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Abstract

Purpose: Pancreatic cancer (PC) is a highly lethal type of cancer and a highly
heterogeneous disease. The current treatment of PC is primarily determined by
tumor severity and influences the subsequent course of the disease. Our goal is to
address this heterogeneity by identifying distinct PC phenotypes and assessing
their relationship to survival and received therapies.

Methods: We used a registry-based dataset of 1,158 pancreatic cancer patients
provided by the Cancer Registry Rhineland-Palatinate and performed an unsu-
pervised hierarchical Ward’s linkage analysis using basic patient, tumor, and
treatment characteristics. We then explored the relationship between the iden-
tified phenotypes and the two-year event-free survival probability, as well as
treatment associations within phenotypes using Cox regressions.

Results: We identified six phenotypes consisting of homogeneous patient, tumor,
and treatment characteristics. The young, low-grade, node-negative phenotype 2
defines the favorable prognosis baseline. Male patients in phenotype 5 and elderly
female patients in phenotype 1, representing the most typical clinical profile,
have twice the risk of death or an event. An even higher risk is observed in
advanced profiles characterized by a high proportion of high-grade phenotypes
that received surgery (phenotype 4 with partial resection and phenotype 3 with
pancreatectomy). Patients with pancreatic cancer (PC) who are metastatic define
the high-risk end (phenotype 6).



Conclusion: The six identified phenotypes capture existing clinical profiles
and treatment guidelines. Additionally, they vary significantly in terms of two-
year event-free survival, suggesting that they represent clinically meaningful
PC profiles that could facilitate the development of novel therapeutic strate-
gies and promote more informed treatment decisions, which are crucial for PC
heterogeneity.

Keywords: Pancreatic Cancer, Ward’s Linkage, Clustering, Machine Learning,
Cox-Regression, Survival Analysis, Data Analysis

1 Introduction

Pancreatic cancer (PC) is a highly lethal and aggressive type of cancer and a highly
heterogeneous disease. Around 80% of all PC patients are diagnosed at a locally
advanced or distant metastatic stage, due to its asymptomatic course which makes
early detection so difficult [1]. In 2020, PC is the seventh leading cause of cancer death
in both sexes with approximately 466.000 deaths and almost as many new diagnosis
(496,000) worldwide [2]. With increasing incidence yearly, PC is projected to become
the second leading cause of cancer death by 2030, underscoring the need for optimal
or novel therapeutic strategies to improve event-free survival [3, 4].

Current treatment of PC is primarily determined by the severity of the tumor
and influences the subsequent course of the disease [5-7]. As of yet, surgical resection
of the pancreas with adjuvant chemotherapy is the only known curative treatment.
Effective therapies for non-resectable tumors remain limited, whereby systemic ther-
apies yield modest survival benefits but high inter-patient heterogeneity in treatment
response [6, 8]. This heterogeneity may also be reflected in different biological pheno-
types, which are based on clinically observable patient and tumor characteristics as
well as the therapies received [9, 10]. Thus, there is a need to explore and understand
the heterogeneity of PC patients in addition to the development of improved or novel

therapeutic strategies [3, 9.



Therefore, the main contribution of this study is to assess the variety of PC by
identifying distinct phenotypes and evaluating their relation to therapies received and
2-year event-free survival. The results may contribute to a better understanding of
PC subgroups and might support improved personalized clinical management of this
disease in the future [1, 9].

The goal of this study is to apply hierarchical clustering with Ward’s linkage to
identify distinct and homogeneous clusters of PC patients, using all available infor-
mation regarding patient, tumor, and treatment characteristics. Subsequently, we
evaluate the relationship between the identified phenotypes and 2-year event-free

survival.

2 Methods

2.1 Study Participants

The registry-based dataset used in this study was provided by the Cancer Registry
Rhineland-Palatinate in the Institute for Digital Health Data RLP (CR-RLP) and
consists of adult patients diagnosed with pancreatic cancer (ICD-10-GM C25) between
2016/01/01 and 2023/12/31, including information on follow-up until 2025/12/31.
Only primary tumors and PC diagnosis that are histologically confirmed are included.
PC patients who died within the first three months after diagnosis or who died from
causes unrelated to PC two years after diagnosis are excluded. Further data cleansing
and feature selection follow clinical practice and are performed in agreement with
CR-RLP specialists and medical experts [6, 8, 11, 12].

The final dataset includes 1,158 patients, of whom 459 had an event-free of at least
two years. For the analysis, the following events were included: death, tumor progres-
sion, recurrence, newly developed distant metastasis or metastatic recurrence. The
median age of this cohort is 69.52 years, with 51.55 % (n=597) male patients. The

majority of 65.8% (n=762) of PC is diagnosed in the head of the pancreas (C25.0),



using the International Statistical Classification of Diseases and Related Health Prob-
lems - 10. Revision - German Modification (IDC-10-GM). According to the TNM
classification system, the most common diagnoses of PC are T2 (39.46% n=457) or
T3 (28.32%, n=328), and MO (82.73%, n=958). Regarding therapies, 57.6% (n=667)
received surgical resection, 8.72% (n=101) underwent pancreatectomy, and 40.41%

(n=468) received systemic therapy.

2.2 Current Staging and Treatment

Depending on the degree of vascular involvement, the National Comprehensive Cancer
Network (NCCN) guideline [13] categorizes the anatomical stage of PC into the fol-
lowing resectability criteria: resectable (RPC), borderline resectable (BRPC), locally
advanced (LAPC), or metastatic tumors [3]. For the latter, around 57% of PC patients
are diagnosed with metastatic, non-resectable disease, for which the standard of care
is palliative chemotherapy [3].

The standard treatment for patients with resectable PC is surgery with chemother-
apy, providing the best chance for long-term survival [14].

For patients with RPC, the current standard of care involves surgery followed by
adjuvant chemotherapy [3]. However, about 33% do not receive adjuvant chemotherapy
due to surgical complications that impact functional recovery [15]. For BRPC patients,
neoadjuvant chemotherapy followed by surgery and sometimes adjuvant chemother-
apy demonstrated superior survival. For LAPC patients, primary treatment involves
induction chemotherapy for 4-6 months, sometimes followed by surgical resection [3].

Additionally, the surgical procedure is also determined by the location of the
tumor within the pancreas itself (ICD-10-GM classification), in either the pancreatic
head (C25.0), body (C25.1), or tail (C25.2) [16]. Surgery includes the pancreatic-

head resection with so-called partial pancreatoduodenectomy, pancreatic-tail resection



with so called distal pancreatectomy, or the total removal of the pancreas, so called

pancreatoduodenectomy [3, 16].

2.3 Statistical Analysis: Clustering, Distances, and Survival

In this work an unsupervised machine learning approach to identify clinically meaning-
ful phenotypes of pancreatic cancer patients was used [17, 18]. We include all available
patient, tumor, and treatment characteristics in the clustering analysis and focused
purely on phenotypic stratification [17, 18].

For this purpose, we use hierarchical clustering with Ward’s linkage, that has
already shown to be a promising approach for exploring phenotypes of heterogeneous
diseases [19-21]. Ward’s linkage is a hierarchical, agglomerative clustering method
based on a bottom-up approach, and focuses on minimizing the total within-cluster
variance [22]. Initially, each data point is in its own cluster; iteratively, the algorithm
merges pairs of clusters that result in the smallest possible increase in total within-
cluster variance (sum of squared errors) [23, 24]. The optimal number of clusters K
is determined by the Dunn index, that measures the minimum distance between two
clusters divided by maximum distances of data points within a given cluster. The
higher the index, the better the cluster quality [24, 25].

As we face a real-world dataset with mixed data types and varying scales and units,
we use the Gower distance as a suitable distance metric [26]. For numeric variables,
the distance between two data points is calculated as normalization of the absolute
difference. For categorical and binary features, the distance is 0 if both feature levels
are equal, and 1 if they are unequal. Finally, the Gower distance between two points
is calculated as the average of the distances of all variables [26, 27].

We use Kaplan-Meier curves to visualize and evaluate survival probabilities
between identified phenotypes. The curves show the probability that an event has

not yet occurred [28]. In this study, we investigate the 2-year event-free survival,



including death, tumor progression, recurrence, newly developed distant metastasis
or metastatic recurrence as events. Additionally, we apply Cox Proportional Hazards
models, also known as Cox regressions. The baseline hazard function is defined as the
reference when all input features X = 0 at time ¢, given the estimated coefficients
B of the predictors X. The hazard ratios HR = exp(X, 8) indicate whether the risk
of an event increases or decreases with a unit increase or decrease in X. The statis-
tic significance of HR is indicated by p-values [29]. In this study, we first associate
the identified phenotypes with the two-year event-free survival probability. Second, we
explore treatment associations within phenotypes.

All analyses are done in R (4.5.2) using the packages hclust (2.1.8.2), NbClust

(3.0.1), survival (3.8-6), and survminer (0.5.2).

3 Results

The goal of this study is to identify distinct and homogeneous clusters of PC patients,
using all available information regarding patient, tumor, and treatment characteristics.
Subsequently, we evaluate the relationship between the identified phenotypes and 2-
year event-free survival using survival analysis, including Kaplan-Meier curves and

Cox regressions.

3.1 Identified phenotypes

Based on the cohort of 1,158 PC patients, we identified six distinct phenotypes,
Figure 3.1 shows the dendogramm of the hierarchical clustering using Ward’s Linkage,
illustrating the bottom-up approach and the grouping of the identified phenotypes.
Table 1 provides an overview of the patient characteristics for each cluster. The
identified phenotypes are characterized by distinct patient, tumor, and treatment

profiles.



Table 1 Patient characteristics of each cluster identified using all available patient, tumor, and
therapeutic characteristics.

Phenotype
1 2 3ld | 4 5 6
oung, elder .

elderly %]OW ¢ grade patieri,ts hlgdh gre:ide male young
Parameter females with ~and  node-  receiving anc ti node- pa&f nts 1 metastatic

low grading negative pancreatec- pos% ve with, oW profile

profile tomy profile grading
N=307 N=92 N=191 N=162 N=234 N=172

Demographics
Age, median (sd) | 70.93 (10.27) 66.33 (11.59)  70.52 (9.39) 69.76 (10.39)  69.55 (9.3)  65.27 (10.87)
Males, % (n) 3.91% (12)  54.35% (50) 62.83% (120)  50.62% (82) 99.57% (233) 58.14% (100)
Females, % (n) | 96.00% (205)  45.65% (42)  37.17% (71)  49.38% (80) 0.43% (1)  41.86% (72)
ICD-10,% (n)
€25.0 76.22% (234)  30.43% (28)  69.63% (133) 66.05% (107) 76.92% (180)  46.51% (80)
€25.1 6.84% (21)  16.3% (15)  10.99% (21)  8.64% (14)  5.56% (13)  14.53% (25)
C25.2 12.05% (37)  38.04% (35)  6.28% (12)  12.96% (21)  15.38% (36)  20.35% (35)
other 189% (15)  15.22% (14)  13.09% (25)  12.35% (20) 2.14% (5)  18.6% (32)
Histology,% (n)
8500/3 47.23% (145) 4.35% (4)  50.26% (96) 75.93% (123) 51.71% (121)  8.14% (14)
8140/3 47.88% (147) 1.09% (1) 41.88% (80)  7.41% (12) 44.44% (104)  65.7% (113)
H_other 489% (15)  94.57% (87)  7.85% (15)  16.67% (27) 3.85% (9)  26.16% (45)
Grading,% (n)
Low 75.24% (231)  94.57% (87)  32.98% (63) 1.23% (2)  76.92% (180)  30.81% (53)
High 20.2 %(62) 0%(0) 63.35 %(121) 98.77 %(160)  19.66 %(46)  20.93 %(36)
unknown 4.56% (14) 5.43% (5) 3.66% (7) 0% (0) 3.42% (8)  48.26% (83)
T status,% (n)
TIS 0.33% (1) 0% (0) 0% (0) 1.23% (2) 0.43% (1) 0% (0)
T1 9.45% (29)  22.83% (21)  5.76% (11) 5.56% (9) 9.4% (22) 2.33% (4)
T2 40.39% (124)  36.96% (34)  45.55% (87)  48.15% (78) 49.57% (116)  10.47% (18)
T3 30.94% (95)  23.91% (22)  35.08% (67)  33.95% (55)  28.63% (67)  12.79% (22)
T4 4.56% (14) 5.43% (5)  5.76% (11) 3.00% (5) 2.56% (6)  23.26% (40)
TX 14.33% (44)  10.87% (10)  7.85% (15)  8.02% (13) 9.4% (22)  51.16% (88)
N status,% (n)
NO 28.34% (87)  61.96% (57)  37.17% (71)  29.63% (48)  28.63% (67)  11.05% (19)
N1 40.07% (123) 25% (23)  38.74% (74)  38.27% (62)  39.74% (93)  28.49% (49)
N2 14.66% (45) 3.26% (3)  15.71% (30)  22.22% (36)  20.51% (48) 4.07% (7)
NX 16.94% (52) 9.78% (9)  8.38% (16)  9.88% (16)  11.11% (26)  56.4% (97)
M status,% (n)
MO 93.49% (287)  90.22% (83) 95.29% (182) 90.12% (146)  95.3% (223)  21.51% (37)
M1 6.51% (20) 9.78% (9) 4.71% (9)  9.88% (16) 47% (11)  78.49% (135)
Therapies,% (n)
Pancreatectomy 1.95% (6) 3.26% (3)  46.07% (88) 1.23% (2) 0.43% (1) 0.58% (1)
Partial resection | 78.18% (240)  67.39% (62 0% (0) 97.53% (158) 86.75% (203) 2.33% (4)
Systemic therapy | 41.69% (128) 217% (2)  38.22% (73)  41.98% (68)  45.3% (106)  52.91% (91)

sd = standard deviation; ICD-10: ICD-10-GM with location of the tumor in the pancreatic
head (C25.0), body (C25.1), or tail (C25.2); Histology: 8500/3 = invasive ductal
adenocarcinoma, 8140/3 = adenocarcinoma; T-, N-, M-status follows the current

TNM-classification system; Pancreatectomy = pancreatoduodenectomy; Partial resection =

pancreatic- head or pancreatic-tail resection.



The largest cluster identified is Phenotype 1 (elderly females with low grad-
ing, n=307). This profile is characterized by elderly women (96.1% female; median
age 70.9 years), mostly low grade tumors (75.2%) that are non-metastatic (93.5%), and
predominantly located in the pancreatic head (C25.0, 76.2%). Most patients received
surgical resection (78.2%) and systemic therapy (41.7%).

A second largest profile is Phenotype 5 (male patients with low grading,
n=234). These patients have similar characteristics with Phenotype 1: low grade
(76.9%), non-metastatic tumors (95.3%), and location in the pancreatic head (76.9%),
but mostly male and slightly younger (99.6% male; median age 69.55 years). The
therapeutic profile resembles Phenotype 1, with high rates of surgical resection (86.8%)
and systemic therapy (45.3%).

Phenotype 2 (young, low grade and node-negative profile, n = 92),
is the smallest cluster with young patients (median age 66.3 years), uniformly low
grade (94.6%), and the highest proportion of node-negative patients (62.0%) across
all clusters. This profile is also characterized by uncommon histology (94.6% are other
than the most common adenocarcinoma subtypes). Some patients underwent surgical
resection (67.39%), systemic therapy is almost missing (2.2%).

In contrast to Phenotype 2, Phenotype 4 (high grade and node-positive pro-
file, n=162) shows a more advanced profile. Nearly all tumors are high grade (98.8%),
and the most lymph node involvement(N1=38.27% and N2=22.22%). There is a pre-
dominance of invasive ductal adenocarcinoma histology (8500/3, 75.9%). Almost all
patients received surgical resection (97.5%), the highest rate among all herein defined
phenotypes.

Phenotype 3 (elderly patients receiving pancreatectomy, n=191) is char-
acterized by elderly patients (median age 70.5 years) and as the only cluster with a

significant share of patients who underwent a pancreatectomy (46.07%), while none



underwent surgical resection. They have mostly high grad tumors (63.35%) that are
most frequently located in the pancreatic head (69.63%).

The cluster with the youngest patients identified is Phenotype 6 (young,
metastatic profile, n=172) that is characterized by an advanced profile: 78.5% of
patients are diagnosed with distant metastases (M1), the highest proportion across
all phenotypes. Tumor and nodal status are frequently unknown, given that for M1
patients, tumor and nodal status are commonly not determined anymore (TX=51.16%,

NX=56.4%). Accordingly, systemic therapy is the most common treatment (52.91%).

Phenotype 1
Phenotype 2
Phenotype 3
Phenotype 4
Phenotype 5
Phenotype 6

Sum of within—cluster distance

|l“ ik

Fig. 1 Dendogram of hierarchical clustering using Ward’s Linkage, clustered on patient, tumor, and
therapeutic characteristics.

3.2 Association of phenotypes with 2-year survival

699 of the 1,158 patients (60.4%) experiences no 2-year event-free survival. To fur-
ther analyze the 2-year event-free survival between each phenotype identified, we
apply univariate Cox regression with phenotype membership as the single co-variate.
Table 3.2 provides an overview of the findings from the Cox regression analysis.

Figure 2 illustrates the survival curves for each phenotype using Kaplan-Meier curves.
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Fig. 2 Incidence rates of 2-year event-free survival illustrated using Kaplan-Meier curves for each
cluster identified. Low event-free survival rate in phenotype 6 can be explained by its high-proportion
of metastatic patients. The high event-free survival rate in phenotype 2 can be explained by pre-
dominantly younger patients with low grading without lymph node involvement that had undergone
partial surgical resection.

Phenotype 2 had the highest event-free survival rate and is therefore defined as
reference group, which can be explained by predominantly younger patients with low
grading and without lymph node involvement, undergoing surgical resection. The
results of the Cox regression show a substantially higher event-free survival probabil-
ity for all other phenotypes with high significant p-values < 0.001. Additionally, the
risk increases substantially across all six phenotypes, ranging from low-grade profiles

to advanced diseases, as described in Section 3.1. Phenotypes 1 and 5 are defined by
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similar characteristics of low grading, similar treatment including partial resection of
the pancreas in conjunction with systemic therapies. These phenotypes demonstrate a
relatively similar hazard of event within two years, but statistically significant worse
and twice as high as the reference (Phenotype 1: HR 2.32, CI 1.48-3.65; Phenotype 5:
HR 2.23, CI 1.41-3.54). An even higher level of risk is evident in Phenotypes 4 and 3,
both characterized by an advanced stage with high-grade tumors and a relatively high
rate with lymph node involvement. Notably, the treatment primarily differs between
those two Phenotypes, with Phenotype 4 receiving partial resection having an even
lower risk than Phenotype 3, where the patients showed the highest rate of total pan-
createctomy (Phenotype 4: HR 2.81, CI 1.76-4.49; Phenotype 3: HR 3.19, CI 2.01-5.05).
The most significant hazard is observable for Phenotype 6, which is consistent with
its predominantly metastatic profile and an HR five times higher than the baseline
(HR 5.06, CI 3.20-8.01).

To conclude, the ordering of survival rates are consistent with the patient, tumor,
and treatment characteristics of the identified phenotypes: The young, low-grade,
and node-negative phenotype 2 defines the favorable prognosis baseline. Male (pheno-
type 5) and elderly female (phenotype 1) representing the most typical clinical profile
confront twice the risk of an event. An even higher risk is observable in the advanced
profiles, characterized by a high proportion of high-grade phenotypes receiving surgery
(phenotype 4 with partial resection, phenotype 3 with pancreatectomy). PC patients

who are metastatic define the high-risk end (phenotype 6).

3.3 Treatment patterns

To further analyze the association between the treatment received and 2-years event-
free survival, we apply separate multivariate Cox regression analysis for each identified

phenotype. The results of these analyses are presented in Table 3. The analysis of each
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Table 2 Summary of the result of Cox proportional hazards regression model,
comparing each phenotype identified with respect to the hazard of event within 2 years
and Phenotype 2 as reference group.

Phenotype ‘ HR 95% CI ‘ p-value
2 young, low grade and node-negative profile | Ref. Ref. Ref.

5 male patients with low grading 2.2343  1.4085 - 3.5441 | < 0.001
1  elderly females with low grading 2.3206 1.4753 - 3.6501 | < 0.001
4 high grade and node-positive profile 2.8072  1.7566 - 4.4863 | < 0.001
3 elderly patients receiving pancreatectomy 3.1856  2.0093 - 5.0500 | < 0.001
6 young metastatic profile 5.0634  3.2007 - 8.0096 | < 0.001

HR = hazard ratios, CI = confidence interval, Ref. = reference.

phenotype is conducted independently. The findings are primarily exploratory due to
the reduced sample size and must be interpreted with caution.

Within the identified phenotypes, treatment shows few significant associations with
2-year event-free survival. The only significant effect at a < 0.1 is observed for systemic
therapy in Phenotype 1 and 5, where receiving systemic therapy is associated with a
reduced hazard of event (Phenotype 1: HR 0.67, CI 0.49-0.92; Phenotype 5: HR 0.72,
CI 0.51-1.04). In the remaining phenotypes, systemic therapy is not associated with
2-year event-free survival.

Regarding surgery, there is no association with 2-year event-free survival in any
identified phenotype in this study. The impact of partial resection is not estimable in
Phenotype 3, nor the impact of pancreatectomy to Phenotypes 2, 5, and 6, as no or

few patients within these phenotypes underwent these treatments (see Section 3.1).

4 Discussion

The aim of this study is to identify homogeneous and distinct phenotypes within the
heterogeneous population of PC patients using standard characteristics that describe
patient, tumor, and treatment. Therefore, we applied unsupervised hierarchical clus-

tering using Ward’s Linkage. We identified six distinct phenotypes of PC patients and
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Table 3 Results of six Cox regression models for each identified phenotype to the
2-year event-free survival, including all treatment characteristics, namely systematic
therapy, partial resection, and pancreatectomy. * indicates p-value below a < 0.1.

Phenotype term HR 95% CI ‘ p-value
1 q d Systemic therapy | 1.2025 0.1594-9.0726 0.8581
g YOUnS, fow grace an Partial resection | 1.1153  0.4471-2.7822 | 0.8150
node-negative profile
Pancreatectomy n.a. n.a. n.a.
1 tients with 1 Systemic therapy | 0.7242  0.5063-1.0359 | 0.0772*
5 male patlents With IOW b rtial resection | 1.3037  0.7705-2.2059 | 0.3229
grading
Pancreatectomy n.a. n.a. n.a.
. Systemic therapy | 0.6727  0.4915-0.9206 | 0.0133*
1 féfverlfag‘irfales with Partial resection | 0.9273  0.6470-1.3290 | 0.6810
gracing Pancreatectomy | 0.5604  0.1766-1.7789 | 0.3258
. Systemic therapy | 1.0402 0.7018-1.5419 0.8443
4 E(‘)g(;le _grsgfijéld ofle  [Partial resection | L7641 0.3712-8.3839 | 0.4754
p p Pancreatectomy | 1.8584  0.3897-8.8623 | 0.4368
elderly patients Systemic therapy | 0.9925 0.6911-1.4254 0.9676
3 receiving Partial resection n.a. n.a. n.a.
pancreatectomy Pancreatectomy 1.0635 0.7481-1.5119 0.7315
oune metastatic Systemic therapy | 0.7677 0.5517-1.0684 0.1169
6 YouNe Partial resection | 0.2204  0.0307-1.5799 | 0.1324
profile
Pancreatectomy n.a. n.a. n.a.

subsequently analyzed their association with 2-years event-free survival and treatment
patterns.

Phenotype 2 represents the most favorable prognostic group and serves as the
reference for survival analysis. It is characterized by young age, low grade, and node
negativity, indicating anatomically resectable disease. As already described, combining
surgery and systemic therapy provides the best chance of long-term survival [13, 14].
However, most patients received only surgical resection and no systemic therapy (only
2 PC patients), which may be reflected by the predominance of uncommon histologi-
cal subtypes in this phenotype with over 94%. These findings are consistent with the
review of Collisson et al., that underscores the importance of histopathological sub-
typing and addresses the current status, that uncommon histologies have not yet been

defined for making informed treatment decisions for PC [9].
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Phenotypes 1 and 5 are the two largest profiles, representing around 46% of the
entire cohort. Both phenotypes represent a resectable and the most typical clinical
profile, and differ primarily by sex. PC is located in the pancreatic head and treated
with high rates of surgical resection. This maps them to resectable disease, for which
the standard of care is surgery combined with systemic therapy [3, 13]. Regarding
therapy, only 42% and 45% of these patients received systemic therapy, indicating that
most patients cannot be treated with systemic therapy due to surgical complications or
impaired functional recovery [3, 15]. However, there is clinical relevance when patients
are not treated with systemic therapy, as systemic therapy is the only treatment
associated with a reduced risk of events in both of these phenotypes (Phenotype 1:
HR 0.67, p-value 0.0133; Phenotype 5: HR 0.72, p-value 0.0772; see Section 3.3).
Compared to phenotype 2 (see Figure 2), the increased risk can be attributed to the
high prevalence of adenocarcinomas, as well as to the high percentage of patients
that did not receive systemic therapy. These findings suggest that systemic therapy
may serve as a potentially modifiable treatment option for these otherwise resectable
patients, again aligning with oncological knowledge that combined treatment improves
event-free survival rate [16].

Phenotypes 4 and 3 represent anatomically resectable but more advanced dis-
eases. Both profiles are characterized by predominantly high-grade tumors and a high
incidence of lymph node involvement. Phenotype 4 is characterized by a high rate of
invasive ductal adenocarcinomas (8500/3, 75%), which are treated almost exclusively
by partial resection (97.5%). Although this profile is anatomically resectable, it has
a poor prognosis because lymph node involvement further worsens the resectability
criteria [13]. This profile likely reflects BRPC or LAPC patients for whom neoadju-
vant or induction chemotherapy is indicated [3, 14]. Phenotype 3 is characterized by
46% undergoing total pancreatectomy, a more extensive complex surgery associated

with higher risks of complications that is a typical risk of more advanced disease [16].
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Both phenotypes are associated with a significantly higher HR than the low-risk group
(Phenotype 4: HR 2.81; Phenotype 3: HR 3.19). Although the HR of phenotype 3 is
higher among these two, the within-phenotype analysis revealed no effect of the surgi-
cal method on 2-year event-free survival (section 3.3); suggesting that the higher risk
is likely due to the even more advanced stage of the disease rather than the type of
surgery itself.

Lastly, Phenotype 6 defines the high-risk end. Despite being the youngest profile,
most of its patients have distant metastases (78.5%), an unknown or advanced tumor,
and an unknown nodal status, which is frequently not determined for M1 patients
anymore. This phenotype represents non-resectable PC for which palliative systemic
chemotherapy is the standard of care, which is reflected by the highest rate of systemic
therapy across all identified phenotypes (52.91%) [3, 8]. This profile has the lowest
observed 2-year event-free survival probability (HR 5.06). Moreover, receiving systemic
therapy has no effect on 2-year event-free survival (HR 0.77; Section 3.3). These find-
ings are consistent with the palliative rather than curative intention of chemotherapy
as well as its limited survival benefit for metastatic PC patients [6, 8].

Taken together, the identified phenotypes cover the full clinical staging of PC,
from early detected resectable disease (Phenotype 2), through the most typical clinical
profile with resectable low-grade disease that appears undertreated regarding systemic
therapy (Phenotypes 1 and 5), to high-grade advanced but still resectable disease
(Phenotypes 4 and 3) and finally, metastatic disease (Phenotype 6). This data-driven
ordering is consistent with established staging and treatment guidelines, supporting
the clinical plausibility of the identified phenotypes [1, 3, 9]. The hint of beneficial
systemic therapy highlights a potentially modifiable option for improving outcomes
in patients who are otherwise resectable (see phenotype 1 and 5). Additionally, our

findings support the development of a histopathological taxonomy that could improve

15



current treatment options for common and uncommon histological subtypes separately
(see phenotype 2) [9].

This work has some limitations. First, our dataset only includes the most basic
characteristics. In ongoing studies, variables could be expanded to include additional
information about non-modifiable risk factors, such as family history or comorbidities,
as well as modifiable risk factors related to lifestyle [1]. Second, our investigation
of the association with 2-year event-free survival includes death, tumor progression,
recurrence, newly developed distant metastasis or metastatic recurrence as events. This
analysis could be more detailed to investigate the HR of each event individually. Lastly,
an external validation is needed to determine the robustness and generalizability of
our findings.

To conclude, we applied an unsupervised data-driven approach using baseline
characteristics describing patient, tumor, and treatment information of PC patients.
It is noteworthy that our analysis is conducted on a real-world dataset from the
population-based CR-RLP that additionally includes clinical information including
diagnosis, treatment and disease progression from the inpatient and outpatient sec-
tor [12], resulting in a extensive cohort of 1,158 PC patients. We identified six
homogeneous phenotypes that capture existing clinical profiles and treatment guide-
lines. Most importantly, these phenotypes vary significantly in terms of two-year
event-free survival, suggesting that they represent clinically meaningful PC profiles
that could facilitate the development of novel therapeutic strategies and promote more
informed treatment decisions, which are crucial for PC heterogeneity [1, 3, 9]. Future
work should strengthen this analysis by including more detailed treatment informa-
tion, particularly the specific surgical procedures performed and the sequencing of

chemotherapy relative to surgery [3].
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