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The PLANS model predicts
recurrent strokes in patients with
minor ischemic strokes

Zhi-Xin Huang¥**, Haike Lu*, Yi Lu?, Yingyi Dai', Jianguo Lin? & Zhenguo Liu***

Minor ischemic stroke (MIS) patients face significant risks of recurrent strokes, necessitating reliable
predictive tools. This single-center retrospective study developed and validated a novel model for
predicting 1-year stroke recurrence in MIS patients, defined as those with National Institutes of
Health Stroke Scale scores <4 within seven days of symptom onset. Among 218 patients (median
age 64 years, 26.6% female), 32 (14.7%) experienced recurrent strokes within one year. Analysis of
clinical and lifestyle variables identified physical activity, large artery stroke, admission NIHSS score,
and smoking as significant predictors, forming the PLANS model. The model demonstrated superior
predictive performance compared to the Essen model, with a higher C-index (0.780 vs. 0.556) and
better calibration. Risk reclassification metrics showed significant improvements, with integrated
discrimination improvement of 20.3%, continuous net reclassification improvement of 41.7%, and
median risk score improvement of 18.5%. The PLANS model, incorporating both traditional and novel
risk factors, provides a valuable tool for patient stratification and personalized secondary prevention
strategies. External validation in diverse cohorts is warranted to confirm these promising results.
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Minor ischemic strokes (MIS) with low National Institutes of Health Stroke Scale (NIHSS) scores is major
health challenge with approximately 1 million new cases annually in China'. Patients with MIS account for
about 50% of all cases of ischemic strokes?, and are at high risk of recurrence, leading to increased disability
and mortality®. Recurrent cerebrovascular events are primarily associated with three types of risk factors: 1)
nonmodifiable factors such as family history, sex, and age; 2) medically modifiable factors including medical
treatments and non-medical interventions; and 3) behaviorally modifiable factors such as physical inactivity
and smoking*. Targeting modifiable risk factors, such as adopting a healthy lifestyle, is known to be important
for preventing recurrent strokes (RS). It is, however, unknown if lifestyle interventions are associated with a
significant reduction in the risk of MIS recurrence. It is also important to define the most effective lifestyle
intervention for prevention of MIS recurrence.

It is crucial to identify the risk factors that are closely associated with RS in patients with MIS. Previous
studies have primarily focused on early detection and short-term risk assessment, with limited data available on
1-year clinical outcomes®. Additionally, the risk factors for recurrence of MIS may vary widely in the individuals
with MIS. Several methods have been used to estimate the risk of ischemic strokes®. Like MIS, transient ischemic
attack (TTA) is subject to a high rate of recurrence. There are methods to predict the risk of RS in TIA patients,
such as scores ABCD2 or ABCD3”#. The Stroke Prognosis Instrument II or the Essen Stroke Risk Score have
been used to estimate the risk for recurrent ischemic stroke>'°, However, these predictive models do not
account for the unique characteristics of MIS and are unable to differentiate between major and minor strokes,
and mostly, don’t provide accurate predictive values on RS for patients with minor strokes'!. Thus, improved
prediction models that specifically address the risk of RS in MIS are needed for accurate risk assessment and
effective secondary preventive strategies.

Recent evidence from landmark trials such as CHANCE, POINT, and THALES, as well as real-world
studies'?!?, has shown that early short-term dual antiplatelet therapy (DAPT) significantly reduces stroke
recurrence rates in minor ischemic stroke (MIS) patients. While current guidelines recommend DAPT for
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preventing recurrent strokes, irrespective of recurrence risk, the PLANS model provides a valuable tool to refine
decision-making by identifying high-risk patients who are most likely to benefit from DAPT. These patients
may be prioritized for more intensive treatment, while those at lower risk may not require such aggressive
interventions. Future studies should explore the integration of the PLANS model with the latest DAPT protocols
to enhance secondary stroke prevention strategies.

The present study was designed to develop a novel predictive model for the risk of 1-year recurrence of MIS.
There were two specific aims: 1) to identify the individualized factors significantly associated with the risk of
1-year stroke recurrence in MIS patients; 2) to construct and validate a novel model to predict the 1-year RS
risk for MIS patients, using the significant variables. This study aims to provide a more nuanced understanding
of the risk factors associated with MIS recurrence and to refine current preventive strategies by emphasizing
individualized approaches for reducing RS risk.

Methods

Study groups

The present study constitutes a secondary analysis of a prospectively collected database from a single institution
in southeast China, encompassing patients diagnosed with their first instance of acute ischemic stroke between
November 2012 and January 2014. The inclusion criteria for the present study were 18 or older and first
symptomatic MIS with a score of 3 or less on the NIHSS (higher scores indicate more severe symptoms, ranging
from 0 to 42) in the first seven days after the onset of symptoms. An NIHSS score of 3 or less is considered
a MIS.M Patients were excluded for the study if any of the following conditions were present: prior carotid
stent placement, carotid endarterectomy, significant cardiopulmonary disease, renal dysfunction, liver disease,
malignancy, and significant mental disease or dementia. The patient enrollment and data analysis protocols were
detailed in Fig. 1.

Indicator determination

Baseline information was collected within 24 h of admission, including past medical history, demographic
information, post-admission assessment, and laboratory and imaging data. According to the Org10172 Clinical
Trials for the Treatment of Acute Stroke (TOAST) criteria'®, patients were divided into those with large artery

Data collected from the enrolled patients
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Fig. 1. Flow chart showing how study participants were selected and data were analyzed.
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atherosclerosis (LAA) ischemic stroke (IS) and non-LAA IS. Stroke etiology was determined by certified
neurologists using a combination of clinical data and neuroimaging findings, including magnetic resonance
imaging (MRI) and computed tomography (CT), to confirm ischemic infarcts, exclude hemorrhagic strokes,
and identify specific infarct locations. Based on the vessels involved, acute ischemic stroke (AIS) was further
subdivided into total posterior, total anterior, partial anterior and posterior AIS. In body mass index (BMI)
calculations, weight (kilograms) was divided by height (meters) squared. Education was classified, using the
highest level of completed education, as illiterate, primary, secondary (middle and high school), and college or
above. Risk factors evaluated in this study comprised smoking status (defined as current smoking or smoking
cessation within the past 12 months), regular physical activity (characterized as performing housework or
engaging in exercise for a minimum of 30 min daily), and admission NIHSS scores for stroke severity assessment.
These operational definitions were consistent with our previous research criteria'e.

Data on lifestyle of the enrolled subjects was obtained one year after the first IS, including diet, activity, sleep
status, and living condition. A bland diet was defined as a light diet without being greasy, spicy, salty, or sweet.
Daily fresh fruit use referred to daily consumption of unprocessed fresh fruits. Physical activity (PA) was defined
as 30 min or more aerobic exercise at least twice a week. Household activities were defined as participating in any
daily household activities for at least 3 h a day on most days of the week, including (but not limited to) laundry,
cleaning, shopping, cooking, dish washing, and caregiving. Sleep quality was considered good if the patient slept
comfortably for 7-9 h at night without any of the following while asleep: trouble falling in or staying in asleep,
waking up in the middle of sleep and unable to go back to sleep, frequent leg movements during sleep, snoring,
or sleep apnea.

Outcome

The primary outcome was a second stroke (hemorrhagic or ischemic) within one year. At 1, 3, 6, and 12 months
after the first ischemic stroke, a certified specialist on the research team called the patients to collect information
on possible RS and medications. Essen Stroke Risk Score (ESRS) was calculated independently by a trained
researcher (YL) who was blinded to patient outcomes to minimize potential bias in risk factor evaluation.

Statistical analysis

Data for continuous variables were represented as means + standard deviation (SD) or medians with interquartile
ranges (IQRs), and Categorical variables were represented as percentages. Analyses were performed using
the R Statistical software (version 4.2.1; R Core Team, 2022) on macOS Ventura 13.2.1. First, univariate and
multivariable Cox proportional hazards (Cox regression) models were used to determine the effects of individual
variables on RS using univariable analysis. Significant variables (P < 0.05) in the Cox regression analysis were used
to construct a 1-year prognosis prediction model for the patients with minor stroke. The Kaplan-Meier (KM)
method was used to demonstrate the effect of the significant variables on RS. Next, to validate the prediction
model (bootstrapping with 1000 replicates) and to compare its predictive value with the traditional ESSEN
model, the predictive accuracy was assessed by calibration of the estimated models, while the discrimination
was defined by the Concordance Index (C-index), and the clinical values were estimated by decision curve
analysis (DCA). The mean predicted risk was compared against the observed frequency of events in the cohort
for individual variables. An evaluation of discrimination is based on how well a model separates subjects with
and without an event. A C-index estimates the discrimination from no better than chance (0.5) to perfect
(1.0). In the case of two subjects, one with and the other without the event of interest, the C-index indicates
the likelihood that the subject with the event has a higher predicted risk than one without. In addition, we
calculated the integrated discrimination improvement (IDI)!, another measure of discrimination. IDI estimates
the improvement in discrimination achieved by the new model over the reference model. Finally, a nomogram
was created with the R software using the “rms” library to reveal the prediction model. A 2-sided p value of 0.05
or less was considered statistically significant. We followed TRIPOD (Transparent Reporting of a Multivariable
Prediction Model for Individual Prognosis or Diagnosis) guidelines for reporting prediction model studies'®.

Power calculations

In this study, samples were not calculated in advance because the data set was fixed size. Instead, a range of
hazard ratios and group proportions was used to calculate study power. Given the 218 known ischemic stroke
events and 15% of subjects in uncensored events (RS), the hazard ratio (HR) of 3.10 between the groups could
be detected with 89.9% power using a Cox proportional hazards regression model with an error rate of 0.05.
The study was likely adequately powered, with study power ranging from 78.0% (HR, 2.60) to 99.9% (HR, 0.17).
Power calculations were performed using the survivalpwr package in R".

Results

Baseline characteristics

A total of 218 patients with MIS were included in the present study: 32 patients with RS and 186 subjects without
RS. The baseline patient characteristics were shown in Table 1. Compared with the patients without RS, patients
with RS had more severe neurological deficits as estimated with NIHSS score on admission (P=0.001) and a
higher rate of smoking (P=0.005). In addition, there was a significant increase in the recurrence of stroke in
patients with LAA stroke as compared with non-LAA IS (P<0.001). On the other hand, PA (P=0.016) and fruit
intake (P=0.045) were significantly less in the patients with RS than that in the ones without RS.

Independent high-risk factors associated with the RS
All variables in Table 1 were initially analyzed with univariate Cox regression analysis. Then, the statistically
significant variables identified in the univariate analysis were further analyzed using multivariable models.
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Variable RS Non-RS | Univariate Multivariate
(n=32) (n=186) | HR 95% CI Pvalue | HR | 95% CI P value
Age (median, IQR) 64,51-71 | 64, 54-73 0.993 | 0.965-1.023 0.658

Sex, female, n (%) Female vs male 8 (25.0) 50 (26.9) 0.940 | 0.422-2.092 0.879
BMI, (median, IQR) s | a5 | 0977 | 0871-109 | 0,695
Drinking, n (%) Yes vs no 4(12.5) 21(11.3) 1.079 | 0.378-3.075 0.887
Smoking, n (%) Yes vs no 16 (50.0) | 52 (28.0) 2.282 | 1.141-4.564 0.005 | 2.793 | 1.359-5.741 0.005
Education, n (%) 0.902
Primary vs illiterate 9(28.1) 64 (34.4) 0.623 | 0.079-4.919 0.654
Secondary vs illiterate 21(65.6) | 110 (59.1) 0.802 | 0.108-5.963 0.829
University or above vs illiterate | 1(3.1) 8(4.3) 0.553 | 0.035-8.835 0.675
Living alone, n (%) Yes vs no 1(3.1) 2(1.1) 2.934 | 0.400-21.510 0.290
Admission NIHSS score 2,2-3 2,1-3 2.387 | 1.432-3.978 0.001 | 3.092 | 1.781-5.368 | <0.001
Hypertension, n (%) Yes vs no 24 (75.0) | 132 (71.0) 1.234 | 0.554-2.746 0.607
Diabetes, n (%) Yes vs no 14 (43.8) | 60 (32.3) 1.576 | 0.784-3.168 0.202
Coronary heart disease, n (%) Yes vs no 3(9.4) 6(3.2) 2.564 | 0.781-8.418 0.121
Dyslipidemia, n (%) Yes vs no 17 (53.1) | 81 (43.5) 1.412 | 0.705-2.828 0.330
Culprit vessel, n (%) 0.705
Total posterior vs Total anterior | 9 (28.1) 38(20.4) 1.389 | 0.643-3.002 0.403
oo oo Jsan | comn | (G, | oo

TOAST subtype (Large artery

atherosclerosis) , n (%) Yes vs no 23(71.9) |89 (47.8) 2.590 | 1.198-5.599 0.016 | 2.603 | 1.189-5.701 0.017

Antiaggregants (antiplatelet), n (%) Yes vs no 30(93.8) | 164 (88.2) 1.966 | 0.470-8.227 0.355

Cholesterol-reducer, n (%) Yes vs no 31(96.9) | 159 (85.5) 4.905 | 0.670-35.932 0.118

Antidiabetic agents, n (%) Yes vs no 13 (40.6) | 56 (30.1) 1.525 | 0.753-3.088 0.241

Antihypertensive agents, n (%) Yes vs no 23(71.9) | 124 (66.7) 1.265 | 0.585-2.735 0.550

Light diet, n (%) Yes vs no 29(90.6) | 178 (95.7) 0.474 | 0.144-1.557 0.219

Daily fresh fruit use, n (%) Yes vs no 16 (50.0) | 128 (68.8) 0.492 | 0.246-0.983 0.045

Good sleep quality, n (%) Yes vs no 26 (81.3) | 161 (86.6) 0.720 | 0.296-1.749 0.468

Physical activity, n (%) <0.001 0.001
Housework or exercise vs no 11 (34.4) | 80 (43.0) 0.260 | 0.112-0.599 0.002 | 0.248 | 0.106-0.584 0.001
Housework and exercise vs no 10 (31.3) | 89 (47.8) 0.210 | 0.089-0.495 | <0.001 | 0.170 |0.070-0.411 | <0.001

Essen Stroke Risk Score, (median, IQR) 2,1-3 2,1-3 1.253 | 0.931-1.685 0.136

Table 1. Factors associated with stroke recurrence in MIS: univariate and multivariate Cox regression analyses.
AIS, acute ischemic stroke; CI, confidence interval; HR, hazard ratio.

Multivariate Cox analysis showed that lack of PA (P) (HR=0.248, 95% CI 0.106-0.584 for housework or
exercise vs no PA; HR=0.170, 95% CI 0.070-0.411 for housework plus exercise vs no PA), LAA stroke (LA)
(HR=2.603, 95% CI 1.189-5.701), admission NIHSS score (N) (HR =3.092, 95% CI 1.781-5.368), and smoking
(S) (HR=2.793,95% CI 1.359-5.741) were independent risk factors associated with increased risk for RS (Fig. 2
and Table S1).

Construction and validation of PLANS

Based on the significant variables, a model that included PA (housework or exercise), LAA stroke, admission
NIHSS score, and smoking (PLANS) was created. In the internal validation cohort, the C-index for the PLANS
model was significantly higher (0.780; 95% CI, 0.760-0.800) than that for the ones using Essen scores (0.556;
95% CI, 0.532-0.580) (Fig. 3). The Calibration curves also showed a better agreement between the predicted
values and the observed ones for the risk of RS in the PLANS model than that in the Essen model (Fig. 4A).
The IDI, continuous-NRI, and median improvement in risk score also favored the 4-variable PLANS model
compared with the Essen model. For example, significantly improved classification of the risk categories was
observed with the PLANS model compared with the Essen model (IDI=20.3%, continuous-NRI=41.7%, and
median improvement = 18.5%, respectively; all P-values <0.05) (Fig. 4B).

Clinical application of PLANS

The clinical applicability of the PLANS model was assessed through DCA based on threshold probabilities and
net benefits. As shown by the DCA in the internal validation cohort, our risk prediction model had a favorable
net benefit with a wide range of threshold probabilities, but while the Essen model didn't (Fig. 4C).
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Fig. 2. Recurrent stroke predictors identified by Cox’s proportional hazards regression model. KM survival
curve of housework or exercise (A), LAA ischemic stroke (B), admission NIHSS score (C), and smoking (D).
LAA, large artery atherosclerosis; NIHSS, National Institutes of Health Stroke Scale.

An online nomogram for risk prediction

Based on a multivariate Cox regression analysis, the following independent predictors for RS were identified: PA
(housework or exercise), LAA stroke, admission NIHSS score, and smoking. To facilitate the clinical use of the
PLANS model, an easy-to-use online nomogram using a “DynNom” package of the R software was generated on
shinyapps.io. The online nomogram could be accessed at this URL: https://ody-wong.shinyapps.io/PLANS/. By
entering the prediction variables, the online nomogram could provide instant values on survival probabilities,
as well as individualized displays in figures, tables, and graphs. Anyone including the public can use it any time
freely without any restrictions (Fig. 4D).

Discussion

Main findings

The present study for the first time demonstrated that a combination of 4 specific factors (PA, LAA stroke,
admission NTHSS score, and the status of smoking) could predict the risk of RS at 1 year in patients with acute
MIS. Based on the value of each variable, a new PLANS algorithm has been developed to predict the risk of RS
in patients with MIS.

Clinical implications

Global Burden of Disease Study has revealed that the lifetime stroke risk and disease burden are very high®.
Ischemic strokes account for 85% of all strokes?!, while minor strokes make up 40% of ischemic strokes?2.
Because the symptoms for minor strokes are usually transient and subtle clinically, patients tend to overlook
them. However, the one-year all-cause mortality and composite cardiovascular events were 6.2% and 1.8%,
respectively, and the rates for the subsequent five years were 12.9% and 10.6%, respectively?>?*%. In addition,
recurrent strokes can result in severe and difficult-to-treat neurological disabilities, as well as increased mortality
rates. Thus, identification of patients at high risk of RS is crucial. The PLANS model provides a structured

framework for guiding secondary prevention interventions by stratifying patients according to their risk of
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Fig. 3. The distribution of area under the curve (AUC) and the concordance index (C-index) values. A
comparison of AUC and c-index between two models, PLANS and Essen Score.

recurrent strokes. High-risk patients identified by the model could benefit from intensified guideline-based
interventions, including strict blood pressure management, smoking cessation programs, and tailored antiplatelet
or anticoagulant therapies, as recommended by the AHA/ASA guidelines. Conversely, for low-risk patients,
the model supports de-escalation of interventions, reducing unnecessary treatments and minimizing potential
side effects. Future research should evaluate the effectiveness of PLANS-guided interventions in improving RS
prevention and clinical outcomes, thereby validating its practical utility in routine clinical settings. Therefore,
the establishment of our new PLANS model is of potential high clinical significance in predicting the outcome
of patients with MIS and guiding optimal clinical management to prevent RS.

Comparison with traditional predictors of long-term outcomes

The Essen model is currently a widely used scoring system for evaluation of ischemic stroke and prediction for
the occurrence of RS. This traditional noninvasive model that is based on cardiovascular and cerebrovascular
risk factors (age, smoking, hypertension, diabetes, prior myocardial infarction, peripheral artery diseases,
other cardiovascular diseases, and prior ischemic stroke/transient ischemic attack). The predictive value of the
Essen model for RS is relatively poor,”® and is not designed for the patients with MIS. The ESRS is widely used
for evaluating the risk of recurrent strokes; however, it has notable limitations when applied to patients with
MIS. The ESRS predominantly focuses on traditional cardiovascular risk factors, such as age, hypertension?,
diabetes, and smoking, without considering the unique characteristics of MIS or stroke subtype. Furthermore,
the ESRS lacks measures of initial stroke severity, such as the NIHSS score, which has been demonstrated to
significantly influence recurrence risk. The PLANS model addresses these shortcomings by integrating stroke-
specific variables, including physical activity, large artery atherosclerosis subtype, and NIHSS score at admission.
These additions enhance the model’s predictive accuracy and clinical utility, making it more applicable for
individualized risk stratification and secondary prevention in patients with MIS. Our new PLANS model uses
4 specific variables (PA, stroke type, neurologic deficits at admission, and smoking) is specific for patients with
MIS, simple and easy to use with a favorable predictive value for RS.

Roles of the PLANS components in RS

Using machine learning algorithms, we developed a new PLANS model based on 23 clinical variables to predict
the risk of RS for patients with MIS. Internal validation indicated that PA, stroke type, neurologic deficits at
admission, and smoking are the four most important contributors to the model. A high admission NIHSS score
was identified as the most important risk factor for RS. The present study also showed that PA was strongly
associated with a reduced risk for RS events in MIS patients. This is not surprising since PA could improve
vascular endothelial function and reduce the risk of ischemic stroke?”. PA could also have beneficial effects on
atherosclerosis®®, hypertension®®?, insulin resistance®, and dyslipidemia®3?, thus, effectively decreasing the
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risk of ischemic stroke. Smoking is known to promote thrombosis and reduce cerebral blood flow via arterial
vasoconstriction®**4, and increase RS risk following stroke®>3¢. There is a dose-related relationship between
smoking and stroke recurrence®”. The present study showed that smoking was also an independent risk factor
for 1-year RS in patients with MIS. Thus, smoking cessation should be an important part of management plan
to prevent RS in MIS patients.

The present study demonstrated that the RS rate was significantly higher in patients with MIS caused by
LAA stroke than those due to other subtypes of stroke. This finding was consistent with previous studies. The
increased risk for RS in MIS patients related to LAA could be due to the possibility that there may be an ongoing
thrombo-embolic process in the evolving atherosclerotic plaques in carotid arteries. Thus, a distal embolization
or hemodynamic compromise due to critically stenotic or occluded arteries may occur again, leading to RS. The
present study also suggested that coexistence of LAA and smoking could significantly increase the risk of RS in
MIS patients. The interaction between LAA and smoking to significantly increase the risk for RS could be a result
from the effect of smoking on the progression of atherosclerotic lesions in carotid arteries and development of

thrombo-embolism in atherosclerotic arteries®.

Limitation

The present study has several limitations that warrant addressing in future research. Firstly, the study was
conducted at a single center with a relatively small sample size, which may limit the generalizability and external
validity of the findings. Secondly, our research did not evaluate all stroke subtypes, hence the effectiveness of
the PLANS model in other stroke subtypes remains unverified. Future iterations of the PLANS model will
incorporate multicenter, multiethnic cohorts to enhance its predictive accuracy and improve its generalizability
across diverse populations. Additionally, although our model demonstrated satisfactory predictive performance
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within the current sample, it requires external validation in independent, multicenter cohorts to confirm its
robustness, reliability, and predictive accuracy. While our study focused on traditional stroke risk factors, future
models should consider incorporating additional variables, such as medication adherence and socioeconomic
factors, to further refine predictive accuracy and enhance the comprehensiveness of the model. Lastly, our study
did not assess the impact of specific interventions based on the predictive results of the PLANS model on the
prevention of stroke recurrence, which merits further investigation in subsequent studies.

Association of Plans models with clinical practice guidelines

The PLANS prediction model developed in this study could be placed in the context of recent clinical practice
guidelines for secondary stroke prevention. For instance, the AHA/ASA guidelines for preventing recurrent
stroke after TIA or minor stroke recommend aggressive risk factor management for patients at high risk. The
AHA/ASA 2021 guidelines emphasize individualized secondary stroke prevention strategies, including the
optimization of antiplatelet or anticoagulant therapy, smoking cessation, physical activity promotion, and risk
factor management such as controlling blood pressure and diabetes. The PLANS model aligns closely with these
recommendations by integrating variables such as physical activity, stroke severity (NIHSS), and smoking status,
providing a more comprehensive framework for risk stratification!®. The PLANS model may aid in identifying
the highest-risk patients who could potentially benefit most from the intensive interventions suggested in the
guidelines. It could also help stratify lower-risk patients who may not need such aggressive treatments. Relating
the PLANS model to guideline recommendations may assist readers in understanding its possible clinical
utility and implications for practice. Further studies could also explore using the model to guide individualized
secondary stroke prevention. In summary, explaining predictive models in the context of guidelines is very
important for understanding their clinical meaningfulness.

Conclusion

Data from this study showed that LAA stroke, admission NIHSS score, smoking, and PA were independently
associated with the risk of RS in patients with MIS. The new PLANS model could be used to predict the risk of
RS for MIS patients to optimize the secondary prevention strategies for the high-risk patients. However, a large
multicenter prospective study is needed to validate the new model on predicting the risk of RS in MIS patients.

Data availability
The data used to support the findings of this study are available from the corresponding author upon request.
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