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Abstract Objective: Lymph node metastases (pN+) in presumed early-stage cervical cancer 
negatively impact prognosis. Using federated learning, we aimed to develop a tool to identify 
a group of women at low risk of pN+, to guide the shared decision-making process concerning 
the extent of lymph node dissection.
Methods: Women with cervical cancer between 2005 and 2020 were identified retrospectively 
from population-based registries: the Danish Gynaecological Cancer Database, Swedish 
Quality Registry for Gynaecologic Cancer and Netherlands Cancer Registry. Inclusion cri
teria were: squamous cell carcinoma, adenocarcinoma or adenosquamous carcinoma; The 
International Federation of Gynecology and Obstetrics 2009 IA2, IB1 and IIA1; treatment 
with radical hysterectomy and pelvic lymph node assessment. We applied privacy-preserving 
federated logistic regression to identify risk factors of pN+. Significant factors were used to 
stratify the risk of pN+.
Results: We included 3606 women (pN+ 11%). The most important risk factors of pN+ were 
lymphovascular space invasion (LVSI) (odds ratio [OR] 5.16, 95% confidence interval [CI], 
4.59–5.79), tumour size 21–40 mm (OR 2.14, 95% CI, 1.89–2.43) and depth of invasion >  
10 mm (OR 1.81, 95% CI, 1.59–2.08). A group of 1469 women (41%)—with tumours without 
LVSI, tumour size ≤20 mm, and depth of invasion ≤10 mm—had a very low risk of pN 
+ (2.4%, 95% CI, 1.7–3.3%).
Conclusion: Early-stage cervical cancer without LVSI, a tumour size ≤20 mm and depth of 
invasion ≤10 mm, confers a low risk of pN+. Based on an international privacy-preserving 
analysis, we developed a useful tool to guide the shared decision-making process regarding 
lymph node dissection.
© 2023 Elsevier Ltd. All rights reserved. 

1. Introduction

Lymph node metastases (pN+) in presumed early-stage 
cervical cancer negatively impact prognosis [1]. There
fore, in women treated with radical hysterectomy (gen
erally for stage IB/IIA tumours), concomitant 
systematic lymphadenectomy is performed to stage the 
disease and to correctly allocate the patient to adjuvant 
treatment [2,3]. Sentinel lymph node (SLN) mapping 
has emerged as an alternative to systematic lymphade
nectomy, with a lower risk of lymphoedema [4,5], and a 
higher detection rate of (micro)metastases if ultrastaging 
is performed [5,6]. However, not all patients have the 
same risk of pN+ [1]. Being able to identify women at 
low risk of pN+, might provide valuable information 
for use in the shared decision-making process, in women 
for whom a decision must be taken concerning the ex
tent of lymph node dissection.

Recently, Olthof et al. [1] performed a review 
focussing on identifying risk factors associated with pN 
+, in surgically treated early-stage cervical cancer pa
tients. Lymphovascular space invasion (LVSI) and 
depth of invasion were identified as the most important 
risk factors, in line with the finding of Ten Eikelder et al. 
[7]. However, the sample sizes in these studies were 
small, and none of the reported models were validated 
externally, raising the question of their generalisability.

A natural solution to overcome sample size limita
tions is to incorporate data from multiple sources (e.g. 
hospitals and population-based registries). 
Traditionally, this is achieved by generating a copy of 
the individual datasets and centralising them in one lo
cation. Unfortunately, this approach has several dis
advantages regarding data governability and, more 
importantly, privacy protection. Federated learning 
(Fig. 1) has risen as an alternative that uses a decen
tralised approach that does not require sharing privacy- 
sensitive patient information [8,9], and has been applied 
successfully in oncological studies of diverse 
nature [10,11].

In this study, we aimed to develop a risk stratification 
tool to identify women with early-stage cervical cancer 
at low risk of pN+. The underlying clinicopathological 
risk factors were identified using a privacy-preserving 
approach in a large cohort of Danish, Swedish and 
Dutch women with early-stage cervical cancer.

2. Materials and methods

2.1. Data

We conducted an international retrospective observa
tional cohort study analysing data from three European 
population-based registries with nationwide coverage: 
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the Danish Gynaecological Cancer Database (DGCD), 
the Swedish Quality Registry for Gynaecologic Cancer 
(SQRGC) and the Netherlands Cancer Registry (NCR). 
The DGCD is a national registry, maintained by the 
Danish Clinical Registries, that holds prospectively 
collected clinical, surgical, and pathological data on all 
gynaecological cancer patients in Denmark, since 2005. 
Data entering is compulsory, ensuring close to complete 
coverage (range 89–98%) [12]. Oncological treatment 
data is acquired from the National Patient Register. In 
Sweden, reporting to the SQRGC is mandatory for all 
gynaecologic and gynaecologic oncology departments. 
The prospective data entry includes information on 
patient, tumour and treatment characteristics, disease 
outcome as well as follow-up data, including data on 
cervical cancer from 2011. Completeness of the SQRGC 
is approximately 95% [13]. The NCR is a population- 
based registry with coverage of all newly diagnosed 
malignancies in the Netherlands, since 1989. Trained 
data managers routinely extract information on patient, 
tumour and treatment characteristics, from medical re
cords within > 95% of the Dutch hospitals [14].

This study was approved by the Danish Data 
Protection Agency journal nr. P-2020-945, the Swedish 
Ethical Review Authority (2021–03261) and the Privacy 
Review Board of the NCR (26/08/2020; K20.237).

2.2. Patient selection

We identified all women diagnosed with cervical cancer 
between 2005 and 2017 from the DGCD, 2011–2020 
from the SQRGC and 2010–2017 from the NCR. Part 
of the Dutch data has been published previously [7]. 
Years of diagnosis were selected based on availability of 
the variables required for analysis. The timeframe for 
which all required variables were available, differed 
among the registries. Hence, the selected years of diag
nosis differed. We included women with: The Interna
tional Federation of Gynecology and Obstetrics (FIGO) 

(2009) stage IA2, IB1 or IIA1; squamous cell carcinoma, 
adenocarcinoma or adenosquamous carcinoma his
tology; who were treated with radical hysterectomy with 
SLN and/or systematic pelvic lymphadenectomy. 
Women were excluded if they had received neoadjuvant 
therapy, had no lymph nodes removed, lymph node 
status was missing and/or pathologically confirmed tu
mour size exceeded 40 mm.

2.3. Variable selection and preprocessing

Relevant data on clinicopathological characteristics that 
were available in all registries were incorporated, in
cluding: age at diagnosis, body mass index, FIGO stage, 
histology, tumour size, depth of invasion, and LVSI. 
Tumour characteristics were obtained from either di
agnostic (e.g. conization) or final pathology reports. 
FIGO stage was originally not available in the NCR, 
but was derived from the clinical Tumour-Node- 
Metastasis stage (Union for International Cancer 
Control TNM 7th ed.). The following continuous vari
ables were dichotomised to facilitate clinical applic
ability: age (≤45 years; > 45 years), body mass index 
(≤25 kg/m2; > 25 kg/m2), depth of invasion (≤10 mm; >  
10 mm) and tumour size (≤20 mm; > 21–40 mm). In 
variables with missing data, there was no pattern, so we 
assumed they were missing at random. They were im
puted locally using k-Nearest Neighbours. Lymph 
nodes with pathologically confirmed metastases were 
considered pN+.

2.4. Statistical analysis

2.4.1. Risk factor identification
In order to identify the risk factors of patients with pN 
+, we used vantage6, an open source priVAcy 
preserviNg federaTed leArninG infrastructurE for 
Secure Insight eXchange [15], to implement the feder
ated generalised linear model developed by Cellamare 

Fig. 1. Approaches to analysing data from different sources; (a) Centralisation. This is the traditional approach, but it has several 
disadvantages such as loss of data control, logistics, data governance, and—most importantly—putting at risk sensitive patient data. (b) 
Federated learning. In this decentralised approach, privacy-sensitive patient data are not shared, but kept undisclosed and safe at their 
original location. Conceptually, it consists of three components: i) a researcher, who poses a research question to the server; ii) the server, 
that coordinates computational tasks and communicates with the nodes; and iii) the nodes, with each of them being hosted by the 
different parties (i.e. the Danish Gynaecological Cancer Database, Swedish Quality Registry for Gynaecologic Cancer and the 
Netherlands Cancer Registry). Each party has access to its own data, but patient-level data never leave. Communication within the 
infrastructure is end-to-end encrypted.
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et al. [16] in the form of a logistic regression (LR). In 
short, each node accesses its own local data and returns 
a set of preliminary coefficients to the server. Using 
these, the server computes a first version of the global 
solution and returns it to the nodes. This process is re
peated iteratively until convergence, yielding the final 
federated LR model, which is mathematically equivalent 
to that of its centralised counterpart.

We fit a model to describe the relationship between 
clinicopathological characteristics and pN+, using data 
from two of the registries. Its performance and gen
eralisability were validated on the data of the remaining 
registry (e.g. trained using DGCD and SQRGC data 
and validated on NCR data). This resulted in three 
different models. In all cases, we addressed the class 
imbalance of pN (pN– 86–91%; pN+ 9–14%) by over
sampling the pN+ class during training. We evaluated 
the models’ performance using areas under the receiver 
operator curves (AUCs). After observing that all models 
were reasonably generalisable and comparable, we 
generated a final LR model using data from all three 
parties to identify factors associated with pN+, as well 
as their corresponding odds ratios (ORs) and 95% 
confidence intervals (CIs). The LR was implemented in 
R 1.4.1103 and was executed in a Jupyter Notebook 
6.4.5 using a Python 3.7 wrapper. Statistical tests were 
considered significant at p  <  0.05.

2.4.2. Risk stratification tool
Based on the most important clinicopathological risk 
factors from the final model, a risk stratification tool 
was created. Using cross-table analysis, we showed the 
risk of pN+ for all combinations of these factors. The 
modified Wald method was used to calculate 95% 
CIs [17].

3. Results

A total of 3606 women met the selection criteria (Fig. 2). 
Mean age at diagnosis was 46 (standard deviation ±  12) 
years and the most common histological subtype was 
squamous cell carcinoma (64%). In total, 402 women 
(11%) were diagnosed with pN+ (Table 1).

Results from all federated LR models are reported in 
Table 2. The three models, that each used data from two 
different datasets, showed the most important risk fac
tors to be consistent. Validation with an external dataset 
(i.e. data from a third registry) showed that their per
formance was moderately high, with AUCs ranging 
between 0.77 and 0.78. The final model, generated using 
data from all three registries, identified LVSI as the 
most important risk factor for pN+ (OR 5.16, 95% CI, 
4.59–5.79), followed by tumour size 21–40 mm (OR 
2.14, 95% CI, 1.89–2.43) and depth of invasion > 10 mm 
(OR 1.81, 95% CI, 1.59–2.08).

Using the proposed risk stratification tool, we iden
tified a group of 1469 women (41%) that had a low risk 
of pN+. This group had a risk of pN+ of 2.4% (95% CI, 
[1.7–3.3%]) and consisted of women with tumours 
without LVSI, a tumour size ≤20 mm, and a depth of 
invasion ≤10 mm. Conversely, the risk of pN+ was 
higher if the tumour had either LVSI (22%; n = 312/ 
1402), a depth of invasion of > 10 mm (23%; n = 173/ 
765), or a size of 21–40 mm (19%; n = 264/1381), as 
shown in Fig. 3.

4. Discussion

To the best of our knowledge, this is the largest study to 
date aiming to identify a group of women with early- 
stage cervical cancer at low risk of pN+, using high- 

Fig. 2. Patient selection flow chart. Patients with squamous cell carcinoma, adenocarcinoma or adenosquamous carcinoma and radical 
hysterectomy and pelvic lymphadenectomy or sentinel lymph node mapping, as primary treatment for FIGO (2009) IA2, IB1 and IIA1. 
FIGO, The International Federation of Gynecology and Obstetrics; DGCD, Danish Gynaecological Cancer Database; SQRGC, Swedish 
Quality Registry for Gynaecologic Cancer; NCR, Netherlands Cancer Registry.
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quality population-based data from three national re
gistries. Our risk stratification tool identified a sub
stantial proportion of women with early-stage cervical 
cancer (41%) who had a very low risk of pN+. This low- 
risk group was characterised by the absence of LVSI, a 
tumour size ≤20 mm and a depth of invasion ≤10. Our 
tool provides valuable information which can be used in 
the shared decision-making process about the extent of 
lymph node dissection.

Currently, women with cervical cancer treated with 
radical hysterectomy often undergo complete lympha
denectomy, independent of LVSI status, tumour size, 
and depth of invasion. However, in some countries, 
SLN mapping has replaced complete lymphadenectomy 
in tumours ≤20 mm, based on the high accuracy of SLN 
mapping and the low risk of pN+ in smaller tumours 
[6,18], combined with considerably less morbidity [19]. 
The present study found a pN+ risk of 138/2225 = 6.2% 
(Fig. 3) in women with a tumour size ≤20 mm, con
firming the relatively low risk in smaller tumours. 
Within this group, even lower risks were observed in 
tumours without LVSI and ≤10 mm depth of invasion 
(2.4%), comparable to findings of Sponholtz et al. 
(2.8%) in a prospective study [20]. Likewise, in the 
prospective SENTICOL study, the authors found a low 
risk of metastases in tumours with < 10 mm depth of 
invasion and no LVSI (3% isolated tumour cells and 1% 
micrometastases) [21]. In contrast, we found a tumour 
size of ≤20 mm with LVSI and a depth of invasion >  
10 mm to be related to a risk of 18.3%. Taken together, 
we suggest that when selecting women for lymph node 
dissection (SLN and/or systematic), the assessment 
should not only rely on tumour size but also on LVSI 
status and depth of invasion, provided that these para
meters are available before definitive surgery.

Several studies have examined whether LVSI status 
after conization is predictive of the status after radical 
hysterectomy [21–23]. They found negative predictive 
values of 83–100%. Nevertheless, evaluation of LVSI as 
either absent or present, has shown to be difficult, with 
variable intra-observer (Cohen’s κ range 0.50–0.53) and 
interobserver (κ 0.41–0.52) reproducibility [24]. Re
cently, a semi-quantitative evaluation (as no, focal or 
substantial LVSI) has been proposed instead [25], with 
acceptable interobserver agreement (intraclass correla
tion coefficient = 0.62) [26]. Alternatively, radiomics 
have the potential to be used for preoperatively 

Table 1 
Patient and tumour characteristics in a combined analysis of Danish, 
Swedish, and Dutch cervical cancer patients (N = 3606) with The 
International Federation of Gynecology and Obstetrics (2009) IA2, 
IB1, or IIA. 

Characteristics Mean SD n % Original 
completeness 
(%)

Age at diagnosis, years 46 12 – – 100
Body mass index, 

kg/m2
25 5 – – 86

Histology 100
Squamous cell 

carcinoma
– – 2306 64

Adenocarcinoma – – 1169 32
Adenosquamous 

carcinoma
– – 131 4

Tumour size 91
≤20 mm – – 2225 62
21–40 mm – – 1381 38

Depth of invasion 81
≤10 mm – – 2841 79
> 10 mm – – 765 21

Lymphovascular space 
invasion

86

No – – 2204 61
Yes – – 1402 39

Lymph node status 100
pN– – – 3204 89
pN+ – – 402 11

SD, standard deviation; pN–, negative lymph nodes; pN+, positive 
lymph nodes.

Table 2 
Federated logistic regression models on risk factors of lymph node metastases. 

Trained with data from:

DK/SE NL/DK SE/NL DK/SE/NL

Characteristics OR 95% CI OR 95% CI OR 95% CI OR 95% CI

Age at diagnosis,  > 45 years versus ≤45 years 0.75 (0.65–0.87)* 0.86 (0.75–0.99)* 0.81 (0.70–0.93)* 0.81 (0.72–0.91)*
Body mass index,  > 25 kg/m2 versus ≤25 kg/m2 0.93 (0.81–1.07) 0.88 (0.77–1.01) 0.87 (0.75–1.00) 0.90 (0.80–1.00)
Squamous cell carcinoma – – – –
Adenocarcinoma 0.58 (0.50–0.69)* 0.81 (0.69–0.94)* 0.69 (0.59–0.81)* 0.69 (0.60–0.79)*
Adenosquamous carcinoma 1.15 (0.79–1.68) 0.63 (0.42–0.93)* 0.72 (0.52–0.99)* 0.81 (0.61–1.09)
Tumour size, 21–40 mm versus ≤20 mm 2.19 (1.87–2.55)* 2.82 (2.42–3.28)* 1.65 (1.41–1.93)* 2.14 (1.89–2.43)*
Depth of invasion,  > 10 mm versus ≤10 mm 1.73 (1.46–2.05)* 1.60 (1.36–1.88)* 2.18 (1.84–2.58)* 1.81 (1.58–2.08)*
Lymphovascular space invasion, Yes versus No 5.10 (4.42–5.89)* 4.59 (3.99–5.27)* 5.96 (5.15–6.88)* 5.16 (4.59–5.79)*

Validated with data from: NL SE DK –
Area under the curve 0.77 0.78 0.77 –

DK, Denmark; NL, The Netherlands; SE, Sweden; OR, odds ratio; CI, confidence interval.
* Values indicate statistical significance at p  <  0.05.  
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evaluating LVSI status. Recent prediction models have 
shown promising results (AUC 0.73–0.94 [27,28]), but 
they need to be tested for reproducibility and gen
eralisability before implementation in daily practice.

Final tumour size (≤20 mm or > 20 mm) can be pre
dicted from conization specimens in 91–95% of the cases 
[21,23], even with positive margins [23]. Moreover, size 
can be determined more accurately if a conization pre
cedes radical hysterectomy [29]. In clinically visible tu
mours, magnetic resonance imaging can be used and has 
shown improved accuracy compared to clinical ex
amination, especially in endocervical tumours [30,31]. 
Nevertheless, the assessment of tumour size requires 
standardisation. For example, there are no objective 
criteria in determining the definitive size when com
bining information from conization and imaging [32].

Preoperative estimation of the depth of invasion may 
be challenging if the tumour is only partially sam
pled—for example, after non-radical conization. 
However, Balaya et al. [21] showed that final depth of 
invasion (≤10 mm or > 10 mm) is predicted correctly 
from conization specimens in 92% of the cases, irre
spective of margin status. Moreover, interobserver 
agreement has been reported to be high (83%) in 
quantitative assessment [33]. Measuring depth of inva
sion on imaging has shown to be challenging, with 
various assessment methods and conflicting reports on 
accuracy [30,34,35].

The literature discussed suggests that LVSI, tumour 
size and depth of invasion can be assessed pre
operatively in conization specimens to determine whe
ther women are at low risk of pN+. However, obtaining 
this information for the present risk stratification tool 
may result in more cone biopsies of tumours that are 

small. This is in line with certain surgical setups, in 
which diagnostic conization before radical hysterectomy 
has been suggested to serve as a protective measure 
[36,37]. Moreover, with the FIGO 2018 classification, it 
has become even more important to allocate women 
correctly to a risk group before decision on the surgical 
approach. Accordingly, we also stratified depth of in
vasion in three groups, but the risk of pN+ in the low- 
risk group was very similar for ≤5 mm (25/1035 =2.4%) 
and 6–10 mm (10/434 = 2.3%), while CIs widened. Pre
ferably, our findings should be confirmed in prospective 
studies. But, considering the minimal risk of metastases, 
the number of patients needed to confirm the low-risk 
group would be exceedingly large.

The present study has several strengths. Firstly, the 
analyses were conducted using a novel decentralised 
approach, in which no privacy-sensitive data were 
shared. Secondly, a high level of agreement was ob
served among the risk factors emerging from all LR 
models, and also reflected the factors reported in pre
vious studies with much smaller sample sizes [1]. Finally, 
the healthcare systems in the participating countries are 
very similar, with cancer treatment publicly available to 
all citizens, reducing selection bias and reflecting daily 
clinical practice. The study also has some limitations. 
Firstly, we used tumour characteristics obtained from 
either diagnostic (e.g. conization) or final pathology 
reports, without being able to differentiate between 
them. In daily clinical practice the group of women at 
low risk of pN+ should be identified before surgical 
lymph node assessment. However, it is not always pos
sible to assess all risk factors preoperatively, in which 
case the stratification tool cannot be applied. Secondly, 
we did not have data on the proportions of patients who 

Fig. 3. Risk stratification tool. Risk of pN+, stratified by the three most significant factors from federated logistic regression analysis; 
LVSI, lymphovascular space invasion; pN+, lymph node metastases; CI, confidence interval.
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underwent SLN mapping, thus probably under
estimating the rate of pN+, especially regarding low- 
volume metastases. Finally, detailed information re
garding the size of metastases and the number of re
moved nodes was also unavailable. It remains unknown, 
whether these limitations have influenced our findings.

In summary, we confirmed that LVSI, tumour size 
and depth of invasion are the most important risk fac
tors of pN+, using a privacy-preserving analysis in an 
international cohort of women with early-stage cervical 
cancer. We showed that 41% of these women—with 
tumours without LVSI, a size ≤20 mm, and a depth of 
invasion ≤10 mm—are at low risk of pN+. We suggest 
that the decision on the extent of lymph node dissection 
should rely on tumour size, LVSI status, and depth of 
invasion.
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