0.90-1.00
0.61-1.00
0.53-1.00

0.48-0.86
0.51-0.99
0.31-0.91
0.44-1.00
0.42-1.00
0.74-1.00
0.43-0.96
0.02-0.48
0.47-1.00
0.05-0.36
0.02-0.15
0.01-0.07
0.05-0.24

Prediction
interval

12, 18, 21, 25, 30, 31, 33, 34, 39, 41, 43, 44, 50

22, 25, 27-30, 34, 40, 48, 54

12, 18, 20, 21, 23, 25-31, 33, 34, 36, 37, 39-41, 43, 44, 49, 50, 55

8, 9, 12, 18, 19, 21-24, 26-35, 37-39, 41, 42, 45-50, 53-59

8, 9, 12, 18, 19, 21-35, 37-39, 41-43, 45-59

8, 9, 12, 18, 19, 21-35, 37-39, 41-43, 45-59

8, 9, 12, 18, 19, 21-35, 37-39, 41-43, 45-59

9, 12, 19, 22, 26, 28-31, 33, 34, 41, 49, 55, 56, 58

9, 12, 19, 22, 26, 28-31, 33, 34, 41, 49, 55, 56, 58

20, 24, 29, 33-36, 38, 40 ,43 ,48, 54-57, 59

8, 9, 48

12, 20 ,24, 32, 35, 36, 38, 41, 43

9, 12, 19, 22, 25, 26, 28-31, 33, 34, 41, 43, 49, 52, 55, 56, 58

8, 9, 12, 18, 19, 21-24, 26-35, 37-39, 41, 42, 45-50, 53-59

8, 9, 12, 18-24, 26-42, 45-50, 53-59

9, 12, 19, 22, 26, 28-31, 33, 34, 41, 49, 55, 56, 58

References

Bold indicates categories with a substantial agreement or more (κ>0.61). CI, confidence interval. a Included studies analyzed grade 1, 2, and 3
endometrioid endometrial cancers. b Included studies analyzed grade 1, 2, or 3 endometrioid endometrial cancers. c Included preoperative grade 2
and 3 endometrioid endometrial cancers.d Included studies analyzed preoperative grade 1 and 2 endometrioid endometrial cancers.

Grade agreement
Overalla
Grade 1
Grade 2
Grade 3
Office endometrial biopsyb
Hysteroscopic biopsyb
Dilatation and curettageb
Downgradingc
Clinical relevant
Upgradingd
Clinical relevant
Grade 1 vs. grade 3
Grade 2 vs. grade 3
Histological subtype
Endometrioid
Endometrioid grade 3
Non-endometrioid

Outcome

Table 1. Pooled data on agreement between endometrial sampling and final diagnosis.
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(95% CI 0.53-0.69), including 3,027 patients. Agreement in the group of preoperative
grade 1 endometrioid carcinoma was 0.75 (95% CI 0.69-0.81) including 5,380 patients.
Agreement in the group of preoperative grade 3 endometrioid carcinoma was 0.75
(95% CI 0.65-0.96) including 790 patients. All outcomes were pooled by means of a
random-effects model because of high heterogeneity. Analysis on agreement per tumor grade on only the 16 studies including all grades yielded the same results (data
not shown).
Author and Year

Total

Weight

Cohen's K

Batista, 2016

79

1.56% 0.22 [0.12, 0.31]

Yamazaha, 1997

53

1.05% 0.30 [0.18, 0.43]

687 13.59% 0.37 [0.33, 0.40]

Wang, 2009

85

1.68% 0.39 [0.28, 0.49]

Cirisano, 1999

466

9.22% 0.39 [0.35, 0.44]

Goksedef, 2012

335

6.63% 0.40 [0.35, 0.46]

136

2.69% 0.40 [0.32, 0.49]

Kisielewski, 2016

Karateke, 2011

1766 34.94% 0.43 [0.40, 0.45]

Francis, 2009

238

4.71% 0.49 [0.43, 0.56]

Okadome, 2014

77

1.52% 0.49 [0.38, 0.61]

Wang, 2005

38

0.75% 0.50 [0.34, 0.66]

DuBeshter, 2003

300

5.93% 0.52 [0.46, 0.57]

Sykes, 2002

114

2.26% 0.54 [0.45, 0.64]

Helpman, 2014

464

9.18% 0.60 [0.56, 0.65]

Cho, 2010

182

3.60% 0.66 [0.60, 0.73]

35

0.69% 0.94 [0.87, 1.00]

Huang, 2007

Cutillo, 2007

100.00% 0.45 [0.34, 0.55]

Pooled estimate

0

0.25

0.5

0.75

1

Figure 4. Forest plot of Cohen’s κ for agreement on grade between endometrial sampling and
final diagnosis with study-specific and pooled estimate. Values in brackets are 95% confidence
intervals.

For agreement in different endometrial sampling methods, nine studies were included analyzing office endometrial biopsy, three studies included analyzing hysteroscopic biopsies, and 16 studies were included analyzing D&C. Hysteroscopic
biopsies showed a significantly higher agreement (0.89, 95% CI 0.80-0.98) with a final
diagnosis than D&C (0.70, 95% CI 0.60-0.79; p=0.02) (Figure 5). Agreement between
office endometrial biopsy and final diagnosis was 0.73 (95% CI 0.60-0.86). There was
no significant difference in agreement between hysteroscopic biopsies and office en-
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dometrial biopsy (p=0.08).

Office endometrial biopsy
Mitchard, 2003

Total Weight Agreement
25
0.68% 0.48 [0.28, 0.68]

Larson, 1995

108

2.95% 0.54 [0.44, 0.63]

Cirisano, 1999

466

12.74% 0.62 [0.58, 0.67]

Okadome, 2014

77

2.10% 0.71 [0.61, 0.82]

Daniel, 1988

55

1.50% 0.73 [0.61, 0.84]

Leitao, 2009

283

7.74% 0.82 [0.77, 0.86]

86

2.35% 0.84 [0.76, 0.92]

122

3.34% 0.93 [0.88, 0.97]

Phelippeau, 2016

89

2.43% 0.93 [0.88, 0.98]

Hysteroscopic biopsy
Ortoft, 2013

77

2.10% 0.81 [0.72, 0.89]

Su, 2015

57

1.56% 0.96 [0.92, 1.00]

Cutillo, 2007

35

0.96% 0.97 [0.92, 1.00]

75

2.05% 0.44 [0.33, 0.55]

Ben-Shachar, 2005
Kang, 2009

Dilatation and curettage
Wang, 2009
Karateke, 2011

136

3.72% 0.61 [0.53, 0.69]

Wang, 2009

662

18.10% 0.61 [0.58, 0.65]

Goksedef, 2012

335

9.16% 0.64 [0.58, 0.69]

Mitchard, 2003

55

1.50% 0.64 [0.51, 0.76]

Wang, 2005

36

0.98% 0.72 [0.58, 0.87]

Kisielewski, 2016

82

2.24% 0.73 [0.64, 0.83]

Larson, 1995

37

1.01% 0.76 [0.62, 0.90]

van Doorn, 2002

58

1.59% 0.78 [0.67, 0.88]

Ben-Shachar, 2005

95

2.60% 0.78 [0.70, 0.86]

Daniel, 1988

131

3.58% 0.79 [0.72, 0.86]

Obermair, 1999

137

3.75% 0.79 [0.72, 0.86]

Su, 2015

106

2.90% 0.85 [0.78, 0.92]

Leitao, 2009

156

4.26% 0.90 [0.85, 0.95]

Phelippeau, 2016

51

1.39% 0.92 [0.85, 1.00]

Zorlu, 1994

26

0.71% 0.92 [0.82, 1.00]

Pooled estimate (95% CI)

100.00% 0.72 [0.64, 0.79]

0

0.25

0.5

0.75

1

Figure 5. Forest plot of agreement on grade between endometrial sampling and final diagnosis per sampling method with study-specific and pooled estimate. Values in brackets are 95%
confidence intervals.

Downgrading was found in 25% of the endometrial samples (95% CI 16-34%). Clinically relevant downgrading, from high-grade to low-grade, was found in 26% (95%
CI 17-36%). Upgrading was found in 21% of included endometrial samples (95% CI
17-24%). Clinically relevant upgrading from low-grade to high-grade was found in
8% (95% CI 6%-10%), more specifically in 4% of preoperative grade 1 samples and
14% of preoperative grade 2 samples.
For agreement on histologic subtype, 24 studies were included analyzing preoperative endometrioid carcinomas and 13 studies analyzing non-endometrioid carcinomas. Agreement in preoperative endometrioid carcinomas was 0.95 (95% CI 0.940.97) and in preoperative non-endometrioid carcinomas 0.81 (95% CI 0.69-0.92). Analyzing only preoperative grade 3 endometrioid carcinomas, agreement of 0.81 (95%
CI 0.74-0.91) was found.
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Discussion
This meta-analysis shows a moderate agreement of 67% on grade between endometrial sampling and final diagnosis with the lowest agreement for grade 2 carcinomas.
Clinically relevant upgrading was found in 8% of the cases.
One of the main reasons for disagreement on grade between endometrial sampling
and final diagnosis could be the limited amount of tissue often obtained by preoperative endometrial sampling, which can lead to difficulties in assessing tumor grade.
As a consequence, in 15-68% of the samples, there is an insufficient amount of tissue
for diagnosis.60-62 This insufficiency rate differs per sampling method.63 However,
to our surprise, hysteroscopic biopsies show a higher agreement (89%) compared
with D&C (70%) (p=0.02), suggesting that not only the amount of tissue, but also
the accurateness of sampling is important. Further studies are warranted evaluating
hysteroscopic biopsies.
In heterogeneous and mixed tumors, areas that contain more aggressive tumor can
be missed.18 The World Health Organization grading system is primarily based
on the extent of solid growth, which can be difficult to assess on a small amount
of tissue.13 In addition, defining nuclear atypia is particularly subjective, because
of the absence of clearly defined criteria.64 Interobserver disagreement reflects
a substantial problem in the diagnostic process of endometrial cancer, which is
reported to be 28% up to 51% in high-grade tumors and may partly be explanatory
for the reported disagreement.65-67 Inadequate grading leads to suboptimal clinical
management, mainly in early-stage tumors. Undergrading leads to inadequate
staging because of omission of lymphadenectomy, which might result in systemic
undertreatment. Lymphadenectomy is associated with morbidity and therefore
alternative staging methods are increasingly used. Sentinel lymph node biopsies
show a high degree of diagnostic accuracy in detecting lymph node metastasis
in endometrial cancer.68 Preoperative histology can adequately select low-grade
patients on which sentinel lymph node biopsy can be performed with only 8%
clinically relevant upgrading. Overgrading leads to more extensive surgical treatment with associated perioperative morbidity in up to 20%.69 Particularly in those
patients in whom conservative treatment is preferred, for fertility preservation, or
in case of surgical contraindications, the accuracy of the preoperative histology is
important. Awareness of the chance of clinically relevant upgrading, varying from
4% in preoperative grade 1 to 14% in preoperative grade 2 patients, is essential.
Clinical implications of disagreement in histologic subtype are less clear. Whereas
several studies failed to show a difference in clinical outcome for high-grade
carcinomas,70-72 other studies do report worse prognosis in serous and clear cell car-
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cinomas in univariable and multivariable analysis.73,74 A possible relation between
outcome and tumor heterogeneity is reported with a worse prognosis for patients
with high preoperative and low postoperative risk compared with patients with
concordant low-risk classification and better prognosis compared with patients with
concordant high-risk classification.75,76
Limitations of our systematic review include the moderate quality of the included
studies. All but three had a retrospective design. In only five the blinded review
was described, resulting in an unclear risk of bias resulting from interobserver
variability. However, no study had to be excluded based on risk of bias.
Our outcomes are characterized by high heterogeneity. In addition to interobserver
variability, there is large variation in the endometrial sampling method, which might
lead to a different extent of sampling error. However, subanalysis per sampling
method yields high heterogeneity outcomes as well.
Unreliable preoperative grading reflects a major clinical challenge and emphasizes
the need for other risk stratification tools. Because the disagreement was most
profound in the patients with preoperative grade 2 endometrioid carcinomas,
one could question the usefulness of the three-tiered International Federation of
Gynecology and Obstetrics system. Several alternative systems have been proposed,
wherein the binary International Federation of Gynecology and Obstetrics grading
system was shown to be the most reproducible.77 Although small differences in
outcome have been described between grade 1 and 2 tumors, both primary and
adjuvant treatment are not different for grade 1 and 2.64,78 Hence, a binary grading
system might be a good alternative.
Molecular classification, as proposed by The Cancer Genome Atlas, and immunohistochemical biomarkers might help to preoperatively differentiate between high- and
low-risk tumors.67,79 Therefore, further studies are needed that evaluate whether
the combination of morphologic grade and type with biomarkers improves the
preoperative risk assessment.
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Abstract
Objective Endometrial carcinoma (EC) is traditionally diagnosed by a histopathological assessment of an endometrial biopsy, leaving up to 30% of patients
undiagnosed due to technical failure or an inadequate amount of tissue. The aim
of the current study is to assess whether mutational analysis of cervical cytology
or pipelle endometrial biopsies improves the diagnostic accuracy of traditional
histopathological diagnosis of EC.
Methods This prospective multicenter cohort study included patients surgically
treated for EC or a benign gynaecological condition (control group).

A Pap

brush sample, cervicovaginal self-sample, pipelle endometrial biopsy and surgical
specimen of either the EC or normal endometrium were obtained. A targeted
next-generation sequencing panel was used to analyse these samples for mutations
in eight genes. Sensitivity, specificity and predictive values were calculated.
Results Fifty-nine EC patients and 31 control patients were included. In these
patients, traditional histopathological diagnosis by pipelle had a sensitivity of 79%
and a specificity of 100%. For EC patients, 97% of surgical specimens contained
at least one mutation. Mutational analysis of Pap brush samples, self-samples
and pipelle endometrial biopsies yielded a sensitivity of 78, 67 and 96% with a
specificity of 97, 97 and 94%, respectively. Combining one of these three methods
with histopathological pipelle endometrial biopsy evaluations yielded a sensitivity
of 96, 93 and 96%, respectively.
Conclusion Our study has shown that mutational analysis of either cervical
cytology or pipelle endometrial biopsies improves diagnosis of EC. Prospective
validation will support implementation in clinical practice.
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Introduction
Endometrial carcinoma (EC) is the most prevalent gynaecological malignancy in
industrialized countries, with approximately 382,000 new cases and 89,900 deaths
worldwide in 2018.1 Most patients present with abnormal bleeding and consequently undergo gynaecological examination including transvaginal ultrasound and
histopathological endometrial assessment in case of thickened endometrium.2 Endometrial sampling by aspiration with a cornier pipelle is the preferred method to
obtain an endometrial biopsy, as it is minimally invasive, reliable and can be performed in an out-patient setting.3-6 However, this procedure is reported to have a
mean Visual Analogue Scale pain score of 6.5 in postmenopausal women.4 Moreover,
pipelle endometrial biopsies leave up to 30% of patients temporarily undiagnosed
due to technical failure (8%) or an inadequate amount of tissue (22%).7 As the risk of
a (pre)malignancy is reported to be 8% when an inadequate amount of tissue is retrieved, a secondary procedure is recommended, by either a hysteroscopic biopsy or
dilatation and curettage.8 Not only does this place additional burden on the individual patient, it also introduces increased costs and additional risks of anaesthesia- or
procedure-related complications. This may be even more relevant for screening risk
groups including obese women or women with genetic predisposition, for example,
Lynch syndrome.9
To increase the diagnostic accuracy of outpatient procedures and reduce the burden
on patients, additional diagnostic biomarkers are urgently needed.10-12 It has previously been shown that tumor DNA can be detected in cervical brush samples of
EC patients, providing a base for diagnosis of EC by detection of important driver
mutations.10-11 These two retrospective studies focused on two cytology-based methods, that is, the Papanicolaou (Pap) brush samples and Tao brushes. These results
call for further prospective exploration on different sampling methods, and comparison of this molecular diagnostic approach with traditional histopathological diagnosis.
The aim of the current study is therefore to assess whether mutational analyses of
pipelle endometrial biopsies, Pap brush samples and cervicovaginal self-samples can
improve the diagnostic accuracy of traditional histopathological diagnosis of EC.
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Materials and Methods
Patients
The prospective DIagnostic Smear of the Cervix in OVarian and Endometrial canceR (DISCOVER) study included patients from December 2013 until January 2017 in
three hospitals: Radboud University Medical Center (Nijmegen, The Netherlands);
Canisius-Wilhelmina Hospital (Nijmegen, The Netherlands); Elisabeth-TweeSteden
Hospital (Tilburg, The Netherlands). Patients were included if they underwent hysterectomy for EC or a benign gynaecological condition (control group), were above
18 years old and had no history of pelvic radiation. Institutional ethics approval for
our study was obtained from each participating study site (study number: 2013/451)
and written informed consent was obtained from each patient. The study was
prospectively registered at the Dutch Trial Registry (NTR4299). This research was
performed according to the STARD guidelines for Standards for the Reporting of
Diagnostic accuracy studies. Patients with ovarian carcinoma or suspected ovarian
malignancies were included as well. These results will be published separately.

Sample collection
In addition to the pipelle endometrial biopsies used for diagnostic purposes, four
types of specimens were collected from each patient: a cervicovaginal self-sample,
Pap brush sample, pipelle endometrial biopsy and a representative formalin-fixed,
paraffin-embedded (FFPE) surgical sample of either the EC group or normal endometrium (control group). The first three samples were obtained in order as described above by the gynaecologist directly prior to surgery.

Somatic mutation analysis
Information on tissue processing, DNA extraction methods, design of singlemolecule molecular inversion probes (smMIPs) and library preparation can be found
in Appendix 1. In short, DNA from Pap brush samples, self-samples, pipelle FFPE
and surgical specimens were analyzed using smMIPs (Integrated DNA Technologies, Leuven, Belgium), designed as previously described.13 The smMIPs were designed to amplify 112 bp segments for hotspots in oncogenes (CTNNB1, KRAS,
MTOR, PIK3CA and POLE) and all coding and splice site sequences of tumor suppressor genes (ARID1A, PTEN, and TP53, Appendix 2) preferentially targeting both
strands with two independent smMIPs (probe sequences available on request). Each
cytology sample was assessed in two independent library preparations, because of
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the expected low variant allele frequencies. After purification, sequencing was performed on a NexSeq500 device (Illumina, San Diego, CA).
Single-molecule-directed assembly of duplicate reads was performed to generate
consensus (unique) reads using the analysis software Sequence Pilot (version 4.4.0;
JSI Medical Systems, Ettenheim, Germany). For all cytology samples, a unique read
depth representing more than 250 individual gDNA molecules at each hotspot position was pursued. In case of insufficient unique read depth, library preparation
and sequencing were repeated and results were combined. Median numbers of
unique reads for each gene region are shown in Appendix 3. Potential false-positive
calls due to PCR or sequencing the background were determined using 12 control
Pap brush samples and 12 cervicovaginal self-samples. The variant allele frequency
(VAF) to background ratio was above 5 for all identified variants (Appendices 4
and 5). Variants were classified as “pathogenic”, “likely pathogenic”, “mutations of
unknown significance”, “likely benign” and “benign” and the first three categories
were considered as (potentially) pathogenic. Based on these, sensitivity and specificity metrics were calculated and compared using the McNemar test.
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Results
Clinicopathological characteristics of included patients
A total of 59 EC patients and 31 control patients were prospectively included (Figure
1). In addition to the pipelle endometrial biopsies used for diagnostic purposes,
hysterectomy specimens (EC or normal endometrium), Pap brush samples, selfsamples and pipelle endometrial biopsies were collected for study purposes on
the day of surgery. EC included endometrioid EC (70%), serous carcinoma (15%),
other non-endometrioid carcinomas (14%) and leiomyosarcoma (2%). Control patients were diagnosed with benign ovarian abnormalities (cystadenomas, 29%; fibromas/teratomas, 23%; uterine myomas, 29%) or other benign histology (19%).
Prospective inclusion:
59 EC patients
31 control patients

Self-samples

Sequencing-based
diagnosis

Pap brush samples

Pipelles

Surgical specimen

Histo-/cytopathological &
sequencing-based
diagnosis
Figure 1. Study flowchart. EC, endometrial cancer.

Median age was 69 (range, 38-88) for EC patients and 57 (range, 45-82) for control
patients (Table 1). Of the 57 pipelle endometrial biopsies taken for study purposes
in EC patients, 12 (21%) were judged as inconclusive or benign by histopathological
assessment. All pipelle endometrial biopsies taken in control patients were classified
as benign. Based on these results, traditional histopathological assessment by preop-
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erative pipelle yielded a sensitivity and specificity of 79% (95% confidence interval
[CI] 66-88%) and 100% (95% CI 89-100%). Of the 50 Pap brush samples taken in EC
patients, 24 contained atypical endometrial cells (48%), compared to none of the Pap
brush samples taken in control patients, yielding a sensitivity and specificity of 48%
(95% CI 34-63%) and 100% (95% CI 89-100%).
Table 1. Baseline characteristics of included patients.

Age (y)
BMI (kg/m2 )
Abnormal uterine bleeding
Yes
No
Menopausal state
Premenopausal
Postmenopausal
Endometrial thickness
<4mm
≥4mm
Unknown
Pipellea
No carcinoma
Carcinoma
Inconclusive
Pap brushb
No endometrial cells
Endometrial cells, normal
Endometrial cells, atypical
Myometrial invasion
<50%
≥50%
LVSI
No
Yes
Unknown
FIGO-stage
IA
IB
II
III
IV

Endometrial carcinoma

Control

69 (38-88)
24 (20-44)

57 (45-82)
24 (20-44)

53 (90)
6 (10)

5 (16)
26 (84)

4 (7)
55 (93)

5 (16)
23 (74)

5 (8)
48 (81)
6 (10)

13 (42)
6 (19)
12 (39)

10 (18)
45 (79)
2 (4)

31 (100)

25 (50)
1 (2)
24 (48)

31 (100)

27 (46)
32 (54)

NA

40 (68)
11 (19)
8 (14)

NA

25 (42)
21 (36)
4 (7)
6 (10)
3 (5)

NA

Values are presented as median (range) or number (%). BMI, body mass index; FIGO, international
federation of gynecology and obstetrics; LVSI, lymphovascular space invasion. a pipelles were not
present in 2 patients; b Pap brushes were not present in 9 patients.

48

Mutational analysis improves diagnosis of endometrial cancer

Performance of the NGS panel in surgical specimens
First, EC surgical specimens of all EC patients (n=59) and benign endometrial specimens of control patients (n=31) were assessed for the presence of (potentially)
pathogenic mutations using VAF of at least 3% and a minimal number of five variant
reads (reflecting three unique genomic DNA molecules, Table 2). With the panel, at
least one mutation was detected in 57 EC samples (97%, Figure 2a, Appendix 6).
In two ECs, one carcinosarcoma and one EEC, no mutations were found. Nine ECs
(15%) harbored 1 mutation, 34 ECs (58%) harbored 2-4 mutations and 14 ECs (24%)
harbored more than 4 mutations, adding up to a total of 195 mutations detected. Mutations were dispersed over all eight genes (Table 2). Two control surgical specimens
(7%), tested positive for a KRAS mutation.
Table 2. Number of (potentially) pathogenic mutations in surgical specimens.
Endometrial cancer
Gene

Number of mutations

Number of specimens with mutation

ARID1A
CTNNB1
KRAS
MTOR
PIK3CA
POLE
PTEN
TP53

38 (20)
17 (9)
15 (8)
3 (2)
31 (16)
8 (4)
63 (32)
20 (10)

24 (41)
14 (25)
14 (25)
2 (3)
27 (46)
7 (12)
38 (64)
17 (29)

Gene

Number of mutations

Number of specimens with mutation

ARID1A
CTNNB1
KRAS
MTOR
PIK3CA
POLE
PTEN
TP53

0
0
2 (100)
0
0
0
0
0

0
0
2 (7)
0
0
0
0
0

Control

Values are presented as number (%).
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8
2

0

0
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9
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Surgical specimen
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8
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7
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1
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2
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(59.8%)
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0
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6
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Figure 2. (A.) Number of mutations detected in the surgical specimens of endometrial carcinoma patients (blue) and control patients (orange). (B.) Number of mutations detected in
the pipelle endometrial biopsies of endometrial carcinoma patients (blue) and control patients
(orange); number of overlapping mutations in endometrial carcinoma patients (middle) and
control patients (right). (C.) Number of mutations detected in the Pap brush samples of endometrial carcinoma patients (blue) and control patients (orange); number of overlapping
mutations in endometrial carcinoma patients (middle) and control patients (right). (D.) Number of mutations detected in the self-samples of endometrial carcinoma patients (blue) and
control patients (orange); number of overlapping mutations in endometrial carcinoma patients (middle) and control patients (right). *Two KRAS mutations detected; †Two PIK3CA
mutations detected; ††One ARID1A mutation detected. EC, endometrial cancer.
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Performance of the NGS panel in pipelle endometrial biopsies
Next, 57 pipelle endometrial biopsies preoperatively taken in EC patients were evaluated using the same variant calling settings, unravelling 187 mutations (Figure 2b).
Evaluation of the pipelle data at the positions known to be mutated in the corresponding surgical specimen using a cut-off of five unique variant reads ignoring
the minimal VAF unravelled four additional mutations. At least one mutation was
found in 55 (98%) of pipelle endometrial biopsies (Figure 2b). A total of 165 mutations were present in both pipelle and corresponding EC surgical specimen, while 26
mutations were only detected in the pipelle and 30 mutations only in the EC surgical specimens. Of all non-overlapping mutations, PIK3CA (33%), CTNNB1 (32%) and
PTEN (26%) were most commonly mutated (Appendix 6). Two (7%) of the 31 pipelle
endometrial biopsies from control patients harbored a PIK3CA mutation, which was
not detected in the control surgical specimens (Figure 2b).

Performance of the NGS panel in Pap brush samples and cervicovaginal self-samples
All 50 Pap brush samples and 55 self-samples were evaluated at VAF of only 1%,
as we anticipated that the amount of tumor-derived DNA would be small. Many
variants were detected at a VAF close to 1%, suggesting that the sensitivity of the
analysis should be further increased. To evaluate this for positions known to be mutated in the corresponding surgical specimen a cut-off of five unique variant reads
and a VAF of 0% was applied.
In the 50 Pap brush samples collected in EC patients, 125 mutations were detected
in 46 samples (92%, Figure 2c). A total of 116 mutations were present in both Pap
brush samples and corresponding EC surgical specimen, while nine mutations with
a VAF>1% were only detected in the Pap brush samples and 79 mutations only in
the EC surgical specimens. In the Pap brush samples collected in control patients, 29
of 31 samples (94%) did not harbor a mutation (Figure 2c). The remaining two Pap
brush samples (7%) harbored PIK3CA mutations, which were neither detected in the
surgical control specimen nor in the pipelle.
In the 55 self-samples collected in EC patients, 123 mutations were detected in a total
of 41 samples (75%) using the same settings as used for the Pap brush samples. In
39 self-samples (71%), at least one of these mutations was identical to the mutations
detected in the surgical specimen (Figure 2d, Appendix 6). A total of 119 mutations
were present in both self-samples and corresponding EC surgical specimen, while
four mutations with a VAF>1% were only detected in self-samples and 76 mutations
only in the EC surgical specimens. One self-sample (3%) harbored an ARID1A muta-

51
tion, which was neither detected in the surgical specimen nor in the pipelle (Figure
2d).
Even though sensitivity was high for both sampling techniques, if the VAF of 0%
would be applied for all regions, the number of artefacts would be considerable with
these settings: 142 (range 9-383) and 84 (0-375) per sample for EC Pap brush and EC
self-samples and 47 (3-342) and 46 (0-54) per sample for control Pap brush samples
and control self-samples.

Validation of sequencing analysis as first diagnostic procedure
To validate the results, without knowledge of the mutated positions within the surgical specimens, minimal variant calling settings were further adjusted: 0% VAF for
hotspot positions in oncogenes, 1% VAF for tumor suppressor genes, to allow sensitive variant detection of (potentially) pathogenic mutations but to minimize the
number of artefacts. To correct for artefacts, variants in exon 8 of ARID1A and variants with a VAF <1% and <10 variant reads outside hotspot regions present in over
one sample were ignored (Appendix 7). This generated a median number of zero
artefacts for EC Pap brush, EC self-samples, control Pap brush samples and control
self-samples.
For EC patients, one or more (potentially) pathogenic mutations were detected in
97% of the pipelle endometrial biopsies, 78% of Pap brushes and 67% of self-samples.
In control patients, 7% of pipelles, 3% of both Pap brush samples and self-samples
contained mutations (Figure 3a). Sensitivity, specificity, positive predictive value
(PPV) and negative predictive value (NPV) were estimated and are shown in Figure
3b.
The sensitivity and specificity were 79% (95% CI 66-88%) and 100% (95% CI 89-100%)
for traditional histopathological assessment by pipelle. For mutational analyses of
Pap brush samples, self-samples and pipelle endometrial biopsies sensitivity was
78% (95% CI 64-88%), 67% (95% CI 53-79%) and 96% (95% CI 88-100%) with a specificity of 97% (95% CI 83-100%), 97% (95% CI 83-100%) and 94% (95% CI 79-99%).
To study the additional value of mutational analysis to histopathological assessment, both methods were combined. A case was regarded positive, when either one
or more (potentially) pathogenic mutations were detected, histopathological assessment by pipelle was indicative for EC, or both. This method increased the sensitivity
even further compared to histopathological assessment only: 96% (95% CI 86-99%,
p=0.008), 93% (95% CI 83-98%, p=0.008) and 96% (95% CI 88-100%, p=0.016), respectively (Figure 3b).
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Figure 3. (A.) Assessment of mutations in pipelle endometrial biopsies (upper), PAP brush
samples (middle) and self-samples (lower) in endometrial carcinoma patients (blue) and control patients (orange), without prior knowledge of mutation present in the surgical specimen.
(B.) Diagnostic accuracy of different combinations of traditional histopathological assessment
and/or mutational analyses. Diagnostic accuracy included sensitivity, specificity, positive
and negative predictive value. A combination of histopathological assessment and mutational analysis was defined positive when either malignant endometrial cells in the pipelle
were present and/or when of 1 or more mutations were present. Negative was defined as
the absence of both. EC, endometrial cancer; NPV, negative predictive value; PPV, positive
predictive value.

Discussion
Pipelle endometrial biopsies leave up to 30% of patients temporarily undiagnosed
due to technical failure or an inadequate amount of tissue, requiring repeat procedures and placing additional burden on patients and health care costs. Therefore,
we have investigated whether mutational analyses of cervical cytology or pipelle
endometrial biopsies can improve the diagnostic accuracy of histopathological diagnosis of EC. We confirm that mutations that are present in the surgical specimen can
be detected in cervical cytology samples and endometrial biopsies and have shown
that these mutations can be used to increase the sensitivity of diagnosing endometrial cancer. More specifically, blinded mutational analysis of Pap brush samples,
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self-samples and pipelle endometrial biopsies yielded a sensitivity of 78, 67 and 96%
with a specificity of 97, 97 and 94%, respectively. Combining one of these three
methods with histopathological pipelle endometrial biopsies evaluations yielded a
sensitivity of 96, 93 and 97, which was significantly higher than histopathological
assessment alone.
Current diagnostic procedures are limited due to several issues, that is, technical failure of the pipelle procedure, insufficient amount of tissue and consequently requiring more invasive and expensive repeat procedures.7, 14 This is in line with diagnostic
performance found in our study (sensitivity 79% and specificity 100%). Moreover,
there is a substantial interobserver disagreement in the discrimination between premalignant and malignant endometrium, and different histological types of EC.15-17
We have shown that cervical cytology, which is less invasive, has a comparable diagnostic performance (sensitivity 78% and specificity 97%). Even with cervicovaginal
self-sampling, a substantial part of EC cases can be diagnosed (sensitivity 67% and
specificity 97%). Combining histopathological assessment with mutational analysis
increases sensitivity and specificity to 96% and 97% (Pap brush samples) and 94 and
97% (self-samples). Because tumor DNA accounts for a minority of all DNA present
at the cervical level, variant allele frequencies were low in both Pap brush samples
and self-samples, requiring sequencing methods able to detect VAF below 3%. These
results support the hypothesis that ECs actually shed neoplastic cells into the uterine
cavity, and subsequently the cervix and even the vagina. By microscopic evaluation,
we observed neoplastic cells in 50% and 79% of all Pap brushes and pipelle endometrial biopsies, respectively, but detected mutations even in samples without visible
neoplastic cells, possibly due to the presence of cell-free DNA.
Wang et al. investigated 382 Pap brush samples, using a multiplex 18-gene panel and
detected mutations in 81% of EC patients, with a specificity of 98.6%.11 We have confirmed these results in our study, with a comparable sensitivity and slightly lower
specificity, which could either be attributed to a relatively small sample size or a
higher age in our control group.
Nair et al. used two gene panels for the sequencing of uterine lavage fluids obtained
by hysteroscopy in 107 patients, of whom seven were finally diagnosed with EC.18
All patients diagnosed with EC harbored mutations in their lavage fluid, although
51 patients without known malignancy harbored one or more cancer-associated mutations in the uterine fluid, mostly PIK3CA, PTEN and KRAS mutations. Of these
patients, a majority was diagnosed with benign intrauterine abnormalities including polyps and fibroids. We have found KRAS and PIK3CA mutations in patients
without malignancy as well. These genes are also known to be mutated in other benign lesions, including a variety of skin lesions and colorectal adenomas.19-21
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Adding mutational analysis to pipelle endometrial biopsies has been previously
studied by Mota et al., investigating 54 EC uterine aspirates. They found sensitivity
of 94% and a specificity of 96%, comparable to the pipelle results within our own
study.12
In our study, we have used a targeted gene panel, detecting mutations in 97% of
primary ECs. The most frequently mutated genes included PTEN, ARID1A and
PIK3CA. This is in line with previously reported frequencies between 37% and 61%
for PTEN, 23% and 40% for ARID1A and 24% and 39% for PIK3CA in EC.22-32 POLE
and TP53 were mutated in 12% and 31% of all cases. Earlier studies found similar frequencies for POLE (7-9.3%), and slightly lower rates of TP53 mutations (12.218%).22, 33, 34 These differences could be explained by the fact that 31% of the ECs included in our study had non-endometrioid histology, which is associated with TP53
mutations. In line with data from The Cancer Genome Atlas, MTOR mutations were
only found in 3% of cases.22
Molecular diagnostics can be implemented in different settings to improve current
procedures. First, molecular diagnostics can help to improve diagnostic accuracy
of diagnostic tools that currently leave patients undiagnosed in 30%. Our study
shows that adding mutational analysis to traditional histopathological assessment
improves sensitivity from 79% to 96%, resulting in a number needed to test of 6 to
save one additional procedure (e.g., hysteroscopy). Second, molecular analysis could
complement screening tools in high-risk populations, such as women with Lynch
syndrome that have to undergo annual endometrial evaluation. Mutational analysis
of Pap brushes alone has comparable diagnostic accuracy values as histopathological assessment of pipelles, providing a less invasive and much more patient-friendly
alternative for pipelle screening in high-risk populations.
Some study limitations need to be addressed. The study pipelle endometrial biopsies taken at the operating theatre seemed to contain less endometrial tissue, as patients had already undergone outpatient clinic pipelle endometrial biopsies for diagnostics. This could explain the fact that 21% of all pipelle endometrial biopsies in
EC patients were judged as benign or inconclusive. Moreover, hysterectomy was a
prerequisite for our study to compare the overlap and discrepancies between surgical specimens and pipelle endometrial biopsies, Pap brushes and self-samples per
patient. The control group, therefore, did not consist of patients presenting with
postmenopausal bleeding, but of patients treated for several benign gynaecological abnormalities. Prospective validation would help to overcome these issues and
would inform us about the mutational background of other endometrial abnormalities, such as endometrial premalignancies which are known to harbor oncogenic
mutations like complex hyperplasia.23
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In conclusion, our study has shown that mutational analysis of either cervical cytology or pipelle endometrial biopsies improves diagnosis of EC, whether or not in
combination with traditional histopathological assessment. Prospective validation
will support implementation in routine clinical practice.
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Abstract
Objective. In endometrial carcinoma (EC), preoperative classification is based on
histopathological criteria, with only moderate diagnostic performance for the risk of
lymph node metastasis (LNM). So far, existing molecular classification systems have
not been evaluated for prediction of LNM. Optimized use of clinical biomarkers as
recommended by international guidelines might be a first step to improve tailored
treatment, awaiting future molecular biomarkers. This study aimed to determine
the diagnostic accuracy of preoperative clinical biomarkers for the prediction of
LNM in endometrial cancer.
Methods. A systematic review was performed according to the Meta-analysis of
Observational Studies in Epidemiology (MOOSE) guidelines. Studies identified in
MEDLINE and EMBASE were selected by two independent reviewers. Included
biomarkers were based on recommended guidelines (cancer antigen 125 [CA-125],
lymphadenopathy on magnetic resonance imaging, computed tomography, and 18 Ffluorodeoxyglucose positron emission tomography/computed tomography [18 FDG
PET-CT]) or obtained by physical examination (body mass index, cervical cytology,
blood cell counts).

Pooled sensitivity, specificity, area under the curve (AUC),

and likelihood ratios were calculated with bivariate random-effects meta-analysis.
Likelihood ratios were classified into small (0.5-1.0 or 1-2.0), moderate (0.2-0.5 or
2.0-5.0) or large (0.1-0.2 or >5.0) impact.
Results. Eighty-three studies, comprising 18,205 patients, were included. Elevated
CA-125 and thrombocytosis were associated with a moderate increase in risk of LNM;
lymphadenopathy on imaging with a large increase. Normal CA-125, cytology, and
no lymphadenopathy on

18

FDG PET-CT were associated with a moderate decrease.

AUCs were above 0.75 for these biomarkers. Other biomarkers had an AUC<0.75
and incurred only small impact.
Conclusion.

CA-125, thrombocytosis, and imaging had a large and moderate

impact on risk of LNM and could improve preoperative risk stratification.
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Introduction
Endometrial carcinoma (EC) is the most common gynecological malignancy in industrialized countries.1, 2 Most patients present with early-stage disease and have
a favorable prognosis. However, approximately 10% of clinical early-stage patients
have lymph node metastasis (LNM).3, 4 Primary treatment of EC consists of hysterectomy with bilateral salpingo-oophorectomy. Pelvic and para-aortic lymphadenectomy can be performed to enable tailored adjuvant therapy based on the presence
of LNM. Yet, routine lymphadenectomy in clinical early-stage EC has not demonstrated to improve outcome and is associated with 15-20% surgery-related morbidity, underlining the need for improved risk stratification.5-8
Approximately 80% of patients are preoperatively diagnosed with low-risk histology, i.e., grade 1 or 2 endometrioid endometrial carcinoma, facing 5-9% risk
of LNM.4, 9 Around 20% are preoperatively diagnosed with high-risk histology,
i.e., grade 3 or non-endometrioid endometrial carcinoma, facing 18-24% risk of
LNM.4, 9, 10 When classifying patients as low-risk or high-risk of LNM solely based
on preoperative histology, a substantial number of patients with LNM will be missed
(Figure 1). Furthermore, in up to 33% of all patients, preoperative histology is discordant with postoperative histology, resulting in a subsequent incorrect risk estimation
of LNM.11
Recently, The Cancer Genome Atlas (TCGA) identified four distinct subgroups
based on genomic background, including an “ultramutated” subgroup associated
with mutations in the exonuclease domain of polymerase- (POLE); a microsatelliteinstable subgroup, with deficiency of one or more mismatch repair proteins; a copy
number high subgroup with frequent TP53 mutations; and a copy number-low
subgroup.12 These molecular subgroups categorize patients with distinct prognoses,
but so far TCGA classification has not been studied in relation to the risk estimation of LNM.13-16 Several guidelines, including the European Society of Medical Oncology, European Society of Gynecological Oncology, European Society for Radiotherapy and Oncology (ESMO-ESGO-ESTRO) consensus conference guideline, incorporate measurement of cancer antigen 125 (CA-125) and/or assessment of lymphadenopathy by imaging as part of preoperative workup.8, 17 Furthermore, clinical
biomarkers obtained during standardized preoperative workup, including assessment of body mass index (BMI), cervical cytology, and analysis of hemocytometric
parameters, are demonstrated to carry prognostic information about the risk of LNM
and may specifically be valuable because they are widely available as part of the routine workup.18-21
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Grade 1 and 2

Grade 3

10 out of 100 patients have lymph node metastasis

90 out of 100 patients do not have lymph node metastasis

Figure 1. Population of 100 patients with endometrial carcinoma with a population risk of
approximately 10% on lymph node metastasis (LNM). Risk stratification based on preoperative tumor histology classifies 80% of patients as low-risk, with a 5-9% risk of LNM, and
20% of patients as high-risk, with an 18-24% risk of LNM. The patients within the red frame
are classified as high-risk based on preoperative tumor histology. This figure illustrates that
patients are being misclassified in both risk groups.

In summary, current preoperative risk estimation for LNM in EC is only moderate, and optimized use of clinical biomarkers might be a first step toward improved
selection awaiting future molecular biomarkers. Therefore, this systematic review
investigates the reported diagnostic accuracy of preoperative clinical biomarkers for
the prediction of LNM in patients with EC.

Materials and Methods
Search strategy and selection criteria
The systematic review was performed according to the Meta-analysis of Observational Studies in Epidemiology (MOOSE) guidelines for meta-analyses of observational studies in medicine.22 A literature search was performed in MEDLINE and
EMBASE from June 1997 to January 14, 2019. The following keywords and all known
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synonyms for these keywords were used: “endometrial cancer,” “BMI,” “cervical
cytology,” “CA-125,” “hemoglobin,” “leukocytes,” “thrombocytes,” “MRI,” “CT,”
“PET-CT,” and “lymph node metastases.” Parameters were included when incorporated in the ESMO-ESGO-ESTRO or Society of Gynecologic Oncology guidelines (CA-125, computed tomography [CT], magnetic resonance imaging [MRI], 18 Ffluorodeoxyglucose positron emission tomography/computed tomography [18 FDG
PET-CT]) or when judged as being routinely obtained by physical examination (BMI,
cervical cytology, blood cell counts including hemoglobin, leukocytes, and thrombocytes). The search strategy can be found in Appendix 1. Additional searches were
performed by manual cross-referencing in included studies and systematic reviews.

Study selection
Eligible studies investigated the diagnostic accuracy of one of the preoperative
biomarkers in patients with EC. The reference standard had to be histological lymph
node assessment by lymphadenectomy. Exclusion criteria were conference abstracts,
case reports, studies comprising fewer than five patients, case-control studies, publications older than 20 years or not in English, review articles, outcome measures
other than LNM, and (partial) absence of the reference standard. In publications in
which diagnostic performance metrics were reported without the raw data to construct a contingency table, the authors were contacted. In case of overlapping patient
cohorts, the study with most outcome data were included. Two investigators (C.R.,
F.S.) independently reviewed each study for eligibility based on title and abstract.
The full text of presumably eligible studies was evaluated to decide if the study fulfilled the inclusion criteria. In case of discrepancies, consensus was made after discussion with a third reviewer (J.P.). The agreement on selection of studies between
the investigators was calculated by means of a weighted κ.

Assessment of study quality
The revised tool for Quality Assessment of Diagnostic Accuracy Studies (QUADAS2) was used for assessment of methodological quality of the studies by two investigators (C.R., F.S.).23 In case of disagreement, consensus was achieved with a third
investigator (J.P.). Risk of bias was assessed as “low-risk,” “high-risk,” or “unclear
risk” in four domains: patient selection, index test, reference standard, and flow and
timing. The first three domains were also assessed in terms of applicability. Studies
were classified as “low-risk of bias” or “low-risk regarding applicability” in a specific domain, when all subdomains were scored as “low-risk.” For bias in “patient
selection,” it was assessed whether consecutive inclusion was present and whether
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patients were inappropriately excluded based on age, histology, or International Federation of Gynecology and Obstetrics (FIGO) stage. For “index test” and “reference
standard” it was assessed whether patients received the same reference standard
(pelvic and para-aortic lymphadenectomy). For “flow and timing” it was assessed
whether interval was acceptable (<2 weeks).

Data extraction
A data extraction form was designed with information about study design, patient
characteristics (age, menopausal status), preoperative biomarkers, number of patients with and without LNM, and tumor characteristics (grade and histological subtype).

Statistical analysis
Contingency tables containing the number of patients with LNM as assessed
by the preoperative test and by lymphadenectomy were constructed, and the
number of true positives, false negatives, false positives, and true negatives were
extracted. From these, likelihood ratios (LRs), sensitivity and specificity, and their
95% confidence intervals (CIs) were calculated for each study and visualized by
means of forest plots. Pooled estimates for LRs, sensitivity and specificity, and
area under the curve (AUC) were calculated by means of bivariate random-effects
meta-analysis.24 An AUC above 0.75 was considered clinically relevant.25 Using
sensitivity, specificity, and prevalence, the pooled positive predictive values (PPVs)
and negative predictive values (NPVs) were also estimated:
Pooled PPV = (Sensitivity × Prevalence)/[Sensitivity × Prevalence + (1-Specificity)
× (1-Prevalence)]
Pooled NPV = [Specificity × (1-Prevalence)]/[ Specificity × (1- Prevalence) +
(1-Sensitivity) × Prevalence]
The median LNM prevalence of all included studies (13.4%) was used to estimate
PPV and NPV. To quantify the test impact on the posttest probability, LRs were categorized: “small increase,” “moderate increase,” and “large increase” for positive LRs
between 1.0 and 2.0, 2.0 and 5.0, and 5.0 and 10.0, respectively; “small decrease,”
“moderate decrease,” and “large decrease” for negative LRs between 0.5 and 1.0, 0.2
and 0.5, and 0.1 and 0.2, respectively.26, 27 Posttest probabilities were calculated using
Fagan’s nomogram.28
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The I2 statistic was used for all variables to estimate the amount of heterogeneity
between the studies.29 Heterogeneity was graduated: null for I2 =0%, minimal for
0%<I2 ≤25%, low for 25%<I2 ≤50%, moderate for 50%<I2 ≤75%, and high for I2 >75%.
In case of high heterogeneity, we investigated whether the heterogeneity could be
explained by the use of various definitions of positive test results by performing
subgroup analyses based on these definitions (Table 1).
Table 1. Preoperative biomarkers, including the definitions for negative and positive
test results.
Preoperative variable

Negative test result

Positive test result

Low BMI

>25kg/m2
>30kg/m2
Absence of endometrial cells
Absence of atypical/malignant
endometrial cells
<20-30IU/ml
<30-40IU/ml
≥12g/dl
≤8*109 /l
≤400*109 /l
Lymph node<1cma
Lymph node<1cm
Normal 18 FDG-uptake

≤25kg/m2
≤30kg/m2
Presence of endometrial cells
Presence of atypical/malignant
endometrial cells
≥20-30IU/ml
≥30-40IU/ml
<12g/dl
>8*109 /l
>400*109 /l
Lymph node≥1cm
Lymph node≥1cm
Increased 18 FDG-uptake

Abnormal cervical cytology

Elevated CA-125
Anemia
Leukocytosis
Thrombocytosis
Positive CT-scan
Positive MRI
Positive 18 FDG PET-CT

BMI, body mass index; CA-125, cancer antigen 125; CT, computed tomography; 18 FDG PET-CT, 18 Ffluorodeoxyglycose positron emission tomography/computed tomography; MRI, magnetic resonance imaging. a For lymphadenopathy on imaging a short axis lymph node diameter of 1.0 cm
was set as cut-off value.

Furthermore, separate analyses were performed for studies including low-risk and
high-risk populations. A study population was considered low-risk when the study
prevalence of LNM was below the median (13.4%) and high-risk when the prevalence of LNM was above the median (13.4%). To estimate the corresponding PPVs
and NPVs, the median prevalence of all low-risk and high-risk population studies,
respectively, was used (10.5% and 19.0%). The statistical software R was used for the
statistical analysis (version 3.3.2) with the MADA package (1.9-9).30
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Results
Study selection
A total of 7,072 studies were retrieved, of which 6,453 remained after removal of
duplicates. Based on title and abstract, 525 studies were relevant. After full-text
screening, 83 studies, comprising 18,205 patients, were included in the systematic review (Appendix 2).18-21, 31-109 Three studies lacked raw data, and because the authors
did not respond after being contacted, these publications were excluded.68, 110, 111
Two studies had overlapping study cohorts, and one of these was excluded.67, 112
One additional article was identified by extensive cross-checking of the reference
lists.103 Ten studies were analyzed multiple times because they included two or three
biomarkers.53, 59, 68, 75-78, 80, 87, 104 The agreement of the two reviewers (C.R. and F.S.)
regarding eligibility was 94% (κ=0.89; 95% CI, 0.85-0.93). Characteristics of the included studies are shown in Appendix 3.

Assessment of study quality
The risk of bias and the applicability was evaluated by means of the QUADAS-2 tool
(Appendices 4 and 5). Ten studies were assessed for two or three biomarkers, so in
total 95 evaluations were performed. The risk of bias was low in 4 (4.2%) evaluations, unclear in 81 (85.2%) evaluations, and high in 10 (10.5%) evaluations. Fortythree (45.3%) evaluations had an unclear risk of bias in patient selection, attributable
to the absence of selection criteria or no description of consecutive inclusion. Furthermore, in a majority of studies, the mean number of lymph nodes resected by
lymphadenectomy was varying. Applicability concerns were mainly attributable to
patient selection: the histological diagnoses were not described properly or only patients with either low-risk or high-risk histology were included.

Study results
I2 for pooled positive LR and negative LR estimates was <50% for all markers, indicating absence of moderate heterogeneity (Table 2). The next section will focus
on pooled LR estimates and AUCs; however, information about pooled sensitivity,
specificity, and PPVs can be found in Table 2. Individual study data with forest plots
for sensitivity, specificity, and predictive values can be found in Appendix 6.
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BMI
In patients with a low BMI, the pooled positive LR point estimate was 1.26, indicating a small increase in risk of LNM (Table 3). In patients with high BMI, the negative
LR estimate was 0.97, indicating a small decrease in risk of LNM. Similar estimates
were found in the low-risk population studies. LR estimates in the high-risk population studies were not significantly different from 1 (Table 2, Figure 2). The AUC
was found to be 0.543.

Cervical cytology
In patients with abnormal cervical cytology, the pooled positive LR estimate was
1.73, and in patients with normal cervical cytology, the pooled negative LR was 0.44.
In analysis of low-risk and high-risk population studies, similar results were found
(Table 2). LRs varied depending on the definition of abnormal cervical cytology.
When the presence of endometrial cells was regarded as abnormal, regardless of
whether these were atypical, pooled positive LR and negative LR estimates were
1.30 and 0.21, respectively. When the presence of atypical endometrial cells was
regarded as abnormal, pooled positive LR and negative LR estimates were 2.06 and
0.66, respectively (Appendix 7). The AUC was found to be 0.701.

Serum biomarkers
Overall, CA-125 was elevated in 28.9% of all patients. In patients with elevated
CA-125, the pooled positive LR estimate was 3.17, and in patients with normal CA125, the pooled negative LR estimate was 0.44, both indicating a moderate effect on
the risk of LNM. These results were comparable for low-risk and high-risk population studies (Table 2), and predictive values did not vary depending on the chosen
threshold (Appendix 7). The AUC was found to be 0.771. In patients with preoperative anemia, leukocytosis, or thrombocytosis, the pooled positive LR estimates
were 1.96, 1.79 (both small increase), and 2.66 (moderate increase), respectively. In
all three biomarkers the pooled negative LR estimates were above 0.50, indicating a
small decrease in risk of LNM. The AUC was found to be above 0.75 for thrombocytosis (0.785) but not for anemia and leukocytosis. No subgroup analysis could be
performed because of insufficient numbers of studies.
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Physical
biomarkersa

I2
(%)

Negative
(95%CI)

0
0
0
0.3
13.8
0

I2
(%)

0.47 (0.36-0.59)
0.43 (0.30-0.57)
0.60 (0.45-0.73)
0.75 (0.41-0.93)
0.67 (0.25-0.92)
0.86 (0.19-0.99)

Pooled
sensitivity
(95%CI)

0.60 (0.48-0.70)
0.64 (0.51-0.76)
0.42 (0.30-0.56)
0.58 (0.32-0.80)
0.65 (0.36-0.86)
0.53 (0.08-0.94)

Pooled
specificity
(95%CI)

0.17
0.12
0.20
0.24
0.18
0.30

0.87
0.91
0.81
0.93
0.94
0.94

0.77
0.78
0.74
0.70
0.68
0.78

0.54
0.55
0.51
0.70
0.69
0.73

PPVc NPVc AUC
LR

Positive
(95%CI)

0.97 (0.95-0.99)
0.88 (0.90-0.95)
0.96 (0.77-1.16)
0.44 (0.21-0.76)
0.52 (0.20-0.90)
0.31 (0.07-0.90)

0.94
0.95
0.91
0.91
0.87
0.87

LR

N test
positive
(%)
0
0
0
10.2
0
0

0.34
0.27
0.43
0.26
0.25
0.32

N
Median
patients prevalence
LNM (range)b
1.26 (1.11-1.43)
1.21 (1.11-1.33)
1.04 (0.89-1.19)
1.73 (1.33-2.38)
1.79 (1.32-2.54)
1.56 (1.06-3.40)

0.80 (0.74-0.84)
0.78 (0.70-0.85)
0.91 (0.73-0.87)
0.69 (0.59-0.77)
0.86 (0.72-0.93)
0.91 (0.81-0.96)

N
studies
44.5
42.6
57.7
43.4
40.2
55.7

0.67 (0.62-0.72)
0.68 (0.59-0.76)
0.66 (0.59-0.73)
0.62 (0.39-0.80)
0.27 (0.10-0.53)
0.24 (0.07-0.57)

11.1 (9.5-17.0)
10.8 (9.5-12.9)
15.3 (14.5-17.0)
9.4 (7.7-25.3)
9.0 (7.7-9.4)
22.2 (19.0-25.3)

0
0
0
0
46.9
0

9,030
8,126
1,086
889
706
183

0.44 (0.39-0.51)
0.44 (0.36-0.54)
0.45 (0.38-0.54)
0.56 (0.31-0.84)
0.85 (0.52-0.99)
0.84 (0.53-0.97)

10
7
3
5
3
2

24.9
13.2
36.0
0
0
0

28.9
28.9
29.0
38.0
15.4
10.1

3.17 (2.66-3.77)
3.05 (2.40-3.88)
3.33 (2.57-4.32)
1.96 (1.37-2.60)
1.79 (1.17-2.40)
2.65 (1.44-4.26)
6.3 (3.08-13.00)

13.2 (4.0-29.3)
10.5 (4.0-12.9)
17.0 (13.4-29.3)
14.8 (12.2-42.0)
14.1(12.4-17.0)
14.3 (11.6-17.0)

0.68
0.83
0.63
0.80
0.50
0.88
0.77
0.82
0.77

5,061
3,694
1,367
300
1,295
622

0.87
0.96
0.83
0.91
0.94
0.91
0.92
0.96
0.90

23
12
11
3
3
2

0.62
0.60
0.59
0.55
0.49
0.66
0.64
0.43
0.69
12.9 (3.3-51.2)
4.5 (2.1-9.4)
7.3 (5.2-10.3)
9.7 (5.1-17.0)
6.6 (4.8-8.9)
7.5 (5.3-10.6)
5.2 (2.4-11.3)
8.5 (5.9-12.3)

0.93 (0.84-0.97)
0.95 (0.85-0.99)
0.91 (0.78-0.97)
0.93 (0.91-0.95)
0.95 (0.90-0.97)
0.93 (0.89-0.95)
0.91 (0.87-0.94)
0.87 (0.76-0.94)
0.92 (0.89-0.94)

13.2
11.4
13.8
11.6
11.5
12.1
17.6
15.7
18.1

0.44 (0.32-0.57)
0.64 (0.38-0.84)
0.40 (0.27-0.55)
0.48 (0.40-0.57)
0.50 (0.42-0.58)
0.49 (0.33-0.64)
0.67 (0.61-0.73)
0.66 (0.42-0.83)
0.68 (0.61-0.73)

19.6 (10.8-46.9)
11.7 (10.8-12.5)
19.8 (19.4-46.9)
12.7 (4.0-23.9)
12.0 (4.0-13.3)
19.0 (13.5-23.9)
19.1 (3.1-46.9)
7.7 (3.1-10.0)
20.5 (13.4-46.9)

0
0
0
0
0
6.9
0
0
0

620
149
471
2,313
1,193
1,120
1,174
332
1,372

0.67 (0.57-0.79)
0.38 (0.17-0.68)
0.72 (0.62-0.83)
0.55 (0.47-0.64)
0.53 (0.44-0.62)
0.56 (0.39-0.71)
0.39 (0.30-0.51)
0.45 (0.26-0.79)
0.38 (0.28-0.55)

7
2
5
20
11
9
22
6
16

9.3
0
17.2
0
0
0
0
0
4.0

Table 2. Pooled diagnostic test characteristics of preoperative biomarkers for the prediction of lymph node metastasis.
examination

Low BMId
Low-risk population
High-risk population
Abnormal cytologyd
Low-risk population
High-risk population
Serum biomarkers
Elevated CA-125d
Low-risk population
High-risk population
Anemiae
Leukocytosise
Thrombocytosise
Imaging
Positive CT
Low-risk population
High-risk population
Positive MRI
Low-risk population
High-risk population
18
FDG
PET-CT
Low-risk population
High-risk population

AUC, area under the curve; BMI, body mass index; LNM, lymph node metastasis; LR, likelihood ratio; NPV, negative predictive value; PPV, positive predictive value. a References can be
found in Appendix 2. b This value is extracted from the study with the median prevalence of lymph node metastasis. Range includes the minimum and maximum prevalence. c Pooled PPV
and NPV values were estimated using a median prevalence of lymph node metastasis (13.4%). d For these variables, included studies used different definitions of a positive test result. These
can be found in Table 1. e For these biomarkers, no subgroup analysis was performed due to small study numbers.
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Figure 2. Forest plots displaying pooled likelihood ratios with corresponding 95% confidence
intervals. 18 FDG PET-CT, 18 F-fluorodeoxyglucose positron emission tomography/computed
tomography; BMI, body mass index; CA-125, cancer antigen 125; CT, computed tomography;
LR, likelihood ratio; MRI, magnetic resonance imaging.
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Imaging
In most studies, a 1.5T MRI scanner was used, except in three studies that used both
1.5T and 3.0T scanners. Two studies did not provide specifications on scanner type
(Appendix 3). The pooled positive LR point estimates for CT, MRI, and 18 FDG PETCT were 6.30, 7.29, and 7.47, respectively, indicating a large increase. The pooled
negative LR point estimates were 0.67 for CT, 0.55 for MRI, and 0.39 for 18 FDG PETCT. Subgroup analyses resulted in comparable estimates in low- and high-risk population studies. Overall, the presence of LNM increased the odds of positive findings
on imaging approximately seven times, whereas the absence of LNM decreased the
odds approximately two times. The AUC was 0.800 for MRI, 0.773 for

18

FDG PET-

CT, and 0.687 for CT.
Table 3. Effect on posttest probability of LNM categorized according to the LR value.
Effect

Increase

Large

Lymphadenopathy on MRI
Lymphadenopathy on 18 FDG PET-CT
Lymphadenopathy on CT
Elevated CA-125
Thrombocytosis

Moderate

Small

Anemia
Leukocytosis
Abnormal cervical cytology
Low BMI

Decrease

No lymphadenopathy on 18 FDG PET-CT
Normal CA-125
Normal cervical cytology
No lymphadenopathy on CT
No anemia
No lymphadenopathy on MRI
No thrombocytosis
No leukocytosis
High BMI

18

FDG PET-CT, 18 F-fluorodeoxyglycose positron emission tomography/computed tomography;
BMI, body mass index; CA-125, Cancer Antigen 125; CT, computed tomography; LNM, lymph
node metastasis; LR, likelihood ratio; MRI, magnetic resonance imaging. a Effect on posttest probability was categorized according to the LR values: “slight increase”, “moderate increase” and
“large increase” for likelihoods ratios (LRs) between 1.0 to 2.0; 2.0 to 5.0 and 5.0 to 10.0 respectively; “slight decrease”, “moderate decrease” and “large decrease” for LRs between 0.5 to 1.0; 0.2
to 0.5 and 0.1 to 0.2 respectively.

Translation to clinical practice
As preoperative tumor grade currently is one of the most important preoperative
predictors for LNM, the contributive value of all evaluated clinical biomarkers to
preoperative tumor grade is summarized in Figure 3. Results are shown for two
clinical settings based on patients presenting with low-grade EC and an estimated
7% a priori probability on LNM, and patients presenting with high-grade EC with
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an estimated 20% a priori probability. Results are classified according their increase
or decrease on the odds of LNM, i.e., small, moderate, and large.
Low-grade EC

High-grade EC

MRI
18FDG PET-CT
CT
Ca-125
Thrombocytosis
Anemia
Leukocytosis
Cervical cytology
BMI

0.8

0.6

0.4

0.2

Probability of lymph node metastasis

0.0

0.0

0.2

0.4

0.6

Probability of lymph node metastasis

0.8

Pretest probability†
Positive posttest probability
Negative posttest probability

Figure 3. Summarizing results of pre- and posttest probabilities for evaluated clinical
biomarkers in low- and high-risk preoperative setting. Estimates are based on pooled likelihood ratios (Table 2). Thickness of bars represents the number of studies performed on
each marker; range, 2-20. †Based on prevalence of lymph node metastasis in patients preoperatively diagnosed with low-grade (7%, left panel) and high-grade endometrial cancer
(20%, right panel), respectively. 18 FDG PET-CT, 18 F-fluorodeoxyglucose positron emission tomography/computed tomography; BMI, body mass index; CA-125, cancer antigen 125; CT,
computed tomography; EC, endometrial carcinoma; MRI, magnetic resonance imaging.

Discussion
In this review, we have demonstrated that several clinical biomarkers are significantly associated with LNM and thus may improve current preoperative risk stratification of patients with EC. As expected, the presence of lymphadenopathy on imaging had a large impact on the risk of LNM. Elevated CA-125 and thrombocytosis
were associated with a moderate increased risk of LNM, whereas normal cervical
cytology, CA-125, and absence of lymphadenopathy on

18

FDG PET-CT were asso-

ciated with a moderate decreased risk of LNM. All markers having a moderate or
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large impact were found to have clinically relevant AUCs (>0.75), whereas markers
with small impact did not.
Interestingly, we found that high BMI (>25/30 kg/m2 ) was associated with reduced
risk of LNM. This could be explained by the higher prevalence of low-grade endometrioid ECs in obese patients who overall have a low-risk of LNM.34 Yet, we
could not rule out whether lymphadenectomy was less frequently performed in
obese patients with EC because of comorbidity and/or surgical difficulties, because
this could underestimate the risk of LNM in obese patients.34 However, once lymphadenectomy is performed, numbers of lymph nodes are reported to be equal in
obese and nonobese patients.34
Abnormal cervical cytology was a predictor of LNM. The presence of atypical endometrial cells in cervical cytology could be a consequence of EC cells detaching and
exfoliating, as in patients with serous histology, who present with abnormal cervical
cytology in 66-88%.113, 114 Because it is often obtained by general practitioner prior
to referral for postmenopausal bleeding and can easily be added in the workup by
gynecologists, further validation is worthwhile.115
The association between CA-125 level and LNM has already been demonstrated
in a large number of studies, and CA-125 has also been shown to predict
the high-risk features deep myometrial invasion (MI) and lymphovascular space
invasion.48, 51, 60, 116 Nevertheless, CA-125 has not yet been implemented in standardized preoperative workup, possibly because of controversies regarding the appropriate cutoff value. In this meta-analysis we found that the diagnostic accuracy was
similar using varying cutoff values.
We found that preoperative anemia, leukocytosis, and thrombocytosis were associated with a small (anemia, leukocytosis) or moderate (thrombocytosis) increased
risk of LNM. Interestingly, abnormal blood cell counts are reportedly associated with
poor prognosis in several malignancies.117, 118 Whereas anemia and leukocytosis only
have a small impact on risk of LNM, thrombocytosis has a moderate impact and has
also been proposed as a marker to be included into a preoperative scoring system
for advanced disease in EC.119 Because of limited study numbers, further validation
is needed.
Interestingly, for imaging, the presence of LNM increased the odds of positive findings on imaging approximately seven times, whereas the absence of LNM decreased
the odds only two times. The different imaging techniques rely on pelvic or paraaortic lymph node enlargement (CT and MRI), or increased glucose metabolism
(18 FDG PET-CT), which is only detectible when there are sufficient tumor cells
present to discriminate them from physiological glucose metabolism from surrounding nonmalignant cells. Micrometastases leading to minimally increased avidity be-
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ing barely detectible would typically be missed. The relatively low negative LR estimates suggest that omitting lymphadenectomy in patients with negative findings
on imaging may thus lead to potential surgical undertreatment in some patients, underlining the importance of incorporating multiple predictors into risk stratification
models. On the other hand, the very high positive LR and PPV estimates of CT,
MRI, and

18

FDG PET-CT justify lymphadenectomy in patients with imaging find-

ings indicating lymph node metastases. The ability of MRI to assess MI and cervical
involvement as well supports the use of MRI in addition to

18

FDG PET-CT or CT

for preoperative risk stratification.120 Diagnostic superiority was also demonstrated
in the AUC values, which were shown to be higher than 0.75 for MRI and

18

FDG

PET-CT but lower than 0.75 for CT.
To our knowledge, this is the first systematic review comprehensively investigating the diagnostic accuracy of preoperative clinical biomarkers in EC for the prediction of LNM. We have performed an in-depth analysis including subgroup analyses to improve clinical applicability. However, some limitations need to be addressed. Most studies documented a study design with only moderate quality, being
retrospective and lacking a consecutive research design because of selective performance of lymphadenectomy. Although I2 was <50% for all biomarkers, some clinical heterogeneity could exist between the studies. With study population and the
employed thresholds being important sources of heterogeneity, separate analyses
were performed based on these two. Although we have shown the impact of several
biomarkers on risk of LNM, multivariable analysis is impossible in this setting, and
therefore the combined value of markers cannot be concluded from this review and
requires further analysis of individual patient data.
Among the strongest prognosticators for LNM are lymphovascular space invasion,
tumor grade and histology, and deep MI.121-125 However, preoperative assessment
of these markers is accompanied with some challenges. Lymphovascular space invasion is based on postoperative histological examination of the surgical specimen
and cannot be reliably assessed preoperatively. MI can be assessed preoperatively
by MRI, transvaginal ultrasound, or intraoperatively by frozen section with varying diagnostic accuracies. For transvaginal ultrasound, sensitivity and specificity for
deep MI are reported to be 71-85% and 72-90%, respectively.126 For MRI, sensitivity
and specificity are 63-100% and 56-100%.120, 127
Several models have been developed and validated for prediction of LNM in order
to improve existing risk stratification.58, 128, 129 Among these, one model has an AUC
of 0.75, indicating good diagnostic accuracy.130 This model has included serum CA125, together with MRI parameters (MI, lymphadenopathy, and extension beyond
uterine corpus), adequately identifying 43% of patients as low-risk for LNM (<4%),
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with a false-negative rate of only 1.3%.128
For future implementation, it is important to acknowledge the increasing impact of
sentinel node (SN) procedures. These procedures create the possibility to reduce
treatment-related morbidity and might lead to more adequate staging.131 Still, it is
questionable whether SN procedures should be performed in all patients with EC,
with a population-based risk of 10% for LNM. Sentinel node procedures require sufficient expertise and are generally available in large oncology centers, and thus are
demanding for public health care facilities and costs. It could therefore be imagined
that preoperative risk stratification will remain a crucial part in EC care in order to
expose only those patients at risk to more extensive surgical procedures. In what
perspective the investigated biomarkers could complement the recent TCGA classification remains to be elucidated. Even though this classification identifies four
subgroups with distinct prognoses, it is unknown whether these subgroups are associated with the risk of LNM. Recent TCGA classification has raised debate about
how to relate prognostic molecular classification systems to traditional histopathological criteria, and an integrated genomic-pathologic classification was proposed
as a superior classification.13 This discussion is also relevant for implementing these
clinical biomarkers complementary to molecular classification.
We identified clinical biomarkers that could contribute to an improved preoperative risk stratification and more individualized treatment strategy in patients with
EC. Lymphadenopathy identified at preoperative imaging incurred a large risk of
LNM, and as such should be incorporated into future preoperative risk-stratification
models. Furthermore, clinical biomarkers with moderate impact on risk of LNM,
i.e., CA-125 serum levels and thrombocytosis are candidates for future preoperative
risk-stratification models in addition to the established markers. In what way they
could complement molecular classification should be studied.
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Abstract
Objective. The global obesity epidemic has great impact on the prevalence of
low-grade endometrial carcinoma. The preoperative tumor serum marker cancer
antigen 125 (CA-125) might contribute to improved identification of high-risk
patients within this group. The study aimed to investigate the prognostic value
of CA-125 in relation to established preoperative prognosticators, with a focus on
identifying patients with poor outcome in low-grade endometrial carcinoma (EC)
patients.
Methods. Prospective multicenter cohort study including all consecutive patients
surgically treated for endometrial carcinoma in nine collaborating hospitals from
September 2011 until December 2013. All preoperative histopathological diagnoses
were reviewed in a blinded manner. Associations between CA-125 and clinicopathological features were determined. Univariable and multivariable analysis by
Cox regression were used. Separate analyses were performed for preoperatively
designated low-grade and high-grade endometrial carcinoma patients.
Results. A total of 333 patients were analyzed. CA-125 was associated with poor
prognostic features including advanced International Federation of Gynecology
and Obstetrics (FIGO) stage. In multivariable analysis, age, preoperative grade and
CA-125 were significantly associated with disease-free survival (DFS); preoperative
grade, tumor type, FIGO and CA-125 were significantly associated with diseasespecific survival (DSS). Low-grade EC patients with elevated CA-125 revealed a
DFS of 80.6% and DSS of 87.1%, compared to 92.1% and 97.2% in low-grade EC
patients with normal CA-125.
Conclusion. Preoperative elevated CA-125 was associated with poor prognostic
features and independently associated with DFS and DSS. Particularly patients
with low-grade EC and elevated CA-125 represent a group with poor outcome and
should be considered as high-risk endometrial carcinoma.
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Introduction
Endometrial cancer (EC) is the most prevalent malignancy in industrialized countries, accounting for about 317,000 new cases in 2012.1, 2 Incidence is rising, and
with up to 81% of EC patients being obese, the global obesity epidemic is one of
the leading causes of this increasing incidence.2-5 Obesity mainly leads to low-grade
endometrioid endometrial carcinomas (EECs).3 Low-grade EEC patients, i.e., grade
1-2, bear around 7% risk of disease-related mortality.6 On the other hand, patients
with high-grade EC, i.e., grade 3 EEC and non-endometrioid endometrial carcinoma (NEEC) bear a 35% risk of disease-related mortality.6-9 Although the 7% of
patients with disease-related mortality in low-grade EEC is limited, actual numbers
are numerous due to the fact that around 80% of patients present with low-grade
EEC. Because a substantial number of disease-related mortality occurs in this patient
group, improved pre-operative risk stratification to select those low-grade patients
with poor outcome is crucial.6-9 In addition to preoperative tumor grade, myometrial invasion (MI) and tumor size, which can be assessed by ultrasound or magnetic resonance imaging (MRI), are important prognosticators in the preoperative
risk stratification.10-11
Although the clinical value of cancer antigen 125 (CA-125) in the work-up of EC is
questioned in the European Society for Medical Oncology-European Society of Gynaecological Oncology- European Society for Radiotherapy and Oncology consensus
guidelines, the Society of Gynecologic Oncology guidelines state that CA-125 measurement can be considered in patients with obesity or co-morbidity that are not fit
enough for comprehensive staging.12, 13 Moreover, CA-125 has been incorporated in
the preoperative prediction model developed by the Korean Gynecologic Oncology
Group, adequately identifying EC patients with a normal CA-125 with a low-risk
(<4%) of lymph node metastasis.14, 15 In the current prospective study, we evaluated
the prognostic value of CA-125 in relation to established preoperative prognosticators in a large comprehensive cancer region, with a focus on identification of patients
with poor outcome in clinically early-stage low-grade EEC patients.

Materials and Methods
Patients
From September 1st 2011 until December 1st 2013, 432 consecutive endometrial carcinoma patients who underwent surgical treatment at one of the nine participating
hospitals in the Netherlands were prospectively included in the PIpelle Prospective
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ENDOmetrial carcinoma (PIPENDO) study.16 Except for two centers, the preoperative work-up was standardized. CA-125 testing was advised in all patients. In patients with preoperative low-grade carcinomas, an additional abdominal computed
tomography (CT)-scan was performed when CA-125 was elevated. In patients with
preoperative high-grade carcinomas, abdominal CT-scanning was performed in all
patients, regardless of CA-125 level. According to the Dutch guidelines, surgical
staging including lymph node dissection in clinical stage I endometrioid type EC is
recommended only in case of clinical suspicion of lymph node metastasis or in case
of preoperative high-risk histology (i.e., serous and clear cell carcinomas). Patients
without preoperative CA-125 test result were excluded from analysis. The study
design followed the reporting of observational studies in epidemiology statement.

Data collection
Patient characteristics, including body mass index (BMI), menopausal status, parity,
CA-125 level and CT-findings were prospectively collected. Preoperative and postoperative pathology data included histological grade and type, MI, cervical invasion,
lymph node metastasis and International Federation of Gynecology and Obstetrics
(FIGO) stage. All preoperative biopsy and hysterectomy slides were reviewed by
a pathologist with special interest in gynecologic pathology (N.C.M.V.), blinded for
patient characteristics and outcome. In case of discrepancy with the original diagnosis the case was evaluated independently by a second pathologist (J.B.). Discrepancies were resolved at simultaneous consultation. Low-grade carcinomas comprised
grade 1 or 2 EECs, high-grade carcinomas comprised grade 3 EECs and NEECs, including serous, clear cell, undifferentiated carcinomas and carcinosarcomas. Patients
with proven carcinoma in the hysterectomy specimen, but with a preoperative diagnosis of complex atypical hyperplasia were considered as preoperatively low-grade.
Follow-up data, including the presence of recurrence, overall and disease-specific
survival (DSS), were collected. Preoperative CA-125 serum levels were determined
by radioimmunoassay according to the local protocol in the various hospitals.

Statistical analysis
Clinicopathological differences between subgroups were compared using the χ2 and
Fisher’s exact tests for categorical data and the Mann-Whitney U test for continuous variables. CA-125 was analyzed as a dichotomous value, with a cut-off value
of 35 IU/mL. The association between prognostic features and disease-free survival
(DFS) and DSS was determined using Cox regression analysis. Features identified by
univariable regression analysis with p<0.20, were used for multivariable regression
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analysis. DFS was defined as the length of time, after completing primary treatment,
during which women survived without any clinical sign of disease recurrence. DSS
was calculated from the date of primary treatment to the date of death caused by
the disease or, for surviving patients, to the date of the last follow-up. Kaplan-Meier
curves for DFS and DSS were generated, for both preoperatively classified low-grade
and high-grade patients, comparing patients with normal and elevated CA-125 using the Log-rank test. The p-values less than 0.05 were considered to indicate a
significant difference. SPSS version 22 (SPSS IBM, New York, NY, USA) statistical
software was used to perform the statistical analyses.

Ethical approval
This study is revised by the local medical ethical committee of the ElisabethTweesteden Hospital Tilburg on 11 May 2011 and was exempt from Institutional
Review Board (IRB) approval (Protocol 1129, METC, ETZ, Tilburg). This was due
to the fact that this was an observational study without subjecting patients to specific procedures. All patients did not object against using their clinical data or tumor
material, according to the Dutch law no further patient approval was needed.

Results
Patients
A total of 432 consecutive patients with EC were included in the PIPENDO study
(Appendix 1). One patient with a double endometrial and ovarian tumor was excluded after revision, because uterine origin could not be ascertained. A total of
333 patients underwent CA-125 serum testing (77.3%) and were included for analysis. Of the excluded patients, 42 patients did not undergo CA-125 serum testing,
as they were treated in one of the two centers that had not implemented this into
their local guideline yet, and 57 patients did not undergo testing despite stated in
their guideline. Excluded cases were not statistically different from the study cohort
with respect to variables as shown in Table 1 (data not shown). The median age
was 66 (range: 41-89). Revised preoperative diagnosis consisted of low-grade EC in
240 (72.1%) and high-grade EC in 93 patients (27.9%). CT-scan was performed in 149
patients and was suspicious for extra-abdominal disease in 29 patients (19.5%). Lymphadenectomy was performed in 73 patients (21.9%). The distribution of FIGO-stage
was I in 275 patients (82.6%) and stage II-IV in 58 patients (17.4%). Sixty-three patients (18.9%) developed recurrent disease during follow-up and 43 patients (12.9%)
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died as a consequence of the disease.
Table 1. Baseline characteristics of patients with low-grade and high-grade EC, in
association with CA-125 level.
Low-grade ECa

Age (y)
BMI (kg/m2 )
Follow-up (m)
CA-125 (IU/ml)
FIGO-stage
I-II
III-IV
Lymph nodes
Metastasis
No metastasis
Not sampled
MI
<50%
≥50%
Adjuvant therapy
No
Radiotherapy
Chemotherapy
Other
Recurrence
Yes
Local
Regional
Distant
No
Death
No
Yes
EC-related

High-grade ECa

CA-125
normal
(n=177)

CA-125
elevated
(n=63)

P

CA-125
normal
(n=59)

CA-125
elevated
(n=34)

P

65 (43-89)
29 (19-50)
42 (0-62)
17 (3-34)

68 (41-85)
30 (20-50)
40 (1-64)
66 (35-1,200)

0.050
0.769
0.759
<0.01

68 (48-88)
27 (20-45)
34 (0-60)
18 (2-34)

71 (52-89)
20 (16-40)
17 (2-66)
58 (36-210)

0.252
0.831
0.002
<0.01

173 (97.7)
4 (2.3)

52 (82.5)
11 (17.5)

<0.01 52 (88.1)
7 (11.9)

21 (61.8)
13 (38.2)

0.003

0
13 (7.3)
164 (92.7)

6 (9.5)
8 (12.7)
49 (77.8)

4 (7.1)
28 (47.5)
27 (45.8)

7 (20.6)
7 (20.6)
20 (58.8)

0.006

113 (63.8)
64 (36.2)

19 (30.2)
44 (69.8)

<0.01 35 (59.3)
24 (40.7)

10 (29.4)
24 (70.6)

0.005

118 (66.7)
54 (30.5)
4 (2.3)
1 (0.6)

21 (33.3)
33 (52.4)
5 (7.9)
4 (6.3)

<0.01 25 (42.4)
22 (37.3)
12 (20.3)
0

6 (17.6)
16 (47.0)
11 (32.4)
1 (2.9)

0.136

14 (7.9)
7 (4.0)
0
10 (5.6)
163 (92.1)

12 (19.4)
3 (4.8)
3 (4.8)
9 (14.3)
50 (80.6)

0.013

17 (28.8)
5 (8.5)
4 (6.8)
15 (25.4)
42 (71.2)

20 (58.8)
6 (17.6)
7 (20.6)
14 (41.2)
14 (41.2)

0.004

162 (91.5)
15 (8.5)
5 (2.8)

56 (88.9)
8 (12.9)
7 (11.1)

0.010

40 (67.8)
11 (32.4)
13 (22.0)

11 (32.4)
22 (64.7)
18 (52.9)

0.003

Values are presented as median (range) or number (%). BMI, body mass index; CA-125, cancer antigen 125; CT, Computed tomography; EC, Endometrial carcinoma; FIGO, International Federation
of Gynecology and Obstetrics; MI, myometrial invasion. a based on preoperative histology.

89

Preoperative prognosticators
The associations between clinicopathological features and CA-125 in patients with
low-grade and high-grade EC are shown in Table 1. In patients with low-grade EC,
CA-125 was normal in 177 patients (73.8%, median 17 IU/mL, range: 3-34 IU/mL)
and elevated in 63 patients (26.3%, median 66 IU/mL, range: 35-1,200 IU/mL). In
patients with high-grade EC, CA-125 was normal in 59 patients (63.4%, median 18
IU/mL, range: 2-34 IU/mL), and elevated in 34 patients (36.6%, median 58 IU/mL,
range: 36-210 IU/mL). In both patients with high-grade and low-grade EC, elevated CA-125 was significantly associated with poor prognostic features including
advanced FIGO-stage, deep MI and lymph node metastasis, as well as poor outcome including recurrence and disease-related mortality. Most patients recurred at
regional or distant sites, and only a minority experienced a local recurrence.
As preoperative prognostic features were included age, BMI, preoperative tumor
grade, tumor type and CA-125 serum level. As shown in Table 2, age, preoperative tumor grade, tumor type and CA-125 were significantly associated with DFS in
univariable analysis by Cox regression. In multivariable analysis age, preoperative
tumor grade and CA-125 were significantly associated with DFS.
As shown in Table 3, preoperative tumor grade, tumor histology and CA-125 were
significantly associated with DSS in univariable analysis by Cox regression. In multivariable analysis preoperative tumor grade, tumor type and CA-125 were independently associated with DSS.
Multivariable analysis was subsequently performed with both preoperative and
postoperative prognosticators, including MI, FIGO-stage and the presence of lymphovascular space invasion (LVSI). CA-125 remained independently associated with
both DFS and DSS (Appendix 2 and 3).

Outcome based on preoperative tumor grade
In patients with preoperative low-grade EEC, elevated CA-125 was significantly associated with advanced FIGO-stage, deep MI, recurrence and disease-related mortality (Table 1). When CA-125 was normal, 14 patients (7.9%) experienced recurrence
and 5 patients (2.8%) died due to disease, compared to 12 patients (19.4%, p=0.028)
and 7 patients (11.1%, p=0.011) when CA-125 was elevated (Figure 1).
In patients with preoperative high-grade EC, elevated CA-125 was significantly associated with advanced FIGO-stage, deep MI, recurrence and disease-related mortality
(Table 1). When CA-125 was normal, 17 patients (28.8%) experienced recurrence and
13 patients (22.0%) died due to disease, compared to 20 patients (58.8%, p<0.001) and
18 patients (52.9%, p<0.001) when CA-125 was elevated (Figure 1).
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Table 2. Univariable and multivariable analysis of preoperative clinicopathological
parameters as prognosticators of DFS.
Univariable

DFS
Age (years)
≤65->65
BMI (kg/m2 )
≤30->30
Gradea
Low-High
Histologya
EEC-NEEC
CA-125
Normal-Elevated

Multivariable

HR (95% CI)

P

HR (95% CI)

P

1.94 (1.15-3.29)

0.014

1.76 (1.01-3.04)

0.044

0.66 (0.38-1.12)

0.132

0.74 (0.43-1.30)

0.297

5.22 (3.14-8.68)

<0.001

3.39 (1.57-7.25)

0.002

4.70 (2.84-7.78)

<0.001

1.87 (0.88-4.01)

0.106

3.02 (1.83-4.97)

<0.001

3.62 (2.15-6.09)

<0.001

BMI, body mass index; CA-125, cancer antigen 125; CI, confidence interval; DFS, disease-free survival; EEC, endometrioid endometrial carcinoma; HR, hazard ratio; NEEC, non-endometrioid endometrial carcinoma. a based on preoperative histological findings.

Table 3. Univariable and multivariable analysis of preoperative clinicopathological
parameters as prognosticators of DSS.
Univariable
DSS
Age (years)
≤65->65
BMI (kg/m2 )
≤30->30
Gradea
Low-High
Histologya
EEC-NEEC
CA-125
Normal-Elevated

Multivariable

HR (95% CI)

P

HR (95% CI)

P

1.81 (0.97-3.40)

0.063

1.44 (0.77-2.72)

0.109

0.68 (0.35-1.32)

0.249

N.A.

8.58 (4.40-16.75)

<0.001

4.60 (1.80-11.74)

0.002

7.33 (4.00-13.40)

<0.001

2.44 (1.05-5.70)

0.039

3.93 (2.15-7.22)

<0.001

4.18 (2.26-7.72)

0.002

BMI, body mass index; CA-125, cancer antigen 125; CI, confidence interval; DSS, disease-specific
survival; EEC, endometrioid endometrial carcinoma; HR, hazard ratio; NA, not applicable; NEEC,
non-endometrioid endometrial carcinoma.a based on preoperative histological findings.
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Figure 1. Kaplan-Meier survival analyses for DSS (A.) and DFS (B.) in low-grade patients, and
DSS (C.) and DFS (D.) in high-grade patients according to preoperative serum CA-125 levels.
CA-125, cancer antigen 125; DFS, disease-free survival; DSS, disease-specific survival; EEC,
endometrioid endometrial carcinoma; NEEC, non-endometrioid endometrial carcinoma.

Discussion
Improved preoperative risk stratification is crucial in the worldwide increasing incidence of EC.2-5 In the current prospective multicenter study we have demonstrated
that elevated preoperative CA-125 is associated with several poor prognostic features, and is an independent prognosticator for reduced DFS and DSS. Separate
analyses have shown that patients with low-grade EC and elevated CA-125 had a
significantly lower DFS and DSS compared to patients with low-grade EC and normal CA-125 and therefore should be considered as high-risk endometrial carcinoma.
Whether adjuvant treatment should be applied in these high-risk patients needs to
be determined.
The study strengths are that it comprises a large-scale prospective, multicenter study
cohort including all consecutively treated patients with EC within a regional network of collaborating hospitals.16 A second strength is that all preoperative and
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postoperative histology was reviewed by a pathologist with special interest in gynecologic pathology, blinded for patient characteristics and outcome. Third, this
study evaluates CA-125 expression across subgroups, providing information about
the value of CA-125 in addition to histology-based risk stratification. As a consequence, an additional subgroup is identified that should be considered as highrisk. Finally, this study focuses on preoperative markers, analyzing what factors
contribute to risk stratification in a preoperative setting. A limitation of this study
included the fact that 22.7% of patients were excluded because of lack of preoperative CA-125 testing. However, these patients did not differ from the studied group.
Furthermore, histopathological data on lymph node status is limited, because -due
to national guidelines- lymphadenectomy is only performed in a selective population. However, based on existing data, routine lymphadenectomy in early-stage
low-grade patients has no beneficial effect on survival, and results in an increased
surgical related morbidity. On the contrary, a substantial number of patients with
lymph node metastasis in low-grade EC is currently missed as demonstrated by the
poor outcome in a selected group.17
Currently, for the preoperative identification of low-grade patients as high-risk, assessment of MI and tumor size are recommended in international guidelines.12, 13
However, in a preoperative or intraoperative setting, the assessment of deep MI by
MRI, transvaginal ultrasound or frozen section is accompanied with several challenges. Regarding assessment of deep MI by transvaginal ultrasound, sensitivity
and specificity are 82% and 81%, respectively; for MRI, sensitivity and specificity are
82% and 86%, reflecting only moderate diagnostic performance.18, 19 Moreover, moderate inter-observer agreement is reported for both ultrasound (Cohen’s κ: 0.45-0.58)
and MRI (Cohen’s κ: 0.39).20, 21 For intra-operative assessment of MI by frozen section, sensitivity and specificity are high: 85% and 97%, respectively.22 However, time
constraints and costs of performance should be taken into account when performing this procedure. Because preoperative assessment of serum CA-125 level is easily
accessible compared to imaging techniques and interpretation does not require highlevel expertise, it could be an attractive alternative for measurement of MI or tumor
size to preoperatively identify high-risk patients.
CA-125 was elevated in 29.1% of patients, comparable to earlier studies showing
11-34% of EC patients revealing elevated CA-125 serum levels.23-26 In our study, elevated CA-125 was associated with poor prognostic features including advanced
FIGO-stage, deep MI and lymph node metastasis. On the contrary, no association
was found with preoperative tumor grade and our results demonstrated that elevated CA-125 was associated with poor outcome in both low-grade and high-grade
EC. Although no association was found with preoperative tumor grade, other stud-
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ies did find associations with postoperative tumor grade.23, 27 This could be contributed to the finding that preoperative assessment of tumor grade is discordant
with postoperative tumor grade in 33%, and in 8% a discordance between preoperative low-grade and surgical high-grade exists.28
In multivariable analysis analyzing variables that are available before surgery,
age>65, high tumor grade and elevated CA-125 were associated with reduced DFS;
high tumor-grade, NEEC-histology and elevated CA-125 were associated with reduced DSS. Among the strongest prognosticators for lymph node metastasis is the
presence of LVSI.29-31 However, assessment of LVSI is based on histological examination of the surgical uterine specimen, and thus cannot be reliably determined preoperatively. Instead, preoperative clinical markers, such as age, preoperative tumor
grade and CA-125 serum levels could be used in patient counseling and informed
decision making.
In addition, preoperative immunohistochemical biomarkers have been subjected to
extensive research.32 Of these biomarkers, immunohistochemical expression of estrogen receptor and progesterone receptor have prospectively been validated as independent prognosticators for lymph node metastasis and poor outcome.6 Also, L1
cell adhesion molecule expression has retrospectively been validated in large cohorts as a strong preoperative prognosticator for high-risk features including nonendometrioid histology, LVSI, and poor outcome.33, 34 Until now, none of these
biomarkers has been incorporated in standardized routine care. To optimize the
clinical applicability of these immunohistochemical biomarkers, the combined value
should further be elucidated. Furthermore, the prognostic value of immediate postoperative and follow-up CA-125 serum levels remains unclear, and future research
should focus on the ability of follow-up CA-125 to detect recurrent disease.
Concluding, this study has shown that elevated CA-125 is an independent preoperative prognosticator for poor outcome in EC patients, even in patients identified as
low-risk based on preoperative histology. Preoperative assessment of CA-125 could
be an attractive additional tool, next to tumor histology and assessment of MI/tumor
size in preoperative risk stratification. Patients with low-risk EC and elevated CA125 represent a group with substantial risk of poor outcome and should be considered as high-risk endometrial carcinoma. Whether adjuvant treatment should be
applied in these high-risk patients needs to be determined.
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Abstract
Objective. Identification of endometrial carcinoma (EC) patients at high-risk of
recurrence is lacking. In this study, the prognostic role of hypoxia and angiogenesis
was investigated in EC patients.
Methods. Tumor slides from EC patients were stained by immunofluorescence
for carbonic anhydrase IX (CAIX) as hypoxic marker and CD34 for assessment of
microvessel density (MVD). CAIX expression was determined in epithelial tumor
cells, with a cut-off of 1%. MVD was assessed according to the Weidner method.
Correlations with disease-specific survival (DSS), disease-free survival (DFS) and
distant disease-free survival (DDFS) were calculated using Kaplan-Meier curves
and Cox regression analysis.
Results. Sixty-three (16.4%) of 385 ECs showed positive CAIX expression with high
vascular density. These ECs had a reduced DSS compared to tumors with either
hypoxia or high vascular density (log-rank p=0.002). Multivariable analysis showed
that hypoxic tumors with high vascular density had a reduced DSS (hazard ratio
[HR] 3.71, p=0.002), DDFS (HR 2.68, p=0.009) and a trend for reduced DFS (HR 1.87,
p=0.054).
Conclusion. This study has shown that adverse outcome in hypoxic ECs is seen in
the presence of high vascular density, suggesting an important role of angiogenesis
in the metastatic process of hypoxic EC. Differential adjuvant treatment might be
indicated for these patients.
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Introduction
Most endometrial carcinoma (EC) patients present with early-stage disease and
have a favorable outcome. Nevertheless, 15% of all patients suffer from recurrent
disease and subsequently have a poor outcome.1-3 Approximately half of these
recurrences occur in patients primarily diagnosed with low-risk EC.1, 4 Improved
identification of patients at high-risk for recurrence is crucial to prevent both overand undertreatment.
Hypoxia is known to be an important feature of aggressive EC and drives metastatic
potential.5-8 When solid tumors outgrow their vasculature beyond the size of
0.1mm3 , hypoxia may occur.9 As a response to chronic hypoxia, tumor cells
will activate genes associated with more aggressive phenotype and resistance to
chemotherapy and radiotherapy.10 Hypoxia-inducible factor 1 (HIF-1), formed after
heterodimerization of its subunits HIF-1α and HIF-1β, plays a key role in this
process.11, 12 HIF-1 activates downstream genes that enhance cell survival by maintaining intracellular pH, stimulating angiogenesis to increase oxygen delivery and
switching to anaerobic glycolysis.12, 13 More specifically, an important downstream
target is carbonic anhydrase 9 (CA9), whose encoded protein, carbonic anhydrase IX
(CAIX), regulates intracellular pH by converting carbon dioxide to carbonic acid.14
By adaptation of tumor cells to a hostile microenvironment, tumor proliferation
can commence even in hypoxic areas.15 Also in normoxic conditions, HIF-1 can be
activated; however, downstream activation is present in lesser extent.16, 17 In this
perspective CAIX expression, one of the key effector proteins of HIF-1, has been
shown to be more specifically related to hypoxia and poor outcome.18
Next to maintenance of intracellular pH, stimulation of angiogenesis is an important
response to hypoxia. Vascular endothelial growth factor (VEGF), another downstream target of HIF-1, is also correlated with hypoxia and angiogenesis in several
cancer types, including EC.19-22 Angiogenesis can be assessed by microvessel density
(MVD) and is associated with deep myometrial invasion (MI), lymphovascular
space invasion (LVSI) and poor overall survival in EC.23 Although earlier studies
suggest correlation between hypoxia, angiogenesis and poor outcome, the prognostic value has not yet been studied before.5, 6 Therefore, we have investigated the
prognostic value of hypoxia and angiogenesis in EC, assessed with CAIX expression
and MVD.
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Materials and Methods
Patients
Data and tumor slides were collected previously for a study analyzing the value
of L1CAM expression in ECs, which included ECs from 11 collaborating European
Network for Individualized Treatment of Endometrial Cancer (ENITEC) centers.24, 25
Only cases diagnosed by an expert gynecological pathologist, with complete data
on treatment and pathological examination and at least 36 months of follow-up,
were included. Cases with a non-endometrioid component were categorized as
non-endometrioid (NEEC). The 1,199 cases included in the original study were randomly selected using SPSS version 22 (SPSS IBM, New York, NY, USA), resulting in
a database of 403 patients for the present study. These cases were not statistically
different from the original cases for the most important baseline characteristics.

Tissue and staining
Four micrometer sections, derived from formalin-fixed, paraffin-embedded ECs
were used to visualize CAIX and blood vessels. Sections were mounted on Superfrost slides (Menzel-Gläser). Slides were deparaffinated in Histochoise (VWR H1034L) and rehydrated (graded ethanol: 100-96-70% and de-ionized water). Next, citrate
buffer antigen retrieval was performed for 30 min (Target retrieval solution 10×, pH
6 citrate, Dako Cytomation, 96◦ C). Prior to incubation with the primary antibodies,
sections were blocked with 5% normal goat serum (Jackson ImmunoResearch) in primary antibody diluent (PAD, BIORAD BUF014), 30 min at room temperature. Thereafter, sections were co-stained for CAIX (Novus Biologicals NB100-417, 1:100) and
vessels (CD34, ABCAM ab8536, 1:300), 60 min at 37◦ C. Secondary incubation was
performed using CyTM 3 Fab Fragment Goat Anti-Rabbit immunoglobulin G (IgG) (H
+ L) polyclonal IgG (Jackson ImmunoResearch 111-167-003) for CAIX and CF R 488a
Goat anti-Mouse IgG (H + L), F(ab’)2 fragment polyclonal IgG (Biotium CF488A) for
the vessels, 60 min at 37◦ C. All antibodies were diluted in PAD. In between stainings, sections were rinsed with phosphate-buffered saline (JT Baker 4391.9010). 4’,6Diamidino-2-phenylindole (DAPI) (Santa Cruz Biotechnology AB-17.0097) was used
as a counterstain to stain all nuclei, and finally the sections were mounted with Fluoromount W (Serva 21634.01). Hematoxylin and eosin (H&E) staining was used for
morphological evaluation. CAIX expression was scored as the fraction of epithelial
tumor cells with positive membranous staining.
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Image analysis
Tumor slides were analyzed using a digital image analysis system after scanning
of the whole slides with the Axio Imager D2 microscope (Carl Zeiss, GmbH,
Oberkochen, Germany) using a Prior lumen 200 metal halide lamp (Prior Scientific,
Rockland, USA), Axiocam 503 mono 16-bit camera (1936 × 1460 pixel, Carl Zeiss,
GmbH) and a computer-controlled motorized stage (Carl Zeiss, GmbH) directed by
Zen Pro software (Carl Zeiss, GmbH).26 Each slide was scanned for three signals:
DAPI (all nuclei), Alexa488 (CD34) and Cy3 (CAIX), by means of a 10× objective using standardized shutter times for each signal (1, 25 and 50 ms, respectively). After
scanning, grey-scale images of all three recorded signals were used for analysis.
For analysis of CAIX staining, only membranous expression on epithelial tumor cells
was analyzed. Areas of necrosis, large vessels and tumor stroma, determined using H&E-stained adjacent tumor slides, were therefore manually excluded from the
analysis (i-Vision for Mac; BioVision Technologies, Exton, PA, USA). Next, thresholds for segmentation of the fluorescent signals were interactively set above the background staining for each individual marker and adjusted for each sample in order to
optimize the signal to background ratio using ImageJ software (Wayne Rasband, National Institute of Mental Health, National Institutes of Health). An interactively set
threshold limits intersample variability by correction for differences in immunofluorescence staining intensity.26, 27 The resulting binary images were used to calculate
the fraction of CAIX (fCAIX) relative to the total tumor area. To minimize bias of
non-specific staining, only positive signals exceeding 5 pixels were included.
The MVD was measured according to the Weidner method.28 In short, surrounding
epithelial tumor cells three areas with the highest density of vessels were selected by
the assessor (M.A.) using a ×200 magnification. To correct for objects that exceeded
the image borders, only objects exceeding the left and upper border were included.
To minimize bias of nonspecific staining, only positive signals exceeding 2 pixels
were included.
CAIX expression was considered positive when the fCAIX was above 1%.29, 30 The
MVD was dichotomized over the median. A representative example of CAIX and
MVD staining is shown in Figure 1.

Statistical analyses
Clinicopathological differences between subgroups were compared with the χ2 and
Fisher’s exact tests for categorical data and the Mann-Whitney U test for continuous
variables.
Kaplan-Meier curves were constructed for disease-specific survival (DSS), disease-
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free survival (DFS) and distant-DFS (DDFS). The association between CAIX and
MVD and DSS, DFS and DDFS was determined using Cox regression analysis. DSS
was calculated from the date of primary treatment to the date of death caused by
the disease or, for surviving patients, to the date of the last follow-up. DFS and
DDFS were defined as the length of follow-up, after completion of the primary treatment, during which women survived without any clinical sign of (distant) disease
recurrence. Distant recurrence included metastases in distant organs and para-aortic
lymph nodes. Features identified by univariable regression analysis with p<0.20
were used for multivariable regression analysis. LVSI was coded as negative in case
of missing data (n=108) since only substantial LVSI was recently reported as relevant
for prognosis of EC. If LVSI was not reported in the pathological report, it was therefore assumed that LVSI was absent.31, 32 P-values <0.05 were considered to indicate
a significant difference. SPSS version 25 (SPSS IBM, New York, NY, USA) statistical
software was used to perform the statistical analyses.

Results
Patients
After staining for CAIX and CD34, 18 of the 403 patients were excluded due to insufficient tumor tissue (n=9) and excess of nonspecific background staining (n=9). Clinicopathological characteristics of the 385 patients included for analysis are shown in
Table 1. Overall, the median age was 64 years and the median follow-up time was
58 months. Of all patients alive at the end of follow-up, 99% had a follow-up of at
least 36 months. A total of 67 patients (17.4%) were diagnosed with high-grade EC,
including 13 NEECs (3.4%). In total, 106 EC patients (27%) had positive CAIX expression. Forty-seven patients (12.2%) recurred and 21 patients (5.5%) died due to
the disease. Of all the patients with recurrence, 14 (3.6%) had a local recurrence, 16
(4.2%) a regional recurrence and 31 (8.1%) a distant recurrence.
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Table 1. Baseline characteristics of all included patients, associated with CAIX combined with vascular density.
Variable

All (n=385)

Not CAIX >1% and
high vascular density
(n=322)

CAIX >1% and high
vascular density (n=63)

Pa

Age (years)b
Follow-up (months)b
Grade
Low
High
Histology
EEC
NEEC
FIGO-stage
I-II
III-IV
MI
<50%
≥50%
LVSIc
No
Yes
Lymph nodesd
No metastasis
Metastasis
Adjuvant treatment
No
Radiotherapy
Chemotherapy
Recurrence
No
Yes
Local
Regional
Distant
Death
No
Yes
EC-related

64 (34-89)
65 (0-156)

64 (34-89)
64 (0-156)

64 (43-88)
72 (0-148)

0.634
0.125

318 (82.6)
67 (17.4)

270 (83.9)
52 (16.1)

48 (76.2)
15 (23.8)

0.142

372 (96.6)
13 (3.4)

314 (97.5)
8 (2.5)

58 (92.1)
5 (7.9)

0.028

363 (93.8)
22 (5.7)

305 (94.7)
17 (5.3)

58 (92.1)
5 (7.9)

0.406

258 (67.2)
126 (32.8)

218 (67.9)
103 (32.1)

40 (63.5)
23 (36.5)

0.494

243 (62.8)
30 (7.8)

200 (90.1)
22 (9.9)

43 (84.3)
8 (15.7)

0.234

263 (68.0)
12 (3.1)

223 (95.7)
10 (4.3)

40 (95.2)
2 (4.8)

0.891

154 (40.0)
200 (51.9)
31 (8.1)

143 (44.8)
161 (50.0)
18 (5.6)

22 (34.9)
39 (61.9)
2 (3.2)

0.084
0.429

338 (87.8)
47 (12.2)
14 (3.6)
16 (4.2)
31 (8.1)

289 (89.8)
33 (10.2)
12 (3.7)
13 (4.0)
19 (5.9)

49 (77.8)
14 (22.2)
2 (3.2)
3 (4.8)
12 (19.0)

<0.01
0.830
0.792
<0.01

335 (87.0)
50 (13.0)
21 (5.5)

284 (88.2)
38 (11.8)
12 (3.7)

49 (77.8)
14 (22.2)
11 (17.5)

0.027
<0.01

CAIX, carbonic anhydrase IX; EC, Endometrial carcinoma; EEC, endometrioid endometrial carcinoma; FIGO, International Federation of Gynecology and Obstetrics; LVSI, Lymphovascular
Space Invasion; MI, myometrial invasion; NEEC, non-endometrioid endometrial carcinoma. a Pvalue of the Mann-Whitney U test for continuous, and χ2 test and Fishers’ exact for categorical
variables. b Median values (range). c based on 273 patients. d based on 275 patients.
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Figure 1. Example of carbonic anhydrase IX (CAIX) and CD34 staining in endometrial cancer. (A.) Nuclear 4’,6-diamidino-2-phenylindole (DAPI) staining (blue) for visualisation of
tumour nuclei. (C.) CAIX staining (green) adjusted for total tumour area, meaning that only
epithelial tumour cells were included in the analysis: other tissue, including stroma, necrosis
and vasculature has manually been removed and is coloured black by the analysis software
(see ”Methods” section). Scale bar = 0.5mm
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Figure 1. (continued) (E.) CD34 staining of vasculature (red) with three hotspots according to
the Weidner method, marked with the interrupted lines. (H.) Combined CAIX staining and
CD34 staining. B, D, G, I represent representative high-magnification images of the boxed
areas in A, C, E and H, respectively.
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CAIX expression and MVD
A total of 63 carcinomas (16.4%) showed a positive membranous epithelial CAIX
expression and high degrees of vascular density, defined as a MVD above the median (Table 1). CAIX expression with high vascular density was correlated with
non-endometrioid histology (7.9% vs. 2.5%, p=0.028), but not with other clinicopathological features. Patients with CAIX-positive ECs and high vascular density
experienced more recurrences (22.2% vs. 10.2%, p=0.008) and specifically more distant recurrences (19.0% vs. 5.9%, p<0.001), as well as higher overall mortality (22.2%
vs. 11.8%, p=0.027) and EC-related mortality (17.5% vs. 3.7%, p<0.001) (Table 1).
Figure 2 shows that CAIX expression with high vascular density was associated with
a worse DSS compared to CAIX expression with low vascular density and negative CAIX expression (p=0.002). Interestingly, CAIX-positive ECs with low vascular
density had a similar outcome as CAIX-negative ECs. Univariable Cox regression
analysis revealed that age, CAIX expression with high vascular density, myometrial
invasion (MI), International Federation of Gynecology and Obstetrics (FIGO) stage,
grade and lymphovascular space invasion (LVSI) were significantly associated with
DSS (Figure 3). In multivariable analysis, high age, CAIX expression with high vascular density and tumor grade 3 remained significantly associated with reduced DSS,
with CAIX and MVD as the most significant parameter (hazard ratio [HR] 3.71, 95%
confidence interval (CI) 1.59-8.63, p=0.002).
Multivariable analysis showed that age, FIGO-stage and LVSI were significantly
associated with DFS. CAIX expression with high vascular density was nearly significant (HR 1.87, 95% CI 0.99-3.55, p=0.054, Figure 4). Multivariable analysis for
DDFS showed that LVSI and CAIX expression with high vascular density was significantly associated with a reduced DDFS (CAIX and MVD: HR 2.68, 95% CI 1.27-5.65,
p=0.009, Figure 5).

Individual contribution of CAIX and MVD
Positive CAIX expression was associated with high tumor grade, non-endometrioid
histology, higher median MVD and treatment with radiotherapy. In multivariable
analysis, CAIX and grade were significantly associated with DSS (HR 2.45, 95%
CI 1.05-5.73, p=0.039) (Appendix 1 and 2). High MVD was correlated with deep
MI, but not with other clinicopathological factors. In multivariable analysis, high
MVD remained an independent predictor of reduced DSS (HR 2.92, 95% CI 1.137.54, p=0.027) (Appendix 3 and 4). Continuous scoring of CAIX expression showed
a significant correlation with DSS as well (data not shown).
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Figure 2. Disease-specific survival (DSS) by carbonic anhydrase IX (CAIX) expression combined with degree of angiogenesis. Log-rank test was used to compare groups.

Disease-specific survival
Age (years) <65 - >65

3.74 (1.48-9.49)
2.78 (1.08-7.17)

p=0.005
p=0.034

CAIX&MVD Negative-Positive

4.28 (1.88-9.76)
3.71 (1.59-8.63)

p<0.001
p=0.002

Myometrial invasion <50%->50%

3.22 (1.39-7.43)
1.41 (0.53-3.75)

p=0.006
p=0.492

FIGO-stage I/II-III/IV

7.35 (2.86-18.88)
3.15 (0.90-10.96)

p<0.001
p=0.072

Grade 1/2-3

6.39 (2.81-14.53)
2.75 (1.03-7.31)

p<0.001
p=0.043

LVSI No-Yes

5.58 (2.30-13.58)
1.53 (0.47-5.00)

p<0.001
p=0.485
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Figure 3. Univariable and multivariable Cox regression analysis including carbonic anhydrase IX (CAIX) combined with microvessel density (MVD) for disease-specific survival
(DSS). The hazard ratios with 95% confidence intervals (CI) are depicted by the black line.
All risk factors significantly associated with DSS in univariable analysis were included in the
multivariable analysis, depicted by the grey lines. LVSI, lymphovascular space invasion.
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Disease-free survival
Age (years) <65 - >65

3.21 (1.72-6.00)
2.76 (1.46-5.23)

p<0.001
p=0.002

CAIX&MVD Negative-Positive

2.05 (1.09-3.86)
1.87 (0.99-3.55)

p=0.025
p=0.054

Myometrial invasion <50%->50%

2.43 (1.37-4.31)
1.11 (0.56-2.20)

p=0.002
p=0.763

6.44 (3.26-12.71)
2.53 (1.03-6.25)

p<0.001
p=0.044

Grade 1/2-3

3.99 (2.22-7.16)
1.69 (0.81-3.52)

p<0.001
p=0.160

LVSI No-Yes

6.10 (3.26-11.4)
2.85 (1.24-6.58)

p<0.001
p=0.014

FIGO-stage I/II-III/IV
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Figure 4. Univariable and multivariable Cox regression analysis including carbonic anhydrase IX (CAIX) combined with vascular density for disease-free survival (DFS). The hazard
ratios with 95% confidence intervals (CI) are depicted by the black line. All risk factors significantly associated with DFS in univariable analysis were included in the multivariable Cox
regression analysis, depicted by the grey lines. LVSI, lymphovascular space invasion.

Distant disease-free survival
Age (years) <65 - >65

2.87 (1.35-6.10)
2.28 (1.06-4.92)

p=0.006
p=0.036

CAIX&MVD Negative-Positive

3.06 (1.48-6.33)
2.68 (1.27-5.65)

p=0.003
p=0.009

Myometrial invasion <50%->50%

3.87 (1.85-8.07)
1.66 (0.70-3.91)

p<0.001
p=0.250

FIGO-stage I/II-III/IV

7.32 (3.26-16.45)
1.84 (0.66-5.15)

p<0.001
p=0.245

Grade 1/2-3

6.31 (3.11-12.80)
2.25 (0.93-5.48)

p<0.001
p=0.074
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3.69 (1.43-9.56)

p<0.001
p=0.007
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Figure 5. Univariable and multivariable Cox regression analysis of clinicopathological parameters including carbonic anhydrase IX (CAIX) combined with vascular density for distant
disease-free survival (DDFS). The hazard ratios with 95% confidence intervals (CI) are depicted by the black line. All risk factors significantly associated with DDFS in univariable
analysis were included in the multivariable Cox regression analysis, depicted by the grey
lines. LVSI, lymphovascular space invasion
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Discussion
In the present study, we have investigated the prognostic value of angiogenesis and
hypoxia, assessed with MVD and CAIX expression. We hypothesized that angiogenesis would facilitate hematogenous spread of hypoxic tumor cells with subsequent
poor clinical outcome. Additionally, we assumed that this would specifically be facilitated in hypoxic ECs, because of activation of intracellular pathways that induce
an aggressive and metastatic phenotype. We have shown that CAIX expression with
high vascular density is associated with reduced DSS and DDFS. Interestingly, CAIXpositive ECs with low vascular density had a similar outcome as CAIX-negative ECs.
Finally, multivariable analyses for CAIX expression and vascular density showed
that both were independent prognostic markers as well.
This is the largest study to date studying CAIX in EC. In contrast to previous studies
in EC, we did find significant correlations between CAIX expression and poor outcome, especially in case of high vascular density. Seeber et al. included 93 patients
and found CAIX expression in 76% of ECs.29 In this study, no correlation between
CAIX expression and outcome was found; however, small sample size and different
cut-off value (all degrees of positive staining were regarded as positive) could explain why no correlation was found. Similarly, Pijnenborg et al. investigated CAIX
expression in 59 ECs and did not find a correlation.22 Again, possibly this study was
underpowered due to a limited sample size and low number of distant recurrences.
Also, differences in study design (case-control study) hamper valid comparison with
our results. In other cancer types, including breast carcinoma, hepatocellular carcinoma, cervical carcinoma and renal cell carcinoma, CAIX expression is associated
with poor prognosis.33-37 More specifically, increased distant failure was seen in several solid tumor types with positive CAIX expression.37-38
The metastatic process is a complex step-wise process, including acquisition of an
aggressive phenotype, invasion in surrounding tissues and blood vessels, survival
in the circulation with subsequent extravasation and colonization in new organs.39
Hypoxia and subsequent neoangiogenesis will intervene with several steps of this
process, including promoting tumor cell survival by acquisition of a malignant phenotype and increased invasion in blood vessels.9
A recent meta-analysis has shown that high MVD was associated with several poor
prognostic variables, including deep MI, positive LVSI and poor outcome in EC, although heterogeneity due to differences in used antibodies and cut-off values hampers interpretation of these results.23 Biologically, intratumoral neoangiogenesis in
response to hypoxia will promote the formation of vasculature with high degrees of
permeability and potential for rapid growth.40 Our hypothesis that CAIX expression
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with high degrees of vascular density would be associated with unfavorable prognostic features and poor outcome was based both on the facilitation of hematogenous
spread in areas with high angiogenesis and on the aggressive biological behavior of
tumor cells after hypoxia.41, 42 HIF-1α is stabilized and accumulates under hypoxia,
and activates transcription of numerous genes involved in angiogenesis, proliferation and pH regulation (VEGF, CAIX, glucose transporter-1).9 Our hypothesis was
supported by the fact that ECs with positive CAIX expression and high vascular
density had a decreased DSS compared to ECs with only one or none of both features. This observation supports the complex interplay underlying the metastatic
processes. The observation that CAIX-positive ECs with high vascular density did
not have more lymph node metastasis or local recurrences, but instead have more
distant recurrences, could support the role of angiogenesis in the hematogenous
rather than the lymphogenic metastatic process.
The strengths of this study are the inclusion of a large and representative cohort of
EC patients within the ENITEC network and the objective and reproducible measurement of CAIX and MVD using digital imaging analyses. However, there are
some limitations that need to be addressed. Due to the retrospective nature of the
study, there were missing values, specifically for LVSI and lymph node metastasis.
Substantial LVSI is a stronger predictor for prognosis of EC compared to moderate LVSI. Also, LVSI is not routinely reported in the pathologic report at all centers.
Therefore, we assumed that if substantial LVSI was present, it was reported, and if
LVSI was not reported, no substantial LVSI was present.31 Missing cases were therefore coded as negative for LVSI. Separate analyses of patients with available LVSI
status did not alter the results of the primary outcome (data not shown). Another
general limitation in interpretation of CAIX and MVD is the lack of standardized
criteria in the current literature, which hampers comparison of previous studies and
this study.29, 30 However, the applied digital techniques in this study enable objective and reproducible analyses without the need for extensive pathological expertise. With the integration of digital pathology into clinical practice, comparison of
future studies with our results might be easier.43, 44 Although widely used to quantify MVD, CD34 is known to also identify lymph vessels and stem cell populations,
which theoretically could have led to an overestimation of our results. On the other
hand, other antibodies, for example, CD31, also carry the risk of nonspecific staining. Compared to CD31, CD34 staining is known to have stronger reactivity with
endothelial cells, resulting in a lower risk of staining failure.45 Finally, generalizability to non-endometrioid subtypes can be questioned, as they comprise only 3.4%
of the entire cohort. More research focused on this specific subgroup could help to
strengthen these results. This study identifies a group of patients with a poor DSS
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and DDFS based on CAIX and MVD. Given the increased risk of distant metastases,
differential adjuvant treatment for these ECs could be explored either in the form of
chemotherapy or, in the future, targeted therapies directed against angiogenesis. Because of the focal character of CAIX expression in the tumor tissue, performing the
analysis on preoperative biopsies might be challenging, but visualization of hypoxia
and angiogenesis on FDG-PET/CT (fluorodeoxyglucose-positron emission tomography/computed tomography) scan and magnetic resonance imaging could be an
alternative, as Berg et al. showed recently.5
In summary, we have found that CAIX expression and high vascular density are
prognostic markers for decreased survival in EC. Combining these two markers revealed that ECs with positive CAIX expression and high vascular density have an
impaired outcome compared to ECs that have only one or none of both features.
These patients experienced more distant recurrences, and therefore differential adjuvant treatment for these tumors should be explored.
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Abstract
Objective. Mismatch repair (MMR) deficiency is found in 20 to 40% of endometrial cancers (ECs) and was recently identified as a discerning feature of one of
the four prognostic subgroups identified by The Cancer Genome Atlas.

There

is accumulating evidence that MMR proteins are involved in the DNA repair
processes following radiotherapy. We investigated the predictive value of MMR
status for response to adjuvant radiotherapy in patients with stage IB/II, grade 3
endometrioid endometrial cancer (EEC).
Methods. A retrospective multicenter cohort study was performed to compare
patients with histopathologically confirmed stage IB/II grade 3 EEC with and
without adjuvant radiotherapy. Patients were classified according to the Proactive
Molecular Risk Classifier for Endometrial Cancer (ProMisE) identifying ECs as
either MMR-deficient, POLE, p53abn or p53wt.

Multivariable Cox regression

analysis explored associations between adjuvant treatment and outcome.
Results. A total of 128 patients were analyzed, including 57 patients (43.0%) with
MMR-deficient EECs. Baseline characteristics were comparable, except a higher
proportion of MMR-deficient EECs were stage II (36.8% vs. 15.5%, p=0.006). Eightytwo patients (64.1%) received adjuvant radiotherapy (external beam [n=55], vaginal
brachytherapy [n=27]).

In multivariable analysis, adjuvant radiotherapy was

associated with improved disease-specific survival in patients with MMR-deficient
EECs (hazard ratio 0.19, 95% CI 0.05-0.77), but not in patients with MMR-proficient
EECs (hazard ratio 0.92, 95% CI 0.37-2.31).
Conclusion. Adjuvant radiotherapy improved survival in patients with MMRdeficient EECs. MMR status could be used as a predictive biomarker to select
patients that benefit most from adjuvant radiotherapy.
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Introduction
The mismatch repair (MMR) system promotes DNA repair by means of an excision
and resynthesis mechanism during DNA replication, increasing replication fidelity.1
MMR-deficiency is a common feature of endometrial cancer (EC) and is present in
approximately 20 to 40% of cases.2-6 MMR-deficiency may be inherited or acquired
and can be assessed by immunohistochemical loss of one or more of the MMR proteins, including MLH1, PMS2, MSH2 and/or MSH6, or through detection of microsatellite instability (MSI).
MSI status was identified as a discerning feature of one of the four prognostic subgroups identified by The Cancer Genome Atlas (TCGA).7 In addition to ECs with
MSI, molecular profiling in the TCGA also identified an “ultramutated” subgroup of
ECs strongly associated with mutations in the exonuclease domain of polymerase (POLE) with an excellent prognosis; a “copy-number high” subgroup characterized by TP53 mutations and a generally unfavorable outcome; and finally, the
copy number-low subgroup. More recently, pragmatic clinically applicable molecular classification systems have evolved that recapitulate TCGA prognostic subgroups but use low-cost methodologies on standard formalin-fixed paraffin embedded (FFPE) hysterectomy or diagnostic endometrial biopsy material.4, 5, 8-10 Specifically, ProMisE (Proactive Molecular Risk Classifier for Endometrial Cancer) evaluates MMR immunohistochemistry (IHC), sequencing of the exonuclease domain of
POLE and p53 IHC. ProMisE has been developed and validated according to the Institute of Medicine guidelines for the development of biomarker assays, improving
consistency of categorization of ECs, providing prognostic information for clinicians
and patients, but its predictive ability has not yet been determined.4, 5, 11
Recent literature suggests differential outcomes and response to chemotherapy
within MMR-deficient ECs.6, 12 However, the predictive value of MMR status for response to adjuvant radiotherapy remains unclear. In vitro data suggest increased
radiosensitivity in cell lines of MMR-deficient cancer i.e. colorectal cancer, however,
results of recent observational studies investigating the predictive value of MMR status for radiotherapy in EC were equivocal.2, 6, 12-16 For stage IB/II, grade 3 endometrial carcinoma of endometrioid histological subtype (EEC) radiotherapy is an important element of adjuvant care reported to improve progression-free survival but
not disease-specific or overall survival.17-19 Currently, decisions of whether or not
to treat these patients with radiotherapy are made on an individual basis and there
is a great need for predictive biomarkers that might select women who can benefit
the most from radiotherapy. We therefore investigated the predictive value of MMR
status for response to adjuvant radiotherapy in a group of patients with stage IB/II,
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grade 3 EEC that were classified according to the ProMisE classifier.

Materials and Methods
Patients
Institutional ethics approval for this study was obtained from each participating
study site. This retrospective multicenter study included patients with histopathologically confirmed Federation Internationale de Gynecologie et d’Obstetrique
(FIGO) 2009 stage IB or II grade 3 EEC treated between 2005 and 2012 at one of the
study sites: British Columbia Cancer Agency (BCCA), Canada; The Gynaecological Oncology Centre South (GOCS), the Netherlands; Tübingen University Hospital,
Germany.
All patients underwent at least a hysterectomy and bilateral salpingo-oophorectomy
for staging. When pelvic and para-aortic lymph node sampling was performed,
lymph nodes had to be negative for inclusion. We included only patients who received adjuvant radiotherapy alone or no adjuvant therapy. Patients receiving adjuvant chemotherapy alone or in combination with radiation were excluded. The
study followed the reporting recommendation of tumor marker studies (REMARK)
guidelines.20

Data extraction
Clinicopathological features were extracted from patient records and included patient characteristics, tumor characteristics, primary surgical treatment and adjuvant
treatment and outcomes.

ProMisE molecular classification
Immunohistochemical methods and scoring criteria for mismatch repair and p53 as
well as methods and encompassed exons of the exonuclease domain of POLE are
given in Appendix 1. Mismatch repair deficiency (MMR-D) was defined as total
loss of nuclear staining of one or more MMR proteins, in presence of an intact internal control. This method has been shown to be highly concordant with MSI-high
status.21, 22 Immunostaining for p53 was considered abnormal when there was complete absence of nuclear staining or when more than 80% of tumor cell nuclei showed
strong expression (absent p53 protein [IHC score 0] or aberrant increased protein accumulation [IHC score 2+], respectively). POLE sequencing for hotspot mutations in
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the exonuclease domain, including either exons 9 to 14 or exons 9 and 13, was performed using either Sanger or next-generation sequencing approaches (Appendix
1).

Statistical analysis
Clinicopathological differences between the MMR-proficient and MMR-deficient
groups, and between the groups receiving no adjuvant treatment and radiotherapy,
were compared with the χ2 test for categorical data and the Mann-Whitney U test
for continuous variables. Survival analyses were performed separately for both the
MMR-proficient and MMR-deficient group. Kaplan-Meier curves were constructed
for overall survival (OS), disease-specific survival (DSS) and progression-free survival (PFS) comparing patients without adjuvant treatment with patients receiving
adjuvant radiotherapy. OS was calculated from the date of primary treatment to the
date of death or, for surviving patients, to the date of the last follow-up. DSS was
calculated from the date of primary treatment to the date of death caused by the
disease or, for surviving patients, to the date of the last follow-up. PFS was defined
as the length of follow-up, after completion of the primary treatment, during which
women survived without any clinical sign of disease recurrence. The log-rank test
was used to compare OS, DSS and PFS between these subgroups. Cox proportional
hazards regression analysis was used to estimate the association between outcome
and adjuvant treatment in patients with MMR-proficient and MMR-deficient EECs,
while adjusting for covariates, including stage, LVSI and age. For this purpose, age
was dichotomized into <60 and ≥60.23 LVSI was analyzed as ‘present’, ‘absent’ or
‘missing’. Variables that had a p-value <0.20 or were considered clinically relevant
were incorporated in a multivariable Cox-regression analysis. The Akaike information criterion (AIC) and Bayesian information criterion (BIC) values were used to
compare the relative quality of the different Cox-regression models. A lower AIC
of BIC indicated a better fit of the model compared to the other models. Combined
with the significance of the variables, the multivariable model with the best fit was
chosen. p-values<0.05 were considered to indicate a significant difference. SPSS
version 25 (SPSS IBM, New York, NY, USA) and R (version 3.3.2), with the Survival
package (2.43-1) were used.

120

Mismatch repair deficiency as a predictive marker in endometrial cancer

Results
Patients
A total of 152 patients were identified, of whom 24 were excluded (16.4%) because
patients had received adjuvant chemotherapy or chemoradiation (n=23, 15.8%) or no
tumor tissue was left for analysis (n=1, 0.7%). A total of 128 patients were included
for analysis, including 79 patients from the GOCS (61.7%), 38 patients from BCCA
(29.7%) and 11 patients from the University of Tübingen (8.6%). Median follow-up
time was 36 months (range, 2-271 months), median age was 69 years (range, 44-96
years, Table 1). FIGO-stage was stage IB in 96 patients (75.0%) and stage II in 32
patients (25.0%). Radiotherapy was given in 82 patients (64.1%), whereas 46 patients
(35.9%) did not receive any adjuvant treatment. Of all patients receiving radiotherapy, 27 patients (21.1%) received vaginal brachytherapy, whereas 55 patients (43.0%)
received external beam radiotherapy (EBRT, with or without brachytherapy).

ProMisE-classification
The following groups were identified by the classifier (Figure 1): MMR-deficient
in 57 patients (44.5%), POLE in 11 patients (8.5%), p53abn in 21 patients (16.3%)
and p53wt in 39 patients (30.2%). Three patients had EECs that demonstrated more
than one molecular feature, knowing MMR-D and p53abn. The ProMisE algorithm
dictates the order of assignment to a specific molecular subtype and therefore the
cases demonstrated both MMR-deficiency and p53abn were classified as MMR-D.
Patients with POLE mutated EECs experienced the most favorable outcome with no
events of death from disease (Figure 1). Patients with MMR-deficient EECs had a
similar outcome compared to patients with p53wt and p53abn EECs.

Adjuvant radiotherapy and MMR status
As shown in Table 1, 57 patients (44.5%) had a MMR-deficient EEC and 71 patients
(57.0%) had a MMR-proficient EEC. Patients with MMR-deficient EECs did not differ
from patients with MMR-proficient EECs, except that patients with MMR-deficient
EECs presented with FIGO-stage II more often than patients with MMR-proficient
EECs (p=0.006, Appendix 2). Within these groups, patients that received no adjuvant treatment (21 MMR-deficient; 25 MMR-proficient, Table 1) did not differ from
patients that did receive radiotherapy (36 MMR-deficient; 46 MMR-proficient).
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Figure 1. (A.) Distribution of patients according to ProMisE (MMR-D 44.5%; POLE 8.5%; p53
abn 16.3%; p53wt 30.2%). (B.) Disease-specific survival (DSS) by ProMisE subgroup. MMR-D,
mismatch repair deficient; p53abn, p53 abnormal; p53wt, p53 wildtype.

Table 1. Patient baseline characteristics.
MMR-proficient

Age (y)
Follow-up (m)
FIGO-stage
IB
II
MI
<50%
≥50%
LVSIb
Yes
No
Lymph nodes
Negative
Not sampled
Radiotherapy
No
VBT
EBRT

MMR-deficient

No
radiotherapy
(n=25)

Radiotherapy Pa
(n=46)

No
radiotherapy
(n=21)

Radiotherapy Pa
(n=36)

70 (44-96)
55 (4-163)

68 (52-90)
37 (2-271)

0.228
0.354

70 (55-89)
26 (2-171)

64 (48-86)
35 (10-182)

0.082
0.167

21 (35.0)
4 (36.4)

39 (65.0)
7 (63.6)

1.000

16 (44.4)
5 (23.8)

20 (55.6)
16 (76.2)

0.159

4 (50.0)
21 (33.3)

4 (50.0)
24 (66.7)

0.440

1 (12.5)
21 (42.9)

7 (87.5)
28 (57.1)

0.124

7 (21.9)
13 (44.8)

25 (78.1)
16 (55.2)

0.099

11 (39.3)
8 (32.0)

17 (60.7)
17 (68.0)

0.733

16 (44.4)
9 (25.7)

20 (55.6)
26 (74.3)

0.099

13 (50.0)
8 (25.8)

13 (50.0)
23 (74.2)

0.059

25 (100.0)
0
0

0
17 (100.0)
29 (100.0)

<0.01 21 (100.0)
0
0

0
10 (100.0)
26 (100.0)

<0.01

EBRT: external beam radiotherapy; FIGO, international federation of gynecology and obstetrics;
LVSI, lymphovascular space invasion; MI, myometrial invasion; VBT, vaginal brachytherapy.
a
Mann-Whitney U for continuous, and χ2 for categorical variables. b missing in 14 patients.
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The recurrence rates were 28.1% and 40.0% for MMR-deficient and MMR-proficient
cases, respectively. As shown in Figure 2, radiotherapy was associated with an
improved OS in patients with MMR-deficient EECs (hazard ratio [HR] 0.36, 95%
confidence interval [CI] 0.14-0.92, p=0.032, Table 2), however no benefit was seen in
patients with MMR-proficient EECs (HR 1.00, 95% CI 0.45-2.19, p=0.997). Radiotherapy was associated with an improved DSS in patients with MMR-deficient EECs
(HR 0.31, 95% CI 0.10-0.97, p=0.045), whereas no benefit in DSS from radiotherapy
was observed for patients with MMR-proficient EECs (HR 0.73, 95% CI 0.30-1.76,
p=0.478). In both patients with MMR-deficient EECs and MMR-proficient EECs,
improvement in PFS was seen from radiotherapy (HR 0.31, 95% CI 0.11-0.83,
p=0.020; and HR 0.47, 95% CI 0.23-0.97, p=0.042). No difference in outcomes was
seen between patients treated with vaginal brachytherapy compared to EBRT (data
not shown).
In multivariable analysis, adjusting for FIGO-stage, LVSI and age, adjuvant radiotherapy was associated with improved OS (Table 2, p=0.021) and DSS (Table 3,
p=0.020) for patients with MMR-deficient EECs. On the contrary, no correlation
between adjuvant therapy and OS (p=0.890) and DSS was observed (p=0.858) for
patients with MMR-proficient EECs. In the MMR-deficient group radiotherapy was
significantly associated with PFS (Table 4, p=0.016), whereas in the MMR-proficient
group no significant association was found with PFS (p=0.114). Full data on multivariable analysis are shown in Appendix 3-5.
Lymphadenectomy was performed in 48.4% of all patients. However, OS, DSS and
DFS were comparable between patients who underwent lymphadenectomy compared with those who did not undergo lymphadenectomy (Appendix 6).
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Figure 1. (A.) Overall survival (OS) in patients with MMR-deficient endometrioid endometrial carcinomas (EECs) by treatment status. (B.) OS in patients with MMR-proficient EECs by
treatment status. (C.) Disease-specific survival (DSS) in patients with MMR-deficient EECs
by treatment status. (D.) DSS in patients with MMR-proficient EECs by treatment status. (E.)
Progression-free survival (PFS) in patients with MMR-deficient EECs by treatment status. (F.)
PFS in patients with MMR-proficient EECs by treatment status.
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Table 2. Overall survival (OS) by MMR status in univariable and multivariable analysis adjusted for stage, LVSI and age.
Univariable
OS
MMR-deficient
Radiotherapy (ref = no)
MMR-proficient
Radiotherapy (ref = no)

Multivariable

HR (95% CI)

P

HR (95% CI)

P

0.36 (0.14-0.92)

0.032

0.28 (0.10-0.83)

0.021

1.00 (0.45-2.19)

0.997

1.06 (0.47-2.40)

0.890

CI, confidence interval; HR, hazard ratio; LVSI, lymphovascular space invasion; MMR, mismatch
repair; OS, overall survival.

Table 3. Disease-specific survival (DSS) by MMR status in univariable and multivariable analysis adjusted for stage, LVSI and age.
Univariable
DSS
MMR-deficient
Radiotherapy (ref = no)
MMR-proficient
Radiotherapy (ref = no)

Multivariable

HR (95% CI)

P

HR (95% CI)

P

0.31 (0.10-0.97)

0.045

0.19 (0.05-0.77)

0.020

0.73 (0.30-1.76)

0.478

0.92 (0.37-2.31)

0.858

CI, confidence interval; HR, hazard ratio; LVSI, lymphovascular space invasion; MMR, mismatch
repair; OS, overall survival.

Table 4. Progression-free survival (PFS) by MMR status in univariable and multivariable analysis adjusted for stage, LVSI and age.
Univariable
PFS
MMR-deficient
Radiotherapy (ref = no)
MMR-proficient
Radiotherapy (ref = no)

Multivariable

HR (95% CI)

P

HR (95% CI)

P

0.31 (0.11-0.83)

0.020

0.28 (0.10-0.79)

0.016

0.47 (0.23-0.97)

0.042

0.55 (0.26-1.16)

0.102

CI, confidence interval; HR, hazard ratio; LVSI, lymphovascular space invasion; MMR, mismatch
repair; OS, overall survival.
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Discussion
In stage IB/II, grade 3 EEC, radiotherapy is commonly used to improve local
control.17, 18 Even though progression-free survival is improved by adjuvant radiotherapy, clinical trials have so far failed to show any effect on disease-specific
and overall survival.19 In this study, patients with stage IB/II, grade 3 EEC have
been classified according to the ProMisE classifier, resulting in 44.5% MMR-deficient
EECs. In this retrospective analysis, we have shown that adjuvant radiotherapy was
associated with improved OS, DSS and PFS in patients with MMR-deficient EECs,
adjusted for stage, LVSI and age. On the contrary, in MMR-proficient EECs no benefit was seen in OS and DSS and only a trend was seen toward improved PFS. MMR
status could be used as a predictive biomarker to select patients that benefit most
from adjuvant radiotherapy.
Two previous clinical studies reported on the associations between MMR status and
response to adjuvant radiotherapy in EC. A recent large retrospective series included
535 EC patients treated with adjuvant chemotherapy and/or radiotherapy.2 Even
though improved OS and PFS in patients with MMR-deficient ECs was found, this
association did not remain significant in multivariable analysis. However, there
was a trend toward improved PFS associated with MMR-deficiency in the nonendometrioid subgroup. This study was characterized by a heterogeneous study
population, including 28.9% of the patients having advanced stage (stage III or
IV) disease. In addition, adjuvant treatment regime included either radiotherapy
or chemotherapy; these modalities were not analyzed separately, hampering comparison with our results. Resnick et al. reported on 477 EEC patients of whom 66
received adjuvant radiotherapy.16 Subgroup analyses revealed improved outcome
in patients with non-endometrioid MMR-deficient ECs treated with radiotherapy,
compared to those with MMR-proficient ECs. Studies investigating the prognostic
value, instead of the predictive value, report conflicting results.6, 24, 25 McMeekin et al.
have shown that, even though MMR-deficient ECs were more frequently high-grade
and had lymphovascular space invasion, outcomes were comparable, and the authors suggest a counteractive mechanism from MMR defects.6 Differences between
treatment regimes were seen between both groups, as well as a trend toward significant interaction between MMR-status and adjuvant therapy, suggesting treatment
effects could have influenced these results. Backes et al. on the other hand have
shown worse outcomes of MMR-deficient ECs in high-intermediate risk EC.25 Both
MMR-deficient and MMR-proficient ECs received adjuvant treatment in only a minor fraction of patients. These results by Backes et al. could (partly) be attributable
to the low rates of radiotherapy in both groups. For future studies, it is important to
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keep in mind the adjuvant treatment regimes when investigating prognostic value
of MMR-status.
Although there are few clinical series investigating radiosensitivity specifically
within MMR-deficient ECs, there is accumulating molecular evidence supporting
the role of MMR proteins in cellular processes to repair radiation injury. The most
lethal form of radiation-induced DNA damage is considered to be double-strand
breaks (DSBs), where both strands of the DNA helix are severed.26 As a response, a
highly complex and only partly understood network of DNA repair pathways is activated. Mismatch repair proteins are involved in these pathways both directly and
indirectly, including recognition of radiation induced DNA damage by MLH1 and
MSH2, mobilization of downstream targets and arrest of the cell cycle at the G2/M
phase transition.13, 14, 27 In support, MSH2 negative cells fail to mobilize meiotic recombination 11 (MRE11), a DSB repair protein, showing increased cell death after
radiation.13 Importantly, MLH1 and PMS2 have been suggested as target proteins
for p53 in human fibroblasts and may influence p53 mediated signaling with regards
to entering either cell cycle arrest or apoptosis.27 Finally, loss of MLH1 decreases
activation of nuclear factor κB (NFκB), that is usually activated after radiation induced DNA damage and promotes cell survival by counteracting the p53 apoptotic
pathway.15, 28 Summarizing, these data indicate that the MMR proteins may have
multiple roles in the damage repair pathways following radiation injury supporting
our findings from a biological perspective.
MMR-deficient tumors are known to be highly immunogenic with upregulation of
immune checkpoints including the Programmed Death 1 (PD-1) pathway.29 Subsequently, MMR-deficient tumors are of great interest for selective pathway blockade
with PD-1 inhibitors, and U.S. Food and Drug Administration (FDA) approval was
recently obtained for MSI-high or MMR-deficient solid tumors, including EC. Also,
recent in vitro data suggest molecular links between the cellular response to radiotherapy and signaling pathways that are usually elicited by viral infections and that
could impact the immunostimulatory potential of radiotherapy.30 In this light, an increasing number of clinical trials investigate the potential of radiotherapy to increase
to efficacy of immune checkpoint blockers.31
To define MMR status we have used a validated molecular classifier that can be applied to standard formalin-fixed paraffin embedded material using low-cost easily
interpretable methodologies.5 Limitations of this study are inherent to the retrospective character and non-standardized treatment arms e.g., treatment at the discretion
of the treating physician. Yet, we have strengthened our study by including a homogenous group of EC patients, limited stage distributions (IB and II) and identical
histology (grade 3 EEC). Also, clinicopathological variables between our two cohorts
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(MMR-deficient and MMR-proficient) appeared to be comparable and no differences
in baseline characteristics were found between patients with and without adjuvant
radiotherapy. Finally, we have corrected for the most important confounders used
to guide adjuvant radiotherapy (LVSI, age, stage) by performing multivariable Cox
regression analysis. Another potential weakness of this study was that lymph node
status was unknown in a significant proportion (51.6%) of the study cohort. However, lymphadenectomy was performed equally in both MMR-groups and in this
series performing lymphadenectomy was not associated with differences in clinical
outcomes. Thus although there is a risk of ‘occult’ higher stage cases in this cohort
there is no reason to believe those cases would be disproportionately represented in
one or the other MMR subgroups. Another potential limitation could be the fact that
there were minor differences in molecular approaches between the participating centers, including sequencing of POLE exons 9 and 13 in the GOCS region, and sequencing of POLE exons 9 to 14 in the BCCA and Tübingen University. Even though the
most common hotspot mutations were analyzed in all cases, we cannot rule out the
possibility that some mutations may have been missed. Finally, not all patients received external beam radiotherapy (EBRT), a minority received vaginal brachytherapy. However in this respect, the Post- Operative Radiation Therapy for Endometrial
Carcinoma 2 (PORTEC-2) trial has shown that vaginal brachytherapy is non-inferior
to EBRT with respect to preventing distant metastasis in this patient group, with similar recurrence and survival outcomes.23 Also in this present study, no difference in
outcomes was seen between patients treated with vaginal brachytherapy compared
to EBRT.
In conclusion, we have shown that adjuvant radiotherapy may improve survival in
patients with MMR-deficient EECs, whereas no benefit was seen in patients with
MMR-proficient EECs. MMR status could be a valuable predictive marker for selection of patients who may benefit from adjuvant radiotherapy.
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Abstract
Objective. Synchronous primary endometrial and ovarian cancers (SEOs) represent
10% of all endometrial and ovarian cancers and are assumed to develop as independent entities. We investigated the clonal relationship between endometrial and
ovarian carcinomas in a large cohort classified as SEOs or metastatic disease (MD).
Methods. The molecular profiles were compared with The Cancer Genome Atlas
(TCGA) data to explore primary origin.

Subsequently, the molecular profiles

were correlated with clinical outcome. To this extent, a retrospective multicenter
study was performed comparing patients with SEOs (n=50), endometrial cancer
with synchronous ovarian metastasis (n=19) and ovarian cancer with synchronous
endometrial metastasis (n=20).

Targeted next-generation sequencing was used,

and a clonality index was calculated. Subsequently, cases were classified as POLE
mutated, mismatch repair deficient (MMR-D), TP53 wildtype or TP53 mutated.
Results. In 92% of SEOs (46/50), the endometrial and concurrent ovarian carcinoma
shared at least one somatic mutation, with a clonality index above 0.95, supporting
a clonal origin. The SEO molecular profiles showed striking similarities with the
TCGA endometrial carcinoma set. SEOs behaved distinctly different from metastatic
disease, with a superior outcome compared to endometrial MD cases (p<0.001) and
ovarian MD cases (p<0.001). Classification according to the TCGA identified four
groups with different clinical outcomes. TP53 mutations and extra-utero-ovarian
disease were independent predictors for poor clinical outcome.
Conclusion. Concluding, SEOs were clonally related in an overwhelming majority
of cases and showed a favorable prognosis. Their molecular profile implied a
primary endometrial origin. TP53 mutation and extra-utero-ovarian disease were
independent predictors for outcome, and may impact adjuvant systemic treatment
planning.
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Introduction
The co-occurrence of carcinomas in the endometrium and ovary can point towards
either the presence of independent synchronous primary endometrial and ovarian
cancers (SEOs) or metastatic disease (MD), with the endometrium or ovary being
the primary origin.1-3 The Scully criteria are used to distinguish SEOs from MD
based on histopathological features, e.g. histologic similarity, size, the presence of
precursor lesions, location, and invasion pattern (Appendix 1).4 SEOs typically behave as independent primary tumors and are characterized by good prognosis.5-7
SEOs can have both endometrioid and non-endometrioid histology.8 Patients diagnosed with stage I endometrioid endometrial cancer (EEC) and synchronous stage
I endometrioid ovarian cancer (EOC) have a comparable survival to patients diagnosed with stage I EEC alone.9 The distinction between two independent early-stage
SEOs and MD is important, as it directly impacts adjuvant treatment planning. Even
though these cancers have histopathological features that help discriminating them
from MD, recent series have shown that most SEOs are actually clonally related.10-14
Whether the endometrium or the ovary could be designated as the primary origin
remains to be elucidated.
The Cancer Genome Atlas (TCGA) provided a molecular prognostic classification
of endometrial cancer (EC) based on mutational profile, identifying an “ultramutated” subgroup associated with mutations in the exonuclease domain of polymerase (POLE) and an excellent prognosis; a “hypermutated” subgroup with microsatellite
instability (MSI) and an intermediate prognosis, a “copy-number high” subgroup
with TP53 mutations and an unfavorable outcome, and a copy number-low subgroup with no specific molecular profile and an intermediate prognosis.15
In this study, we investigated the clonal relationship between endometrial and ovarian carcinomas in a large cohort of SEOs and metastatic carcinomas classified according to histological criteria. The molecular profiles were compared with TCGA
data to explore primary origin. Subsequently, molecular profile was correlated with
outcome, as this might impact adjuvant therapy.

Materials and Methods
Patients
This multicenter study consisted of two previously published well-documented retrospective study cohorts investigating the prognosis of patients with SEOs from the
Radboud university medical center Nijmegen and the Elisabeth-Tweesteden Hospi-
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tal Tilburg.5, 6 All patients were surgically treated between 1996 and 2009. For this
current study, additional patients treated between 2010 and January 2018 were identified. All patients had concurrent endometrial and ovarian tumors at the time of
diagnosis. All carcinomas were histopathologically reviewed by a pathologist with
special interest in gynecology (A.v.d.W. or J.B.) using the Scully criteria.4 Based on
the revision according to the Scully criteria, three categories of patients were distinguished: patients treated for SEOs; patients treated for EC with synchronous ovarian metastasis (“endometrial MD”); and patients treated for OC and synchronous
endometrial metastasis (“ovarian MD”). Patients’ characteristics, clinical presentation, surgical treatment, adjuvant therapy and follow-up data were obtained from
the medical records. The study was approved by the Medical Ethics Committee of
the Radboud university medical center (number 2018-4342) and performed according to the Code for Proper Secondary Use of Human Tissue (Dutch Federation of
Biomedical Scientific Societies, http://www.federa.org).

Immunohistochemical analysis
Immunohistochemical analysis of the mismatch repair (MMR) proteins PMS2 and
MSH6 was performed.16 In short, blank 4µm formalin-fixed, paraffin-embedded
(FFPE) sections were cut on Superfrost+ glass slides. After antigen retrieval with
EnVision FLEX High pH Target Retrieval Solution, and blocking of endogenous peroxidase with hydrogen peroxide, all slides were incubated with anti-MSH6 (clone
EPR3945 1:400, Abcam, Cambridge, UK) or anti-PMS2 (clone A16-4 dilution 1:20,
BD Biosciences, San Jose, CA). Subsequently, they were incubated with EnVision
FLEX and visualized with High pH visualization system according to the manufacturer’s instructions for use. Counterstaining was performed with hematoxylin, and
the slides were dehydrated and mounted. Mismatch repair deficiency (MMR-D) was
defined as total loss of nuclear staining of a MMR protein, in the presence of a positive internal control.

DNA extraction
Representative areas of EC and OC tissue in the surgical specimens were marked and
selected by means of microdissection from 2 x 20µm thick FFPE sections. The tumor
cell percentage was estimated from the marked tumor areas. These specimens were
digested overnight at 5◦ C in TET-lysisbuffer (10mmol/L Tris/HCL pH8.5, 1mmol/L
EDTA pH8.0, 0.01% Tween-20) with 5% Chelex-100 (Bio-Rad, Hercules, CA, US) and
0.2% proteinase K, with subsequent inactivation at 95◦ C for ten minutes. After centrifugation, the supernatant transferred into a clean tube. DNA concentration was
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determined using the Qubit Broad Range Kit (Thermo Fisher Scientific, Waltham,
MA, US).

smMIP design and library preparation
The samples were analyzed with single molecule Molecular Inversion Probes (smMIPs). The design of the smMIPs (Integrated DNA Technologies, Leuven, Belgium)
as well as the library preparation were previously published.17 The panel consisted
of (regions of) eight genes important for EC and OC oncogenesis (ARID1A, CTNNB1,
KRAS, MTOR, PIK3CA, PTEN, POLE and TP53). All smMIPs were designed in a
tiling manner for hotspots in oncogenes and all coding as well as splice site consensus sequences of tumor suppressor genes (TSGs), with preferential targeting of
both strands by two independent smMIPs (Appendix 2). The smMIP probes are
constructed by an extension and ligation probe arm (40bp long) with a 112bp gap
and a common backbone sequence for PCR-based library amplification. The ligation
probe arm and backbone are connected by means of an 8bp degenerate sequence
(8xN) serving as a Unique Molecular Identifier (UMI, ‘single molecule tag’). Next,
the smMIP probes were mixed and phosporylated with 1µL of T4 polynucleotide kinase (M0201; New England Biolabs, Ipswich, MA, US) per 25µL of 100 µmol/L smMIPs and ATP-containing G4 DNA ligase buffer (B0202, New England Biolabs). The
molecular ratio between gDNA and smMIPs was set at 1:3200 for each individual
smMIP and the standard genomic DNA input was set at 100ng. Next, a capture mix
was made (volume 25µL) with the phosporylated smMIP pool, 1 unit of Ampligase
DNA ligase (A0110K; EpiBio, Madison, WI) and Ampligase Buffer (A1905B, DNA
ligase buffer), 3.2 units of Hemo Klentaq (M0332; New England Biolabs), 8mmol of
dNTPs (28-4065-20/-12/-22/-32; GE Healthcare, Little Chalfont, UK) and 100ng of
genomic DNA in a 20µL volume. This capture mix was then denatured at 95◦ C for 10
minutes and subsequently incubated for probe hybridization, extension and ligation
at 60◦ C for 18 hours. After cooling, to perform exonuclease treatment, Exonuclease
I (10 units; M0293; New England Biolabs) and III (50 units; M0206; New England
Biolabs) and Ampligase Buffer was added to the capture mix (total of 27µL) and the
mix was incubated at 37◦ C for 45 minutes, with subsequent inactivation at 95◦ C for
two minutes. Twenty µL was used for PCR in a total volume of 50µL including a
common forward primer, bar-coded reverse primers, and iProof high fidelity master
mix (1725310, Bio-Rad, Veenendaal, the Netherlands). The resulting PCR products
were then pooled and purified with 0.8x volume of Agencourt Ampure XP Beads
(A63881, Beckman Coulter, Woerden, the Netherlands).
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Sequencing and analysis
The purified libraries, denatured and diluted to 1.2pmol/L, were then sequenced
on a NexSeq500 device (Illumina, San Diego, CA, US) using the manufacturer’s instructions (300 cycles High Output sequencing kit, v2), resulting in 2x150bp pairedend reads. All resulting Bcl files were converted to fastq files and bar-coded reads
were then demultiplexed. Single-molecule-directed assembly of the duplicate reads
was performed generating consensus (’unique’) reads with the software Sequence
Pilot (version 4.4.0; JSI medical systems, Ettenheim, Germany). Variant detection
thresholds for variant calling in Sequence Pilot were set at 1% of all unique reads
at that specific position and a minimum of 5 unique reads representing ≥3 individual gDNA molecules. Variants were annotated as “drivers”, “potential drivers”,
“mutations of unknown significance”, “likely benign” and “benign” as described
in Richards et al., using amongst others publicly available databases such as The
Clinical Knowledgebase (CKB, https://www.jax.org/clinical-genomics/ckb), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), Cancer Genome Interpreter (CGI,
https://www.cancergenomeinterpreter.org/home), the Catalogue of Somatic Mutations in Cancer (COSMIC, cancer.sanger.ac.uk/cosmic).18 Only the former three categories were taken into consideration and included known activating hotspot mutations for the oncogenes, and frameshift, nonsense, missense and splice site mutations for the included tumor suppressor genes. Synonymous mutations were only
considered when present at exon ends. Intronic mutations were excluded with the
exception of splice site sequences. To determine whether sufficient DNA molecules
were sequenced to reliably exclude mutations above a certain variant allele frequency (VAF) with a certainty of >95%, a cumulative binomial distribution was used
that calculated the required unique read depths.17 These required read depths were
assessed in the context of the estimated tumor load (percentage of neoplastic cells
dissected estimated with microscopy). The molecular subgroups were assigned according the previously published Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE) criteria, distinguishing four groups: POLE mutated, MMR-D,
TP53 wildtype and TP53 mutated.19-21 In contrast to the published algorithm, assignment to the TP53 mutated group was based on sequencing results instead of
p53-immunohistochemistry, correlating in an excellent way.

Statistical analysis
Clinicopathological differences between subgroups were compared using the
Fisher’s exact test and χ2 for discrete variables and the Mann-Whitney U test for
continuous variables. To estimate whether the SEOs were actually clonally related,
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an earlier published clonality index (CI) was used to quantify the likelihood of two
carcinomas sharing mutations not expected to have co-occurred by coincidence.10, 11
This clonality index adjusts for the frequency of a given mutation, as hotspot
mutations can be highly recurrent. To correct for this, frequencies retrieved from the
TCGA data portal were used (https://portal.gdc.cancer.gov/).
The CI was defined as
CI = 1 −

Qn

k=1

f k, n > 0

In this formula, fk is the percentage of endometrioid endometrial carcinomas from
TCGA harboring a given mutation and n is the number of shared mutations between
a pair of synchronously diagnosed carcinomas. Clonality indices were calculated
twice, since the primary origin is unknown: based on frequencies retrieved from the
2013 TCGA endometrial carcinoma tumor set (n=240), and based on frequencies retrieved from the 2011 TCGA ovarian carcinoma tumor set (n=316) (retrieved from
www.cbioportal.org).15, 22, 23
The frequencies of mutated genes were compared between the three subgroups using χ2 . To investigate whether the primary origin of the SEO subgroups could be
inferred based on molecular similarities, the molecular profiles from the SEO subgroup were compared with the molecular profiles from the TCGA 2013 endometrial
carcinoma tumor set using χ.15, 22
Kaplan-Meier curves were constructed for disease-specific survival (DSS) comparing
patients with a diagnosis of SEO, endometrial MD and ovarian MD. Also, KaplanMeier curves were constructed based on molecular subgroup. DSS was calculated
from the date of primary treatment to the date of death caused by the disease or, for
surviving patients, to the date of the last follow-up. The log-rank test was used. Univariable and multivariable Cox regression analysis explored associations between
potential predictors and DSS, including histology, age (<70; ≥70 years), adjuvant
therapy, the presence of extra-utero-ovarian disease, and ProMisE subgroup. Extrautero-ovarian disease was defined as disease other than the endometrial and ovarian
carcinoma (e.g. pelvic/para-aortic lymph nodes, omentum, peritoneum).

Results
Patients
A total of 109 patients were identified, of which 20 patients were excluded, because
of absence of tumor tissue (n=9) or technical failure of the sequencing (n=11), leav-
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ing 89 patients for analysis. After histopathological review, 50 cases (56.2%) were
diagnosed as SEOs according to the Scully criteria; 19 cases (21.3%) as endometrial
MD; 20 cases (22.5%) as ovarian MD. Of patients with SEOs, 30.0% (15/50) had endometriosis, compared to 10.5% of patients (2/19) with endometrial MD and 5.0%
of patients (1/20) with ovarian MD (Table 1). In total, 56.0% of patients with SEOs
(28/50) received adjuvant chemotherapy, compared to 42.1% of patients with endometrial MD (8/19) and 85.0% of patients with ovarian MD (17/20). Ten per cent
of patients with SEOs (5/50) received adjuvant radiotherapy, compared to 31.6%
and 0%, respectively. Uterine histology was endometrioid in 82.0% of SEOs (41/50),
52.6% of endometrial MD cases (10/19), and 20.0% of ovarian MD cases (4/20).
In SEOs, concordant histology between endometrial and ovarian carcinoma was
present in 82.0% (41/50, Figure 1).

Shared mutations
At least 70 independent gDNA molecules were sequenced in 78% of all sequenced
exons, which was sufficient to exclude variants with a 10% VAF. In 92.0% of SEOs
(46/50), the endometrial and concurrent ovarian carcinoma had at least one somatic
mutation in common (Figure 1, Appendix 3). Of these, twelve shared one mutation
including six cases with an “activating hotspot” mutation (50.0%), and six cases with
a tumor suppressor gene mutation in either ARID1A, PTEN or TP53 (50.0%). As can
be seen in Figure 1, 23 (56.0%) had two or three mutations in common, eight (16.0%)
shared four or five mutations, and three (6.0%) shared six or more mutations. In all
46 cases having one or more mutations in common, the clonality indices (CIs) were
above 0.95, indicating that it is unlikely these mutations co-occurred by coincidence
(Appendix 4). The CI was above 0.95 even for all six cases that only shared one
activating hotspot mutation in KRAS, CTNNB1, or PIK3CA, that are known to be
recurrent in EC. To illustrate, the most prevalent hotspot mutation in our dataset
(PIK3CA:c.3140A>G(p.(His1047Arg))) was found in 12 of 240 cases included in the
TCGA public dataset (expected frequency: 5%).
In all patients with MD the endometrial and concurrent metastasis had at least one
somatic mutation in common, except for one ovarian MD case in which no mutation
was found (case 19, Figure 1). Of these, 53.8% (21/39) had one mutation in common,
with a maximum of six shared mutations in two MD cases (MDEN9, MDEN19). The
CIs for all MD cases were above 0.95.
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Figure 1. Display of all next-generation sequencing derived somatic mutations detected in
all cases, diagnosed as either synchronous endometrial and ovarian carcinoma (SEO), endometrial carcinoma with ovarian metastasis (MDEN), or ovarian carcinoma with endometrial metastasis (MDOV). For each case, mutations present in the endometrial carcinoma are
presented in the left column, and mutations present in the ovarian carcinoma are presented
in the right column. Shared mutations are shown in orange, mutations only present in the endometrial carcinoma in blue, and mutations only present in the ovarian carcinoma in green.
In case a mutation was not found, a cross indicates that the coverage on a specific locus was
not sufficient to exclude the mutation with 95% certainty. TSG: tumor suppressor gene.
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Unique mutations
As can be appreciated from Figure 1, several cases harbored unique mutations in addition to the shared mutations in either the ovarian or the endometrial carcinoma, an
observation seemingly specific to the SEOs. In total, 34% of SEOs (17/50) harbored at
least one unique mutation only present in the endometrial carcinoma, compared to
10.5% in the endometrial MD cases (2/19), and 5.0% in the ovarian MD cases (1/20).
Vice versa, 38% of SEOs (19/50) harbored at least one mutation only present in the
ovarian carcinoma, compared to 0% in the endometrial MD cases, and 5.0% in the
ovarian MD cases (1/20).
To explore whether the presence of these unique mutations could be explained by
subclonal mutations due to tumor heterogeneity, these unique mutations were compared with regard to their VAF, which reflects the frequency of the mutant alleles
compared to the total amount of alleles sequenced. In this perspective, low VAFs
could indicate the presence of subclonal mutations and tumor heterogeneity. Interestingly, the VAFs of unique mutations were not significantly lower than the VAFs
of shared mutations in the same specimens, suggesting tumor heterogeneity within
the tested lesions is not a likely explanation for the presence of unique mutations
in the SEOs (Appendix 5). This was confirmed in analysis for oncogenes and TSGs
separately (Appendix 6). Pathogenic mutations are considered to accumulate over
time, with mutations in particular genes described as ‘early’ or ‘late’ events. In the
SEOs, especially mutations in ARID1A (35.0%), followed by PTEN, were found to be
unique, suggesting to originate from ‘late’ events (Appendix 7).
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Table 1. Baseline characteristics of included patients.

Age (y)
BMI (kg/m2 )
CA-125 level (IU/ml)
Menopausal state
Premenopausal
Postmenopausal
Unknown
Endometriosis present
Yes
No
Histology EC
Endometrioid
Serous
Carcinosarcoma
Other
Grade EC
1
2
3
Uterine FIGO-stage
I
II
IIIA
IIIB
IIIC
IV
Histology OC
Endometrioid
Serous
Carcinosarcoma
Other
Grade OC
1
2
3
Ovarian FIGO-stage
I
II
IIIA
IIIB
IIIC
IV

SEO (n=50)

Endometrial
(n=19)

56 (31-82)a,b
28 (20-48)
210 (4-14,500)

67 (43-88)a
31 (18-44)
763 (133-6,553)

65 (50-78)b
28 (23-31)
562 (5-12,039)

19 (38.0)a,b
26 (52.0)
5 (10.0)

2 (10.5)a
16 (84.2)
1 (5.3)

0b
19 (95.0)
1 (5.0)

15 (30.0)b
35 (70.0)

2 (10.5)
17 (89.5)

1 (5.0)b
19 (95.0)

41 (82.0)a,b
5 (10.0)
1 (2.0)
3 (6.0)

10 (52.6)a
5 (26.3)
2 (10.5)
2 (10.5)

4 (20.0)b
14 (70.0)
1 (5.0)
1 (5.0)

24 (48.0)a,b
18 (36.0)
8 (16.0)

2 (10.5)a, c
7 (36.8)
10 (52.6)

0 b,c
2 (10.0)
18 (90.0)

37 (74.0)a
8 (16.0)
2 (4.0)
0
2 (4.0)
1 (2.0)

0
0
9 (47.4)
0
5 (26.3)
5 (26.3)

32 (62.0)b
11 (22.0)
1 (2.0)
6 (12.0)

10 (52.6)
5 (26.3)
2 (10.5)
2 (10.5)

4 (20.0)b
14 (70.0)
1 (5.0)
1 (5.0)

13 (26.0)b
18 (36.0)
19 (38.0)

2 (10.5)c
7 (36.8)
10 (52.6)

0 b,c
1 (5.0)
19 (95.0)

25 (50.0)b
11 (22.0)
3 (6.0)
0
10 (20.0)
1 (2.0)

MD

Ovarian MD (n=20)

0b
1 (5.0)
0
0
16 (80.0)
3 (15.0)
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Table 1. (continued)

Ovaries bilaterally involved
No
Yes
Adjuvant therapy
None
Radiotherapy
Chemotherapy
Chemoradiation
Unknown

SEO (n=50)

Endometrial
(n=19)

MD

Ovarian MD (n=20)

37 (74.0)
13 (26.0)

13 (68.4)
6 (31.6)

14 (70.0)
6 (30.0)

14 (28.0)
5 (10.0)
28 (56.0)
3 (6.0)

3 (15.8)c
6 (31.6)
8 (42.1)
0
2 (10.5)

3 (15.0)c
0
17 (85.0)
0

P-values were obtained using the Fisher’s exact test and χ2 . Values are presented as median
(range) or number (%). BMI, body mass index; CA-125, cancer antigen 125; EC, endometrial
carcinoma; MD, metastatic disease; OC, ovarian carcinoma; SEO, synchronous endometrial and
ovarian cancer. a P<0.05 comparing SEO with endometrial MD. b P<0.05 comparing SEO with
ovarian MD. c P<0.05 comparing endometrial MD with ovarian MD.

Concordance of histology and mutation pattern
All 41 SEOS with concordant histology in both carcinomas shared at least one mutation supporting a clonal origin. Nine SEOs were diagnosed with ‘discordant’
histology, e.g.

endometrioid histology in the endometrial carcinoma and non-

endometrioid histology in the ovarian carcinoma. Four of these SEOs had no mutations in common, suggesting a non-clonal origin, whereas molecular analysis suggested clonal origin for the other five cases (Table 2).

Molecular profile per subgroup
Molecular profiles between the three subgroups were compared, stratified by histological subtype. First, the three subgroups were compared analyzing with only
those with endometrioid histology in both counterparts. For these analyses, only
mutations present in both counterparts were considered for each tumor pair. Although numbers were limited, we found that CTNNB1 was mutated significantly
more frequent in SEOs than in endometrial MD cases (40.6% vs. 0%, p=0.018, Figure
2, Appendix 8). Also, we found that TP53 was mutated less frequently in SEOs than
in ovarian MD cases (12.5% vs 75.0%, p=0.018).
Analyzing only carcinomas with non-endometrioid histology, we found that PTEN
was mutated significantly more frequent in SEOs than in ovarian MD cases (44.4%
vs 6.3%, p=0.019). Interestingly, TP53 mutations were found less frequently in SEOs
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than in endometrial MD cases (27.8% vs 88.9%, p=0.004) and ovarian MD cases
(27.8% vs 81.3%, p=0.003). It should be noted that in 8 SEOs classified as nonendometrioid, also a component of endometrioid histology was found (Figure 2),
which may partly explain the differences in mutational profiles. Loss of one of the
MMR proteins in both the endometrial and ovarian carcinoma was seen in 4.0% of
SEOs (2/50), compared to 5.3% of endometrial MD cases (1/19) and 0% of ovarian
MD cases (Figure 2).
Table 2. Characteristics of nine SEO cases with discordant histology.
SEO1

SEO28

SEO29

SEO49

SEO12

SEO26

SEO33

SEO45

SEO50

Age
CA-125
(IU/ml)
Histology
endometrium
Grade
endometrium
MI
Endometrial
hyperplasia
Mutations
endometrium

65
14.8

79
98

69
1200

73
97

76
489

74
-

43
19

56
251

82
1,111

EEC

EEC

EEC

EEC

EEC

EEC

EEC

EEC

EEC

1

1

1

2

2

2

1

1

2

<50%
+

<50%
+

≥50%
+

<50%
+

≥50%
-

≥50%
+

No
+

<50%
-

<50%
+

Histology
ovary
Grade ovary
Mutations
ovary

Clear
Serous
cell
3
3
a
ARID1A TP53b
PIK3CA

Recurrence
Death

-

ARID1Aa PTEN
PTEN
TP53b

+
+

CTNNB1 ARID1A ARID1A ARID1A ARID1A ARID1A
PTEN PTEN PTEN KRAS KRAS KRAS
PTEN PIK3CA PIK3CA
PTEN PTEN
Clear
Serous Serous Clear
Serous Serous
cell
cell
3
3
3
3
1
3
TP53
PIK3CA ARID1A ARID1A ARID1A ARID1A
PTEN KRAS KRAS KRAS
TP53
PTEN PIK3CA PIK3CA
PTEN PTEN
+
+
+
+
-

KRAS
PIK3CA

Serous
3
PIK3CA

+
+

EEC, endometrioid endometrial carcinoma; SEO, synchronous endometrial and ovarian carcinoma; CA-125, cancer antigen 125; MI, myometrial invasion. a Non-identical mutations; b Nonidentical mutations.
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Figure 2. Display of all next-generation sequencing derived mutated genes detected in all
cases, diagnosed as either synchronous endometrial and ovarian carcinoma (SEO), endometrial carcinoma with ovarian metastasis (MDEN), or ovarian carcinoma with endometrial
metastasis (MDOV). The colors indicate specific genes (see legend). MMR-D, mismatch repair deficient.
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TCGA analysis supports a primary endometrial origin for SEOs
The TCGA 2013 endometrial carcinoma tumor set was used to compare the molecular profiles with those from the SEO subgroup (Figure 3). To this extent, we stratified
for histological subtype (endometrioid, and non-endometrioid), and compared both
the endometrial and ovarian counterpart from each tumor pair. The molecular profiles obtained from the TCGA 2013 endometrioid endometrial carcinoma tumor set
(n=193) were similar to the endometrioid SEO molecular profiles (n=32) for both the
endometrial and ovarian counterparts, except for a higher frequency of ARID1A mutations in the endometrial tumors. Comparing the non-endometrioid SEOs (n=18)
with the TCGA 2013 serous endometrial carcinoma tumor set (n=43), molecular profiles were similar except for ARID1A, KRAS, PTEN and TP53. Similar analyses, including only mutations present in both components of each tumor pair, are shown
in Appendix 9.

Outcome related to molecular profile
The 5-year DSS was better for SEOs than for endometrial MD cases and ovarian
MD cases (log-rank: p<0.001 for both, Figure 4A left panel). Subsequently, outcome was correlated to molecular profile using only mutations shared between both
corresponding carcinomas as these would represent true tumor-driving mutations.
Classification according to the ProMisE subgroups identified four groups with separate survival curves, with TP53 mutated group having the worst disease-specific
survival (log-rank: p<0.001, Figure 4A middle panel).
Figure 4B shows the molecular characteristics stratified by outcome. In those who
died because of the disease, TP53 mutations were seen more frequently (71.4% vs.
10.6%, p<0.001). Less frequently seen were mutations in CTNNB1 (2.4% vs. 27.7%,
p<0.001), PTEN (23.8% vs. 68.1%, p<0.001), and ARID1A (11.9% vs. 44.7%, p<0.001).
Multivariable Cox regression analysis showed that molecular subgroup (TP53 mutated), and the presence of extra-utero-ovarian disease were independent predictors
for poor clinical outcome (Figure 4C). Combining these two risk factors, survival
can be extracted from the Kaplan Meier curve in Figure 4A (right). Appendix 10
included a summarizing figure of the results.
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Figure 3. Mutational profiles from the publicly available TCGA endometrial carcinoma tumor set was compared with the mutational profiles from the synchronous endometrial and
ovarian cancers. Both groups were stratified by histological subtype (endometrioid, nonendometrioid). (A.) The endometrioid tumors in the study cohort (n=32) were compared
with the endometrioid tumors from the publicly available TCGA dataset (n=193). From each
tumor pair, both the endometrial and ovarian counterpart were compared. (B.) The nonendometrioid tumors in the study cohort (n=18) were compared with the non-endometrioid
tumors from the TCGA dataset (n=43). From each tumor pair, both the endometrial and ovarian counterpart were compared. *p<0.05; **p<0.005. TCGA, The Cancer Genome Atlas.
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Hazard ratio (95% CI)

Figure 4. (A.) Kaplan Meier curves displaying disease-specific survival in cases according to
molecular classification classifying four subgroups (POLE mutated, MMR-D, TP53 wildtype
and TP53 mutated based on sequencing analysis, left panel); by diagnosis according to the
Scully criteria (middle panel), by TP53 status and the presence of extra utero-ovarian disease
(right panel). (B.) Molecular characteristics grouped by outcome. Only mutations that were
present in both the endometrial and corresponding ovarian carcinoma were included in the
figure. (C.) Univariable and multivariable Cox regression analysis. The hazard ratios with
95% confidence intervals are depicted by the black lines. All risk factors significantly associated (p<0.10) with disease-specific survival in univariable analysis were included in the
multivariable Cox regression analysis, depicted by the grey lines. For POLE and MMR-D no
confidence intervals could be calculated, because no events were observed in these subgroups.
CTx, chemotherapy; EC, endometrial carcinoma; EEC, endometrioid endometrial carcinoma;
EUOD, extra utero-ovarian disease; MDEN, endometrial carcinoma with ovarian metastasis;
MDOV, ovarian carcinoma with endometrial metastasis; MMR-D, mismatch repair deficient;
NEEC, non-endometrioid endometrial carcinoma; RTx, radiotherapy; SEO, synchronous endometrial and ovarian carcinoma; TP53wt, TP53 wildtype; TP53mut, TP53 mutated.
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Discussion
In this study, we have shown that SEOs, classified according to the Scully criteria,
are clonally related in an overwhelming majority of cases. In total, 92% of SEOs
shared one or more somatic mutations with high CIs supporting clonal origin.
Discordant histology indicated a non-clonal origin in half of these cases. SEOs were
enriched for PTEN and CTNNB1 mutations and harbored less TP53 mutations than
MD cases. There were striking similarities between the molecular profiles from the
SEO subgroup and the TCGA 2013 endometrial carcinoma tumor set, implying the
endometrium could be the primary origin for these cases rather than the ovary.
TP53 mutations and the presence of extra-utero-ovarian disease were associated
with poor outcome. Despite the fact that the majority of patients with TP53 mutated
carcinomas received chemotherapy, clinical outcome was poor, underlining the
need for more effective (targeted) therapies in this subgroup.
This is the largest series so far, confirming the clonal relationship between both
carcinomas in concurrent cases diagnosed as SEOs, implying these carcinomas actually represent (pseudo)metastatic disease, rather than two independently evolved
carcinomas.10-12, 14 The mechanisms underlying the spread from one anatomic site to
another, without carrying a dismal prognosis are not fully understood. One possible
explanation is that these cells are not able to actually invade the circulation and
spread to distant sites, but detach and spread to nearby sites as the ovary, rather
representing ‘pseudometastasis’ than actual wide-spread metastatic disease. In the
current study, this was supported by a low occurrence of lymphovascular space
invasion in SEOs (17%) compared to MD (78%). Endometriosis was present more
often in SEOs (30.0%) than in MD (10.5% and 5.0%), which implies the Müllerian
tract in these patients may be more subjected to retrograde flux supporting local
‘pseudometastasis’ of cancer cells.
By comparing the molecular profiles from these SEOs with those from the TCGA
endometrial carcinoma tumor set, we concluded that the endometrium could be
designated as the primary origin.15, 22 The profiles of the endometrioid subgroups
were very similar between our study and the TCGA, whereas the profiles of the nonendometrioid subgroups differed with respect to the presence of ARID1A, KRAS,
PTEN and TP53 mutations. Yet, our cohort was enriched for mixed carcinomas,
whereas the TCGA dataset only comprised serous carcinomas, which might explain
these differences. In the endometrioid SEO subgroup, we found PTEN mutations
in 72% (ovarian counterpart) - 75% (endometrial counterpart), which was similar to
the mutation rate found in endometrioid endometrial carcinomas by McConechy
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et al. (67%).24 In contrast, they showed that PTEN mutations are less common in
endometrioid ovarian carcinomas, found in only 17%. Our findings imply that
most SEOs rather represent a subgroup of (pseudo)metastatic endometrial cancers
presenting with indolent behavior and good clinical prognosis.
Interestingly, four SEOs (8%) shared no mutations, in the presence of multiple
unique mutations, which suggests that these cases truly represent independent
carcinomas rather than metastatic disease. In these cases, the endometrial carcinoma
was of low-grade endometrioid histology, whereas the ovarian carcinoma was
of high-grade non-endometrioid histology. In contrast, all cases with concordant
histology between endometrial and ovarian carcinoma were considered clonally
related based on molecular profile, implying that concordant histology can be seen
as a strong histopathological argument favoring a clonal origin.
Although some mutations in SEOs are shared between the endometrial and ovarian
tumor, other mutations are unique for one of the tumors. The increased prevalence
of unique mutations in the SEO subgroup can be indicative of an early shared
precursor, followed by independent tumorigenesis and local outgrowth, explaining
these genetic divergent profiles. Especially mutations in ARID1A were found to be
unique frequently (35%), suggesting these mutations occur often as a ‘late’ event
and are context-dependent, possibly secondary to e.g. POLE mutations or MMR-D.
This observation is in line with other studies in EC as well as hepatocellular
carcinoma.25, 26

We have shown that SEOs harbored a profoundly different molecular profile
compared to metastatic disease, with more frequent PTEN and CTNNB1 mutations
and less frequent TP53 mutations. Although earlier studies did not directly compare
molecular profiles of SEOs and MD, Chao et al. found in a series of 14 SEOs frequent
ARID1A and CTNNB1 mutations as well.12 Moreover, a high frequency of CTNNB1
mutations was found by Ishikawa et al. in a series of 8 SEOs.13
Classification with the ProMisE criteria revealed that TP53 mutations were independently associated with a poor outcome, after adjusting for co-variates. Earlier
studies pointed out that adjuvant treatment planning in these SEOs should not be
altered based on the finding alone that they were actually clonally related, because
of their generally favorable outcome.10, 27 The favorable prognosis is supported in
the current study, and we have identified molecular profile and the presence of
extra-utero-ovarian disease as predictors that may in the future be used to guide
adjuvant treatment planning, irrespective of the histopathological classification. The
clinical outcome of patients with TP53 wildtype disease confined to the uterus and
ovary was excellent. Although prospective evaluation should confirm these results,
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adjuvant treatment may be omitted in these specific cases. Given the increased
risk of metastatic disease and poor clinical outcome, systematic therapy could be
indicated such as chemotherapy or targeted agents. Even though not significant,
POLE mutated and MMR-D carcinomas had a favorable outcome, in line with
earlier studies.19-21
We have investigated a large series of concurrent endometrial and ovarian carcinomas, histopathologically reviewed by two expert pathologists. We have compared
the molecular profile of cases classified as SEOs with those of cases with MD. Yet,
there are some limitations that need to be addressed. The clonal relationship of the
four SEOs in which no mutations were found remains unclear. As our NGS panel
only targets a small proportion of the entire genome, genetic analysis beyond our
gene panel could be able to clarify these cases.
Concluding, the current study has shown that SEOs are clonally related in an overwhelming majority of cases, with a favorable prognosis and a molecular profile suggesting the endometrium as primary origin. TP53 mutation and extra-utero-ovarian
disease were independent predictors of poor outcome. Therefore, assessment of
TP53 mutational status by either NGS or immunohistochemistry is recommend in
order to risk-stratify these patients for systemic adjuvant treatment.
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Abstract
Objective. Bayesian networks (BN) are machine learning based computational
models that visualize causal relationships and provide insight into the processes
underlying disease progression, closely resembling clinical decision-making. Preoperative identification of patients at risk for lymph node metastasis (LNM) is
challenging in endometrial cancer (EC), and although several biomarkers are related
to LNM, none of them are incorporated in clinical practice. The aim of this study
was to develop and externally validate a preoperative BN to predict LNM and
outcome in EC patients.
Methods. Within the European Network for Individualized Treatment of Endometrial Cancer (ENITEC), we performed a retrospective multicenter cohort study
including 763 patients, median age 65 years (inter-quartile range [IQR] 58-71),
surgically treated for endometrial cancer between February 1995 and August
2013, at one of the ten participating European hospitals. A BN was developed
using score-based machine learning in addition to expert knowledge. Our main
outcome measures were LNM and 5-year disease specific survival (DSS). Preoperative clinical, histopathological, and molecular biomarkers were included in the
network. External validation was performed using two prospective study cohorts:
the Molecular Markers in Treatment in Endometrial Cancer (MoMaTEC) study
cohort, including 446 Norwegian patients, median age 64 years (IQR 59-74), treated
between May 2001 and 2010; and the PIpelle Prospective ENDOmetrial carcinoma
(PIPENDO) study cohort, including 384 Dutch patients, median age 66 years (IQR
60-73), treated between September 2011 and December 2013.
Results. A BN, called ENDORISK, was developed including the following predictors: preoperative tumor grade; immunohistochemical expression of estrogen
receptor, progesterone receptor, p53 and L1 cell adhesion molecule; cancer antigen
125 serum level; thrombocyte count; imaging results on lymphadenopathy; and
cervical cytology. In the MoMaTEC cohort, the area under the curve (AUC) was
0.82 (95% confidence interval [CI] 0.76-0.88) for LNM and 0.82 (95% CI 0.77-0.87)
for 5-year DSS. In the PIPENDO cohort, the AUC for 5-year DSS was 0.84 (95% CI
0.78-0.90). The network was well calibrated. In the MoMaTEC cohort, 249 patients
(55.8%) were classified with <5% risk of LNM, with a false-negative rate of 1.6%.
A limitation of the study is the use of imputation to correct for missing predictor
variables in the development cohort, and the retrospective study design.
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Conclusion. In this study, we illustrated how BNs can be used for individualizing
clinical-decision making in oncology by incorporating easy accessible and multimodal biomarkers. The network shows the complex interactions underlying the
carcinogenetic process of endometrial cancer by its graphical representation. A
prospective feasibility study will be needed prior to implementation in the clinic.
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Introduction
In the era of personalized medicine, individualized treatment aims to minimize unnecessary exposure to therapy-related morbidity and at the same time offer proper
management for high-risk patients. Bayesian networks (BNs) are graphical representations of probability distributions that visualize conditional probabilistic dependence relationships that often can be given a causal reading. These machine learning
based computational models are well suited for prognostication and can be applied
even when some patient findings are missing.1 One advantage is that they enable
to study the influence of all variables on one another, resembling clinical reasoning
more closely than other models.
Although most patients with endometrial carcinoma (EC) present with early-stage
disease and have a favorable prognosis, approximately 89,900 patients around the
world died in 2018 as a consequence of this disease.2 The presence of pelvic and/or
para-aortic lymph node metastasis (LNM) is one of the most important prognostic factors for poor outcome. Identification of LNM during primary treatment allows patients to benefit from adequate adjuvant treatment, as adjuvant treatment
improves survival in node-positive EC.3, 4 However, routine lymphadenectomy in
clinical early-stage EC has no impact on outcome, and is associated with substantial
long-term morbidity.5, 6 Consequently, no consensus exists regarding selection of patients who will benefit from lymphadenectomy. The current guidelines are suitable
to guide lymph-node-directed surgery based on clinicopathological factors.7 Yet, approximately 50% of LNM is found in patients designated as low/intermediate risk,
and a recent study showed that diagnostic accuracy for the prediction of LNM could
be improved.8, 9 The introduction of sentinel-lymph-node (SLN) mapping provides a
less invasive alternative strategy for evaluating lymph node status with only limited
morbidity. However, this procedure can be particularly challenging in obese patients. Moreover, there is debate about the impact of non-SLN involvement in pelvic
and para-aortic lymph nodes, supporting the need for non-invasive tools discriminating between patients with low risk and those with extensive nodal involvement.10
The use of preoperative prediction models could decrease over- and undertreatment, and allow prognosis-based shared decision-making. By identifying low-risk
EC groups that do not need lymph-node-directed surgery, these tools could positively impact health care costs. Only a few models rely exclusively on preoperative data, none has been implemented into current guidelines and to our knowledge
only one performs with an area under the curve (AUC) above 0.75 for prediction
of LNM, highlighting the need for more refined preoperative risk stratification.11-14
The Cancer Genome Atlas (TCGA) has demonstrated the prognostic value of molec-
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ular classification in EC, that may be suitable for adjuvant treatment planning in the
future.8, 15, 16 So far, these subgroups have not been related to LNM in a preoperative setting, nor to lymph-node-directed surgery. The TP53 mutated subgroup was
eminently identified as the subgroup with the poorest outcome, and can be easily
assessed by immunohistochemistry.17
We sought to develop and externally validate a preoperative BN based on clinical,
histopathological, and molecular biomarkers for the prediction of LNM and diseasespecific survival in EC patients.

Materials and Methods
Development cohort
A retrospective multicenter study was performed. The patients were identified
from a previously published cohort and included patients treated between February 1995 and August 2013 for International Federation of Gynecology and Obstetrics
(FIGO) stage I-IV endometrioid endometrial carcinoma (EEC), or non-endometrioid
endometrial carcinoma (NEEC) at one of ten participating European Network for
Individualized Treatment of Endometrial Cancer (ENITEC) centers.16 Participating
centers were: Radboud university medical center, Nijmegen, the Netherlands; University Medical Center Turku, Finland; KU Leuven, Belgium; University Hospital
Brno, Czech Republic; University Medical Center Freiburg, Germany; Bichat-Claude
Bernard Hospital, Paris, France; Haukeland University Hospital, Bergen, Norway;
Hospital Universitari Arnau de Vilanova, Lleida, Spain; Vall Hebron University Hospital, Barcelona, Spain; Hospital del Mar, Barcelona, Spain.
Only patients diagnosed by an expert gynecological pathologist, with complete clinical and pathological data and follow-up of at least 36 months, were included, yielding a cohort of 1,199 patients. For the current study, preoperative endometrial biopsy
slides were collected for assessment of the selected molecular biomarkers. This study
was approved by the Institutional Review Board Radboud university medical center
(Nijmegen, the Netherlands, Institutional Study Protocol 2015-2101). No informed
consent was obtained as all data were analyzed anonymously. This study is reported
as per the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) guideline.
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Selection and definition of variables
An overview of study procedures can be appreciated from Figure 1. This prespecified analysis plan was constructed before the study had begun to produce data.
Potential preoperative clinical and histopathological variables with prognostic value
for the prediction of LNM were identified by a systematic review of the literature
(Table 1).18 Four validated molecular biomarkers were selected for immunohistochemical staining on preoperative biopsy samples: estrogen receptor (ER), progesterone receptor (PR), L1 cell adhesion molecule (L1CAM), and p53. Loss of
ER and PR was validated as independent prognostic marker for the prediction of
LNM.8 From a biological perspective, loss of ER was associated with epithelialto-mesenchymal transition (EMT).19 L1CAM was validated as a strong prognostic
biomarker in EC, and was also associated with EMT.16, 20 Research by The TCGA has
shown that p53 status identified patients was in inherent poor prognosis.15 Adjuvant therapy was given according to regional or national protocols. Outcome variables were the presence of pelvic and/or para-aortic LNM, disease recurrence, and
disease-specific survival at 1, 3, and 5 years. Disease recurrence was classified as
local (vaginal vault), regional (involving pelvic structures), or distant (other recurrences).

Immunohistochemical analysis of endometrial biopsies
Detailed information on tissue processing, immunohistochemical analysis and scoring can be found in Appendix 1. ER and PR antibodies were generously provided
by Dako (Agilent Technologies, Santa Clara, CA, USA). Scoring of immunohistochemical staining was performed twice by assessors blinded to pathological and
clinical characteristics (N.V., H.K., J.B., K.v.d.V., C.R.). Discrepancies in scoring were
reviewed in a consensus meeting with all assessors.
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Table 1. Candidate variables for the construction of the Bayesian network.
Variables
Preoperative clinical and histopathological variables
Age
Body mass index
Hemoglobina
Leukocyte countsa
Thrombocyte countsa
CA-125 serum levelsa
Lymphadenopathy on MRI or CT
Cervical cytology
Tumor gradeb
Tumor histologya
Preoperative molecular biomarkers
Estrogen receptor expression
Progesterone receptor expression
L1CAM expression
P53 expression
Postoperative variables
Myometrial invasion
Lymphovascular space invasion
Cervical invasion
FIGO-stage
Tumor graded
Tumor histological subtyped
Adjuvant therapy

Cut-off value(s)

<70; ≥70 years
<25; ≥25 kg/m2
<12; ≥12 g/dl
≤10*109 ; >10*109 /l
<400*109 ; ≥400*109 /l
<35; ≥35 IU/ml
No; yes (≥10mm short axis diameter)
No; yes (atypical endometrial cells present)
1; 2; 3
Endometrioid; non-endometrioid
<10; ≥10% of tumor cells with nuclear staining
<10; ≥10% of tumor cells with nuclear staining
<10; ≥10% of tumor cells with membranous staining
Normal; aberrantc
No invasion; <50%; ≥50%
No; yes
No; yes
IA; IB; II; IIIA; IIIB; IIIC; IV
1; 2; 3e
Endometrioid; non-endometrioid
None; radiotherapy; chemotherapy; chemoradiation;
other

CA-125, cancer antigen 125; CT, computed tomography; FIGO, International Federation of Gynecology and Obstetrics; L1CAM, L1 cell adhesion molecule; MRI, magnetic resonance imaging.
a
Preoperative serum levels, assessed within 2 weeks before surgery. b Tumor grade and histology
assessed in preoperative endometrial biopsy. c Expression was considered aberrant when nuclear
staining was completely absent or when more than 80% of tumor cell nuclei exhibited strong expression. d Tumor grade and histological subtype assessed in hysterectomy specimens. e grade 3
includes grade 3 endometrioid and non-endometrioid endometrial carcinomas.
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Figure 1. Summarizing overview of the Bayesian network development and validation. BN, Bayesian network; MoMaTEC, Markers for the Treatment
of Endometrial Cancer; PIPENDO, PIpelle Prospective ENDOmetrial carcinoma.
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Bayesian network development
The BN was developed through an iterative process, including step-wise construction of different network structures using manual construction and a data-driven approach. First, manual construction was performed, because the use of expert knowledge is known to improve structure learning processes.21 Based on systematic review
and expert meetings, potential preoperative predictors were selected. These variables were displayed by the BN as nodes, and causal relationships were defined and
visualized as arrows connecting the nodes. As a starting point for the network structure, all variables important for creating a causal network representative of natural
tumor progression were included: postoperative tumor grade, myometrial invasion
(MI), and lymphovascular space invasion (LVSI). These variables were however not
used for prediction of the outcomes. Subsequently, the selected preoperative predictors were added to the structure. A likelihood was calculated to determine after each
cycle how well the network fitted the dataset. A higher log-likelihood indicates that
a model explains a given dataset more accurately.
Second, a data-driven approach using score-based machine learning algorithms was
adopted to further improve the BN. Specifically, the hill-climbing and Tabu-search
algorithms were used. Bootstrap resampling was applied to learn 500 network structures. Arc strengths (between 0 and 1) were computed, including the frequency of
an arrow (approximating its clinical significance) between two variables across the
500 bootstrap-resampled network structures. Arrows with arc strength >0.7 were
considered for inclusion in the BN. Again, log-likelihood was used to establish the
goodness-of-fit to the data of the resulting BN model. Multiple imputation was employed to impute missing data. This method calculated missing values by using
all the nodes of the BN as evidence in 500 random samples which were averaged for
each new observation. The network was developed, and imputation was performed,
using R (3.3.2) with the bnlearn package (4.4.1).

Bayesian network validation
Validation was performed by using only preoperative variables as predictor variables. Network performance was assessed based on overall performance, calibration, and discrimination testing. The model’s overall performance was quantified
by the Brier score, which is the mean squared difference between each predicted
probability and the observed outcome, between 0 and 1. A lower Brier score indicates better accuracy of the probabilistic predictions. Discrimination was assessed
using a receiver operating characteristic (ROC) curve generated by plotting sensitivity against 1-specificity. Discriminative performance was quantified based on the
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AUC. Calibration was visualized using calibration plots, in which the predicted outcome was plotted against the observed outcome. To quantify model calibration, the
predicted number of events was compared with the observed number. Sensitivity
analyses were performed by omitting molecular markers, and clinical markers respectively. Finally, decision analysis curves were plotted to assess the net benefit of
BN-assisted decisions.
Performance was validated using two prospective multicenter external datasets: the
Molecular Markers in Treatment in Endometrial Cancer (MoMaTEC) cohort (n=446),
including patients treated between May 2001 and 2010, and the PIpelle Prospective
ENDOmetrial carcinoma (PIPENDO) cohort (n=384), including patients treated between September 2011 and December 2013.8, 22 Patients from these cohorts were only
included if they had a minimal subset of variables: preoperative tumor grade, at least
three molecular biomarkers, at least one of the clinical preoperative markers, and information on outcome. The MoMaTEC cohort was used to validate both outcomes
(LNM and 5-year DSS) because all included patients had undergone lymphadenectomy; the PIPENDO cohort was used to validate 5-year DSS only because information on LNM was only available for a subset of patients. Analyses were performed
using IBM SPSS version 25.0 (SPSS IBM, New York, NY, USA) and R (3.3.2), with the
caTools (1.17.1.2), pROC (1.14.0) and caret packages (6.0-84).

Results
Patients
Preoperative endometrial biopsies were available from 809 of the 1199 patients
(67.4%) in the development cohort. Subsequently, 46 patients (3.8%) were excluded
because of insufficient tumor tissue in their endometrial biopsy, leaving 763 patients
for analysis (Appendix 2). Baseline characteristics are shown in Table 2, and did
not differ significantly from those of excluded patients, except for cervical invasion
(Appendix 3). The number of missing data for which imputation was used can be
appreciated from Table 2 as well. A total of 215 cases had information on all predictor variables. The MoMaTEC validation cohort consisted of 446 patients and the
PIPENDO validation cohort of 384 patients (Table 2).

Bayesian network development
The final BN is depicted in Figure 2. We elected not to include age, BMI, comorbidity, histology, hemoglobin, or leukocytes, as the arc strengths obtained from ma-
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chine learning were <0.7, which was supported by recent systematic reviewing of
literature showing only moderate performance.18 According to BN construction all
variables that represent natural tumor progression were included, e.g. LVSI and MI,
yet only preoperative variables were used for prognostication. All probability distributions are shown in the nodes, and dependencies are indicated by the arrows
connecting the nodes. Variables linked to each other are assumed to be dependent.
If variables are not connected directly or indirectly, they are assumed to be independent. Also, the direction of the arrows represents causality. For instance, “myometrial invasion → lymph node metastasis” can be read as “myometrial invasion
causes lymph node metastasis”. Multiple arrows pointing toward the same variable
indicate that the variable is the consequence of more than one cause. For instance,
“myometrial invasion → lymph node metastasis” and “LVSI → lymph node metastasis” represent two separate but interacting causes of LNM.

Application of the Bayesian network
Probability distributions without input from the other variables are represented in
Figure 2A. If the network is provided with evidence from patient findings, the probability distributions are automatically updated. For instance, if information about
preoperative tumor grade (grade 2), L1CAM expression (positive), cervical cytology
(atypical endometrial cells present), and CA-125 level (elevated) is added, the probability of having LNM increases from 8.6% to 77.7% (Figure 2B). Also, probability
estimates of all other variables included in the network can be extracted. For example, in this specific situation, the probability of a grade 3 tumor in the hysterectomy
specimens increases from 18.7% to 73.9%, and the probability of LVSI increases from
16.4% to 71.6%.
To further explain the BN’s behavior, Appendix 4 provides examples of the probability estimates for LNM in different situations. We developed an app-based tool using
the BN to estimate the probability of LNM and 5-year DSS in individual patients that
will be treated for EC (concept is shown in Figure 3).
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Table 2. Baseline characteristics of development cohort, and two validation cohorts.

Variable

Development cohort
(n=763)

Validation
cohort
MoMaTEC (n=446)

Validation
cohort
PIPENDO (n=384)

Age (y)
BMI (kg/m2 )
Follow-up (m)
Tumor grade, preoperative
1
2
3
Unknown
ER expression
Positive
Negative
Unknown
PR expression
Positive
Negative
Unknown
L1CAM expression
Negative
Positive
Unknown
P53 expression
Normal
Aberrant
Unknown
CA-125
≤35IU/ml
>35IU/ml
Unknown
Thrombocytes
<400*109 /l
≥400*109 /l
Unknown
Imaging results
No lymphadenopathy
Lymphadenopathy
Unknown
Cervical cytology
Normal
Abnormal
Unknown

65 (58-71)
29 (26-33)
60 (45-74)

64 (59-74)
27 (24-32)
54 (28-71)

66 (60-73)
29 (25-33)
50 (33-59)

372 (48.8)
173 (22.7)
110 (14.4)
108 (14.2)

374 (83.9)a
72 (16.1)

182 (47.4)
99 (25.8)
103 (26.8)

686 (89.9)
76 (10.0)
1 (0.1)

345 (77.4)
101 (22.6)

342 (89.1)
41 (10.7)
1 (0.3)

620 (81.3)
137 (18.0)
6 (0.8)

335 (75.1)
109 (24.4)
2 (0.4)

298 (77.6)
85 (22.1)
1 (0.3)

665 (87.2)
79 (10.4)
19 (2.5)

396 (88.8)
32 (7.2)
18 (4.0)

328 (85.4)
55 (14.3)
1 (0.3)

584 (76.5)
112 (14.7)
67 (8.8)

218 (48.9)
66 (14.8)
162 (36.3)

275 (71.6)
107 (27.9)
2 (0.5)

318 (41.7)
90 (11.8)
335 (46.5)

41 (9.2)
14 (3.1)
391 (87.7)

221 (57.6)
89 (23.2)
74 (19.3)

557 (73.0)
25 (3.3)
181 (23.7)

249 (55.8)
29 (6.5)
168 (37.7)

146 (38.0)
18 (4.7)
220 (57.3)

460 (60.3)
38 (5.0)
265 (34.7)

110 (24.7)
17 (3.8)
319 (71.5)

160 (41.7)
26 (6.8)
198 (51.6)

406 (53.2)
27 (3.5)
330 (43.3)

127 (28.5)
62 (13.9)
257 (57.6)

285 (74.2)
37 (9.6)
62 (16.1)
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Table 2 (continued)
Variable
Tumor gradeb
1
2
3
Histological subtypeb
EEC
NEEC
Unknown
Myometrial invasion
<50%
≥50%
Unknown
Cervical invasion
No
Yes
Unknown
FIGO-stage
IA
IB
II
IIIA
IIIB
IIIC
IV
LVSI
No
Yes
Unknown
Lymph nodes
Negative
Positive
Unknown
Treatment
None
Radiotherapy
Chemotherapy
Chemoradiation
Hormonal
Unknown

Development cohort
(n=763)

Validation
cohort
MoMaTEC (n=446)

Validation
cohort
PIPENDO (n=384)

317 (41.5)
289 (37.9)
157 (20.6)

171 (38.3)
142 (31.8)
133 (29.8)

140 (36.5)
127 (33.1)
117 (30.5)

714 (93.6)
49 (6.4)

367 (82.3)
79 (17.7)
1 (0.2)

307 (79.9)
77 (20.1)

477 (62.5)
283 (37.1)
3 (0.4)

273 (61.2)
172 (38.8)

208 (54.2)
176 (45.8)

591 (77.5)
86 (11.3)
86 (11.3)

371 (83.2)
71(15.9)
4 (0.9)

340 (88.5)
44 (11.5)

428 (56.1)
196 (25.7)
51 (6.7)
20 (2.6)
4 (0.5)
43 (5.6)
19 (2.5)

243 (54.5)
102 (22.9)
38 (8.5)
6 (1.3)
1 (0.2)
43 (9.6)
12 (2.7)

197 (51.3)
125 (32.6)
23 (6.0)
11 (2.9)
4 (1.0)
17 (4.4)
7 (1.8)

435 (57.0)
96 (12.6)
232 (30.4)

91 (20.4)
43 (9.6)
312 (70.0)

280 (72.9)
104 (27.1)

440 (57.7)
53 (6.9)
270 (35.4)

394 (88.3)
52 (11.7)

57 (14.8)
19 (4.9)
308 (80.2)

415 (54.4)
283 (37.1)
38 (5.0)
26 (3.4)
0
1 (0.1)

323 (72.4)
43 (9.6)
77 (17.3)
1 (0.2)
2 (0.4)

206 (53.6)
142 (37.0)
33 (8.6)
3 (0.8)
0

Continuous variables are presented as median (with inter-quartile range). BMI, body mass index;
CA-125, cancer antigen 125; EEC, endometrioid endometrial carcinoma; ER, estrogen receptor;
FIGO, international federation of gynecology and obstetrics; L1CAM, L1 cell adhesion molecule,
LVSI, lymphovascular space invasion; MoMaTEC, Markers for the Treatment of Endometrial Cancer; NEEC, non-endometrioid endometrial carcinoma; PIPENDO, PIpelle Prospective ENDOmetrial carcinoma; PR, progesterone receptor. a grade 1 and 2 combined. b postoperative.
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Figure 2. Final Bayesian network for the prediction of lymph node metastasis and 5year disease-specific survival. (A.) Probability estimates are shown when no markers were
recorded. (B.) Example of probability estimates in a case with preoperative tumor grade
(grade 2), cervical cytology (atypical endometrial cells), L1CAM expression (positive), and
CA-125 levels (>35IU/ml). Probability distributions are shown in the nodes, and dependencies are indicated by the arrows connecting the nodes. If variables are not connected directly
or indirectly, they are assumed to be (conditionally) independent. Often the direction of the
arrows can be given causal meaning. Red bars indicate that the specific variables is instantiated, i.e. a specific value or evidence is provided. Blue bars in the bar plots indicate the
resulting probabilities of the probability distributions. Due to imputation, probability distributions vary slightly from Table 2. CA-125, cancer antigen 125; DSS, disease-specific survival;
L1CAM, L1 cell adhesion molecule; LVSI, lymphovascular space invasion.
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Figure 3. Concept web-based interface of the Bayesian network. The baseline probability estimates for lymph node metastasis and 5-year diseasespecific survival (visualized in panel A) are interactively updated when variables are provided to the model (visualized in panel B). CA-125; cancer
antigen 125; DSS, disease-specific survival; ER, estrogen receptor; L1CAM, L1 cell adhesion molecule; PR, progesterone receptor.
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Validation
Validation was performed by using only the preoperative variables as predictor variables. The AUC was 0.82 (95% confidence interval [CI] 0.76-0.88) for LNM and 0.82
(95% CI 0.77-0.87) for 5-year DSS in the MoMaTEC cohort (Figure 4). Figure 4 depicts
ROC curves compared to ROC curves obtained from using only classic histopathological markers (tumor grade) as predictor variable. The Brier scores were 0.09 for
LNM and 0.12 for 5-year DSS, respectively. For 5-year DSS in the PIPENDO cohort,
the AUC was 0.84 (95% CI 0.78-0.90) and the Brier score was 0.10.
The prediction of LNM was well calibrated with the observed LNM for the external MoMaTEC cohort (Figure 4). The prediction of 5-year DSS was well calibrated
with the observed 5-year DSS for both external datasets, with a trend toward overestimating survival in the lower predicted survival rates. The ratio of predicted-toobserved cases for LNM was 1.01 (95% CI 0.77-1.32) in the MoMaTEC cohort. The
ratio of predicted-to-observed cases for 5-year DSS was 1.08 (95% CI 0.97-1.20) and
1.05 (95% CI 0.95-1.17) in the MoMaTEC and PIPENDO cohorts, respectively.
The number of positive predictions for different cut-off values is shown in Appendix
5, as well as sensitivity, specificity, positive predictive values (PPV), and negative
predictive values (NPV). With the BN, 249 patients (55.8%) were classified as having a risk of LNM <5%, with a false-negative rate of 1.6%. The false-positive rate
for this cut-off was 76%. The network’s predictions in the MoMaTEC cohort were
then categorized into risk groups based on observed prevalence of LNM (Table 3).
Groups were identified carrying a very low (0%), low (1.8%), intermediate (17%),
high-intermediate (21%) and high (36%) risk of LNM.
To investigate the impact of different predictors, sensitivity analyses were
performed, including only clinical and histological biomarkers (CA-125, lymphadenopathy on imaging, cervical cytology, thrombocytosis and preoperative tumor grade), and molecular and histological biomarkers (ER, PR, L1CAM, p53 and
preoperative tumor grade), showing negative impact on discrimination metrics
(Appendix 6).
As AUC analysis and calibration plots are unable to evaluate whether prediction
models improve clinical decision making, decision analysis curves were constructed.
The net benefit using ENDORISK (red lines), the net benefit made with the assumption that none has the outcome of interest (black lines), and the net benefit made
with the assumption that all have the outcome of interest (grey line) are shown in
Appendix 7. Use of the BN predictions for LNM to inform clinical decisions was
better than a scenario in which all patients were treated, or in which no patient was
treated with a risk probability ranging between 0.05 and 0.55.
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Table 3. Risk groups assigned based on predicted probabilities by the ENDORISK
Bayesian network.
Predicted probability

Risk group

Prevalence LNM

Number of patients

<1%
1-5%
6-15%
16-25%
>25%

Very low
Low
Intermediate
High-intermediate
High

0/24 (0%)
4/225 (1.8%)
14/84 (17%)
9/43 (21%)
25/70 (36%)

24/446 (5.4%)
225/446 (50%)
84/446 (19%)
43/446 (10%)
70/446 (16%)

LNM, lymph node metastasis.

Figure 4. Receiver operating characteristic (ROC) curves. (A.) prediction of lymph node metastasis in the MoMaTEC cohort, (B.) prediction of 5-year
disease-specific survival in the MoMaTEC cohort, and (C.) prediction of 5-year disease-specific survival in the PIPENDO cohort. Calibration plots
for (D.) prediction of lymph node metastasis in the MoMaTEC cohort, (E.) prediction of 5-year disease-specific survival in the MoMaTEC cohort, and
(F.) prediction of 5-year disease-specific survival in the PIPENDO cohort. (G.) Concordance statistics of the Bayesian network. The solid blue lines
represent the ROC curves obtained by ENDORISK. The blue dotted lines represent the ROC curves including obtained by using only preoperative
tumor grade as predictor (as a reference). The vertical bars in panel D represent 95% confidence intervals. AUC, area under the curve; CI, confidence
interval; LNM, lymph node metastasis; MoMaTEC: Markers for the Treatment of Endometrial Cancer; PIPENDO: PIpelle Prospective ENDOmetrial
carcinoma; ROC, receiver operating characteristic.
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Discussion
We have developed and externally validated the preoperative endometrial cancer
risk stratification (ENDORISK) BN for EC patients, based on molecular, histological,
and clinical biomarkers, to predict LNM and 5-year DSS. External validation
revealed high discriminative performance and good calibration for both outcomes.
ENDORISK was able to classify 55.8% of the patients as at <5% risk for LNM, with
a false-negative rate of 1.6%.
In the era of “personalized medicine”, the use of prediction models has gained
increasing interest among clinicians to guide treatment planning. Routine lymphadenectomy in clinical early-stage EC has not been demonstrated to improve
outcome and is associated with surgery-related morbidity of 15 to 20%.6 However,
selective surgery to identify those patients with LNM in a primary setting is
crucial because 5-year survival is 60 to 65% after adjuvant therapy for LNM.3 The
ENDORISK model is based on variables that can be assessed preoperatively, and
it could therefore support patient counselling and shared decision-making before
surgery. This model informs both the clinician and patient with individualized
risk estimates, weighed against patients’ preferences and the extent of the surgical
approach. Instead of providing risk groups, this model presents individualized
and continuous risk estimates, with the potential to improve tailored treatment
planning. More specifically, ENDORISK could help to decide whether to perform
lymph node-directed surgery or support physicians in deciding whether to perform
lymphadenectomy when a side-specific SLN cannot be detected. Using the model
allows identification of a low-risk (<5%) subgroup, with a false-negative rate of
1.6%, which may lead to selective omission of lymph node-directed surgery. Acceptable cut-off values have to be weighed against patients’ preferences, comorbidity
and age. We have shown that different risk groups can be identified, that could be
used to support shared-decision making in clinical practice. Before implementation
in the clinic, prospective evaluation will be necessary.

The mobile application

can be easily used in outpatient clinic settings to inform clinicians and patients
during clinical decision making. In this way, ENDORISK can interactively be used
requiring not more than a few minutes. Further implementation may be facilitated
by the development of a decision aid tool.
Few attempts have been made to predict the risk of LNM before surgical
treatment.11-13 Koskas et al.

evaluated the performance of different models

within their cohort of 519 patients.11-14 Only one model had an AUC above 0.75,
highlighting the need for improved preoperative risk stratification.11 Integration of

173
molecular classification of EC could improve risk stratification by providing robust
biomarkers that are more reflective of actual tumor biology.15 The “copy-number
high” subgroup was eminently identified as the subgroup with the poorest prognosis and is reflected by abnormal immunohistochemical p53 expression. Anticipating
on the rise of molecular classification this biomarker was included into the BN.
Preoperative ER and PR expression, evaluated in the prospective MoMaTEC1-trial,
predicts LNM with an adjusted odds ratio of 2.0.8 L1CAM expression, validated as
a preoperative prognostic biomarker, predicts LNM with an adjusted odds ratio of
2.5 and was shown to refine the ‘p53wt’ subgroup.
Our model incorporated both molecular and clinical information and exhibited
high diagnostic performance in two rounds of external validation. Because BNs
determine causes and effects based on the conditional probabilities between
variables, they can be used to make meaningful predictions even when not all
variables are available, in contrast to traditional regression models that require all
predictor variables to be known. Moreover, the visual network structure provides
interpretable predictions on all variables and allows clinical reasoning based on
intuitive connections between variables in medical data.1
In an attempt to decrease morbidity associated with lymphadenectomy, a shift is
taking place toward less invasive sentinel-lymph-node mapping, which allows evaluation of SLN with only limited morbidity.24 Identification of the SLN is successful
in 81% of patients, which has led to an algorithm that prescribed side-specific
lymphadenectomy in the event that SLN cannot be detected in a hemipelvis.24, 25
With the ENDORISK model we correctly identified 55% of patients with extremely
low risk of LNM, in which lymph node evaluation might be omitted in specific
cases, such as morbidly obese or fragile patients.10 The exact role of SLN mapping
in high-risk patients, especially with non-endometrioid histology, remains to be
elucidated.26 Patients with LNM could benefit from surgical removal of metastatic
lymph nodes, as a retrospective study including 12,333 patients showed that the
extent of nodal resection was significantly associated with improved survival in
node-positive patients (53% in patients with less than ten nodes removed, to 72% in
those with more than 20 nodes removed).27 To note, this study was unsuited to draw
any conclusions on causality. Moreover, uncertainty of para-aortic node status may
result in inappropriate adjuvant therapy choices, including non-inclusive radiation
fields.

The current study has some limitations. Inherent to the retrospective nature of
the study, missing values were present, and techniques were used to impute the
missing data. For the external validation, imputation was not applied because
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the nature of BNs allows for missing predictor variables. Moreover, the clinical
applicability of ENDORISK to rare histological subtypes of ECs, e.g., clear cell
carcinomas or undifferentiated carcinomas remains uncertain because these cases
constitute only a small subgroup within our cohort. We have chosen to include p53
expression in the ENDORISK model since abnormal p53 was eminently identified
as the subgroup with the poorest prognosis, and p53-status can be easily assessed
with immunohistochemistry.17 We have chosen to include immunohistochemical
biomarkers to have this model easily and widespread incorporated in clinical
practice.
Dynamic prediction modelling is essential to allow a model to stay up-to-date with
changing treatments and new biomarkers. One of the advantages of BNs is that
they can be updated with new evidence, allowing them to evolve over time through
the incorporation of new data. They can be updated with new data from variables
already included in the BN but also with information on new candidate biomarkers.
With the increasing availability of molecular techniques, the inclusion of these
immunohistochemical biomarkers is the first step anticipating on adding molecular
information, such as polymerase- (POLE) and microsatellite-instability (MSI) status,
in the future if value is demonstrated in the preoperative setting. Moreover, high
potential imaging biomarkers could include expert ultrasound and novel structural
and functional imaging techniques by MRI.
This study illustrates how BNs can be used for individualizing clinical-decision making in oncology by incorporating easy accessible and multimodal biomarkers. We
developed the preoperative ENDORISK BN model for patients with EC to predict
LNM and 5-year DSS, using molecular, histological, and clinical biomarkers. External validation revealed high diagnostic performance. The network improves understanding of the complex interactions underlying the carcinogenetic process of
endometrial cancer by its graphical representation. By applying ENDORISK in a
representative endometrial cancer cohort, 55.8% of patients was classified as low
risk, with a false-negative rate of 1.6% (4/249). To investigate whether ENDORISK
positively impacts individualized treatment, prospective evaluation is necessary incorporating patient reported outcome measures.

URL
The ENDORISK BN can be downloaded from http://www.cs.ru.nl/ peterl/endomcancer.html.
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General discussion and future perspectives

In this thesis, results of clinicopathological and molecular biomarkers to improve
the diagnosis and risk stratification of endometrial cancer (EC) treatment are presented. To this end, we have integrated several biomarkers into a Bayesian network
to predict lymph node metastasis (LNM) and outcome, with the ultimate goal to
individualize treatment planning in a shared decision making tool (Figure 1). The
clinical relevance and implications of the main findings of the studies in this thesis
are discussed below.

Integrating biomarkers for endometrial cancer diagnosis
Two important clinical issues are faced within the current work-up for EC diagnosis.
First, there is a significant discordance between preoperative and final histological
subtype and tumor grade. Second, outpatient biopsy procedures have a significant
failure rate. In chapter 2, we have performed a systematic review and meta-analysis
showing agreement between preoperative and final tumor grade in only 67%, and
in 95% between preoperative and final histological subtype. Grade 2 carcinomas
revealed the lowest agreement between preoperative and final tumor grade (61%),
whereas grade 1 and 3 showed agreement in 75%. Underestimation of tumor grade
may lead to inadequate surgery, which is specifically relevant in a discrepancy
between grade 2 and grade 3. On the other hand, overestimation of tumor grade
may lead to unnecessary complete surgical staging with associated morbidity.1
Moreover, for patients in whom conservative treatment is preferred, e.g. for fertility preservation purposes, adequate prognostic analysis may be even more pivotal.
Several explanations can be given for the observed disagreement between preoperative and final histological subtype and tumor grade. First, we have shown
that sampling bias due to a limited amount of biopsied tissue influences the
sample’s representativity.2 In small biopsies containing only superficial tissue,
areas of solid growth or aggressive histology can be missed.

The accuracy of

the pipelle endometrial biopsy in discriminating between benign and malignant
disease is associated with the amount of endometrial tissue retrieved, with scarce
tissue being associated with a substantial chance of missing malignant disease.2
Even though this theory is attractive for tumor grading as well, this may imply
that sampling techniques yielding a high amount of tissue would have a higher
agreement, which was however not found in our meta-analysis. Dilatation and
curettage (D&C) revealed the lowest agreement, and hysteroscopic biopsies had the
highest agreement, even though D&C is considered to yield the most endometrial
tissue. Most likely, not only the amount of endometrial tissue is associated with the
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observed agreement in diagnosis, but also the representativity of the tissue taken.
Hysteroscopic biopsies are taken under direct visualization and may therefore also
enclose deeper carcinoma tissue.
The high disagreement on grade 2 carcinomas found in our meta-analysis questions
the clinical utility of a three-tier FIGO grading system, and actually supports the
use of a two-tier grading system. Although grade 2 carcinomas were shown to have
a slightly poorer outcome than grade 1 in some studies,3, 4 this was not consistently
demonstrated by others.5, 6 In a large retrospective series including 1,544 early-stage
carcinomas, it was shown that preoperative grade 1 was associated with a lower
risk of LNM than grade 2 (6.6% vs.

11.6%, p=0.003), but this difference fully

disappeared after correcting for depth of myometrial invasion (MI).7 A two-tier
system, distinguishing low-grade (e.g. 1 or 2) and high-grade (grade 3) carcinomas,
has been shown to be more reproducible than a three-tier system and has high
prognostic value.3-6
In an attempt to further solve this clinically relevant problem, the PIpelle Prospective ENDOmetrial carcinoma (PIPENDO) study was performed by our research
group and investigated whether pathology review by a specialized pathologist and
addition of a panel of diagnostic immunohistochemical biomarkers on preoperative
histology improves agreement on histological subtype and tumor grade.8 The use
of four immunohistochemical biomarkers (progesterone receptor [PR], p53, Insulinlike growth factor-II mRNA-binding protein 3 [IMP3] and L1 cell adhesion molecule
[L1CAM]) on preoperative histology was able to significantly reduce disagreement
on grade 2 as well as histological classification within grade 3 ECs (manuscript
submitted).9 More specifically, the use of PR and p53 reduced discordance in patients
with grade 2 from 25 to 16% with improved AUC (0.917 vs 0.845, p<0.001). The use
of PR, IMP3 and L1CAM improved AUC for histological classification to 0.932.
Diagnostic challenges of outpatient endometrial biopsies reach beyond the disagreement between preoperative and final diagnosis, as a preoperative diagnosis cannot
be made in up to 30% of patients, because the uterine cavity cannot be accessed during the procedure or insufficient tumor tissue is obtained.10 As the risk of malignancy
was shown to be 5-8% in these non-diagnostic samples, a secondary procedure has to
be performed, by either hysteroscopic biopsy or D&C.11, 12 It was previously shown
that tumor DNA can be detected in Pap brushes obtained from EC patients.13 Therefore, we have investigated whether mutational analysis with an eight-gene targeted
next-generation sequencing (NGS) panel can improve histopathological diagnosis
of EC by decreasing the number of non-diagnostic samples (chapter 3). We have
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shown that mutational analysis of Pap brush samples, cervicovaginal self-samples,
and pipelle endometrial biopsies yielded a sensitivity of 78%, 67% and 97%, with
specificities >95% for the detection of EC. Combined with histopathological assessment, mutational analysis offers a minimally invasive technique with superior diagnostic accuracy compared to histopathological assessment alone (sensitivity 93-96%).
These findings suggest that molecular analysis alone in its current form may not yet
improve diagnosis of EC, but rather complements histopathological diagnosis.
Wang et al. found a sensitivity of 81%, using a 18 gene targeted NGS panel and an
assay for aneuploidy.13, 14 Maritschnegg et al. developed an approach for lavage of
the uterine cavity to detect shed cancer cells, predominantly in ovarian cancer patients, and identified mutations in all five included patients with EC.15 Nair et al.
used two targeted NGS panels for ultra-deep sequencing of uterine lavage fluids obtained from 107 patients, of whom 7 were diagnosed with EC.16 All seven patients
were found to have EC-associated mutations. Interestingly, in 51 patients without
cancer diagnosis, cancer-associated mutations were found, mainly in PIK3CA, KRAS
and PTEN. The presence of pathogenic mutations in these 51 patients was associated with higher age and postmenopausal status, and 30 patients were diagnosed
with endometrial polyps. These findings suggest a complex genetic environment, as
in some tissues ‘pathogenic’ mutations appear to be present in individuals without
cancer. Given the finding that mutations in healthy controls were mainly found in
a subset of genes, with low variant allele frequencies (VAF), one could discuss that
refining the criteria for abnormal NGS results in uterine lavage samples should take
into account 1) the type/number of genes mutated and 2) the VAF. The fact that we
found fewer pathogenic mutations within the control group of our study may be due
to a lower age of the patients, distinct sampling methods (e.g. cervical cytology) that
may not detect mutations at lower VAFs, and another mutational panel used.
None of the above-mentioned studies have investigated the ability to classify histological subtypes based on genomic aberrations. Martinez-Garcia et al. developed a
proteomics-based signature from uterine aspirates to detect EC and classify tumors
into endometrioid or serous histology.17 A three-protein panel could distinguish between the two histological subtypes with 95% sensitivity.
Whereas the above-mentioned studies have obtained the samples at the level of the
uterine cavity/cervix, we have also shown that it is possible to detect tumor DNA
at the level of the vaginal canal with minimally invasive self-sampling techniques.
Bakkum-Gamez et al. have demonstrated that specimens collected via intravaginal
tampons differ in DNA methylation levels between patients with and without EC,
and may thus provide a potential alternative non-invasive source for molecular diagnosis of EC.18
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Integrating biomarkers for endometrial cancer risk stratification
To stratify patients for surgical and adjuvant treatment, several international guidelines have incorporated clinicopathological risk stratification systems. These systems
are challenged by moderate diagnostic accuracy for prediction of LNM and cancer
recurrence, and there is an urgent clinical need for additional tools such as biological
markers to better select patients for treatment.19, 20

Clinical biomarkers
In order to investigate the diagnostic accuracy of preoperative clinical biomarkers for
the prediction of LNM, we have performed a systematic review and meta-analysis
in chapter 4. Lymphadenopathy on imaging was associated with a large increase
in risk of LNM; elevated cancer antigen 125 (CA-125) and thrombocytosis with a
moderate increase, while normal CA-125, cytology, and absence of lymphadenopathy on 18 FDG PET-CT were associated with a moderate decrease in risk of LNM. All
other biomarkers, e.g. body mass index, leukocytosis, anemia, had an area under
the curve below 0.75 and incurred only small impact, making them less attractive for
incorporation in prediction models.
Enlarged lymph nodes on imaging are accompanied with a high-risk of LNM,
whereas negative results impact the risk of LNM to a lesser extent, resulting in a low
sensitivity. This is probably due to limitations of using nodal size only as the sole
criterium for identifying lymph nodes as metastatic. A commonly used threshold is
10 mm as shortest transversal diameter. Approximately half of LNM in EC are micrometastases, which will likely be missed with standard imaging techniques.21 Even
18

FDG PET-CT, which does not only rely on size criteria, but also on visualization of

increased glucose metabolism by cancer cells, performs moderately for detection of
small metastases: in a previous study, the sensitivity was 17% for nodal metastases
of 4 mm or smaller, 67% for nodal metastasis between 5 and 9 mm, and 94% for nodal
metastases of 10 mm and larger.22 Despite limited sensitivity, we have shown that the
presence of enlarged lymph nodes within all three investigated imaging techniques
was evidently associated with a high-risk of LNM, yielding posttest probabilities of
55-64% in case of positive results. These results underline the diagnostic importance
of preoperative imaging when stratifying patients for nodal surgery.
CA-125 is an antigen expressed by tissues of Müllerian origin, and the mesothelial cells in the peritoneum, pleura and pericardium.23 Although increased expression of CA-125 is correlated with advanced disease in EC, CA-125 can also be
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expressed in endometriosis and menstruation, questioning it’s specificity in premenopausal women.23-25 Consequently, some studies report on higher cut-off values
than 35IU/ml for the prediction of LNM. In our review however, we have shown
that differences in cut-off values do not significantly impact the diagnostic accuracy
of CA-125. Even though in our systematic review we were unable to perform multivariable logistic regression analyses, we have investigated the prognostic value of
CA-125 in a multicenter cohort (chapter 5). Here we have demonstrated that CA-125
has prognostic value after correcting for traditional risk factors, and patients with
low-grade carcinomas and elevated CA-125 show up with recurrent disease in almost 20% of cases. Taken these results together, CA-125 was identified as a powerful
and easily-accessible preoperative biomarker with high potential to refine risk stratification in EC.
Thrombocytosis was found to be a poor prognostic factor predicting LNM, which
is in line with findings in other malignancies, including ovarian, cervical and colorectal cancer.26-28 Interestingly, thrombocytopenia induced in mice resulted in a
50% reduction in metastases, which was reversed by transfusion of platelet-rich
plasma.29 The mechanistic role of hemostatic systems in oncology has been studied for decades, revealing a remarkable and complex interplay between thrombocytes and cancer cells. First, tumor-derived interleukin 6 (IL-6) was shown to activate thrombopoiesis, resulting in thrombocytosis.30 Furthermore, thrombocytes can
act like dynamic reservoirs for various angiogenesis-regulating factors, including
vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), and
may thus be conductive to neo-angiogenesis.31 In addition, thrombocytes have been
shown to excrete microvesicles expressing selected platelet membrane and cellular
proteins.32 These microvesicles have been associated with increased metastatic potential in several cancer cell lines, upregulating factors like metalloproteinases 9 and
14, thereby increasing adhesion, proliferation, chemotaxis and survival.33, 34 Also it
has been suggested that thrombocytes facilitate tumor cells to evade the immune
system.35 Taken these results together, thrombocyte count is an important prognostic
marker from both a clinical and biological perspective, and could therefore complement preoperative work-up for EC.
The presence of endometrial cells in cervical cytology samples of EC patients was associated with an increased risk of LNM. The presence of endometrial cells in cervical
cytology can either be due to direct invasion of the endometrial tumor into the cervix,
or due to loosely cohesive EC cells shedding into the cervical canal. Several studies have found a correlation between abnormal cervical cytology and serous/highgrade histology, reflecting the papillary architecture of these tumors with the propensity to exfoliate.36, 37
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Taken together, these four clinical biomarkers had the highest diagnostic accuracy
for the prediction of LNM, and were thus considered as candidate markers for the
Bayesian network constructed in chapter 9.

Molecular biomarkers
We have included four molecular markers in the Bayesian network: estrogen
receptor (ER), PR, L1CAM, and p53. The prognostic role of hormone receptor loss
has been acknowledged in EC since 30 years and has repeatedly been confirmed as
an independent prognostic marker, associated with poor characteristics including
deep MI and LNM.38-43 The prospective multicenter Molecular Markers in Treatment of Endometrial Cancer (MoMaTEC-1) trial has validated the independent
prognostic value of preoperative hormone receptor loss for the prediction of
LNM, and has led to the currently ongoing phase 4 MoMaTEC-2 trial.40, 44 In this
trial, lymphadenectomy is guided by the expression of hormone receptors in the
preoperative specimen. Although functional mechanisms are not yet completely
understood in EC, loss of ER is associated with an epithelial-mesenchymal transition
(EMT) signature and increased transforming growth factor-β (TGF-β) signaling, a
potent inducer of EMT.45, 46 In cell lines, the loss of PR was associated with increased
migration, expression of the mesenchymal marker vimentin, and upregulation
of EMT-related pathways including TGF-β and Wnt/β-catenin signaling.47 These
biological functions were further strengthened by the inverse correlation found
between L1CAM and ER/PR/E-cadherin expression.48
L1CAM has recently been identified as one of the strongest prognostic biomarkers in
EC and preoperative L1CAM expression is independently associated with LNM.49-52
From a biological perspective, L1CAM is a transmembrane glycoprotein involved
in cancer development and progression, and can be expressed in a full-length or
cleaved form.53 L1CAM is associated with EMT and plays an important role in
cell migration, invasion and cell-cell adhesions, associated with Erk-dependent
gene expression in different cancer types, as well as activation of nuclear factor
κβ (NF-κβ), MAPK, and PI3K pathways.54-56 L1CAM can be upregulated by the
transcription factor SLUG, upon induction of TGF-β.57
P53 has since many years been acknowledged as an important tumor suppressor
and a marker for poor prognosis in many cancer types. The Cancer Genome Atlas
(TCGA) identified the TP53 mutated subgroup as the subgroup with the poorest
clinical outcome in EC.58 From a biological perspective, it was shown that the p53
protein has a role in EMT through transcriptional activation of miR-200c by binding
to the miR-200c promoter.59
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Although the prognostic value of the aforementioned four biomarkers is supported
from a pathophysiological perspective, some issues still need to be addressed.
First, most prognostic studies are based on immunohistochemical expression in
hysterectomy specimens. We and others have shown that L1CAM tends to be
expressed at the invasive tumor front, questioning the representativity of L1CAM
expression in preoperative biopsies often containing only superficial cancer tissue.60
Consequently, the concordance rate between L1CAM expression in preoperative
biopsies and hysterectomy specimens has been shown to be only moderate.51 In our
own study, Cohen’s κ was 0.66 between L1CAM expression in preoperative biopsies
and hysterectomy specimens indicating only moderate agreement (unpublished data).
P53 expression is more homogeneous and highly concordant between preoperative
biopsy and hysterectomy specimen.61, 62 In our own study, Cohen’s κ for ER and PR
expression in preoperative biopsies and hysterectomy specimens was low as well:
0.36 for ER and 0.50 for PR (unpublished data).
Second, the question of an optimal cut-off value for L1CAM, ER and PR positivity
remains unanswered up until now. For L1CAM we have used a cut-off value of
10% based on previous prognostic studies for EC.49-51 Tangen et al. have used a
staining index based on both staining intensity and area.52 Van Gool et al. found
that an alternative threshold of 50% predicted prognosis in high-risk EC.63 For
ER and PR expression, we have used a cut-off value of 10%, following national
guidelines for immunohistochemical testing of hormone receptors in breast cancer.64
The American guidelines however recommend the use of a 1% threshold in breast
cancer.65 To what extent the cut-off values for ER and PR in breast cancer can
be translated to EC is questionable, and consequently studies have used varying
cut-offs, from 1%66 up to even 40%.67 Trovik et al. have used a staining index
based on staining intensity and area to evaluate the prognostic value of ER and
PR in preoperative biopsies within the MoMaTEC-1 trial.40 Obviously, differences
in criteria to define ER/PR positivity hamper a general interpretation of existing
data, and more data are needed to determine the optimal cut-off values. Recently,
research from our group has shown that ER expression does not always reflect actual
activity of the ER-pathway as measured by mRNA-analysis: in both patients with
positive and negative IHC ER expression, a broad range of ER-pathway activity was
observed, varying from low to high pathway activity scores (manuscript submitted).68
Consequently, ER-pathway activity could assist in determination of the optimal
cut-off value for ER expression as prognostic biomarker. Digital image analysis can
also assist in scoring complex biomarkers and can contribute to a more objective
and reproducible evaluation.

Interestingly, in prostate cancer, digital imaging

analysis was shown to significantly improve interobserver variability for scoring of
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immunohistochemical ER expression.69
The TCGA classification is emerging as an important prognostic classifier, identifying four subgroups with eminent distinct prognoses. Clinically applicable classifiers
have been developed and validated to recapitulate these subgroups.70, 71 This classifier has originally been validated within hysterectomy specimens, but was shown
to be highly concordant with preoperative biopsies.62 Within this classification, approximately 40% of patients is designated as p53 wildtype, or copy number low, and
could benefit from the implementation of immunohistochemical markers to further
refine these subgroups.58 L1CAM was shown to further refine the p53 wildtype
subgroup.72 In our own series, we have shown that PR expression is associated with
disease-specific survival within the p53 abnormal group (unadjusted hazard ratio
[HR] 2.65, 95%-confidence interval [CI] 1.15-6.13, unpublished data) supporting the
clinical value of hormone receptor status, even in the era of molecular classification.

In this thesis we have also explored the potential of several biomarkers assessed
in hysterectomy specimens to triage patients for adjuvant treatment. In chapter 6,
we have investigated the prognostic value of hypoxia and angiogenesis in a large
cohort of EC patients. The presence of hypoxia, quantified by carbonic anhydrase
IX (CAIX) expression, was associated with impaired disease-specific survival (HR
3.71, 95%-CI 1.59-8.63), as well as high microvasculature surrounding the ECs. Interestingly, especially those patients with both hypoxic tumors and high microvessel
density (MVD) experienced poor outcome; patients with hypoxic tumors and low
MVD experienced similar outcomes as patients with non-hypoxic tumors. In those
with poor outcome, an increased risk of distant metastases was observed. These
findings support the hypothesis that neo-angiogenesis facilitates hematogenous
spread of hypoxic tumor cells, harboring an aggressive and metastatic phenotype
due to activation of hypoxia-induced intracellular pathways, with subsequent poor
clinical outcome. Hypoxia-induced proteome changes in tumor and stroma enable
the tumor cells to adapt to nutritional deprivation and escape the hostile microenvironment, by stimulating glycolytic enzymes, glucose transporters (GLUT1
and GLUT3), growth factors (vascular endothelial growth factor, angiogenin),
and proteins involved in tumor invasion.73-77 Notably, in a recent cell line study
including clear cell renal cell carcinomas long-term hypoxia was associated with
upregulation of L1CAM.78 In addition, hypoxia interferes with the fixation of DNA
damage after radiotherapy, which is a major cause of resistance to radiotherapy.79
In this perspective, CAIX expression could also represent a predictive marker
associated with resistance to radiotherapy, rather than only a prognostic marker.
Given the increased risk of distant metastases, differential adjuvant treatment
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could be explored for these patients either in the form of chemotherapy or targeted
therapies directed against angiogenesis.
In chapter 7, we have investigated the four prognostic molecular subgroups as
identified by the TCGA. We confirmed the prognostic value of the four subgroups
in a cohort of stage IB/II grade 3 ECs and showed that mismatch repair (MMR)
deficiency was predictive for response to adjuvant radiotherapy. Preclinical research
has shown that MMR repair proteins have multiple roles in the damage repair
pathways following radiation injury, including activation of NFκB, meiotic recombination 11 (MRE11), and p53 mediated signaling.80-82 Prospective evaluation should
be performed to confirm MMR-status as a predictive marker for the response on
radiotherapy. In an advanced or recurrent setting, these MMR-deficient ECs were
already identified as candidates for immunotherapy, with a high response rate to
the programmed death receptor-1 blocker pembrolizumab.83 The sensitivity of these
tumors to immune checkpoint blockage is probably due to the large proportion of
mutant neoantigens present in MMR-D cancers.
In chapter 8, we have explored whether molecular profiling could refine the prognosis of synchronous endometrial and ovarian cancers (SEOs). By molecular profiling
of SEOs, that have been assumed to develop as two independent primary tumors,
we have shown that most are actually clonally related, and are assumed to originate from the endometrium. We have shown that these carcinomas have a favorable outcome despite being classified as (pseudo)metastatic FIGO-stage III disease
on a molecular level. TP53 mutations and the presence of extra-utero-ovarian disease were independently associated with poor outcome, and thus could be used to
risk-stratify these patients. The aggressive clinical course of these TP53 mutated carcinomas could be attributed to decreased apoptosis and cell-cycle arrest, and the induction of EMT in TP53 mutated cancers. In addition, it was recently shown in lung
adenocarcinoma that TP53 mutated cancers are able to evade the immune system by
increasing the expression of programmed death-ligand 1.84 In this perspective, TP53
could serve as a potential predictor for selection of immunotherapy, although this
needs to be further studied in EC. The very favorable outcome of these SEOs in the
absence of adverse prognostic markers implies that these tumors rather represent
“pseudometastasis”, with tumor cells locally spreading to the ovary, without being
able to actually invade the circulation and spread to distant sites. Consequently, the
observation that these carcinomas are clonally related is probably not sufficient to
primarily justify adjuvant treatment, but more important prognostic factors, including the presence of extra-utero-ovarian disease and TP53 mutations should be used

187
to triage therapy in these patients.

Bayesian networks
In chapter 9, we have developed and externally validated the ENDORISK Bayesian
network (BN) incorporating clinical, histological and molecular biomarkers for the
prediction of LNM and outcome. This network is based on variables that can be assessed preoperatively and are easily accessible. Incorporation of clinical, histological
and molecular biomarkers yields superior diagnostic accuracy compared to existing
risk stratification systems. Sensitivity analyses showed worse diagnostic accuracy
analysing only clinical or molecular biomarkers. BNs are powerful graphical networks and can be particularly relevant in settings with uncertain and missing data.
Another key point of BNs is that they offer a graphical viewpoint to the underlying processes involved in predicting the outcome, making the predictions clinically
meaningful and intuitive.
We have developed a mobile-based application in order to make the model widely
available and easy-to-use by professionals and patients. This application could be
used to support patient counselling and shared decision-making before surgery.

Integrated risk stratification system in other tumor types
In several tumor types integrated prognostic systems have been developed and implemented to predict outcome. To illustrate, two systems in breast cancer include the
PREDICT and Adjuvant!.85, 86 The PREDICT was originally developed and validated
using patient factors (age) and histological characteristics (tumor size, grade, ERstatus), but was later updated with HER2-status and Ki-67 as these markers were
shown to improve the model’s performance.85, 87, 88 As stated on their website, the
model will soon be updated with information on PR as well. Adjuvant! is currently being updated with HER2-status. These integrated models provide individualized survival estimates based on multimodal information, and aid oncologists in
decision-making about adjuvant therapy. Adjuvant! survival estimates are incorporated in the Dutch guidelines, and the use of Adjuvant! is endorsed by the British
National Institute for Health and Clinical Excellence (NICE) and American National
Comprehensive Cancer Network (NCCN).89-91 A questionnaire amongst British oncologists showed that 96% used Adjuvant! to calculate survival estimates and most
oncologists were confident about the accurateness of the estimates.92 A Dutch questionnaire study has shown Adjuvant! was used amongst the majority of oncologists
to inform patients and decide whether or not to recommend chemotherapy.93 Moreover, gene expression profiles, e.g. MammaPrint and Oncotype Dx, have been shown
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to bear complementary prognostic value in specific breast cancer patient groups.94, 95
The NCCN guidelines have incorporated the Oncotype Dx in their adjuvant therapy
algorithms.90

Future perspectives
Integrating biomarkers for endometrial cancer diagnosis
Molecular analysis has two important applications in EC diagnostics: reducing the
rate of inconclusive samples and providing the clinician with essential prognostic information (Figure 1). It should be further explored to what extent these techniques
may contribute to risk stratification by separating low-risk and high-risk disease,
rather than only separating patients with and without cancer.
Interestingly, the Pap test has dramatically decreased mortality rates of cervical cancer. As these Pap tests are routinely performed in countries with cytology-based cervical population screening, aforementioned molecular techniques may lay the foundation for screening on EC in selected high-risk groups, such as women with Lynch
syndrome or obese women. Importantly, several questions should be answered focused on public health screening criteria.96, 97 These criteria define several aspects to
select conditions that would be suitable for screening including definition of which
women should be tested, the ability to identify premalignant stages, and implementation in a cost-effective way. Prospective validation studies should be performed to
address these clinically relevant issues.

Integrating biomarkers for endometrial cancer risk stratification
In this thesis, several markers were investigated, and a selection was incorporated
into the ENDORISK BN. One of the advantages of BNs is that they can be updated
when new evidence becomes available, allowing them to evolve over time through
the incorporation of new data. Importantly, the prognostic value of BN is further
refined, as a higher volume of data is provided to the model, reflecting the ‘selflearning’ ability of these networks. Hypoxia and the TCGA prognostic subgroups
were studied in chapter 6–8, and are important candidate biomarkers for future incorporation into the ENDORISK BN.
Hypoxia was investigated as a prognostic marker and patients with CAIX expression with high MVD in their cancers were identified as a group with poor outcome,
related to increased risk of distant metastases. Given the increased risk of distant
metastases, differential adjuvant treatment could be explored in the form of targeted
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therapies directed against angiogenesis. Among the most studied anti-angiogenetic
agents is bevacizumab, a targeted anti-VEGF antibody. Hypoxia can activate VEGFindependent pro-angiogenetic pathways by hypoxia-inducible factor 1α (HIF-1α)
upregulation.98 Consequently, combination therapies may be a better choice regarding anti-angiogenetic therapy.
The TCGA prognostic subgroups identified by the ProMisE classifier include the
POLE, MMR-d, p53wt/abn subgroups.58, 70 Future research should investigate the
prognostic value of the TCGA prognostic subgroups in relation to LNM to clarify
whether addition of these markers to the BN improves the diagnostic accuracy. Also,
novel imaging techniques and new contrast agents could improve visualization of
tumor biology as well as the presence of metastatic disease, with the potential to
improve the sensitivity of current imaging methods.99 More specifically, the use of
lymph node-specific contrast agents based on ultra-small particles of iron oxide (USPIO) has been shown to increase the sensitivity of detecting LNM.100 Also, novel MRI
parameters reflecting primary tumor microstructure, microvasculature and hypoxia,
as well as novel PET-CT tracers, can potentially provide us with more information
about the aggressiveness of the disease.
Finally, it is important to note that sentinel-lymph-node (SLN) mapping is emerging
as a less invasive alternative to lymphadenectomy, with a high sensitivity to detect
LNM.101 As SLN mapping may be a safe alternative to full lymphadenectomy, information on SLN status can be incorporated into the BN, improving the network
with information from SLN ultrastaging, i.e. the presence of isolated tumor cells,
micro- and macrometastases, to further refine risk stratification. The limited morbidity of SLN procedures will lower the thresholds for performing node-directed
surgery. Yet, SLN can still benefit from preoperative selection of patients. We have
shown that the ENDORISK BN could assign 55% of patients as low-risk with a 1.6%
risk of LNM. If SLN mapping can safely be omitted in such a substantial part of all
patients, this would positively impact health care infrastructure, costs and length
of surgery, and prevent for instance vulnerable patients from being referred to academic hospitals without medical need. Second, high-risk patients can be identified
with non-SLN metastases, that benefit from removal of positive para-aortic and/or
pelvic non-SLNs.

Implementing Bayesian networks
Even when prediction models are developed with superior accuracy, this does not
directly imply good clinical utility and improved patient satisfaction in daily clinical
practice.102 To investigate whether the ENDORISK BN actually influences doctors’
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decisions, improves clinical outcome, quality of life and patient participation, and is
cost effective, a thorough prospective evaluation is fundamental. Even though prediction models have been identified by the National Cancer Institute as an area of
‘extraordinary opportunity’, actual prospective implementation studies are in general very scarce.103
It is well known that implementation is laborious and should be well prepared, especially when a change in clinical practice is required.104 In order to develop a decision
support tool, patients’ and doctors’ perspectives regarding the use of the prediction
model should be studied. Decision support tools among patients and doctors are
most effective when development is based on explored factors that either facilitate
or impede the use such as innovation.105 Analysis of these facilitators and barriers
can be studied on different levels (innovation, professional, patient, social setting,
organization, regulations, finances).
Also, patients’ and doctors’ perspectives on the risk of LNM, and the minimally
needed survival benefit in relation to treatment-related morbidity should be explored, in order to develop a decision support tool in which the BN can be
offered.106, 107 Health care professionals should be trained on using the decision support tool and infrastructure on uniform immunohistochemical evaluation across
pathology laboratories should be secured. Subsequently, a prospective feasibility
study for implementation of the decision support tool has to be be performed to
explore compliance to the model, impact on outcome, decision-making, and costeffectiveness. To this extent, collaboration in large research consortia, such as the
European Network of Individual Treatment in Endometrial Cancer (ENITEC) is of
great value.

Conclusion
In the era of personalized medicine, individualized treatment aims to minimize unnecessary exposure to therapy-related morbidity and at the same time offer proper
management for those at risk for adverse outcome. With this thesis we have shown
that by integrating multidimensional information from a clinical, histopathological,
and molecular perspective, risk stratification of endometrial cancer can be improved.
Ideally, these individualized risk profiles are used to inform patients about their personal situation supporting true shared-decision making and offering tailored management to those at risk. Future research should be focused on the clinical implementation of personalized risk profiles. The proposed change of behavior should
be well-prepared to meet the needs of patients and professionals in daily clinical
practice.
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Clinical practice

Diagnosis

Pipelle

Preoperative risk
stratification
Histology, grade
Myometrial invasion
(CA-125, imaging for
extra-uterine disease)

Molecular analysis
Reduce failure rate
Prognostic molecular
information in pretreatment setting

ENDORISK
Grade
ER, PR, L1CAM, p53
CA125
Imaging
Cytology

Surgery

Hysterectomy
BSO
+/- lymphadenectomy

Postoperative risk
stratification
Grade, histology
FIGO stage
LVSI
Age

Additional markers

Hypoxia
TCGA

Adjuvant treatment
None
Radiotherapy
and/or
Chemotherapy

Figure 1. Proposed routine work-up of patients with endometrial cancer. BSO, bilateral
salpingo-oophorectomy; CA-125, cancer antigen 125; ER, estrogen receptor; FIGO, international federation of gynecology and obstetrics; L1CAM, L1 cell adhesion molecole; LVSI, lymphovascular space invasion; PR, progesterone receptor; TCGA, The Cancer Genome Atlas.
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In this thesis, we have integrated biomarkers with the aim to improve diagnostics
and risk stratification in endometrial cancer (EC). The current work-up for diagnosis
of EC is based on histopathological assessment of endometrial biopsies, in which
histological subtype and tumor grade are assessed. Yet, these procedures have
two important clinical problems. First, there is a significant discordance between
preoperative and final histological subtype and tumor grade. Second, outpatient
biopsy procedures have a 30% failure rate, because the uterine cavity cannot be
accessed or an insufficient amount tumor tissue is retrieved. To risk stratify patients
for primary surgical as well as for adjuvant treatment, several clinicopathological
systems are used in clinical practice. These systems only have a moderate accuracy
for prediction of lymph node metastasis (LNM) and recurrence, which could be
improved by incorporation of available clinical and molecular biomarkers.

Part 1 of this thesis focuses on improvement of diagnostics by integrating molecular
markers in the preoperative work-up of EC. To this extent, we have performed a
systematic review and meta-analysis in chapter 2, in which we have investigated
the agreement between preoperative endometrial sampling and final diagnosis
for histological subtype and tumor grade. After analyzing the available literature
including 12,459 EC patients, we have shown that the agreement on tumor grade
between preoperative endometrial sampling and final diagnosis is only moderate
(67%, 95% confidence interval [CI] 60-75%), with the lowest agreement for grade 2
carcinomas (61%, 95% CI 53-69%). Clinically relevant downgrading from high grade
to low grade was found in 26% (95% CI 17-36%). Clinically relevant upgrading
from low grade to high grade was found in 8% (95% CI 6-10%). Agreement on
histological subtype was 95% (95% CI 94-97%) and 81% (95% CI 69-92%) for preoperative endometrioid and non-endometrioid carcinomas, respectively. As several
international guidelines have incorporated preoperative histological subtype and
tumor grade to risk stratify patients in a pre-treatment setting, these discrepancies
directly impact clinical decision making.
Second, outpatient endometrial biopsies fail in approximately 30%, as the uterine
cavity cannot be accessed in 12% or an insufficient amount of tumor tissue is
retrieved in 22%. In chapter 3, we assessed whether mutational analysis of cervical
cytology or pipelle endometrial biopsies improves the diagnostic accuracy of
traditional histopathological diagnosis of EC. We have analyzed Pap brush samples,
cervicovaginal self-assessment samples, and pipelles from 59 EC patients and 31
control patients with a targeted next-generation sequencing (NGS) panel, targeting
eight genes involved in EC carcinogenesis. In this prospective multicenter study,
mutational analysis of the different sampling methods yielded a sensitivity of 78,
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67 and 96% with a specificity of 97, 97 and 94%, respectively. Combining one of
these three mutational analyses with histopathological pipelle endometrial biopsy
evaluations yielded a sensitivity of 96, 93 and 96%, respectively, showing that
mutational analysis of either cervical cytology or pipelle endometrial biopsies can
improve diagnosis of EC by increasing sensitivity.

In part 2 of this thesis we have investigated several clinical and molecular markers for their prognostic and predictive value. Based on these results, we have constructed a Bayesian network (BN) to preoperatively predict the risk of LNM and
5-year disease-specific survival. In order to select preoperative biomarkers that potentially improve preoperative risk stratification, chapter 4 of this thesis describes
a systematic review and meta-analysis investigating the diagnostic accuracy of preoperative clinical biomarkers for the prediction of LNM. Eighty-three studies were
included, comprising 18,205 patients. Of the nine biomarkers investigated, cancer
antigen 125 (CA-125), thrombocytosis and enlarged lymph nodes on imaging had
the strongest correlation with risk of LNM. The areas under the curve (AUCs) were
above 0.75 for these biomarkers, implying good discriminatory abilities. Based on
these results, we were able to select a set of clinical markers to integrate into the BN.
In chapter 5, the diagnostic accuracy of CA-125 was investigated in the prospective PIpelle Prospective ENDOmetrial carcinoma (PIPENDO) study, with a focus on
identifying patients with poor outcome in low-grade (grade 1-2) EC patients. The
study cohort comprised 432 patients, of whom 333 patients had undergone CA-125
serum testing and were analyzed. In patients with low-grade EC, CA-125 was elevated in 26.3%, whereas in patients with high-grade EC, CA-125 was elevated in
36.6%. Elevated CA-125 was associated with poor prognostic features such as advanced FIGO-stage, deep MI, and LNM. In multivariable analysis, CA-125 was independently associated with disease-specific survival (hazard ratio [HR] 4.18, 95%
CI 2.26-7.72) and disease-free survival (HR 3.62, 95% CI 2.15-6.09). In patients with
low-grade EC, elevated CA-125 was associated with advance FIGO-stage, deep myometrial invasion (MI), and poor outcome as well. These patients should be considered as high-risk based on impaired outcome and poor prognostic features.
Immunohistochemical and immunofluorescent biomarkers, reflective of the actual
tumor behavior, have the potential to improve risk stratification in EC. Hypoxia is
known to be an important feature of aggressive EC and drives metastatic potential. In hypoxic tumors several downstream mechanisms are activated by hypoxia
inducible factor 1α (HIF-1α), helping tumor cells to adapt to this hostile microenvironment. Carbonic anhydrase IX (CAIX) is activated to regulate intracellular pH,
enhancing cell survival. Also neo-angiogenesis is an important response to hypoxia.
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In chapter 6 we have investigated the prognostic role of hypoxia, represented by
CAIX expression, and neo-angiogenesis in a multicenter cohort including 385 EC
patients. Sixty-three (16.4%) showed positive CAIX expression with high a vascular
density surrounding the tumor. Multivariable analysis showed that hypoxic tumors
with high vascular density had a reduced disease-specific survival (HR 3.71, 95% CI
1.59-8.63), distant disease-free survival (HR 2.68, 95% CI 1.27-5.65) and a trend towards reduced disease-free survival (HR 1.87, 95% CI 0.99-3.55). These patients had
a reduced survival compared to those with only hypoxia or high vascular density
in their tumor (log-rank p=0.002). Concluding, we found that adverse outcome in
hypoxic ECs is seen in the presence of high vascular density, suggesting an important role of neo-angiogenesis in the metastatic process of hypoxic EC. This combined
marker could help to identify patients at risk for distant metastasis and impaired
outcome.
In 2013, genome-wide analyses by The Cancer Genome Atlas (TCGA) introduced
a new classification of EC, irrespective of histological subtype, distinguishing four
prognostic subgroups based on genomic architecture. First, the ‘ultramutated’ subgroup, characterized by mutations in the exonuclease domain of POLE and a very
favorable outcome; second, the ‘hypermutated’ subgroup, with microsatellite instability and an intermediate prognosis; third, a ‘copy number high’ subgroup, characterized by TP53 mutations and a poor prognosis (p53abn); and fourth, a ‘copy
number low’ subgroup, without a specific molecular subgroup and an intermediate prognosis (p53wt). Clinically applicable classifiers have been introduced that
recapitulate these four TCGA subgroups with targeted sequencing of POLE and immunohistochemistry of mismatch repair (MMR) proteins and p53, allowing identification of these subgroups with low-cost technologies. One of these classifiers,
the Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE) classifier, was applied to patients with stage IB/II grade 3EC in chapter 7. We investigated the predictive value of MMR-status for response to adjuvant radiotherapy
in a multicenter cohort including 128 EC patients classified according to ProMisE.
The following groups were identified by the classifier: MMR-deficient in 57 patients
(44.5%), POLE in 11 patients (8.5%), p53abn in 21 patients (16.3%) and p53wt in 39
patients (30.2%). Baseline characteristics were comparable between MMR-deficient
and MMR-proficient ECs, except a higher proportion of MMR-deficient ECs were
stage II (36.8% vs. 15.5%, p=0.01). A total of 82 patients (64.1%) received adjuvant
radiotherapy, whereas 46 patients (35.9%) did not receive any adjuvant treatment.
We showed in multivariable analysis that adjuvant radiotherapy improved diseasespecific survival in patients with MMR-deficient ECs (HR 0.19, 95% CI 0.05-0.77), but
not in those with MMR-proficient ECs (HR 0.92, 95% CI 0.37-2.31).
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In chapter 8, we investigated the TCGA subgroups in a cohort of synchronous endometrial and ovarian cancers (SEOs). SEOs represent 10% of all endometrial and
ovarian cancers and are assumed to develop as two independent entities. First, we
investigated the clonal relationship in a cohort classified as SEOs or metastatic disease according to histological criteria. The molecular profiles were compared with
TCGA data to explore primary origin. Second, the molecular profiles were correlated with clinical outcome. This retrospective multicenter included patients with
SEOs (n=50), EC with ovarian metastasis (n=19) and ovarian cancer with endometrial metastasis (n=20). Targeted NGS was used, and a clonality index was calculated.
In 92% of SEOs, the endometrial and concurrent ovarian carcinoma shared at least
one somatic mutation, with a clonality index above 0.95, supporting a clonal origin. The SEO molecular profiles showed striking similarities with the public TCGA
endometrial carcinoma set, implying the endometrium is the primary origin, rather
than the ovary. Tumors that were classified as SEOs based on histopathological criteria had a superior outcome compared to metastasized ECs (p<0.001) and metastasized ovarian cancers (p<0.001). TP53 mutations and extra-utero-ovarian disease
were independent predictors for poor clinical outcome in these patients.
In chapter 9, the previously identified preoperative biomarkers were used to develop
a preoperative BN for EC, that could be applied to predict LNM and poor outcome.
The ENDORISK BN was constructed using score-based machine learning in addition
to expert knowledge in a cohort of 763 patients treated for EC. Included biomarkers
were preoperative tumor grade; four molecular markers assessed by immunohistochemistry: estrogen receptor, progesterone receptor, L1 cell adhesion molecule and
p53; CA-125; thrombocytosis; imaging focused on lymphadenopathy; and the presence of atypical endometrial cells in cervical cytology. The BN was externally validated in two prospective cohorts: the MoMaTEC cohort (n=446) and the PIPENDO
cohort (n=385). In the MoMaTEC cohort, the AUC was 0.82 (95% CI 0.76-0.88) for
LNM and 0.82 (95% CI 0.77-0.87) for 5-year disease-specific survival. In the external PIPENDO cohort, the AUC for 5-year disease-specific survival was 0.84 (95% CI
0.78-0.90). The network was well calibrated. In the MoMaTEC cohort, 249 patients
(55.8%) were classified with <5% risk of LNM, with a false-negative rate of 1.6%.
Taken together, integration of multidimensional information from a clinical,
histopathological, and molecular perspective can improve risk stratification for EC
patients. In chapter 10 we discuss our findings in relation to previous publications,
and elaborate on future steps needed for actual implementation of individualized
risk profiles in EC. On the one hand, the field of molecular oncology is evolving
rapidly, and the ENDORISK BN could be further refined with additional markers,
including POLE status. More importantly, future research should focus on whether
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ENDORISK actually influences doctors’ decisions, improves clinical outcome, quality of life and patient participation, and is cost effective. To this extent, a thorough
prospective evaluation is fundamental.
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In dit proefschrift hebben we biomarkers onderzocht en geı̈ntegreerd met als doel
de huidige diagnostiek en risicostratificatie van patiënten met baarmoederkanker,
ofwel endometriumcarcinoom, te verbeteren.

Het huidige diagnostische traject

van vrouwen met een endometriumcarcinoom is gebaseerd op microscopische
beoordeling van het endometriumbiopt. Middels deze microscopische beoordeling
stelt de patholoog het tumor type en de tumor graad vast. Deze procedure kent
twee belangrijke klinische problemen. Allereerst is er een aanzienlijke discrepantie
tussen het tumor type en de tumor graad zoals vastgesteld in het preoperatieve
biopt en het uiteindelijke tumor type en tumor graad, die worden vastgesteld na
de operatie. Ten tweede lukt het in 12% van de vrouwen niet om een preoperatief
endometriumbiopt af te nemen en in 22% van de vrouwen blijkt er uiteindelijk te
weinig weefsel verkregen te zijn om een betrouwbare diagnose te stellen.
Nadat de diagnose endometriumcarcinoom gesteld is, zal er een risico-inschatting
plaatsvinden om vrouwen te selecteren voor de juiste operatieve en aanvullende
behandeling. Verschillende risicostratificatie systemen maken gebruik van klinische
variabelen zoals leeftijd, en pathologische variabelen zoals tumor graad en diepte
van myometrium invasie. Deze systemen blijken echter matig in staat om belangrijke uitkomsten, zoals lymfekliermetastasen en recidief kans, te voorspellen. Door
het incorporeren van aanvullende gevalideerde klinische en moleculaire biomarkers
zouden deze voorspelling verbeterd kunnen worden.

Deel 1 van dit proefschrift richt zich op het verbeteren van de diagnose van het
endometriumcarcinoom door moleculaire markers te integreren in het preoperatieve traject. In hoofdstuk 2 hebben we een systematische review en meta-analyse
verricht naar de overeenkomst tussen het tumor type en de tumor graad vastgesteld
op het preoperatieve endometriumbiopt en het uiteindelijke tumor type en tumor
graad, vastgesteld na de operatie. Na de analyse van de beschikbare literatuur
met gegevens van 12.459 patiënten vonden we een matige overeenkomt tussen
preoperatieve en uiteindelijke tumor graad (67%, 95% betrouwbaarheidsinterval
[BI] 60-75%). De laagste overeenkomst werd gevonden bij graad 2 tumoren (61%,
95% BI 53-69%). In 26% (95% BI 17-36%) van de preoperatief hooggradige (graad 3)
carcinomen bleek het uiteindelijk te gaan om een laaggradig (graad 1-2) carcinoom.
Vice versa, in 8% (95% BI 6-10%) van de preoperatief laaggradige carcinomen bleek
het uiteindelijk te gaan om een hooggradig carcinoom. Bij 95% (95% BI 94-97%) van
de endometrioide en 81% (95% BI 69-92%) van de non-endometrioide carcinomen
was er een overeenkomst in tumor type. Verschillende internationale richtlijnen
gebruiken tumor type en tumor graad in de preoperatieve risicostratificatie van
vrouwen met endometriumcarcinoom, waardoor de gevonden discrepanties een
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directe impact hebben op de klinische besluitvorming.
In hoofdstuk 3 hebben we onderzocht of mutatie-analyse van cervix cytologie en
pipelle endometriumbiopten tumor specifieke mutaties kan oppikken en daarmee
de diagnose van het endometriumcarcinoom kan verbeteren. In deze prospectieve
studie analyseerden we cervixuitstrijkjes, zelftesten en pipelle endometriumbiopten
van 59 vrouwen met endometriumcarcinoom en 31 vrouwen zonder endometriumcarcinoom met behulp van next-generation sequencing, ook wel mutatie-analyse
genoemd.

Voor de drie sampling technieken vonden we een sensitiviteit van

respectievelijk 78%, 67% en 96% en een specificiteit van 97%, 97% en 94% wanneer
we keken naar de aanwezigheid van tumorspecifieke mutaties. Wanneer we deze
mutatie-analyse toevoegden aan de traditionele microscopische beoordeling van
het pipelle endometriumbiopt vonden we een gecombineerde sensitiviteit van 96%,
93% en 96%.

In deel 2 van dit proefschrift onderzochten we de prognostische waarde van verschillende klinische en moleculaire biomarkers. Op basis van deze resultaten hebben
we een Bayesiaans netwerk ontwikkeld om preoperatief het risico op lymfekliermetastasen en 5-jaars ziektespecifieke overleving te kunnen voorspellen. In hoofdstuk
4 hebben we een systematische review en meta-analyse verricht waarin we verschillende klinische biomarkers onderzochten op hun prognostische waarde voor het
voorspellen van lymfekliermetastasen. We includeerden 83 studies met informatie over 18.205 patiënten. Van de negen onderzochte biomarkers hadden de serum
marker cancer antigen 125 (CA-125), trombocyten aantal en de aanwezigheid van
vergrote lymfeklieren op radiologische beeldvorming de sterkste correlatie met het
risico op lymfekliermetastasen. Deze markers hadden een C statistiek boven 0.75,
wat een goede voorspellende waarde impliceert. Op basis van deze resultaten selecteerden we een set van klinische biomarkers om te integreren in het Bayesiaans
netwerk met het doel om de preoperatieve risicostratificatie te verbeteren.
In hoofdstuk 5 hebben we de voorspellende waarde van CA-125 onderzocht in de
prospectieve PIpelle Prospective ENDOmetrial carcinoma (PIPENDO) studie. Specifiek onderzochten we de prognostische waarde in relatie tot preoperatieve tumorgraad. Het studiecohort omvatte 432 vrouwen, van wie 333 vrouwen een CA-125
serum bepaling hadden ondergaan. In 26.3% van de vrouwen met een laaggradige
tumor en 36.6% van de vrouwen met een hooggradige tumor vonden we een verhoogd CA-125. Een verhoogd CA-125 was geassocieerd met prognostisch ongunstige factoren, zoals een gevorderd stadium, diepe myometrium invasie en lymfekliermetastasen. In multivariabele analyse was CA-125 onafhankelijk geassocieerd
met ziektespecifieke overleving (hazard ratio [HR] 4.18, 95% BI 2.26-7.72) en ziek-
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tevrije overleving (HR 3.62, 95% BI 2.15-6.09). In vrouwen met een laaggradige tumor was CA-125 ook geassocieerd met een gevorderd stadium, diepe myometrium
invasie en slechte prognose. Op basis van deze data zou deze subgroep vrouwen
beschouwd moeten worden als hoog-risico.
Immunohistochemische en immunofluorescente biomarkers kunnen een belangrijke
bijdrage leveren aan de risicostratificatie van het endometriumcarcinoom. Hypoxie
is een belangrijk kenmerk van agressieve tumoren en stimuleert de metastasering.
Hypoxia Inducible Factor 1α (HIF-1α) wordt onder hypoxische omstandigheden
gestabiliseerd en activeert verschillende mechanismen die de tumor cellen gebruiken om onder deze omstandigheden te overleven. Zo wordt carbonic anhydrase IX
(CAIX) geactiveerd om de intracellulaire pH te reguleren om de cellen te helpen te
overleven. Ook wordt angiogenese gestimuleerd als respons op hypoxie. In hoofdstuk 6 hebben we de prognostische waarde van hypoxie en angiogenese onderzocht
in een cohort van 385 vrouwen met endometriumcarcinoom. De mate van hypoxie
werd gemeten door CAIX expressie in de tumor en de mate van angiogenese door
de microvaatdichtheid rondom de tumor. Drieënzestig (16.4%) tumoren hadden een
positieve CAIX expressie met een hoge microvaatdichtheid. In multivariabele analyse waren deze hypoxische tumoren met hoge microvaatdichtheid geassocieerd met
een verminderde ziektespecifieke overleving (HR 3.71, 95% BI 1.59-8.63), metastasevrije overleving (HR 2.68, 95% BI 1.27-5.65) en een trend naar verminderde ziektevrije overleving (HR 1.87, 95% BI 0.99-3.55). Deze vrouwen hadden een verminderde
ziektespecifieke overleving vergeleken met vrouwen met een tumor die ofwel alleen
hypoxisch was ofwel alleen een hoge microvaatdichtheid had (log-rank p=0.002).
Hieruit concludeerden we dat angiogenese een belangrijke rol speelt in het metastaseringsproces van hypoxische endometriumcarcinomen. Deze gecombineerde marker kan een groep vrouwen identificeren met een verhoogde risico op afstandsmetastasen en verminderde uitkomst.
In 2013 heeft genomisch onderzoek van “The Cancer Genome Atlas” studies een
nieuwe classificatie van het endometriumcarcinoom geı̈ntroduceerd, waarin vier
prognostische subgroepen worden onderscheiden op basis van moleculaire architectuur: 1) ultragemuteerde tumoren met polymerase epsilon (POLE) mutaties en een zeer
gunstige prognose, 2) hypergemuteerde tumoren gekenmerkt door microsatelliet instabiliteit en een intermediaire prognose, 3) tumoren met veel copynumbervariaties,
frequente TP53 mutaties en een slechte prognose, 4) tumoren met weinig copynumbervariaties en een intermediaire prognose. Deze vier prognostische subgroepen
kunnen geı̈dentificeerd worden door het sequencen van POLE, immunohistochemie
van de mismatch repair (MMR) eiwitten als surrogaatmarker voor microsatelliet instabiliteit, en het p53 eiwit als surrogaatmarker voor TP53 mutaties. Er bestaan ver-
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schillende gevalideerde en klinisch toepasbare systemen die deze goedkope technieken gebruiken om de vier moleculaire subgroepen te onderscheiden. Een van deze
systemen, de “Proactive Molecular Risk Classifier for Endometrial Cancer”, kortweg
ProMisE, werd gebruikt in hoofdstuk 7. In deze studie classificeerden we een cohort vrouwen met stadium IB/II graad 3 endometriumcarcinoom volgens ProMisE
en onderzochten de predictieve waarde van MMR-status voor de respons op radiotherapie. We identificeerden vier groepen: MMR-deficiënt in 57 vrouwen (44.5%);
POLE in 11 vrouwen (8.5%); p53abn in 21 vrouwen (16.3%) en p53wt, ofwel weinig copynumbervariaties, in 39 vrouwen (30.2%). De vrouwen met MMR-deficiënte
tumoren hadden dezelfde karakteristieken als vrouwen met MMR-intacte tumoren,
behalve een hoger percentage stadium II bij vrouwen met MMR-deficiënte tumoren
(36.8% vs. 15.5%, p=0.006). In totaal kregen 82 vrouwen (64.1%) adjuvante radiotherapie en 46 vrouwen (35.9%) kregen geen adjuvante therapie. In een multivariabele
analyse lieten we zien dat adjuvante radiotherapie in vrouwen met MMR-deficiënte
tumoren geassocieerd was met een betere ziektespecifieke overleving (HR 0.19, 95%
BI 0.05-0.77), maar niet in vrouwen met MMR-intacte tumoren (HR 0.92, 95% BI 0.372.31).
In hoofdstuk 8 hebben we de “The Cancer Genome Atlas” subgroepen onderzocht
in een cohort met synchrone endometrium en ovarium carcinomen (SEOs). SEOs
beslaan ongeveer 10% van alle endometrium- en ovariumcarcinomen en het wordt
aangenomen dat deze tumoren zich als twee aparte entiteiten ontwikkelen. Door
middel van mutatie-analyse hebben we het clonale verband tussen het endometriumcarcinoom en ovariumcarcinoom onderzocht in een groot cohort. We berekenden een clonaliteitsindex, en vergeleken de moleculaire profielen met online data
van “The Cancer Genome Atlas” om te onderzoeken of deze tumoren primair endometriumcarcinoom of primair ovariumcarcinoom zijn. Vervolgens correleerden we
de moleculaire profielen aan de prognose. We gebruikten hiervoor een cohort van
vrouwen die gediagnosticeerd werden met SEOs (n=50), endometriumcarcinoom
met ovariële metastasen (n=19) en ovariumcarcinoom met endometriummetastasen
(n=20). Deze diagnoses zijn gesteld op basis van klassieke histologische criteria. In
92% van de vrouwen met SEOs vonden we ten minste één gedeelde mutatie tussen het endometrium- en ovariumcarcinoom, met een clonaliteitsindex boven 0.95.
De moleculaire profielen van deze SEOs toonden opvallende overeenkomst met een
grote “The Cancer Genome Atlas” endometriumcarcinoom dataset. Deze overeenkomsten impliceerden dat het endometrium waarschijnlijk de primaire origine van
deze tumoren is en niet het ovarium. Deze SEOs hadden een superieure prognose
vergeleken met de gemetastaseerde endometriumcarcinomen (p<0.001) en de gemetastaseerde ovariumcarcinomen (p<0.001). Classificatie volgens “The Cancer Ge-
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nome Atlas” identificeerde vier subgroepen met verschillende prognoses. Mutaties
in het TP53 gen en de aanwezigheid van ziekte buiten het ovarium en endometrium
waren sterke onafhankelijke voorspellers voor slechte prognose.
In hoofdstuk 9 gebruikten we de eerder geı̈dentificeerde biomarkers om een Bayesiaans netwerk te ontwikkelen dat preoperatief gebruikt kan worden om lymfekliermetastasen en een slechte prognose te voorspellen. We ontwikkelden het ‘ENDORISK’ Bayesiaans netwerk door een combinatie van score-based machine learning en
expert kennis. Het ontwikkelingscohort bestond uit 763 vrouwen die chirurgisch
waren behandeld voor endometriumcarcinoom. Geı̈ncludeerde biomarkers waren:
preoperatieve tumor graad; vier moleculaire immunohistochemische markers, te
weten oestrogeen receptor, progesteron receptor, L1 cel adhesie molecuul (L1CAM)
en p53; trombocyten aantal; de aanwezigheid van vergrote lymfeklieren op radiologische beeldvorming en de aanwezigheid van atypische endometriumcellen in het
cervix uitstrijkje. Het Bayesiaans netwerk werd gevalideerd in twee externe prospectieve cohorten, namelijk het MoMaTEC cohort (n=446) en het PIPENDO cohort
(n=385). In het MoMaTEC cohort vonden we een C statistiek van 0.82 (95% BI 0.760.88) voor het voorspellen van lymfekliermetastasen en 0.82 (95% BI 0.77-0.87) voor
het voorspellen van 5-jaars ziektespecifieke overleving. In het PIPENDO cohort vonden we een C statistiek van 0.84 (95% BI 0.78-0.90) voor het voorspellen van 5-jaars
ziektespecifieke overleving. Het netwerk was bovendien goed gekalibreerd. In het
MoMaTEC cohort konden we 249 patiënten (55.8%) classificeren als laag risico (<5%)
voor lymfekliermetastasen, met een vals-negatieve percentage van 1.6%.
Samenvattend kan de risicostratificatie rondom patiënten met endometriumcarcinoom verbeterd worden door het integreren van informatie vanuit een klinisch,
histopathologisch en moleculair perspectief. In hoofdstuk 10 relateren we onze bevindingen aan de literatuur en bediscussiëren we de vervolgstappen die nodig zijn
voordat deze geı̈ndividualiseerde risicoprofielen daadwerkelijk geı̈mplementeerd
kunnen worden. Enerzijds ontwikkelt de moleculaire oncologie zich zeer snel, en
kan het ENDORISK Bayesiaans netwerk verder verfijnd worden met nieuwe markers, zoals POLE-status. Anderzijds is er verder prospectief onderzoek nodig om te
exploreren of ENDORISK daadwerkelijk invloed heeft op de beslissingen van dokters, verbetering geeft van klinische uitkomst, kwaliteit van leven en patiënt participatie.
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This thesis is based on the results of human studies, which were conducted in accordance with the principles of the declaration of Helsinki. According to the protocol
“Code for Proper Use of Human Tissue”, all collected patient material is coded, and
patient name and date of birth were not entered into the databases (Dutch Federation for Biomedical Scientific Societies, www.federa.org). All data were anonymized
by giving each patient an individual study number.
The medical and ethical review board Committee on Research involving Human
Subjects Region Arnhem Nijmegen, Nijmegen, the Netherlands have reviewed the
studies conducted in Chapter 5, 6, 7, 8 and 9 and judged that these studies do not
fall within the remit of the Medical Research Involving Human Subjects Act (WMO).
The study conducted in Chapter 3 was approved by the medical and ethical review
board Committees by all participating centers, and all participating patients gave
their written informed consent prior to the start of the study. The hard copies are
stored in the department archive (Radboudumc, room M325.01.204, closet number
11). For Chapter 2 and 4, no ethical review board approval was obtained, as these
concerned literature studies that did not involve human subjects or tissues.
The data and scripts for the studies in Chapters 2 through 9 are stored
on the departments’ H-drive (H:\Umcfs049\verlgyndata\Onderzoek\ONCOendometriumcarcinoom). Tissue specimens were collected centrally at the Department of Pathology, Radboud university medical center, Nijmegen. All data will be
saved for 15 years after termination of the studies.
Published data generated or analyzed in this thesis are part of published articles and
its additional files are available from the associated corresponding authors on request. All published articles of this thesis are saved in the Radboud Repository. The
articles of chapter 4, 8 and 9 are published open access.
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van Weelden WJ*, Reijnen C*, Küsters-Vandevelde HVN, Bulten J, Leung S, Visser
NCM, Santacana M, Bronsert P, Hirschfeld M, Colas E, Gil-Moreno A, Reques A,
Mancebo G, Huvila J, Koskas M, Weinberger V, Bednarikova M, Hausnerova J, Snijders MPLM, Matias-Guiu X, Amant F, ENITEC-consortium, Krakstad C, van de Vijver K, McAlpine J, Pijnenborg JMA. The cut-off for estrogen and progesterone receptor in endometrial cancer revisited: an ENITEC collaboration study.
Visser NCM, van der Wurff AAM, IntHout J, Reijnen C, Dabir PD, Soltani GG, Alcala LSM, Boll D, Bronkhorst CM, Geomini PMAJ, van Hamont D, van Herk HADM,
de Kievit IM, Ngo H, Pijlman BM, Snijders MPLM, Vos MC, Nagtegaal ID, Massuger
LFAG, Pijnenborg JMA, Bulten J. Preoperative recognition of high-risk endometrial
carcinoma in a large multicenter prospective cohort study: a practical diagnostic approach.

Oral presentations
ESGO (European Society of Gynecologic Oncology) meeting 2019, Athens, Greece
IGCS (International Gynaecologic Cancer Society) meeting 2019, Rio de Janeiro,
Brazil
ENITEC (European Network for Individualized Treatment of Endometrial Cancer)
meeting 2019, Liverpool, United Kingdom
NVOG Pijlerdag Oncologie 2019, Utrecht, the Netherlands
ENITEC (European Network for Individualized Treatment of Endometrial Cancer)
meeting 2018, Amsterdam, the Netherlands
Gynaecongres 2017, Amersfoort, the Netherlands
ENITEC (European Network for Individualized Treatment of Endometrial Cancer)
meeting 2019, Lublin, Poland

Bibliography

219

Poster presentations
ESGO (European Society of Gynecologic Oncology) meeting 2019, Athens, Greece
IGCS (International Gynaecologic Cancer Society) meeting 2019, Kyoto, Japan
ESGO (European Society of Gynecologic Oncology) meeting 2017, Vienna, Austria

Awards
CWZ wetenschapsprijs 2019 ‘Diagnostic smear of the cervix in ovarian and endometrial cancer: of cervical cytology’, Canisius-Wilhelmina Hospital, Nijmegen,
the Netherlands
Presentation award ‘Residents Research Meeting’ 2019, Radboudumc, Nijmegen, the
Netherlands
Radboud Oncology Fund, grant ‘Betere opsporing en behandeling baarmoeder- en
eierstokkanker’
Presentation award Gynaecongres 2017, Amersfoort, the Netherlands

PhD portfolio

222

PhD portfolio

Name PhD candidate:

Casper Reijnen

Department:

Obstetrics and Gynaecology

Graduate School:

Radboud Institute for Health Sciences

PhD period:

01-01-2017 - 01-01-2020

Promotor:

Prof. dr. L.F.A.G. Massuger

Co-promotoren

Dr. J.M.A. Pijnenborg
Dr. M.P.L.M. Snijders
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Geachte prof. dr. Massuger, beste Leon. Ik wil je graag bedanken voor de fijne
begeleiding die ik gedurende dit onderzoekstraject van je heb gehad. Deze was
onmisbaar voor het slagen van het promotietraject.
Geachte dr. Pijnenborg, beste Hanny. In 2015 begon ik als ANIOS Gynaecologie
in het Tweesteden Ziekenhuis, toen nog onwetend welke wetenschappelijke ervaringen we zouden gaan delen. Vele koffiemomenten in het ziekenhuisrestaurant,
congressen in de zon of in de sneeuw, een geluxeerde schouder, ontelbare brainstormsessies en wetenschappelijke ideeën hebben ervoor gezorgd dat we een mooi
manuscript hebben kunnen neerzetten. Veel dank voor de eindeloze energie (“toch
maar weer een rebuttal letter!”) en inspiratie. Dat we de samenwerking nog mogen
voortzetten in de toekomst.
Geachte dr. Snijders, beste Marc. Dank voor de altijd scherpe klinische blik waarmee
je de onderzoeken bekeek en voorzag van klinisch relevante feedback. Dit zorgde
ervoor dat we niet teveel in “het basale” bleven hangen, maar ook oog bleven
houden voor wat er daadwerkelijk in de praktijk nodig is. De term “beknopte
mails” hebben dankzij jou een nieuwe betekenis gekregen, en ook de toespraken
tijdens het jaarlijkse mutantendiner waren onvergetelijk.
Geachte dr. Küsters-Vandevelde, beste Heidi. De onderzoeken in dit boek waren
niet tot stand gekomen zonder jouw fantastische wetenschappelijke input. Je kritische blik, heldere manier van redeneren, en waardevolle input op de moleculaire
data hebben de onderzoeken nog sterker maakt. Ik heb met veel plezier op jullie
afdeling gewerkt en dat kwam vooral door jullie verwelkomende houding. Ik hoop
dat je betrokken zult blijven bij de onderzoeken die nog gaan komen.
Geachte dr. Bulten, beste Hans. Uren hebben we achter de microscoop gezeten, op
zoek naar STIC laesies en Leydig cellen. Deze onderzoeken zijn tot stand gekomen
door jouw originele ideeën, waarvoor ik je wil bedanken. Met veel enthousiasme
leerde je ons hoe we een HE-coupe moesten beoordelen en liet je ons zien wat we
allemaal konden tegenkomen onder de microscoop. Naast het wetenschappelijk
onderzoek werden de uren gevuld met het uitwisselen van nieuwtjes en luisteren
naar Franse chansons, waarvoor dank.
Geachte leden van de manuscriptcommissie, prof. dr. Brunner, prof. dr. Zweemer
en dr. Bleeker, veel dank voor het plaatsnemen in de commissie en het inhoudelijk
beoordelen van het manuscript.

Dankwoord

225

Uiteraard wil ik ook mijn paranimfen bedanken.
Willem Jan, promotiemaatje. Het begon met een gemeenschappelijk project, maar
groeide uit tot meerdere onderzoeken die stuk voor stuk “hét project” leken te
zijn. Zowel letterlijk als figuurlijk hebben we samen heel wat kilometers afgelegd
(Kyoto, Athene, Bergen, Liverpool). Iedere keer was het weer een feestje. De vele
overlegmomenten (“kun je ff meekijken?”) zorgden voor de juiste input wanneer ik
door de bomen het bos niet zag. Ik ben erg blij dat we twee jaar lang samen in de
onderzoekstuin hebben gewerkt.
Lotte, het begon met een summerschool in Udine om onze ethische vaardigheden
tot een hoger niveau te tillen. Jij leerde me wat écht goede muziek is, en maakte met
mij de stranden van Rio onveilig. Het is een eer dat jij mijn paranimf bent!
Sanne, we hebben veel uren achter de microscoop gezeten en altijd kwamen we
uit op een oneven aantal coupes. Jouw werk vormt de sleutel tot succes van dit
proefschrift, waarvoor ik je wil bedanken. Ik vond het erg fijn om met je samen te
werken en ik hoop dat je in de toekomst binnen ons onderzoeksteam werkzaam
blijft.
Voor dit proefschrift was de samenwerking met de afdeling Tumorgenetica essentieel. Astrid, dank voor de enorme hulp bij verschillende hoofdstukken van dit
proefschrift. Dank voor het vertrouwen dat je had om me als arts-onderzoeker in
de wereld van de smMIP-analyses te introduceren. Dankzij jou ken ik het fenomeen
“wandelend overleggen”, en weet ik dat de faculteit veel meer groen heeft dan op
het eerste gezicht lijkt. Ik heb deze onderzoeken met zeer veel plezier uitgevoerd en
hoop op een vruchtbare voortzetting van de samenwerking.
Geachte prof. dr. Ligtenberg, beste Marjolijn. Dank voor de mogelijkheid tot
samenwerking met de afdeling Tumorgenetica. Jouw verhelderende en zeer scherpe
feedback waren erg belangrijk voor de verschillende onderzoeken.
Geachte prof. dr. Lucas, beste Peter. Veel dank voor alle hulp bij het ontwikkelen
van het bayesiaanse netwerk binnen hoofdstuk 9. Jouw hulp en inzicht hebben
gezorgd voor een geslaagd model.
Geachte prof. dr. Bussink, beste Jan. Dank voor de fijne samenwerking binnen
hoofdstuk 6 van dit proefschrift. Graag wil ik ook Hans, Paul en Jasper bedanken
voor hun technische ondersteuning en samenwerking. Het inkijkje in de wereld
van de radiotherapie heeft nog een grotere impact gehad dan ik aanvankelijk had
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kunnen vermoeden!
Graag wil ik iedereen binnen de afdeling Pathologie van het CWZ bedanken.
Clemens, dank voor de moleculaire ondersteuning binnen hoofdstuk 7 van dit
proefschrift. Ook wil ik de pathologen, analisten op het lab, en de secretaresses
bedanken voor de gezelligheid en de samenwerking. In het speciaal wil ik ook de
analisten van de immuunhistochemie van het CWZ en Radboudumc bedanken voor
de alle hulp bij de histologische kleuringen voor de onderzoeken in dit proefschrift.
The foundation for this thesis can be found in a successful international collaboration with dedicated researchers. Therefore, I would like to thank all ENITEC
members that participated within the research projects. I would like to give a special
thanks to the Bergen group. Dear Camilla, thank you for the close collaboration, and
the warm welcome during the visits to Bergen. Dear Ingfrid, thank you for being a
collaborator in several papers within the manuscript, and providing the manuscripts
with excellent feedback. Working together has always felt very comfortable because
of your positive attitudes and great personalities.
Ook wil ik alle nog niet genoemde co-auteurs bedanken voor de samenwerking en
bijdrage aan de artikelen in het proefschrift.
Dit proefschrift was niet mogelijk geweest zonder de stagiaires die aan belangrijke
bijdrage hebben geleverd aan de publicaties. Angelina, veel dank voor jouw harde
werk bij de DISCOVER studie. Martijn, zelfs op Koningsdag zat jij in het lab: dank
voor je inzet!
Gynaecologen, arts-assistenten, verloskundigen en verpleegkundigen uit het
Tweesteden Ziekenhuis in Tilburg. Bij jullie heb ik mijn eerste stappen gezet als
ANIOS Verloskunde en Gynaecologie. Ik heb ontzettend veel geleerd, maar bovenal
erg veel plezier gehad. Het was een warm bad om hier de eerste ervaring op te
doen en ikdenk met veel genoegen terug aan de tijd die ik heb gehad in het Tilburgse.
Ook wil ik de intensivisten, arts-assistenten en verpleegkundigen van de Intensive
Care uit het Elisabeth Ziekenhuis in Tilburg bedanken. Het was een uitdaging om
als arts-assistent vanuit de gynaecologie te werken op de IC, maar des te meer
enorm nuttig om brede ervaring op te doen, zélfs in de ”Corona tijd”.
Beste radiotherapeuten, arts-assistenten en laboranten van de Radiotherapie, dank
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voor het vertrouwen om mij aan te nemen als AIOS binnen jullie groep. Ik heb met
veel plezier een start gemaakt aan de opleiding en zie ernaar uit om de komende
jaren de opleiding bij jullie te doorlopen.
Het feit dat ik iedere dag met plezier naar mijn werk ging, is ook vooral te danken
aan de fantastische collega’s. Lieve tuinbewoners, dank voor de vele koffie, lunch,
overleg en borrelmomenten. Gedurende afgelopen jaren hebben we een hechte
groep opgebouwd waarmee ik zowel op professioneel vlak, als op persoonlijk vlak,
erg veel plezier heb gehad. Veel dank!
Lieve Roeriesnoeperds. Vroeger hielden we ons bezig met improvisatie-avonden à
la de lama’s. Tegenwoordig met ietwat andere dingen. We blijven elkaar zien tijdens
onze half jaarlijkse weekendjes weg en ik hoop dat we hier nog lang mee doorgaan.
De Tunesiëgroep. Verandert deze app naam ooit nog of gaan we hiermee door tot
ons pensioen? Er is inmiddels begonnen aan een generatie 2.0, die ook al onderdeel
is van onze ‘Oh Oh 2020 (2021)’ reis. Eczeempjes, het blijft een eer om onderdeel uit
te maken van onze ‘excellente’ groep!
Verder wil ik mijn vrienden in Nijmegen bedanken. Met jullie is het leven top.
Lieve pap, mam, Sofie en Claudy. Dank voor jullie steun en liefde. Dankzij jullie sta
ik met een stevig fundament en relativerende houding in het leven.
Lieve Syl, Rob, Barry, Mirella, Jens en Fleur, dankzij jullie voelt een weekend Zeeland
altijd weer als een korte vakantie. Dank voor jullie betrokkenheid de afgelopen jaren.
Lieve Nick, ik ben je dankbaar voor je steun en liefde. Samen met jou ben ik gelukkig.

Curriculum Vitae

230
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Casper Reijnen werd op 21
juni 1991 als tweede van een
tweeling geboren in het Laurentiusziekenhuis te Roermond.
Hij groeide op samen met zijn
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Radboud universiteit en verhuisde hij naar Nijmegen. Tijdens zijn coschappen heeft Casper een keuze-coschap
Keel-Neus-Oorheelkunde in het Charité Universiteitsziekenhuis in Berlijn gevolgd
en een senior coschap Gynaecologie in het Tweesteden Ziekenhuis in Tilburg.
Na het behalen van zijn artsendiploma, begon hij in maart 2015 als arts-assistent niet
in opleiding (ANIOS) aan de afdeling Verloskunde en Gynaecologie in het Tweesteden Ziekenhuis. Tijdens dit jaar kwam hij via dr. Hanny Pijnenborg voor het eerst in
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