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Abstract

Background/aims The reciprocal promotion of cancer and stroke occurs due to changes in shared risk factors, such as meta-
bolic pathways and molecular targets, creating a “vicious cycle.” Cancer plays a direct or indirect role in the pathogenesis of
ischemic stroke (IS), along with the reactive medical approach used in the treatment and clinical management of IS patients,
resulting in clinical challenges associated with occult cancer in these patients. The lack of reliable and simple tools hinders
the effectiveness of the predictive, preventive, and personalized medicine (PPPM/3PM) approach. Therefore, we conducted
a multicenter study that focused on multiparametric analysis to facilitate early diagnosis of occult cancer and personalized
treatment for stroke associated with cancer.

Methods Admission routine clinical examination indicators of IS patients were retrospectively collated from the electronic
medical records. The training dataset comprised 136 IS patients with concurrent cancer, matched at a 1:1 ratio with a control
group. The risk of occult cancer in IS patients was assessed through logistic regression and five alternative machine-learning
models. Subsequently, select the model with the highest predictive efficacy to create a nomogram, which is a quantitative
tool for predicting diagnosis in clinical practice. Internal validation employed a ten-fold cross-validation, while external
validation involved 239 IS patients from six centers. Validation encompassed receiver operating characteristic (ROC) curves,
calibration curves, decision curve analysis (DCA), and comparison with models from prior research.

Results The ultimate prediction model was based on logistic regression and incorporated the following variables: regions
of ischemic lesions, multiple vascular territories, hypertension, D-dimer, fibrinogen (FIB), and hemoglobin (Hb). The area
under the ROC curve (AUC) for the nomogram was 0.871 in the training dataset and 0.834 in the external test dataset. Both
calibration curves and DCA underscored the nomogram’s strong performance.

Conclusions The nomogram enables early occult cancer diagnosis in hospitalized IS patients and helps to accurately iden-
tify the cause of IS, while the promotion of IS stratification makes personalized treatment feasible. The online nomogram
based on routine clinical examination indicators of IS patients offered a cost-effective platform for secondary care in the
framework of PPPM.

Keywords Ischemic stroke - Occult cancer - Machine-learning - Nomogram - Admission screening - External validation -
Multicenter observational study - Predictive Preventive Personalized medicine (PPPM / 3PM)
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AUC-ROC  Area under the receiver operating character-
istic curves
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DALYs Disability-adjusted life years

DCA Decision curve analysis

DWI Diffusion-weighted imaging

FIB Fibrinogen

Hb Hemoglobin

ICA Internal carotid artery

IS Ischemic stroke

LDA Linear discriminant analysis

LDH Lactic dehydrogenase

MRI Magnetic resonance imaging

ORs Odds ratios

PLT Platelet count

PPPM/3PM Predictive, preventive, and personalized
medicine

ROC Receiver operating characteristic

SBI Silent brain microinfarction

SVM Support vector machine

VBA Vertebral-basilar artery

WSO World Stroke Organization

Introduction

The PPPM approach is vital for the treatment
and clinical management of occult cancers
in IS patients

The global burden of stroke continues to increase with the
aging of the population and the prevalence and poor control of
risk factors such as obesity, diabetes, hypertension, and hyper-
lipidemia. In 2020, the direct and indirect economic burden
of stroke worldwide will reach $891 billion [1]. In the last
three decades (from 1990 to 2020), the absolute number of
strokes has doubled [2]. Stroke is the second leading cause of
death worldwide, and the World Stroke Organization (WSO)
predicts that stroke mortality and disability-adjusted life years
(DALYSs) will continue to increase significantly over the next
thirty years (2020 to 2050) [1]. Additionally, stroke and cancer
often coexist in clinical practice, with one-tenth of ischemic
stroke (IS) patients suffering from cancer [3]. As stroke and
cancer treatment methods continue to improve, patients’
median survival rates are expected to increase. However, indi-
viduals who are dealing with both cancer and stroke concur-
rently have a notably unfavorable prognosis. This is character-
ized by increased disability rates and elevated healthcare costs
compared to those without cancer [4-9]. Moreover, in some
cases, stroke may be a first manifestation of an underlying
occult cancer. A recent comprehensive review highlighted that
the cumulative diagnosis rate of cancer during the initial year
subsequent to an IS was 13.6 per thousand (95% confidence
interval (CI) 5.6-24.8). This incidence was markedly higher
in cases with cryptogenic stroke (62.0 per thousand, 95%
CI 13.6-139.3), as well as after cancer screening (39.2 per
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thousand, 95% CI 16.4-70.6) [10]. A registry study from Swit-
zerland found that 5.4% of acute IS patients suffer from active
cancer, with a quarter diagnosed during or within 12 months
of hospitalization for index stroke [6].

The reactive medical approach used in the treatment
and clinical management of IS patients makes it difficult to
detect underlying occult cancer during the first admission.
The Suboptimal Health Study Consortium and European
Association for Predictive, Preventive and Personalized
Medicine proposed that predictive, preventive, and per-
sonalized medicine (PPPM/3PM) strategies could benefit
stroke patients, particularly those with unknown etiology
[11]. Once hospitalized IS patients are initially stabilized,
there is an urgent need to accurately identify the cause of
IS so that appropriate secondary prevention measures can
be initiated. Based on this, applying the PPPM approach
to identify underlying occult cancers in patients with IS as
early as possible, and carrying out appropriate secondary
prevention measures, such as cancer treatment, based on spe-
cific cancer and stroke conditions, may not only help pro-
long the survival time of cancer patients, and also contribute
to the personalized treatment and clinical management of
cancer-associated stroke patients.

The mechanisms of the reciprocity
between IS and cancers

Some metabolic pathways and molecular targets are com-
mon risk factors for IS and cancer, and changes in these
factors can lead to irreversible damage, such as silent brain
microinfarction (SBI), retinal microvascular abnormali-
ties, systemic inflammation, mitochondrial impairments,
pre-cancerous lesions, pre-metastatic niches, which in turn
can lead to activated metalloproteinases, blood-brain bar-
rier (BBB) breakdown, and ultimately altogether leading to
the reciprocal cancer-stroke promotion in a “vicious cycle”
[12]. On the other hand, there are multiple direct or indi-
rect factors significantly associated with the occurrence of
IS in cancer patients, including compression, embolism, or
invasion of blood vessels, cancer induced activation of the
coagulation cascade and fibrinolysis-system hyperactivity,
treatment-related side effects, and non-bacterial thrombotic
endocarditis [3, 13]. It is precisely based on the aforemen-
tioned mechanisms of the reciprocity between IS and cancer
that clinical practice simultaneously faces the challenges of
underlying occult cancer in IS patients and underlying occult
IS in cancer patients.

Challenges in predicting occult cancers
of IS patients

Prior investigations have elucidated several factors inde-
pendently linked with active cancer in IS patients. These
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include undetermined etiology stroke, inflammatory mark-
ers, hypercoagulability indicators, smoking history, and
the presence of lesions spanning multiple vascular territo-
ries, as evident through diffusion-weighted imaging (DWTI)
[14-16]. Although multiple clinical risk scores have been
proposed, the corresponding clinical scores have not been
compared with different statistical methods and are mostly
single center studies, lacking sufficient internal validation
and external data validation. It is crucial to develop and
validate a reliable model for identifying occult cancers
in hospitalized patients with IS, and to use more intuitive
and convenient methods to assist clinical decision-making,
thereby translating PPPM into clinical practice.

Working hypothesis in the framework of PPPM

We hypothesized that a multiparameter model based on rou-
tine clinical examination indicators of IS patients would
enable identification of occult cancer and stratification of
hospitalized IS patients. Therefore, based on multiparam-
eter analysis, this current study endeavors to devise a nomo-
gram intended for the discreet detection of occult cancers
among patients afflicted by IS, thereby achieving patient
stratification within the PPPM framework to promote a
shift from reactive medicine to predictive diagnosis and
targeted interventions. To be more precise, we embarked
on an investigation to identify suitable biomarkers and,
through comparative analysis of diverse prediction models,
construct and autonomously validate a dependable instru-
ment that can be readily utilized within clinical practice in
the context of PPPM.

Methods
Data collection and study population

A matched case—control investigation was conducted
involving patients admitted with a diagnosis of IS. The
recruitment spanned from January 2014 to January 2019,
with participants enrolled at the Stroke Center of the First
Affiliated Hospital of Xiamen University. For the train-
ing dataset, a cohort of 136 IS patients with active cancer
was meticulously selected and juxtaposed against a control
group, establishing a 1:1 ratio based on age and sex. Addi-
tionally, 239 cases (121 in the cancer group vs. 118 in the
control group) were procured from six other centers for
external validation. Comprehensive details concerning the
six research centers can be found within the supplementary
materials.

Inclusion criteria were delineated as follows: (1) IS cases
adhering to the Baltimore-Washington Cooperative Young
Study Criteria, and (2) brain magnetic resonance imaging

(MRI) scans consistently reflecting infarctions in line with
clinical presentations. Exclusion criteria encompassed: (1)
the presence of risk factors for cardioembolic stroke, such
as atrial fibrillation, valvular heart disease, and prosthetic
valve replacement; (2) aortic stenosis responsible for cer-
ebral infarction exceeding 50%; (3) substantial brain paren-
chymal atrophy; and (4) hematological malignancies and
primary intracranial malignancies or intracranial metasta-
ses, given their anticipated distinct underlying mechanisms
for cerebral infarction [17].

The definition of active cancer entailed: (1) previously
ascertained malignancy, (2) recent cancer diagnosis, and (3)
ongoing cancer treatment, all occurring within 12 months
preceding or following the index stroke. These details
were discerned from the electronic medical records of the
patients.

Predicated on pertinent literature and expert consensus,
the following factors were meticulously gleaned from the
electronic medical record system to serve as observational
markers: (1) socio-demographics: gender and age; (2) hab-
its: smoking and alcohol consumption; (3) medical history:
diabetes, hypertension, and hyperlipidemia; (4) stroke fea-
tures: regions of ischemic lesions and involvement of mul-
tiple vascular territories; (5) type of cancer; and (6) labo-
ratory indicators: D-dimer, fibrinogen (FIB), hemoglobin
(Hb), platelet count (PLT), lactic dehydrogenase (LDH).
All the indicators mentioned above were collected upon
admission.

Blinding of validation data

The validation data for external assessment was supplied in
a concealed manner, withholding information regarding the
diagnosis of active cancer. Comprehensive particulars of the
groupings only emerged subsequent to the culmination of
the prediction analysis.

Patient and public involvement statements

The design, execution, reporting, and dissemination of our
research did not encompass the involvement of patients or
the general public.

Statistical analyses

In the initial phase, descriptive statistics were utilized to
ascertain disparities in the observation indicators between
the cancer group and the control group within the training
data. This was accomplished through chi-square tests for
categorical variables and the Wilcoxon rank-sum test for
numeric variables. It is noteworthy that laboratory exami-
nation indicators were regarded as both numeric variables
and categorical variables (normal vs. abnormal). Local
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medical references were employed to classify laboratory
examination indicators such as D-dimer (< 0.5 pg/mL),
FIB (2-4 g/L), Hb (115-150 g/L in females, 130-175 g/L
in males), PLT (125-350 10°/L), and LDH (< 240 U/L)
as normal.

Following the exclusion of non-significant variables,
multivariable logistic regression was engaged to uncover
the factors influencing the occurrence of IS in conjunction
with cancer. This entailed estimation of odds ratios (ORs)
alongside corresponding 95% confidence intervals (CIs).
Subsequently, significant variables were retained for sub-
sequent analysis.

In the subsequent phase, the risk associated with IS
in patients with cancer was assessed through the imple-
mentation of logistic regression, Lasso regression, linear
discriminant analysis (LDA), Naive Bayes, support vec-
tor machine (SVM), and Random Forest models. These
models, being conventional tools for classification within
machine learning, were trained using the data of 272 IS
patients as delineated earlier. Internal validation entailed a
ten-fold cross-validation, yielding IS-cancer probabilities
for evaluating predictive performance. To quantify predic-
tive accuracy, the area under the receiver operating charac-
teristic curves (AUC-ROC) was computed for each of the
six aforementioned statistical approaches. Pairwise com-
parisons were conducted to discern distinctions between the
various models. The ultimate model was chosen by jointly
considering predictive accuracy and model interpretability.
Subsequently, this chosen model underwent independent
external validation using data from an additional 239 IS
patients sourced from other centers.

Four, a nomogram was formulated utilizing the defini-
tive prediction model. Visual scrutiny was directed towards
calibrating the final model.

Five, we conducted a comparative analysis between
the ultimate prediction model and two models docu-
mented in prior investigations. The assessment of their
predictive efficacy was undertaken through the analysis of
AUC-ROC. The three prediction models were expressed
as follows: [Model 1]: logit (IS with cancer)~ Ischemic
lesions regions + Multiple vascular territories + Hyperten-
sion+ D-dimer + FIB + Hb; [Model 2]: logit (IS with can-
cer)~ Hyperlipidemia + D-dimer+ FIB; [Model 3]: logit (IS
with cancer) ~ Smoke + D-dimer + Hb.

Lastly, two sensitivity analyses were executed to scru-
tinize any disparities in predictive performance. Firstly,
laboratory examination indicators within the final model
were appraised as numeric variables to assess any shifts
in model performance. Secondly, the final model was fur-
ther subjected to validation within the following subset: (1)
omission of IS patients whose cancer was identified prior
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to the incidence of IS and (2) exclusion of external centers
contributing a sample size of fewer than 20.

All P-values were two-tailed. P-values <0.05 were
deemed statistically significant. The entirety of statistical
analyses was executed employing R software (R version
4.2.1, USA).

Results
Patient characteristics

A succinct representation of the study's procedural flow
is depicted in Fig. 1, while Table 1 provides an overview
of demographic data encompassing the cancer and con-
trol groups within the training dataset. Given the matched
age and sex distribution, no statistically significant dis-
tinctions in these attributes were noted. In an overarch-
ing context, the cancer group exhibited a predominance of
elderly participants (median age of 69 years) and a higher
proportion of males (cancer group: 65.44%, control group:
61.03%). The analysis of ischemic lesion regions indicated
a higher incidence of “both Internal Carotid Artery (ICA)
and Vertebral-Basilar Artery (VBA)” involvement in the
cancer group compared to the control group (40.44% vs.
13.97%, P <0.001). Furthermore, the cancer group dis-
played a greater prevalence of involvement across multiple
vascular territories in contrast to the control group (61.03%
vs. 30.15%, P <0.001). Noteworthy differences in demo-
graphic variables were observed, with the cancer group
exhibiting lower rates of alcohol consumption (P =0.022),
hypertension (P < 0.001), diabetes (P < 0.001), and hyper-
lipidemia (P =0.003) relative to the control group. Irre-
spective of classification criteria, the cancer group consist-
ently demonstrated elevated levels of D-dimer (P <0.001),
FIB (P <0.001), PLT (P<0.001), and LDH (P <0.05)
compared to the control group, while concurrently present-
ing lower levels of Hb (P <0.05). Within the subset of 257
IS patients diagnosed with cancer, the distribution of can-
cer types is delineated in Supplementary Fig. 1. Notably,
the top three cancers identified are lung cancer (24.32%),
bowel cancer (14.29%), and genitourinary system cancers
(13.13%), findings consistent across both the training and
validation datasets.

Multivariable logistic regression

The forest plot (Supplementary Fig. 2) comprehensively
illustrates the assessment conducted through a multivari-
able logistic regression model encompassing all obser-
vation indicators (excluding age and sex). Subsequent
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Fig. 1 Study flowchart. This

figure illustrates the develop-
mental and validation process
of the nomogram in the study.

Ischemic stroke (IS) patients admitted to hospital b
etween January 2014 and January 2019

The white part represents the
process of training and internal

validation of the predictive

model. The gray part represents
the process of external valida- [

IS patient with cancer (N=136)

IS patient without cancer (N=136)

tion of the prediction model

Yy [ 1 Socis-demoaraphice: !

. Socio-demographics:

! 2. Habits; 3, Medical
< history; 4, Stroke

features; 5. Cancer type;

Retrospective collected
patients’ characteristics

6, Laboratory indicators

6 Prediction models (with 10-fold cross-validation)

Optimal model (the greatest predictive accuracy) [~

Sensitivity analysis

Testing

Nomogram for screen IS patients for occult cancer

————————

Random selection of 239 cases from another 6 centers for outer validation

to multivariate analysis, several attributes emerged as
significant independent factors associated with active
cancer among IS patients. Notable associations include
ischemic lesion regions (vertebral-basilar artery (VBA)
vs. Internal Carotid Artery (ICA)) (OR=0.423, 95% CI
0.184-0.972), involvement of multiple vascular territories
(OR=2.691, 95% CI 1.165-6.215), presence of hyperten-
sion (OR=0.398, 95% CI 0.18-0.879), abnormal D-dimer
(OR=11.034, 95% CI 5.063-24.046), abnormal FIB
(OR=6.121, 95% CI 2.842-13.185), and abnormal Hb
(OR=3.424, 95% CI 1.684-6.959)—all exhibiting statis-
tical significance (all P <0.05). Consequently, these vari-
ables, encompassing ischemic lesion regions, involvement
of multiple vascular territories, hypertension, D-dimer, FIB,
and Hb, underwent further scrutiny across six distinct pre-
diction models, as delineated below.

Internal cross validation and final model

The comparison of prediction performance among six pre-
diction models is outlined in Table 2. Employing a ten-fold
cross-validation procedure on the training set (comprising
272 IS patients), the computation of the AUC was under-
taken for each statistical method in prognosticating cancer
occurrence in IS patients. The AUC, a gauge of predictive
accuracy, ranges between 0.5 (signifying random predic-
tion) and 1 (representing perfect prediction). Following the
ten-fold cross-validation, all models showcased robust pre-
dictive performance (all AUC > 0.84). Among the sextet
of models evaluated, the multivariable logistic regression
model (AUC=0.854, 95% CI 0.806-0.894) exhibited no
statistically significant distinction in comparison to other
models (pairwise comparison P> 0.05). In light of these
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Table 1 Patient characteristics

. . Characteristic' IS patientsz, N=136 IS with cancer?, N=136 P-value®
in training data

Age 68.00 (62.75, 76.00) 69.00 (63.00, 77.00) 0.899

Gender 0.451
Male 89 (65.44%) 83 (61.03%)

Female 47 (34.56%) 53 (38.97%)

Ischemic lesions regions <0.001
ICA 73 (53.68%) 60 (44.12%)

VBA 44 (32.35%) 21 (15.44%)
Both 19 (13.97%) 55 (40.44%)

Multiple vascular territories <0.001
No 95 (69.85%) 53 (38.97%)

Yes 41 (30.15%) 83 (61.03%)

Smoke 0.095
No 84 (61.76%) 97 (71.32%)

Yes 52 (38.24%) 39 (28.68%)

Alcohol 0.022
No 102 (75.00%) 117 (86.03%)

Yes 34 (25.00%) 19 (13.97%)

Hypertension <0.001
No 25 (18.38%) 52 (38.24%)

Yes 111 (81.62%) 84 (61.76%)

Diabetes <0.001
No 70 (51.47%) 97 (71.32%)

Yes 66 (48.53%) 39 (28.68%)

Hyperlipidemia 0.003
No 96 (70.59%) 116 (85.29%)

Yes 40 (29.41%) 20 (14.71%)

D-dimer (g/L) 0.36 (0.20, 0.86) 2.55(1.08, 19.45) <0.001
Normal 81 (59.56%) 24 (17.65%) <0.001
Abnormal 55 (40.44%) 112 (82.35%)

FIB (g/L) 3.45(2.74,3.82) 3.93 (3.34, 4.96) <0.001
Normal 102 (75.00%) 65 (47.79%) <0.001
Abnormal 34 (25.00%) 71 (52.21%)

Hb (g/L) 139.50 (129.00, 149.00) 130.00 (110.25, 141.25) <0.001
Normal 102 (75.00%) 71 (52.21%) <0.001
Abnormal 34 (25.00%) 65 (47.79%)

PLT (10°/L) 234.00 (188.75, 279.00) 257.00 (199.75, 299.25) 0.041
Normal 131 (96.32%) 106 (77.94%) <0.001
Abnormal 5 (3.68%) 30 (22.06%)

LDH (U/L) 188.50 (166.75, 222.25) 201.50 (169.50, 249.25) 0.036
Normal 112 (82.35%) 98 (72.06%) 0.043
Abnormal 24 (17.65%) 38 (27.94%)

ICA internal carotid artery, VBA, vertebrobasilar artery, FIB fibrinogen, Hb hemoglobin, PLT platelet
count, LDH lactic dehydrogenase

!Laboratory examination indicators were viewed as numeric variables and categorical variables
Median (IQR); n (%)

3Wilcoxon rank sum test; Pearson’s chi-squared test
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Table2 AUC comparison of six prediction models

Prediction Model AUC SE 95% CI

Logistic 0.854 0.0227 0.806 to 0.894
Lasso 0.855 0.0224 0.808 to 0.895
LDA 0.853 0.0228 0.806 to 0.893
Naive Bayes' 0.840 0.0239 0.791 to 0.881
SVM! 0.855 0.0226 0.808 to 0.895
Random Forest 0.842 0.0237 0.793 to 0.884

Among the six models evaluated, the multivariable logistic regression
model exhibited no statistically significant distinction in comparison
to other models (pairwise comparison P> 0.05)

AUC area under the ROC curve, LDA linear discriminant analysis,
SVM support vector machine

I'The difference between AUC of Naive Bayes and SVM was statisti-
cally significant

outcomes, the multivariable logistic regression model was
subsequently employed for the formulation of a nomo-
gram, and its independent validation was executed using
an external test dataset encompassing 239 IS patients.

Nomogram and independent validation

The construction of a nomogram for the estimation of
cancer risk probabilities in IS patients was accomplished
utilizing the training dataset comprising 272 IS patients.
Subsequent to formulation, the nomogram underwent vali-
dation using an independent external test dataset, encom-
passing 239 IS patients. The AUC for the nomogram in the
training dataset registered at 0.871 (95% CI 0.825-0.908),
while the external test dataset yielded an AUC of 0.834
(95% CI 0.781-0.879). In both datasets, the calibration
curves, embodying three lines (Apparent, Bias-corrected,
and Ideal), evinced a close alignment, affirming sound cali-
bration (refer to Fig. 2). Additionally, the validation of the
nomogram using data distinct to each center yielded AUC
values spanning from 0.766 to 1.00 (detailed in Supple-
mentary Table 1).

Comparative analysis with two other studies

As demonstrated in Fig. 3, juxtaposed against the two
prediction models propounded by Selvik and Jiang in
their respective studies, our nomogram exhibited mark-
edly superior performance, boasting significantly elevated
AUC values across both the training data (Fig. 3A) and
validation data (Fig. 3B). Additionally, to underscore the
clinical applicability of the nomogram, we deployed DCA
analysis to juxtapose it with the aforementioned models.
Evidently, clinical interventions guided by our nomogram
yielded greater net benefit than the models proposed by

Selvik and Jiang across diverse threshold probabilities (as
depicted in Fig. 3C, D).

Sensitivity analysis

By integrating numeric laboratory examination indicators
as variables within the final prediction model, the model
demonstrated commensurate performance (AUC =0.865 in
training data, AUC =0.812 in validation data, refer to Sup-
plementary Fig. 3A). Moreover, in the subset of IS patients
where cancer was identified subsequent to the incidence
of IS, the predictive prowess of the current nomogram
remained largely unaffected (AUC =0.874, as evidenced in
Supplementary Fig. 3B Subset 1). Notably, even after the
exclusion of the center contributing a smaller sample, the
predictive performance of the prevailing nomogram within
the external validation dataset exhibited marginal varia-
tion (AUC =0.823, illustrated in Supplementary Fig. 3B
Subset 2).

Discussion
Overview of research findings

In this study, we considered the PPPM strategy for pre-
dictive diagnosis occult cancer in patients with IS. The
primary aim of this study encompassed the formulation
and subsequent validation, both within and beyond the
study cohort, of an individualized cancer risk nomo-
gram designed for patients recently diagnosed with IS.
The inclusion criteria for the prediction model entailed
attributes such as ischemic lesions regions, multiple vas-
cular territories, hypertension, D-dimer, FIB, and Hb. In
contrast to alternative prediction models, the multivari-
able logistic regression model emerged as the most fitting
choice when evaluated within the internal dataset sourced
from the Stroke Center of the First Affiliated Hospital of
Xiamen University (comprising 272 IS patients). Nota-
bly, the model’s efficacy was further established through
autonomous external validation, utilizing an external data-
set culled from six distinct centers (encompassing 239 IS
patients).

A comprehensive overview of patient characteristics,
spanning both the training data and the external validation
data, has been meticulously catalogued in Supplementary
Table 2. Noteworthy dissimilarities surfaced in the MRI
results and laboratory examination outcomes. This discern-
ible asymmetry could potentially be attributed to variations
in patient origins and differing hospital tiers across the
diverse centers. Addressing this imbalance would indeed
enhance the model's extrapolative efficacy, thereby render-
ing it a more robust tool for evaluation.
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Fig.2 Nomogram for cancer risk in IS patients and predictive perfor-
mance. A Nomogram depicting the estimation of occult cancer risk in
IS patients. Based on the 6 variables in the nomogram, the individual
clinical characteristics of the patient are inputted and the total score
of the patient is calculated. Each total score corresponds to a prob-
ability of IS with the occurrence cancer. B Assessment of the nomo-

Multiparametric analysis reveals the mechanisms
of the reciprocity between IS and cancers

Cancer patients with brain malignancies and metastases
to the brain (e.g., triple-negative breast cancer) and cancer
patients receiving vasculo-toxic therapies, demonstrating
extensive vasoconstriction and systemic hypoxic-ischemic
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Nomogram Predicted IS with Cancer

B= 1000 repetitions, boot Mean absolute error=0.012 n=239

gram’s predictive performance in the training data. C Evaluation of
the nomogram’s predictive performance in the validation data. The
diagonal dashed line and solid line in the calibration curve represent
the perfect prediction of the ideal model and the performance of the
column chart, respectively. The solid line near the dashed line repre-
sents better prediction

lesions including SBI [18, 19]. Notably, the inclusion of
ischemic lesion regions spanning both the ICA and VBA,
as well as those confined solely to the ICA, was indicative
of an escalated cancer risk, thereby surpassing the corre-
sponding risk associated with lesions situated solely within
the VBA. Furthermore, IS patients manifesting infarctions
across multiple vascular territories exhibited an amplified
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Fig.3 ROC curves and DCA analysis for three different models. A
AUC comparison among three models in the training data. B AUC
comparison among three models in the validation data. AUC: area
under the ROC curve. The higher the AUC of the prediction model,
the better the predictive performance. Model 1 (the nomogram)
exhibited markedly superior performance, boasting significantly ele-
vated AUC values across both the training data and validation data.

cancer risk. Intriguingly, these two distinct MRI markers
independently correlated with cancer in IS patients within
our study. This aligns with analogous findings observed in
prior investigations [20, 21].

Antecedent studies have corroborated that escalated
D-dimer levels, augmented FIB, and diminished Hb levels

[B] Validation data

o —
R o
© | '
o) ° S
N
©
2 o] /
= |
@ |
o < |
() o
E -
|_ i /
N —— Model 1
e | Model 2
| Model 3
o
=
‘ T | T T I T ‘ T T | T T |
0.0 0.2 0.4 0.6 0.8 1.0
False positive rate
[D] Validation data
o
el
0
E 9 4
8 o
[
m
©
Z o
o
o
To]
o |
]

\ [ [ I [ I
0.0 0.2 0.4 0.6 0.8 1.0

High Risk Threshold

C Clinical utility comparison among three models in the training
data. D Clinical utility comparison among three models in the valida-
tion data. The further the model curve is from these two lines (the
horizontal line and slashes), the better the clinical value of the nomo-
gram. Model 1 (the nomogram) exhibited markedly superior clinical
value across both the training data and validation data

can serve as prognosticators of occult cancer amidst stroke
patients [22, 23]. IS patients with concomitant cancer
often present an augmented hypercoagulable state, insti-
gating abnormal D-dimer, FIB, and Hb readings [24].
Evidence from the Acute STroke Registry and Analysis
of Lausanne registry study indicated that nearly half of
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cancer-associated IS patients are attributed to hyperco-
agulability [6]. Our study fortifies the utility of these three
laboratory examination indicators for prognosticating can-
cer in IS patients.

Our comprehensive analyses further illuminated a note-
worthy finding: the absence of a history of hypertension
emerged as an independent correlate of active cancer pres-
ence in individuals afflicted with IS. This intriguing obser-
vation aligns with earlier investigations [25], even though a
majority of studies tend to dismiss any association between
hypertension and IS. Most infarcts in IS are lacunes, of
which hypertensive small-vessel disease is thought to be
the main cause [26]. And the intricate interplay between
hypertension and cancer risk has yielded conflicting out-
comes in prior research [27-29]. Given the prevailing
global prevalence and elevated fatality rates attributed to
hypertension, a renewed emphasis on dissecting the mecha-
nistic role of hypertension in IS patients with concurrent
cancer warrants earnest consideration.

Cancer screening in hospitalized IS patients
and benefit from the proposed approach

The increasing prevalence of both stroke and cancer high-
lights the significant impact of changing socioeconomic
conditions and an aging population [30, 31]. In the con-
temporary landscape, these two maladies reign as principal
contributors to mortality. In response, evolving guidelines
advocate for cancer screening among individuals afflicted
with stroke [32, 33]. The trajectory ahead portends a land-
scape where a burgeoning cohort of stroke patients will
likely harbor occult cancers. In view of the discernible
disparage in healthcare standards among diverse medical
institutions, coupled with persisting scarcity of medical
resources in numerous regions across China, the pragmatic
application of the nomogram delineated within our study
offers a potent tool. Its judicious employment stands to
empower neurologists, particularly those operating within
resource-scarce domains, to effectively unveil concealed
malignancies within stroke patients. This, in turn, aug-
ments clinical decision-making abilities and serves to alle-
viate the overall disease burden. With the aid of the nomo-
gram furnished by this study, we advocate for a diagnostic
flowchart to identify potential occult cancers in stroke
patients (Fig. 4). We proffer the proposition that hospital-
ized stroke patients be simultaneously evaluated for their
propensity towards occult cancers. For those garnering a
prediction probability exceeding 0.5, further investigative
measures such as chest and lung CT, abdomen ultrasound,
cancer biomarker assessments, and PET-CT scans stand
imperative, facilitating precise diagnosis and subsequent
follow-up endeavors.

@ Springer

Ischemic Stroke (IS) Patients
o <05 Conventional Diagnosis and
g cancer [=[P <05] Treatment for IS
[P205]

Specific Treats t f

Chest and Lung CT, Abdomen Ultrasound, Tumor Biomarker ’»M——{ pecle e
T
(-1
Specific Treatment for
Cancer

I for IS with

I

Years  3-6 Months PET-CT [+)

Follow-up

Fig.4 Proposed flowchart for diagnosing occult cancer in IS patients.
Based on online nomogram tools, rapid screening of newly admitted
IS patients can be achieved, followed by clear diagnosis and targeted
secondary prevention measures. A readily accessible online platform
has been devised for cancer screening in hospitalized IS patients
(https://stroke-cancer.shinyapps.io/dynnomapp/)

Strengths

Golubnitschaja et al. researchers have highlighted the under-
estimated risks associated with cryptogenic strokes and have
called for predictive and in-depth diagnostics to enable tar-
geted primary and secondary prevention [12]. In response to
this call, our research explores the application of prediction
tools tailored to convenient biomarkers for screening occult
cancers among stroke patients, particularly those with cryp-
togenic stroke. Furthermore, strokes in young individuals
with unclear etiology have been hypothetically associated
with characteristic symptoms of the Flammer syndrome
phenotype, including low body weight, abnormal stress
reactions, and vascular dysregulation [12, 34]. Given the
interaction between cancer and stroke, as well as the high
incidence rate of cancer following stroke diagnosis, our
research focuses on the early screening of occult cancer and
its relationship with IS to facilitate the initiation of appropri-
ate secondary prevention measures. Additionally, various
biomarkers, such as cell-free nucleic acid, tears, blood, and
others, have been applied to stroke management [35, 36].
Our study utilized only a few necessary and timely examina-
tion indicators for stroke patients during admission to con-
struct a predictive model, without involving additional pro-
cesses like sample preservation, mass spectrometry analysis,
and sequencing technology application. This approach is
more conducive to the clinical application of screening tools.

Limitations
To our knowledge, this study marks the first attempt to pro-

vide a nomogram specifically designed to offer personalized
cancer risk predictions for patients who have been newly
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diagnosed with IS. We developed and validated a routine
model for screening occult cancer in hospitalized IS patients
in the context of PPPM. However, it is important to acknowl-
edge the limitations inherent in our current study. Firstly, the
study may be infiltrated by inherent selection bias due to the
matched case—control design, which could potentially intro-
duce imprecision and reduce statistical power. Fortunately,
this concern is somewhat mitigated by the fact that the
external dataset does not strictly match age and sex, which
strengthens the stability and reliability of the predictive per-
formance of our final model. Secondly, it is noteworthy that
our exhaustive exploration of risk factors for IS co-occurring
with cancer remained elusive in the current iteration. For
example, it should be noted that certain cancer markers, such
as Carbohydrate Antigen (CA) 125, have been reported to be
independently associated with cancer-related IS [37]. How-
ever, it should be mentioned that the variables included in
our final model are routine assessments that are mandatory
during the initial admission of stroke patients, which is a
crucial aspect for early detection of IS with concurrent can-
cer. Thirdly, for the sake of operational ease pertaining to the
nomogram, our final model subdivided laboratory examina-
tion indicators into a binary categorization of “normal” and
“abnormal.” This, indeed, may entail certain fluctuations in
predictive performance, given that benchmarks for normalcy
exhibit variations across diverse regions and nations. How-
ever, our sensitivity analysis reveals that the inclusion of
numerical laboratory indicators did not improve predictive
accuracy compared to categorical laboratory indicators in
the final model. Finally, it should be noted that a detailed
exploration including subgroup analyses focusing on dif-
ferent types of cancer has not been conducted. In our study,
the largest group was comprised of lung cancer patients
(24.32%). Different types of malignancies may have differ-
ent characteristics in IS patients, highlighting the need to
develop customized predictive tools in future research.

Conclusion and expert recommendations

IS and cancer are two of the most prevalent and deadly dis-
eases in the world. In particular, cancer-related stroke is
frequently discussed, and identifying IS patients with con-
current cancer is of significant clinical importance. Current
reactive medical approaches to disease management do not
enable timely identification and treatment of IS patients with
underlying occult cancer. Therefore, we utilized basic clini-
cal information obtained from the admission examinations
of IS patients to develop and validate a risk prediction model
for occult cancer. A nomogram tool constructed based on
the model assists clinicians and patients in predicting their
own occult cancer and making informed decisions regard-
ing whether to undergo detailed, targeted cancer screening.
Additionally, the model facilitates precise prevention and

personalized management of patients with cancer-related
stroke, thus supporting a paradigm shift in stroke manage-
ment from reactive therapy to PPPM.

Predictive medical approach

We propose that occult cancer screening be conducted for
IS patients based on PPPM. In our current study, we have
developed and validated a nomogram that allows for indi-
vidualized cancer risk assessment for IS patients. This inno-
vative instrument propounds an estimation of cancer risk
that is uniquely personalized, as opposed to a more generic
collective appraisal predicated upon specific patient-centric
attributes. This nomogram has significant implications, as
it can aid both patients and healthcare practitioners in deter-
mining the need for cancer screening at the early stages of
IS admission. Additionally, it can greatly enhance treatment
decisions, prognostic evaluation, and ultimately reduce the
burden of disease. To facilitate the clinical implementation
of this nomogram, we have created an easily accessible
online platform (https://stroke-cancer.shinyapps.io/dynno

mapp/).
Targeted prevention and personalized treatments

Given the high risk of occult cancers in IS patients, it is cru-
cial to conduct regular cancer screening for early detection
[6, 10, 38, 39]. Our proposed nomogram can be used as a
population-based screening tool for occult cancers in hospi-
talized IS patients, particularly those with cryptogenic IS. If
the prediction probability from the nomogram exceeds 0.5,
additional investigative procedures such as chest and lung
CT scans, abdomen ultrasound, cancer biomarker assess-
ments, and PET-CT scans should be conducted to accu-
rately diagnose and follow up with the patient. Moreover,
for IS patients with comorbid occult cancers, personalized
interventions and treatments can be developed based on
the progression of both the cancer and IS. This nomogram
facilitates early diagnosis of occult cancers in hospital-
ized IS patients and helps identify the underlying cause of
IS. By promoting IS stratification, personalized treatment
becomes feasible. Therefore, we believe that in the context
of PPPM, the nomogram prediction model presented in this
study offers the best strategy for personalized management
of patients with cancer-related stroke.
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