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ABSTRACT

Aims: Early neurological deterioration (END) is a relatively common occurrence among patients with single subcortical infarc-
tions (SSI). Accurate and early prediction of END in SSI is challenging and could contribute to enhancing prognosis.

Methods: This prospective observational study enrolled SSI patients who arrived within 24h from symptom onset at a single
center between December 2020 and March 2023. The least absolute shrinkage and selection operator (LASSO) regression model
was applied to optimize feature selection for the predictive model. A nomogram was generated based on multivariate logistic
regression analysis to identify potential predictors associated with the risk of END. The performance and clinical utility of the
nomogram were generated using Harrell's concordance index, calibration curve, and decision curve analysis (DCA).

Results: Of 166 acute SSI patients, 45 patients (27.1%) developed END after admission. The appearance of END is associated with
four routine clinical factors (NIHSS score, serum neuron-specific enolase, uric acid, periventricular white matter hyperinten-
sity), and two retinal microvascular indicators (ipsilateral superficial and deep vascular complexes). Incorporating these factors,
the nomogram model achieved a concordance index of 0.922 (95% CI 0.879-0.964) and had a well-fitted calibration curve and
good clinical application value by DCA. A cutoff value of 203 was determined to predict END via this nomogram.
Conclusions: This novel nomogram exhibits high accuracy in predicting END in SSI patients. It could guide clinicians to iden-
tify SSI patients with a high risk of END at an early stage and initiate necessary medical interventions, ultimately leading to a
better prognosis.
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1 | Introduction

Single subcortical infarction (SSI) constitutes about a quar-
ter of all ischemic stroke subtypes, which are usually thought
to be mildly symptomatic and have a favorable outcome [1, 2].
Nevertheless, over 20% of patients with SSI suffer from early
neurological deterioration (END), which results in more severe
neurological deficits. The etiology and pathogenesis of END in
SSI are complex, and clear descriptions, accurate and reliable
early prediction indicators, and effective prevention and treat-
ment strategies are lacking [1, 3, 4].

The cause of SSI involves macrovascular and microvascular
causes [5]. There is considerable homology in the retinal and
cerebral microcirculation, and retinal microvascular changes
may reflect changes in the cerebral microcirculation. This con-
cept is supported by clinical studies showing a range of retinal
microvascular changes in SSI patients, such as vessel caliber
and retinopathy signs [6, 7]. Using the swept-source optical
coherence tomography angiography (SS-OCTA), it has been
shown that SSI patients have sparser retinal microvasculature
compared to controls [8]. Besides, retinal changes were found
to be associated with SSI patients' neurological deficit, which
was measured by the National Institute of Health Stroke Scale
(NIHSS) score [9]. Recent studies using retinal imaging mo-
dalities showed that sparser retinal microvasculature can be
used to predict the incidence of stroke mortality in older per-
sons [10, 11]. These reports demonstrated that retinal micro-
vasculature reflects cerebral microcirculation, and changes in
the retinal microvasculature reflect neurological damage in
SSI patients. Importantly, retinal imaging with OCTA has the
potential to be used as a tool to detect microvascular damage
in patients with stroke.

Using the retinal microvasculature as a proxy to the cerebral
microcirculation, we aimed to develop an accurate and novel
prediction nomogram that predicts END in SSI patients by com-
bining their clinical and radiological information with OCTA-
derived retinal microvasculature parameters.

2 | Methods
2.1 | Study Design and Participants

This observational-cohort study was conducted at the
Department of Neurology, West China Hospital of Sichuan
University, and was approved by the Ethics Committee of West
China Hospital, Sichuan University [No. 2020 (922)] and fol-
lowed the Declaration of Helsinki, reported according to the
TRIPOD (Transparent reporting of a multivariable prediction
model for individual prognosis or diagnosis) guideline (https://
www.equator-network.org/reporting-guidelines/tripod-state
ment/). All participants or legal guardians signed an informed
consent before enrolling in our study. Between December 2020
and March 2023, we prospectively enrolled acute ischemic
stroke patients with a suspected diagnosis of SSI [12] admitted to
the Department of Neurology, West China Hospital. The general
inclusion criteria and exclusion criteria can be found in a previ-
ous report [8]. Given that the objective of this study is to develop
a predictive model for the occurrence of END, our research team

collaborated with the Departments of Neurology, Radiology, and
Ophthalmology to ensure that blood sample collection, MRI ex-
aminations, and fundus SS-OCT/OCTA image acquisitions were
all completed prior to the onset of END for all included patients.

2.2 | Clinical Data Collection

Demographic and clinical information, including age, gender,
vascular risk factors (hypertension, diabetes mellitus, atrial
fibrillation, hyperlipidemia, smoking, and drinking), body mass
index (BMI), National Institute of Health Stroke Scale (NIHSS)
score on admission, and therapies after admission (mono- or
dual-antiplatelets, thrombolysis, antidiabetic, antihypertension,
and lipid-lowering) were collected using a standard question-
naire. Systolic blood pressure (SBP) and diastolic blood pressure
(DBP) were measured and obtained at admission. Laboratory
blood circulating biomarkers were obtained and selected based
on previous reports [13-23]. Accordingly, 22 biomarkers indi-
cating coagulation disorder [red cells, platelets, and fibrinogen
(FIB)], inflammation [white cells, neutrophils, lymphocytes,
monocytes, neutrophil to lymphocyte ratio (N-L-R), lymphocyte
to monocyte ratio (L-M-R), and systemic immune-inflammation
index (S-I-I)], lipid metabolism [triglyceride (TG), cholesterol,
high-density lipoprotein (HDL), and low-density lipoprotein
(LDL)], liver function [alkaline phosphatase (ALP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
and total bilirubin (TB)], vasoreactivity (creatinine), neuropro-
tection and neural injury [uric acid and neuron-specific enolase
(NSE)], and fast blood glucose were measured immediately after
admission.

2.3 | Brain Imaging Data Collection

All enrolled participants underwent 3.0 Tesla brain magnetic
resonance imaging (MRI) within 24h after admission. The
MRI protocol included DWI, magnetic resonance angiography
(MRA), T1-weighted, T2-weighted, and fluid-attenuated inver-
sion recovery (FLAIR) images. As shown in Figure 1A, the axial
maximum diameter of the infarct lesion on DWI and the total
slices of infarct planes were obtained. Details of the MRI pro-
tocol and analysis procedure are well detailed in our previous
reports [1, 5]. Based on the perforator territory patterns [24], the
lesion locations were further classified into basal ganglia, thala-
mus, centrum semiovale, and brainstem.

The severity of white matter hyperintensities (WMH) was
defined on the FLAIR sequence using Fazekas scores [25].
Periventricular (PWMH), deep WMH (DWMH), and total
WMH scores were recorded. Symptomatic intracranial hemor-
rhage (SICH) was defined according to the National Institute of
Neurological Diseases and Stroke Study (NINDS) criteria [26].

Two trained neurologists (C.Y. and R.P.) were engaged in the
MRI processing and measurements blinded to clinical infor-
mation, and an experienced neurologist (B.W.) was consulted
when disagreements occurred. The inter-rater reliability of
measurements for each neuroimaging marker mentioned above
was considered good to excellent, as shown in the Supporting
Information.
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FIGURE1 | Illustrations of lesion characteristics measurements and retinal microvasculature segmentations. (A) Axial diffusion-weighted im-

aging of one patient in our cohort showed an acute subcortical infarct lesion in the right basal ganglia on three slices, and an intracranial artery
reconstruction image using conventional magnetic resonance angiography showed no stenosis in the relevant middle cerebral artery (MCA). (B) En
face angiography for superficial vascular complex (SVC) and deep vascular complex (DVC). The segmentation between the SVC and the DVC was set
at the inner two-thirds and outer one-third interface of the ganglion cell layer and inner plexiform layer.

2.4 | Retinal Microvascular Parameters
Measurement by SS-OCTA

The retinal microvascular parameters were measured by SS-
OCTA (SVision Imaging, Henan, China. Version 2.1.016) oper-
ated by an experienced neuro-ophthalmologist (W.K.) within
24h after admission. Notably, only patients with OCTA scan-
ning examined before the appearance of END were enrolled in
this study. OCTA fundus images were obtained at the macula
with a raster scan protocol of 384 horizontal B-scans that cov-
ered an area of 3x3mm? centered on the fovea. En-face an-
giograms of the superficial vascular complex (SVC) and deep
vascular complex (DVC) were generated by automatic segmen-
tation, as shown in Figure 1B with detailed scanning descrip-
tions presented in previous reports [27-29]. The percentage of
the SVC and DVC was obtained with an in-built algorithm in
the OCTA tool in a 2.5mm diameter circular region centered
on the fovea.

Dr. Ruilin Wang, a specialized ophthalmologist, assessed all
OCTA images. Angiograms with ophthalmic disorders such

as age-relatedmacular degeneration, severe cataracts, optic
neuritis, retinal hemorrhage, diabetic retinopathy, glaucoma,
and optic neuritis were excluded. If a participant presented
with any of these disorders in one eye, the participant was ex-
cluded from the study. Angiograms with artifacts and a signal
quality of less than 7 were also excluded from our study. The
OCTA data displayed in our study followed the OSCAR-IB
quality criteria [30] and APOSTEL recommendation [31]. For
this study, eyes were stratified as ipsilateral and contralateral
to cerebral infarction.

2.5 | Outcome

The early neurological deterioration (END) was defined as a
>2 points increase in the total NTHSS score or a >1 point in-
crease in the motor item of the NIHSS score compared with
the best neurological status during the first 7days of symptom
onset after admission [4, 32]. Standardized neurological exam-
inations, blinded to the collected clinical and imaging informa-
tion, were conducted by two trained neurology residents (Y.Y.
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and C.Y.), and an experienced neurologist (B.W.) was consulted
when disagreement occurred.

2.6 | Statistical Analyses

The normality of the data was assessed by visual inspection of
the distribution and the Kolmogorov-Smirnov test. Consecutive
variables with normal distribution were expressed as mean
and standard deviation (SD), while skewed distribution was ex-
pressed as median and interquartile ranges (IQR). Categorical
variables were presented as frequencies and percentages (%). All
statistical analyses were performed with R version 4.1.3. A two-
sided p <0.05 was considered statistically significant.

A generalized estimating equation (GEE) was used to com-
pare the differences in OCTA parameters in eyes ipsilateral
and contralateral to infarction of SSI patients with and without
END while adjusting for inter-eye dependencies and vascular
risk factors (age, gender, hypertension, diabetes mellitus, and
hyperlipidemia).

To choose the potential predictive features from our study
participants, we utilized the least absolute shrinkage and se-
lection operator (LASSO) regression, which is an effective high-
dimensional prediction method. Meanwhile, the optimal value
of A was determined via fivefold cross-validation. Then, we
performed a multivariable logistic regression model to identify
statistically significant predictors, which were then utilized to
construct a nomogram. These features were presented as odds
ratios (OR), 95% confidence intervals (95% CI), and p-values.

To assess the overall discriminatory ability and calibration of
the nomogram, the calibration was plotted. Meanwhile, the
Hosmer-Lemeshow test was calculated (a significant statistic
test indicated that the model is not well calibrated). Additionally,
Harrell's concordance index (C-index) and bootstrapping (1000
bootstrap replicates) were computed. Finally, to assess the clini-
cal benefit of the END nomogram, we performed decision curve
analysis (DCA) to measure the net benefits at threshold proba-
bilities in our study cohort.

The cumulative scores for each patient were computed using
the nomogram. The ideal threshold value, that is, the cutoff
value, was identified by maximizing the Youden index (sensi-
tivity + specificity—1) during receiver operating characteristic
curve (ROC) analysis. Accuracy was evaluated through mea-
sures including sensitivity, specificity, predictive values, and
likelihood ratios.

2.7 | Sample Size

At present, the events per variable (EPV) criterion, particularly
an EPV of 10, is commonly employed as the minimum thresh-
old for logistic regression models aimed at predicting binary
outcomes [33]. In this study, six variables were ultimately in-
corporated into the multivariable logistic regression analysis to
forecast END. Consequently, the effective sample size for the
derivation cohort should comprise a minimum of 60 patients.
Therefore, the effective sample size of the derivation cohort

should be at least 60 patients. Furthermore, given that the in-
cidence of END in SSI is approximately 40% globally [1, 34], the
final cohort should include at least 150 patients.

3 | Results
3.1 | Population Characteristic

Figure 2 displays the inclusion and exclusion criteria of our study
participants. Table 1 shows the demographics, clinical, radio-
logical, and OCTA information of our study participants. One
hundred sixty-six SSI patients (mean age: 56.72+10.40years;
82.5% males) were included in our final data analysis. Of the 166
patients, 91 (54.8%) had an infarction in the basal ganglia, 34
(20.5%) in the thalamus, 27 (16.3%) in the centrum semiovale,
while 14 (8.4%) in the brainstem. Importantly, 45 (27.1%) patients
had END, while 121 patients were without END. Figure 3 shows
the comparison of OCTA parameters between SSI patients with
and without END. In ipsilateral eyes, patients with END showed
lower SVC density (37.06 +6.35 vs. 39.39+5.43, p=0.020) and
higher DVC (50.42+4.11 vs. 48.44+4.93, p=0.017) compared
to patients without END. In contralateral eyes, there were no
significant differences in the SVC and DVC densities when both
groups were compared. No significant difference was seen in
the baseline characteristics when included and excluded partici-
pants were compared (Table S1).

Of'the clinical information collected from our study participants,
fourteen features were chosen based on the non-zero coefficient
calculated by LASSO logistic regression analysis (Figure 4A,B).
The selected information included NSE, NIHSS, iSVC, iDVC,
monocyte, ALP, serum uric acid, thrombolysis, anti-diabetic,
PWMH, number of infarct slices, infarction in basal ganglia,
and sICH. These features were subsequently included in multi-
variate logistic regression analysis.

3.2 | Development of Nomogram

Based on the data obtained, a multivariate logistic regression
analysis showed that serum NSE (OR 1.328,95% CI:1.113-1.584,
p=0.002), NIHSS (OR 1.461, 95% CI: 1.237-1.726, p<0.001),
iSVC (OR 0.871, 95% CI: 0.787-0.966, p=0.009), iDVC (OR
1.229,95% CI:1.055-1.435, p=0.008), serum uric acid (OR 0.991,
95% CI: 0.984-0.997, p=0.004), and PWMH (OR 0.499, 95% CI:
0.257-0.968, p=0.040) were independent predictors for END
(Figure 5). The above independent predictors were then incor-
porated to develop a predictive nomogram, shown in Figure 6A.

3.3 | Performance and Validation
of the Nomogram

In our study cohort, the calibration curve of the END nomogram
for SSI patients showed good agreement as seen in Figure 6B.
The nomogram had an unadjusted C-index for the END predic-
tion nomogram of 0.922 (95% CI: 0.879-0.964) and a bootstrap-
corrected C-index of 0.921, indicating good discrimination.
Additionally, the Hosmer-Lemeshow test, p=0.544, suggested
that the model was of goodfit.
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A total of 344 acute ischemic stroke patients
with suspected diagnosis of SSI were
consecutively and prospectively enrolled

(December 2020 to March 2023)

178 patients were excluded due to the

following reasons:

« Arrived beyond 24 hours since symptom
onset (n=20)

* Had diagnosis of TIA (n=17)

¢ Had brain hemorrhage on initial CT(n=2)

« Had stenosis (>50% ) or occlusion of the

A4

166 acute SSI patients were included in the
final analysis

FIGURE2 |

A4

ipsilateral large artery (n=53)

« Had atrial fibrillation or any other evidence
of embolic sources (n=23)

* Had cortical infarct lesions on MRI(n=12)

¢ Failed to cooperate the OCTA scanning
(n=23)

¢ Had retinal diseases (n=19)

«  With incomplete blood indicator tests or
clinical records during hospitalization (n=9)

Flow chart of patient selection. A total of 344 acute ischemic stroke patients with a suspected diagnosis of SSI admitted to West China

Hospital of Sichuan University were consecutively and prospectively enrolled from December 2020 to March 2023, of whom 178 were excluded due

to being beyond 24 h since symptom onset (n =20), had diagnosis of TIA (n=17), have brain hemorrhage on initial CT (n=2), have stenosis (>50%)

or occlusion of the ipsilateral large artery (n=53), have atrial fibrillation or any other evidence of embolic sources (n=23), have cortical infarct le-

sions on MRI (n=12), fail to cooperate with the octa scanning (n=23), have retinal diseases (n=19), have incomplete blood indicator tests or clin-

ical records during hospitalization (n=9). The final analysis included 166 patients with acute SSI, of whom 45 (27.1%) developed early neurological

deterioration (END).

3.4 | Clinical Utility

The decision curve analysis (DCA) for the END risk nomogram
is presented in Figure 6C. The DCA showed that if the threshold
probability was >0.15, using the developed nomogram to pre-
dict the incidence of early neurological deterioration would pro-
vide more net benefit than either predictingall patients as END
or predicting none of the tients as END.

3.5 | Probability of Predicting END Based on
the Nomogram Scores

The optimal cutoff value of the total nomogram scores was de-
termined to be 203. At the optimal cutoff value, the nomogram
had a sensitivity of 90%, specificity of 82%, positive predictive
value of 94%, negative predictive value of 12%, positive like-
lihood ratio of 5.17, and a negative likelihood ratio of 0.12, as
shown in Table 2.

4 | Discussion

END is a common complication of SSI and is often caused by
progressive tissue infarction, even in acute SSI patients who
have received reperfusion therapy (i.e., thrombolysis). The poor
prognosis of END makes it a major concern among SSI patients.
Hence, improving precise identification and early detection of
individuals with a high risk of END is necessary. In this study,
combining multiscale biomarkers and OCTA-derived metrics,
we developed a novel nomogram that incorporated 4 easily
available variables in routine clinical practice (NIHSS score,

serum NSE and uric acid, PWMH by Fazekas scoring) with 2
OCTA-derived retinal microvascular metrics in predicting END
in SSI patients. Internal validation in the model revealed good
discrimination and calibration ability with a C index of 0.92. The
high C index in the internal validation showed that this nomo-
gram can be extensively and accurately used on a large sample
size. Moreover, the DCA showed that it added more benefit to
predict END in our SSI cohort with a threshold exceeding 0.15,
which demonstrated that the model is of clinical significance for
decision-making over a range of probability thresholds.

The multivariate regression analysis showed that predictors
such as increased levels of serum NSE, higher NIHSS scores,
decreased levels of serum uric acid, lower PWMH scores, and
lower ipsilateral SVC and higher DVC density were independent
predictors of END in our SSI cohort. As a result of these fac-
tors indicating diverse aspects of pathophysiological processes
in acute subcortical infarction patients, the potential impacts on
the development of END for acute SSI patients can be assessed
in different ways, respectively.

The increasing homology between retinal and cerebral micro-
circulation makes retinal imaging useful in stroke cases. Using
the OCTA, previous reports [8, 35, 36] showed that SSI patients
had reduced retinal densities and sparser microvasculature
compared to controls; these reports suggested that ischemic
changes in the retina may be linked with ischemic changes in
the brain. Here, we extended these findings and explored the
retinal microvascular changes in SSI patients with and without
END. We showed that SSI patients with END had lower SVC
density compared to non-END patients in eyes ipsilateral to the
infarction. The SVC of the retina contains arterioles, venules,
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TABLE1 | Baseline characteristics.

Variables

Included SSI patients (n=166)

Demographic characteristics
Age, years, mean+SD
Gender, male, n (%)

Clinical characteristics

SBP on admission, mmHg, mean + SD

DBP on admission, mmHg, mean +SD

NIHSS on admission, median (IQR)
Vascular risk factors

Current smoking, n (%)

Current alcohol use, n (%)

Hypertension, n (%)

Diabetes, n (%)

Dyslipidemia, n (%)

BMI, kg/m?, median (IQR)
Laboratory parameters on admission

Red cell, x10'%/L, mean + SD

White cell, X10°/L, mean +SD

Platelet, x10%/L, mean +SD

Neutrophil, x10%/L, median (IQR)

Lymphocyte, x10°/L, median (IQR)

Monocyte, x 10°/L, median (IQR)

FIB, g/L, median (IQR)

N-L-R, median (IQR)

L-M-R, median (IQR)

S-1-1, x10°/L, median (IQR)

Glucose, mmol/L, median (IQR)

TG, mmol/L, median (IQR)

Cholesterol, mmol/L, mean + SD

HDL, mmol/L, median (IQR)

LDL, mmol/L, mean +SD

ALT, IU/L, median (IQR)

AST, IU/L, median (IQR)

ALP, IU/L, median (IQR)

TB, umol/L, median (IQR)

Creatinine, umol/L, median (IQR)

Uric acid, umol/L, mean £ SD

Serum NSE, ng/mL, mean +SD
Treatment after admission, n (%)

Mono antiplatelet

Dual antiplatelet

56.72+10.40
137 (82.5)

144.35+19.39
88.62+14.42
3(1-5)

86 (51.8)

66 (39.8)

102 (61.4)

53 (31.9)

41 (24.7)
24.32(22.62-26.64)

4.80+0.55
6.83+1.95
193.28 +64.83
4.14 (3.29-5.38)
1.63 (1.26-1.99)
0.47 (0.40-0.60)
2.74(2.32-3.19)
2.56 (1.92-3.23)
3.35(2.79-4.33)
479.67 (332.64-698.50)
6.48 (5.39-8.41)
1.52 (1.14-2.33)
4.35+1.02
1.07 (0.93-1.38)
2.65+0.87
22 (15-32)
20 (17-25)
79 (68.5-98)
11.10 (8.70-14.35)
75 (64-85.5)
338.53+91.79
12.14+3.38

72 (43.4)
94 (56.6)

(Continues)
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TABLE1 | (Continued)

Variables Included SSI patients (n=166)
Thrombolysis 12(7.2)
Antidiabetic 44 (26.5)
Antihypertension 97 (58.4)
Lipid lowering 163 (98.2)

Retinal microvascular parameters, mean + SD
SVC, % 44.08+4.23
DVC, % 49.19+4.35

Brain imaging parameters
Axial maximal lesion diameter, mm, median (IQR) 15.5(10.9-20.3)
Number of infarct slices, median (IQR) 3(2-4)
PWMH, median (IQR) 1(1-2)
DWMH, median (IQR) 1(0-2)

Total WMH, median (IQR) 2 (1-3)

sICH, n (%) 3(1.8)
Lesion site, n (%)

Basal ganglia 91 (54.8)

Thalamus 34(200.5)

Centrum semiovale 27(16.3)

Brainstem 14 (8.4)
Outcome, n (%)

END 45 (27.1)

Without END 121 (72.9)

Note: Data are n (%), mean (SD), or median (IQR).

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; DBP, diastolic blood pressure;
DVC, deep vascular complex; DWMH, deep white matter hyperintensity; END, early neurological deterioration; FIB, fibrinogen; HDL, high-density lipoprotein;
LDL, low-density lipoprotein; L-M-R, lymphocyte to monocyte ratio; N-L-R, neutrophil to lymphocyte ratio; NIHSS, National Institute of Health Stroke Scale score;
NSE, neuron-specific enolase; PWMH, periventricular white matter hyperintensity; SBP, systolic blood pressure; sSICH, symptomatic intracranial hemorrhage; S-I-I,
systemic immune-inflammation index; SSI, single subcortical infarction; SVC, superficial vascular complex; TB, total bilirubin; TG, triglyceride.

80~ . .
p=0.649 + Patients with END
p=0.017 « Patients without END
60 p=0.020 : : p=0.520 . s
. . =% . . o
i s & ? * - i ‘
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204 ° ; .
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FIGURE3 | The comparison of OCTA parameters between SSI patients with and without END. Ipsilateral eyes of SSI patients with END showed

lower SVC density (37.06 +6.35 vs. 39.39 +5.43, p=0.020) and higher DVC density (50.42+4.11 vs. 48.44 +4.93, p=0.017) compared to contralateral

eyes. In contralateral eyes, there were no significant differences in the SVC and DVC densities when both groups were compared. DVC, deep vascular
complex; SVC, superficial vascular complex.

and capillaries [37]; this microvascular complex is sensitive to the retina, lower SVC density is indicative of tissue hypoxia and
hypoxia and/or ischemia and is suggested to reflect the cerebral disturbed blood flow [39]. Similarly, END in SSI is suggested
microcirculatory changes in cerebrovascular disorders [38]. In to be linked with cerebral hypoperfusion [40, 41]. Given the
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Variables  Adjusted OR (95% Cl) P-value
PWMH 0.499 (0.257-0.968) 0.040
Uric acid 0.991 (0.984-0.997) 0.004
iDVC 1.229 (1.055-1.435) 0.008
iSVC 0.871 (0.787-0.966) 0.009
NIHSS 1.461 (1.237-1.966) <0.0001
serum NSE 1.328 (1.113-1.584) 0.002
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FIGURE 5 | Multivariate logistic regression analyses and forest plots for assessing the predictors of END based on the features selected by

the LASSO regression model. Based on the data obtained using LASSO analysis, the multivariate logistic regression analysis showed serum NSE
(p=0.002), NIHSS (p<0.001), iSVC (p=0.009), iDVC (p=0.008), serum uric acid (p =0.004) and PWMH (p =0.040) were independently predictive
for END. NIHSS, National Institute of Health Stroke Scale score. DVC, deep vascular complex; END, early neurological deterioration; NSE, neuron-

specific enolase; PWMH, periventricular white matter hyperintensity; SVC, superficial vascular complex.

homology between the retina and the brain, reduced retinal mi-
crovascular density in the SVC of SSI patients with END may
reflect corresponding microvascular abnormalities indicative of
reduced microvascular impairment leading to ischemic damage
in the cerebral microcirculation. Moreover, because these quan-
titative changes in the retinal microvasculature are associated
with END, we also suggest that these lower retinal SVC densities
may be a downstream effect of the occurrence of END in SSI
in the retina and cerebral microcirculation. Taken together, the
SVC is sensitive to retinal ischemia and reflects cerebral micro-
circulation changes. Given that END is associated with cerebral
hypoperfusion, it is plausible to suggest that lower SVC density
in END may reflect severe hypoperfusion.

A previous study using the OCTA showed SSI patients had
lower DVC density compared to controls [35]. Here, we showed
that SSI patients with END had a higher ipsilateral DVC density
compared to patients without END. Recently, it has been found
that microglia, as the main immune cells in the brain, play a role
in ischemic stroke as proinflammatory cells in the acute phase
and participate in the inflammatory cascade that exacerbates
neurological damage [42]. Moreover, blood-brain barrier (BBB)
disruption and leakage of plasma components are involved in
the pathologic process of cerebral small vessel disease [43].
The DVC lies below the SVC, which is primarily found in the
inner nuclear layer of the retina and consists of capillaries [44].
Importantly, the DVC is responsible for the venular circulation
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FIGURE6 | Developed nomogram for risk of END and its predictive performance and validation. (A) Nomogram predicting the incidence of END

in our SSI cohort. (B) Calibration curves of the END nomogram prediction in our SSI cohort. The x-axis shows the predicted END risk, while the y-
axis shows the actual diagnosed END. The diagonal dotted line depicts a perfect prediction by an ideal model. The solid line reflects the performance
of the nomogram, where a closer fit to the diagonal dotted line indicates a better prediction. (C) Decision curve analysis for the END nomogram.

in the retina and is sensitive to inflammatory changes in the ret-
ina [45]. Some studies have illustrated that the DVC is sensitive
to inflammation in many neurological diseases [46, 47]. We sug-
gest that in acute SSI patients with END, inflammation may be
active during the early phase, resulting in higher DVC density
in ipsilateral eyes compared to contralateral eyes. Furthermore,
we showed that higher DVC density in ipsilateral eyes was as-
sociated with a high risk of END in our SSI cohort. Given that
higher DVC density reflects the inflammatory response in the
acute phase of the pathophysiology of SSI, it is plausible to sug-
gest that higher DVC density may be linked with the incidence
of END in SSI. Further research with an expansion of the sam-
ple size is needed to test this hypothesis.

After brain injury, NSE could be released from the damaged
neurons into the blood through an impaired BBB. Previous
studies [48, 49] suggested that NSE can be used to evaluate

microcirculation and neurological function in patients with
ischemic stroke. We showed that increased serum levels of NSE
are associated with the occurrence of END, suggesting that
serum levels of NSE are an important factor for END in SSI
patients.

Recently, few studies have explored the association between
serum uric acid and the prognosis of ischemic stroke. Whether
serum uric acid is a protective or destructive factor in ischemic
stroke is still unclear. While some reports [50, 51] have shown
that increased serum uric acid is linked with poor outcomes of
ischemic stroke, others [52, 53] showed the opposite. Our study
showed that lower levels of serum uric acid were an important
risk factor for the occurrence of END in SSI. Our findings sug-
gest that serum uric acid may be a useful marker to predict END
and guide the individual treatment regimen for SSI patients with
END risk.
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TABLE 2 | Accuracy of the prediction score of the nomogram for
estimating the risk of END.

Variable Value (95% CI)
AUC 0.92 (0.88-0.96)
Cutoff score 203

0.90 (0.84-0.95)
0.82 (0.67-0.93)

Sensitivity, %
Specificity, %
0.94 (0.88-0.98)
0.73 (0.58-0.85)
5.17 (2.63-10.16)

Positive predictive value, %
Negative predictive value, %
Positive likelihood ratio

Negative likelihood ratio 0.12 (0.07-0.20)

Abbreviations: AUC, the area under the ROC curve; CI, confidence interval;
ROC, receiver operating characteristic.

Consistent with the results reported in previous studies
[1, 3, 54, 55], our study found that SSI patients with higher
NIHSS scores on admission are likely to have END. We suggest
that higher NTHSS scores at admission may be an independent
risk factor for the occurrence of END in SSI patients.

We showed that lower PWMH scores are an independent risk
factor for the occurrence of END in our SSI cohort. On the one
hand, PWMH is more likely to be influenced by long-term and
chronic hemodynamic insufficiency (hypoperfusion) [56]. It has
been clarified in large clinical trials that acute ischemic stroke
patients who received chronic remote ischemic conditioning
were more likely to have favorable prognoses [5, 57-59]. Here,
we speculate that patients who lack chronic cerebral hypoperfu-
sion, that is, SSI patients with lower PWMH scores in our cohort,
may have poorer compensatory ability for acute brain ischemia,
making them more prone to experiencing severe neural dam-
age during acute cerebral ischemic incidents. This hypothesis
requires further validation through future in-depth research.

On the other hand, this result highlights a different aspect of
white matter pathology. PWMH is associated with SVD in the
superficial white matter regions close to the ventricles, which
are vulnerable to changes in blood-brain barrier permeability
and cerebral fluid dynamics [60]. The association seen in our
current study may suggest that PWMH may influence long-term
recovery trajectories rather than END. Advanced neuroimaging
studies with extended follow-up are needed in this field.

Our model demonstrated a higher prediction model for predicting
END in SSI. A growing number of studies have shown the critical
characteristics of stroke/SSI, such as vasculopathy (brain barrier
damage and SVD) and neurodegeneration, manifesting in the
retina and comparable to those detected in stroke/SSI [10, 61-63].
These studies have shown the key clinical findings and histo-
pathological evidence in the retina of stroke/SSI. Common patho-
physiological processes were reported in both the retina and brain
of stroke/SSI patients. In our study, the inclusion of retinal micro-
vasculature serving as a proxy to cerebral microcirculation with
multiscale biomarkers may have played a role in the higher accu-
racy for predicting END in SSI. Given the homology between the
retina and brain, our results suggest that ischemia (hypoperfusion)

plays a vital role in END in SSI, and retinal vasculature may serve
as a potential route to assess and detect it.

Several limitations need to be recognized. First, our study was
based on a single-center study with a relatively small sample size,
which may introduce probable selection bias. Thus, a multicenter
study with a large sample size is needed to validate our results.
Second, not all clinical information, such as collateral circulation
status, was included in this study; therefore, the role of other po-
tential factors may need to be considered in future studies and/
or models. More importantly, external validation is still required
to further evaluate the performance of our nomogram predictive
model. External validation using an independent and differ-
ent cohort is necessary to further assess the generalizability of
our model.

5 | Conclusions

Our study developed and validated a nomogram-based tool to pre-
dict high-END risk individuals in SSI patients. This innovative
nomogram exhibited commendable accuracy and discriminatory
capabilities. This personalized risk evaluation instrument could
aid clinicians in the early identification of SSI patients at a height-
ened risk of END, prompting timely medical interventions and ul-
timately contributing to an improved prognosis.

Acknowledgments

We acknowledge the contributions of all staff who participated in the
present study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The raw data for the results of this study can be made available upon
request from the corresponding author.

References

1.Y. Yan, S. Jiang, T. Yang, et al., “Lenticulostriate Artery Length and
Middle Cerebral Artery Plaque as Predictors of Early Neurological
Deterioration in Single Subcortical Infarction,” International Journal
of Stroke 18, no. 1 (2023): 17474930221081639, https://doi.org/10.1177/
17474930221081639.

2. H. G. Jeong, B. J. Kim, M. H. Yang, M. K. Han, and H. J. Bae, “Neu-
roimaging Markers for Early Neurologic Deterioration in Single Small
Subcortical Infarction,” Stroke 46, no. 3 (2015): 687-691, https://doi.org/
10.1161/STROKEAHA.114.007466.

3.K.W.Nam, H. M. Kwon, and Y. S. Lee, “Different Predictive Factors for
Early Neurological Deterioration Based on the Location of Single Subcor-
tical Infarction: Early Prognosis in Single Subcortical Infarction,” Stroke
52 (2021): 3191-3198, https://doi.org/10.1161/STROKEAHA.120.032966.

4.H. Li, Y. Dai, H. Wu, et al., “Predictors of Early Neurologic Deterio-
ration in Acute Pontine Infarction,” Stroke 51, no. 2 (2020): 637-640,
https://doi.org/10.1161/STROKEAHA.119.027239.

5.S. Jiang, T. Cao, Y. Yan, et al., “Lenticulostriate Artery Combined
With Neuroimaging Markers of Cerebral Small Vessel Disease Differ-
entiate the Pathogenesis of Recent Subcortical Infarction,” Journal of

10 of 12

CNS Neuroscience & Therapeutics, 2025


https://doi.org/10.1177/17474930221081639
https://doi.org/10.1177/17474930221081639
https://doi.org/10.1161/STROKEAHA.114.007466
https://doi.org/10.1161/STROKEAHA.114.007466
https://doi.org/10.1161/STROKEAHA.120.032966
https://doi.org/10.1161/STROKEAHA.119.027239

Cerebral Blood Flow and Metabolism 41, no. 8 (2021): 2105-2115, https://
doi.org/10.1177/0271678X21992622.

6. H. Yatsuya, A. R. Folsom, T. Y. Wong, et al., “Retinal Microvascu-
lar Abnormalities and Risk of Lacunar Stroke: Atherosclerosis Risk in
Communities Study,” Stroke 41, no. 7 (2010): 1349-1355, https://doi.org/
10.1161/STROKEAHA.110.580837.

7.R.1. Lindley, J.J. Wang, M. C. Wong, et al., “Retinal Microvasculature
in Acute Lacunar Stroke: A Cross-Sectional Study,” Lancet Neurology 8,
no. 7 (2009): 628-634, https://doi.org/10.1016/S1474-4422(09)70131-0.

8. W. R. Kwapong, S. Jiang, Y. Yan, J. Wan, and B. Wu, “Macular Mi-
crovasculature Is Associated With Total Cerebral Small Vessel Disease
Burden in Recent Single Subcortical Infarction,” Frontiers in Aging Neu-
roscience 13 (2021): 787775, https://doi.org/10.3389/fnagi.2021.787775.

9. W. R. Kwapong, Y. Yan, Z. Hao, and B. Wu, “Reduced Superficial
Capillary Density in Cerebral Infarction Is Inversely Correlated With
the NTHSS Score,” Frontiers in Aging Neuroscience 13 (2021): 626334,
https://doi.org/10.3389/fnagi.2021.626334.

10. G. Liew, B. Gopinath, A. J. White, G. Burlutsky, T. Yin Wong, and
P. Mitchell, “Retinal Vasculature Fractal and Stroke Mortality,” Stroke
52, no. 4 (2021): 1276-1282, https://doi.org/10.1161/STROKEAHA.120.
031886.

11. R. Kawasaki, M. Z. Che Azemin, D. K. Kumar, et al., “Fractal Di-
mension of the Retinal Vasculature and Risk of Stroke: A Nested Case-
Control Study,” Neurology 76, no. 20 (2011): 1766-1767, https://doi.org/
10.1212/WNL.0b013e31821a7d7d.

12.J. M. Wardlaw, E. E. Smith, G. J. Biessels, et al., “Neuroimaging
Standards for Research Into Small Vessel Disease and Its Contribution
to Ageing and Neurodegeneration,” Lancet Neurology 12, no. 8 (2013):
822-838, https://doi.org/10.1016/S1474-4422(13)70124-8.

13. C. Wang, T. Cui, S. Li, et al., “The Change in Fibrinogen Is Asso-
ciated With Outcome in Patients With Acute Ischemic Stroke Treated
With Endovascular Thrombectomy,” Neurocritical Care 40, no. 2 (2023):
506-514, https://doi.org/10.1007/s12028-023-01768-4.

14.Y. Yang, T. Cui, X. Bai, et al., “Association Between Systemic
Immune-Inflammation Index and Symptomatic Intracranial Hem-
orrhage in Acute Ischemic Stroke Patients Undergoing Endovascular
Treatment,” Current Neurovascular Research 19, no. 1 (2022): 83-91,
https://doi.org/10.2174/1567202619666220406102429.

15. A. Wang, T. Cui, C. Wang, et al., “Prognostic Significance of Admis-
sion Glucose Combined With Hemoglobin Alcin Acute Ischemic Stroke
Patients With Reperfusion Therapy,” Brain Sciences 12, no. 2 (2022):
294, https://doi.org/10.3390/brainscil2020294.

16. C. Wei, J. Liu, W. Guo, et al., “Development and Validation of a
Predictive Model for Spontaneous Hemorrhagic Transformation After
Ischemic Stroke,” Frontiers in Neurology 12 (2021): 747026, https://doi.
org/10.3389/fneur.2021.747026.

17. C. Wang, T. Cui, L. Wang, et al., “Prognostic Significance of Uric
Acid Change in Acute Ischemic Stroke Patients With Reperfusion Ther-
apy,” European Journal of Neurology 28, no. 4 (2021): 1218-1224, https://
doi.org/10.1111/ene.14643.

18. T. Cui, C. Wang, Q. Zhu, et al., “Association Between Low-Density
Cholesterol Change and Outcomes in Acute Ischemic Stroke Patients
Who Underwent Reperfusion Therapy,” BMC Neurology 21, no. 1 (2021):
360, https://doi.org/10.1186/s12883-021-02387-2.

19. L. Wang, C. Wang, S. Wu, Y. Li, W. Guo, and M. Liu, “Red Blood Cell
Distribution Width Is Associated With Mortality After Acute Ischemic
Stroke: A Cohort Study and Systematic Review,” Annals of Translational
Medicine 8, no. 4 (2020): 81, https://doi.org/10.21037/atm.2019.12.142.

20. C. Wang, L. Wang, L. Deng, et al., “Association Between Mean Plate-
let Volume and Hemorrhagic Transformation in Acute Ischemic Stroke
Patients,” Current Neurovascular Research 17, no. 1 (2020): 3-10, https://
doi.org/10.2174/1567202617666191226115518.

21. X. Bai, C. Wang, L. Wang, et al., “Association Between Neutrophil to
Lymphocyte Ratio and Malignant Brain Edema in Patients With Large
Hemispheric Infarction,” Current Neurovascular Research 17, no. 4
(2020): 429-436, https://doi.org/10.2174/1567202617666200517110509.

22. L. Wang, Q. Song, C. Wang, et al., “Neutrophil to Lymphocyte Ratio
Predicts Poor Outcomes After Acute Ischemic Stroke: A Cohort Study
and Systematic Review,” Journal of the Neurological Sciences 406 (2019):
116445, https://doi.org/10.1016/j.jns.2019.116445.

23. M. A. Isgro, P. Bottoni, and R. Scatena, “Neuron-Specific Enolase
as a Biomarker: Biochemical and Clinical Aspects,” Advances in Exper-
imental Medicine and Biology 867 (2015): 125-143, https://doi.org/10.
1007/978-94-017-7215-0_9.

24.L. Tatu, T. Moulin, J. Bogousslavsky, and H. Duvernoy, “Arterial
Territories of the Human Brain: Cerebral Hemispheres,” Neurology 50,
no. 6 (1998): 1699-1708, https://doi.org/10.1212/wnl.50.6.1699.

25. F. Fazekas, J. B. Chawluk, A. Alavi, H. I. Hurtig, and R. A. Zimmer-
man, “MR Signal Abnormalities at 1.5 T in Alzheimer's Dementia and
Normal Aging,” American Journal of Roentgenology 149, no. 2 (1987):
351-356, https://doi.org/10.2214/ajr.149.2.351.

26. National Institute of Neurological D and Stroke rt PASSG, “Tissue
Plasminogen Activator for Acute Ischemic Stroke,” New England Jour-
nal of Medicine 333 (1995): 1581-1587, https://doi.org/10.1056/NEJM1
99512143332401.

27.W. R. Kwapong, L. Cao, R. Pan, et al., “Retinal Microvascular and
Structural Changes in Intracranial Hypertension Patients Correlate
With Intracranial Pressure,” CNS Neuroscience & Therapeutics 29, no.
12 (2023): 4093-4101, https://doi.org/10.1111/cns.14298.

28. C. Ye, W. R. Kwapong, W. Tao, et al., “Characterization of Macular
Structural and Microvascular Changes in Thalamic Infarction Patients:
A Swept-Source Optical Coherence Tomography-Angiography Study,”
Brain Sciences 12 (2022): 518.

29. W. Tao, W. R. Kwapong, J. Xie, et al., “Retinal Microvasculature and
Imaging Markers of Brain Frailty in Normal Aging Adults,” Frontiers
in Aging Neuroscience 14 (2022): 945964, https://doi.org/10.3389/fnagi.
2022.945964.

30. P. Tewarie, L. Balk, F. Costello, et al., “The OSCAR-IB Consensus
Criteria for Retinal OCT Quality Assessment,” PLoS One 7, no. 4 (2012):
€34823, https://doi.org/10.1371/journal.pone.0034823.

31. A. Aytulun, A. Cruz-Herranz, O. Aktas, et al., “APOSTEL 2.0 Rec-
ommendations for Reporting Quantitative Optical Coherence Tomogra-
phy Studies,” Neurology 97, no. 2 (2021): 68-79, https://doi.org/10.1212/
‘WNL.0000000000012125.

32.S. H. Jang, S. W. Park, D. H. Kwon, H. Park, S. I. Sohn, and J. H.
Hong, “The Length of an Infarcted Lesion Along the Perforating Ar-
tery Predicts Neurological Deterioration in Single Subcortical Infarc-
tion Without any Relevant Artery Stenosis,” Frontiers in Neurology 11
(2020): 553326, https://doi.org/10.3389/fneur.2020.553326.

33. K. G. Moons, J. A. de Groot, W. Bouwmeester, et al., “Critical Ap-
praisal and Data Extraction for Systematic Reviews of Prediction Mod-
elling Studies: The CHARMS Checklist,” PLoS Medicine 11, no. 10
(2014): €1001744, https://doi.org/10.1371/journal.pmed.1001744.

34.T. Ohara, Y. Yamamoto, A. Tamura, R. Ishii, and T. Murai, “The
Infarct Location Predicts Progressive Motor Deficits in Patients With
Acute Lacunar Infarction in the Lenticulostriate Artery Territory,”
Journal of the Neurological Sciences 293, no. 1-2 (2010): 87-91, https://
doi.org/10.1016/j.jns.2010.02.027.

35.Y. Cao,J. Yan, Z. Zhan, Y. Liang, and Z. Han, “Macula Structure and
Microvascular Changes in Recent Small Subcortical Infarct Patients,”
Frontiers in Neurology 11 (2021): 615252, https://doi.org/10.3389/fneur.
2020.615252.

36. Z. Xiong, W. R. Kwapong, S. Liu, et al., “Association of Retinal
Biomarkers With the Subtypes of Ischemic Stroke and an Automated

11 of 12


https://doi.org/10.1177/0271678X21992622
https://doi.org/10.1177/0271678X21992622
https://doi.org/10.1161/STROKEAHA.110.580837
https://doi.org/10.1161/STROKEAHA.110.580837
https://doi.org/10.1016/S1474-4422(09)70131-0
https://doi.org/10.3389/fnagi.2021.787775
https://doi.org/10.3389/fnagi.2021.626334
https://doi.org/10.1161/STROKEAHA.120.031886
https://doi.org/10.1161/STROKEAHA.120.031886
https://doi.org/10.1212/WNL.0b013e31821a7d7d
https://doi.org/10.1212/WNL.0b013e31821a7d7d
https://doi.org/10.1016/S1474-4422(13)70124-8
https://doi.org/10.1007/s12028-023-01768-4
https://doi.org/10.2174/1567202619666220406102429
https://doi.org/10.3390/brainsci12020294
https://doi.org/10.3389/fneur.2021.747026
https://doi.org/10.3389/fneur.2021.747026
https://doi.org/10.1111/ene.14643
https://doi.org/10.1111/ene.14643
https://doi.org/10.1186/s12883-021-02387-2
https://doi.org/10.21037/atm.2019.12.142
https://doi.org/10.2174/1567202617666191226115518
https://doi.org/10.2174/1567202617666191226115518
https://doi.org/10.2174/1567202617666200517110509
https://doi.org/10.1016/j.jns.2019.116445
https://doi.org/10.1007/978-94-017-7215-0_9
https://doi.org/10.1007/978-94-017-7215-0_9
https://doi.org/10.1212/wnl.50.6.1699
https://doi.org/10.2214/ajr.149.2.351
https://doi.org/10.1056/NEJM199512143332401
https://doi.org/10.1056/NEJM199512143332401
https://doi.org/10.1111/cns.14298
https://doi.org/10.3389/fnagi.2022.945964
https://doi.org/10.3389/fnagi.2022.945964
https://doi.org/10.1371/journal.pone.0034823
https://doi.org/10.1212/WNL.0000000000012125
https://doi.org/10.1212/WNL.0000000000012125
https://doi.org/10.3389/fneur.2020.553326
https://doi.org/10.1371/journal.pmed.1001744
https://doi.org/10.1016/j.jns.2010.02.027
https://doi.org/10.1016/j.jns.2010.02.027
https://doi.org/10.3389/fneur.2020.615252
https://doi.org/10.3389/fneur.2020.615252

Classification Model,” Investigative Ophthalmology & Visual Science 65,
no. 8 (2024): 50, https://doi.org/10.1167/i0vs.65.8.50.

37.T. T. Hormel, Y. Jia, Y. Jian, et al., “Plexus-Specific Retinal Vascu-
lar Anatomy and Pathologies as Seen by Projection-Resolved Optical
Coherence Tomographic Angiography,” Progress in Retinal and Eye
Research 80 (2021): 100878, https://doi.org/10.1016/j.preteyeres.2020.
100878.

38. D. Cabrera DeBuc, G. M. Somfai, and A. Koller, “Retinal Microvas-
cular Network Alterations: Potential Biomarkers of Cerebrovascular
and Neural Diseases,” American Journal of Physiology. Heart and Circu-
latory Physiology 312 (2017): H201-H212, https://doi.org/10.1152/ajphe
art.00201.2016.

39.N. D. Wangsa-Wirawan and R. A. Linsenmeier, “Retinal Oxygen:
Fundamental and Clinical Aspects,” Archives of Ophthalmology 121
(2003): 547-557, https://doi.org/10.1001/archopht.121.4.547.

40. M. Yamada, S. Yoshimura, Y. Kaku, et al., “Prediction of Neurologic
Deterioration in Patients With Lacunar Infarction in the Territory of
the Lenticulostriate Artery Using Perfusion CT,” American Journal of
Neuroradiology 25 (2004): 402-408.

41. A. Y. Poppe, S. B. Coutts, J. Kosior, M. D. Hill, C. M. O'Reilly, and
A.M. Demchuk, “Normal Magnetic Resonance Perfusion-Weighted Im-
aging in Lacunar Infarcts Predicts a Low Risk of Early Deterioration,”
Cerebrovascular Diseases 28, no. 2 (2009): 151-156, https://doi.org/10.
1159/000225908.

42.C. Qin, L. Q. Zhou, X. T. Ma, et al., “Dual Functions of Microglia
in Ischemic Stroke,” Neuroscience Bulletin 35, no. 5 (2019): 921-933,
https://doi.org/10.1007/s12264-019-00388-3.

43.J. M. Wardlaw, C. Smith, and M. Dichgans, “Small Vessel Disease:
Mechanisms and Clinical Implications,” Lancet Neurology 18 (2019):
684-696, https://doi.org/10.1016/S1474-4422(19)30079-1.

44.D. A. Hume, V. H. Perry, and S. Gordon, “Immunohistochemical Lo-
calization of a Macrophage-Specific Antigen in Developing Mouse Ret-
ina: Phagocytosis of Dying Neurons and Differentiation of Microglial
Cells to Form a Regular Array in the Plexiform Layers,” Journal of Cell
Biology 97 (1983): 253-257, https://doi.org/10.1083/jcb.97.1.253.

45. J. Scharf, K. B. Freund, S. Sadda, and D. Sarraf, “Paracentral Acute
Middle Maculopathy and the Organization of the Retinal Capillary
Plexuses,” Progress in Retinal and Eye Research 81 (2021): 100884,
https://doi.org/10.1016/j.preteyeres.2020.100884.

46. M. C. Trotta, C. Gesualdo, F. Petrillo, et al., “Resolution of Inflam-
mation in Retinal Disorders: Briefly the State,” International Journal of
Molecular Sciences 23, no. 9 (2022): 4501, https://doi.org/10.3390/ijms2
3094501.

47.T. E. Yap, S. I. Balendra, M. T. Almonte, and M. F. Cordeiro, “Ret-
inal Correlates of Neurological Disorders,” Therapeutics Advances in
Chronic Disease 10 (2019): 2040622319882205, https://doi.org/10.1177/
2040622319882205.

48. G. Liu and J. Geng, “Glial Fibrillary Acidic Protein as a Prognostic
Marker of Acute Ischemic Stroke,” Human & Experimental Toxicology
37 (2018): 1048-1053, https://doi.org/10.1177/0960327117751236.

49. A. Lasek-Bal, H. Jedrzejowska-Szypulka, S. Student, et al., “The Im-
portance of Selected Markers of Inflammation and Blood-Brain Barrier
Damage for Short-Term Ischemic Stroke Prognosis,” Journal of Physiology
and Pharmacology 70 (2019): €04, https://doi.org/10.26402/jpp.2019.2.04.

50.Z. Lei, J. Cai, H. Hong, and Y. Wang, “Serum Uric Acid Level and
Outcome of Patients With Ischemic Stroke: A Systematic Review and
Meta-Analysis,” Neurologist 24, no. 4 (2019): 121-131, https://doi.org/10.
1097/NRL.0000000000000234.

51.Y. F. Wang, J. X. Li, X. S. Sun, R. Lai, and W. L. Sheng, “High Serum
Uric Acid Levels Are a Protective Factor Against Unfavourable Neuro-
logical Functional Outcome in Patients With Ischaemic Stroke,” Journal

of International Medical Research 46, no. 5 (2018): 1826-1838, https://
doi.org/10.1177/0300060517752996.

52. A. Chamorro, V. Obach, A. Cervera, M. Revilla, R. Deulofeu, and
J. H. Aponte, “Prognostic Significance of Uric Acid Serum Concentra-
tion in Patients With Acute Ischemic Stroke,” Stroke 33, no. 4 (2002):
1048-1052, https://doi.org/10.1161/hs0402.105927.

53.S. Amaro, X. Urra, M. Gomez-Choco, et al., “Uric Acid Levels Are
Relevant in Patients With Stroke Treated With Thrombolysis,” Stroke
42, no. 1 Suppl (2011): S28-S32, https://doi.org/10.1161/STROKEAHA.
110.596528.

54.C. Tan, L. Zhao, C. Dai, et al., “Risk Factors Related to Early Neuro-
logical Deterioration in Lacunar Stroke and Its Influence on Functional
Outcome,” International Journal of Stroke 18, no. 6 (2023): 681-688,
https://doi.org/10.1177/17474930221145259.

55.J. Vynckier, B. Maamari, L. Grunder, et al., “Early Neurologic De-
terioration in Lacunar Stroke: Clinical and Imaging Predictors and
Association With Long-Term Outcome,” Neurology 97, no. 14 (2021):
e1437-e1446, https://doi.org/10.1212/WNL.0000000000012661.

56. L. Griffanti, M. Jenkinson, S. Suri, et al., “Classification and Char-
acterization of Periventricular and Deep White Matter Hyperintensities
on MRI: A Study in Older Adults,” Neurolmage 170 (2018): 174-181,
https://doi.org/10.1016/j.neuroimage.2017.03.024.

57.H. S. Chen, Y. Cui, X. Q. Li, et al., “Effect of Remote Ischemic Con-
ditioning vs Usual Care on Neurologic Function in Patients With Acute
Moderate Ischemic Stroke: The RICAMIS Randomized Clinical Trial,”
JAMA 328, no. 7 (2022): 627-636, https://doi.org/10.1001/jama.2022.
13123.

58. C. Hou, J. Duan, Y. Luo, et al., “Remote Limb Ischemic Condition-
ing Treatment for Intracranial Atherosclerotic Stenosis Patients,” Inter-
national Journal of Stroke 11, no. 7 (2016): 831-838, https://doi.org/10.
1177/1747493016654489.

59. C. Hou, J. Lan, Y. Lin, et al., “Chronic Remote Ischaemic Condi-
tioning in Patients With Symptomatic Intracranial Atherosclerotic
Stenosis (The RICA Trial): A Multicentre, Randomised, Double-Blind
Sham-Controlled Trial in China,” Lancet Neurology 21, no. 12 (2022):
1089-1098, https://doi.org/10.1016/S1474-4422(22)00335-0.

60. M. Duering, G. J. Biessels, A. Brodtmann, et al., “Neuroimaging
Standards for Research Into Small Vessel Disease-Advances Since
2013,” Lancet Neurology 22, no. 7 (2023): 602-618, https://doi.org/10.
1016/S1474-4422(23)00131-X.

61. Z. Girach, A. Sarian, C. Maldonado-Garcia, et al., “Retinal Imag-
ing for the Assessment of Stroke Risk: A Systematic Review,” Journal of
Neurology 271 (2024): 2285-2297, https://doi.org/10.1007/s00415-023-
12171-6.

62. H. Q. Wu, H. Wu, L. L. Shi, et al., “The Association Between Ret-
inal Vasculature Changes and Stroke: A Literature Review and Meta-
Analysis,” International Journal of Ophthalmology 10, no. 1 (2017):
109-114, https://doi.org/10.18240/ijo.2017.01.18.

63. W.R. Kwapong, Y. Yan, L. Cao, et al., “Retinal Ischemic Perivascular
Lesion Reflects Cerebral Small Vessel Disease Burden in Single Subcor-
tical Infarction,” Journal of the American Heart Association 13, no. 9
(2024): 033081, https://doi.org/10.1161/JAHA.123.033081.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section.

12 of 12

CNS Neuroscience & Therapeutics, 2025


https://doi.org/10.1167/iovs.65.8.50
https://doi.org/10.1016/j.preteyeres.2020.100878
https://doi.org/10.1016/j.preteyeres.2020.100878
https://doi.org/10.1152/ajpheart.00201.2016
https://doi.org/10.1152/ajpheart.00201.2016
https://doi.org/10.1001/archopht.121.4.547
https://doi.org/10.1159/000225908
https://doi.org/10.1159/000225908
https://doi.org/10.1007/s12264-019-00388-3
https://doi.org/10.1016/S1474-4422(19)30079-1
https://doi.org/10.1083/jcb.97.1.253
https://doi.org/10.1016/j.preteyeres.2020.100884
https://doi.org/10.3390/ijms23094501
https://doi.org/10.3390/ijms23094501
https://doi.org/10.1177/2040622319882205
https://doi.org/10.1177/2040622319882205
https://doi.org/10.1177/0960327117751236
https://doi.org/10.26402/jpp.2019.2.04
https://doi.org/10.1097/NRL.0000000000000234
https://doi.org/10.1097/NRL.0000000000000234
https://doi.org/10.1177/0300060517752996
https://doi.org/10.1177/0300060517752996
https://doi.org/10.1161/hs0402.105927
https://doi.org/10.1161/STROKEAHA.110.596528
https://doi.org/10.1161/STROKEAHA.110.596528
https://doi.org/10.1177/17474930221145259
https://doi.org/10.1212/WNL.0000000000012661
https://doi.org/10.1016/j.neuroimage.2017.03.024
https://doi.org/10.1001/jama.2022.13123
https://doi.org/10.1001/jama.2022.13123
https://doi.org/10.1177/1747493016654489
https://doi.org/10.1177/1747493016654489
https://doi.org/10.1016/S1474-4422(22)00335-0
https://doi.org/10.1016/S1474-4422(23)00131-X
https://doi.org/10.1016/S1474-4422(23)00131-X
https://doi.org/10.1007/s00415-023-12171-6
https://doi.org/10.1007/s00415-023-12171-6
https://doi.org/10.18240/ijo.2017.01.18
https://doi.org/10.1161/JAHA.123.033081

	A Novel Nomogram Integrating Retinal Microvasculature and Clinical Indicators for Individualized Prediction of Early Neurological Deterioration in Single Subcortical Infarction
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Design and Participants
	2.2   |   Clinical Data Collection
	2.3   |   Brain Imaging Data Collection
	2.4   |   Retinal Microvascular Parameters Measurement by SS-OCTA
	2.5   |   Outcome
	2.6   |   Statistical Analyses
	2.7   |   Sample Size

	3   |   Results
	3.1   |   Population Characteristic
	3.2   |   Development of Nomogram
	3.3   |   Performance and Validation of the Nomogram
	3.4   |   Clinical Utility
	3.5   |   Probability of Predicting END Based on the Nomogram Scores

	4   |   Discussion
	5   |   Conclusions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References


