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Objectives: The present study was designed to evaluate the effects of total cerebral small vessel disease (CSVD) on early-onset depression after acute ischemic stroke (AIS), and to develop a new nomogram including total CSVD burden to predict early-onset post-stroke depression (PSD).

Methods: We continuously enrolled patients with AIS who were hospitalized at the First Affiliated Hospital of Soochow University between October 2017 and June 2019. All patients were assessed for depressive symptoms using the 17-item Hamilton Depression Scale (HAMD-17) at 14 ± 2 days after the onset of AIS. The diagnosis for depression was made according to the American Diagnostic and Statistical Manual of Mental Disorders Version 5 (DSM-5). The demographic and clinical data were collected including total CSVD burden. On the basis of a multivariate logistic model, the independent factors of early-onset PSD were identified and the predictive nomogram was generated. The performance of the nomogram was evaluated by Harrell's concordance index (C-index) and calibration plot.

Results: A total of 346 patients were enrolled. When contrasted to a 0 score of total CSVD burden, the score ≥2 (moderate to severe total CSVD burden) was an independent risk factor for early-onset PSD. Besides, gender, cognitive impairments, baseline Barthel Index (BI), and plasma fibrinogen were independently associated with early-onset PSD. The nomogram based on all these five independent risk factors was developed and validated with an Area Under Curve (AUC) of 0.780. In addition, the calibration plot revealed an adequate fit of the nomogram in predicting the risk of early-onset depression in patients with AIS.

Conclusions: Our study found the total CSVD burden score of 2–4 points was an independent risk factor of early-onset PSD. The proposed nomogram based on total CSVD burden, gender, cognitive impairments, baseline BI, and plasma fibrinogen concentration gave rise to a more accurate and more comprehensive prediction for early-onset PSD.
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Introduction

Post-stroke depression (PSD) is the most common emotional disorder after acute ischemic stroke (AIS) (Hackett and Pickles, 2014), which can increase the risk of stroke mortality (House et al., 2001; Williams et al., 2004), cause recurrence of stroke (Yuan et al., 2012) and lead to poor functional prognosis (Pohjasvaara et al., 2001; Ayerbe et al., 2014). About 31% of AIS patients may suffer from PSD during any period after stroke (Hackett and Pickles, 2014). Degree of physical disability, cognitive impairment, stroke severity, female gender and lack of social and family support are considered as the risk factors for PSD (Hackett and Anderson, 2005). Early-onset PSD refers to depression that occurs within 2 weeks after the onset of stroke (Altieri et al., 2012; He et al., 2017; Huang et al., 2018; Zhao et al., 2018). Compared to late-onset PSD, early-onset PSD possesses more depressive symptoms (Tateno et al., 2002) and may reduce patients' desire for drug and rehabilitation therapy (Willey et al., 2010). Thus, early detection and intervention of PSD are important to improve the prognosis of AIS patients (Gabaldón et al., 2007).

Cerebral small vessel disease (CSVD) refers to a group of pathological processes that affect the small arteries, arterioles, venules, and capillaries of the brain (Pantoni, 2010). CSVD may result in various clinical symptoms including cognitive disorders, dementia, balance disorders, gait disorders and emotional disorders (Wardlaw et al., 2013; van Agtmaal et al., 2017). Neuroimaging characteristics of CSVD include white matter hyperintensities (WMHs), silent lacunar infarction (sLI), enlarged perivascular spaces (EPVS), and cerebral microbleeds (CMBs) (Pantoni, 2010; Wardlaw et al., 2013). Nowadays, more and more existing evidence indicates that CSVD could be one of the crucial factors of PSD (Santos et al., 2009b). However, recent studies mostly focus on the relationship between PSD and a specific CSVD subtype. In fact, the coexistence of various subtypes of CSVD in one patient is common, thus the total CSVD burden may be a better indicator to reflect the severity of CSVD. Staals et al. developed a CSVD global burden rating scale including the WMHs, sLI, EPVS, and CMBs subtypes (Staals et al., 2014). The practicality and reliability of the rating scale have been verified in many studies (Staals et al., 2015; Lau et al., 2017; Jiang et al., 2019; Liu et al., 2019; Wu et al., 2020). However, the relationship between the total CSVD burden with PSD is poorly studied.

Nomogram, a graphical statistical instrument, has been generally used in medical decision-making. To date, there is no nomogram model to predict the risk of early-onset PSD. Therefore, the purposes of this study were to investigate the effects of CSVD on early-onset PSD and to build a nomogram as the prediction model of early-onset PSD. We assumed that total CSVD burden was a prominent risk factor for early-onset PSD, and the nomogram could be a promising prediction tool.



Materials and methods


Study subjects

The present study was a retrospective analysis with collected data from the neurological department of First Hospital Affiliated of Soochow University between October 2017 and June 2019. All patients suffered from AIS within 3 days. Patients with the following conditions were excluded: depressive disorders, anxiety disorders, or other mental illnesses diagnosed by the professional psychiatrists before the stroke onset; accompanied by severe systemic diseases; medical histories of other central nervous system diseases; previous histories of alcohol or drug abuse; disturbance of consciousness, severe language disorders, Mini-Mental State Examination (MMSE) scale lower than 17 points or other situations that resulted in failure to complete the mental psychological assessment; not able to conduct an MRI examination. Ethical approval for this study was obtained from the institutional review board of the First Affiliated Hospital of Soochow University (2022310). The data were anonymous, and the requirement for informed consent was therefore waived.



Data collection and baseline evaluation

Demographic and clinical baseline data were collected, including gender, age, smoking and alcohol consumption, past disease history, education level, baseline NIHSS scale, baseline Barthel Index (BI), TOAST type, baseline blood pressure, baseline blood glucose and lipid levels, homocysteinemia and other relevant laboratory data. TOAST type was adjusted according to further examination results before discharge.



Clinical assessment

17-item Hamilton Depression Scale (HAMD-17) was adopted at 14 ± 2 days after the onset of AIS to evaluate mental disorders of the patients. HAMD-17 points <7 means normal condition; mild depression for 7–17 points; moderate depression for 18–24 points; more than 24 points for severe depression (Zhu et al., 2016; He et al., 2017; Luan et al., 2020; Chi et al., 2021). The diagnosis was made according to the American Diagnostic and Statistical Manual of Mental Disorders Version 5 (DSM-5). MMSE scale was conducted to evaluate patients' cognitive function. Cognitive impairment was defined according to the MMSE score and education level referred to as standard. HAMD-17 and MMSE were conducted by two independent neuropsychological experts.



The assessment of CSVD

The magnetic resonance imaging (MRI) sequences involved in the study included diffusion-weighted imaging (DWI), 3d-TOF-MRA, FLAIR, T2-weighted, T1-weighted, and susceptibility weighted imaging (SWI).

The total CSVD burden score consisted of four imaging markers including WMHs, EPVS, CMBs, and sLI. When WMHs were graded according to Fazekas' scale, one point was awarded as either irregular periventricular WMH extending into the deep white matter (Fazekas score 3) or confluent deep WMH (Fazekas score 2 or 3). EPVS number was counted in the dominant side of basal ganglia and graded into 4 levels (grade 0 for no EPVS, grade 1 for <10 EPVS, grade 2 for 11 to 20 EPVS, grade 3 for 21–40 EPVS, grade 4 for more than 40 EPVS) according to Semiquantitative scale, one point was awarded if there were moderate to severe (Semiquantitative grade 2–4) EPVS. The number of deep CMBs in the cerebellum, brainstem, basal ganglia, and thalamus was involved in this study, one point was awarded if there was one or more CMBs. One point was awarded if the presence of any sLI. The severity of the total CSVD burden was graded into three levels: mild (0 or 1 point), moderate (2 points) and severe (3 or 4 points) (Arba et al., 2017a; Liu et al., 2019). Cerebral atrophy was assessed using the Global Cortical Atrophy Scale (GCA), Moderate to severe brain atrophy was recorded as positive (2 or 3 points) (Pasquier et al., 1996).



Statistical analysis

Continuous variables were compared by the Mann-Whitney U test for non-normally distributed variables and Student's t-test for normally distributed variables. Differences between proportions were assessed by Fisher's exact test or Chi-square test. Continuous variables were reported as the mean ± SD or median (interquartile range), and categorical variables were described by constituent ratio. The SPSS 20.0 was used for statistical analysis of baseline data. A univariable analysis was used to compare the baseline and clinical differences between the PSD and non-PSD groups. Variables with a P < 0.05 in univariable analysis were included in the multivariable logistic regression analysis. The nomogram is constructed by R version 4.0. Variables with a P < 0.05 in the multivariable logistic regression were entered into the nomogram. The nomogram was created by assigning a graphic preliminary score to each of the predictors with a point ranging from 0 to 100, which was then summed to generate a total score, finally converted to the logit, and then to an individual probability (from 0 to 100%) of early-onset PSD. The area under the receiver operating characteristic curve (AUC-ROC) was used to evaluate the differentiation of the prediction model. Calibration was tested using a calibration curve with bootstraps of 1,000 resamples, which reflected the agreement between nomogram and actual observation.




Results


Clinical features and baseline characteristics

A total of 346 patients were enrolled in the study, including 280 patients (80.9%) in the non-PSD group and 66 patients (19.1%) in the PSD group. The baseline characteristics of the patients in the two groups are shown in Table 1. In the non-PSD group, the median age was 63 (53–70) years old, and 67.5% were male. The median age was 64 (59–68) years old in the PSD group, with 53% being male. Univariate analysis showed that the differences between the two cohorts were gender, plasma fibrinogen, previous history of stroke, baseline NIHSS score, baseline BI, moderate to severe cerebral atrophy, and cognitive disorder (all P < 0.05).


TABLE 1 Baseline characteristics of patients in the non-PSD and PSD groups.
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The relationship between early-onset PSD and CSVD

In our study, moderate to severe WMHs were found in 36.1% of the subjects, sLI were in 17.1% of the subjects, CMBs were in 27.5% of the subjects and EPVS grades 2–4 were in 40.5%. In the PSD group, total CSVD burden assessment showed that 27.3% were 1 score, 18.2% were 2 score, 22.7% were 3 and 15.2% were 4, while in the non-PSD group, 31.8% were 1 score, 17.1% were 2, 8.9% were 3 and 2.9% were 4 (Figure 1). Univariate analysis showed that mild to severe WMHs, EPVS grades 2–4, the existence of sLI or CMBs, and total CSVD burden score were different between the non-PSD and PSD groups (Table 2).


[image: Figure 1]
FIGURE 1
 Total CSVD burden score distribution between the two cohorts. CSVD, cerebral small vessel disease.



TABLE 2 The relationship between early-onset PSD and CSVD.
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The independent risk factors of early-onset PSD

Variables with a P < 0.05 were included in the multivariable logistic regression model. The results indicate that gender (OR = 0.440, 95%CI: 0.238–0.813), cognitive disorder (OR = 2.501, 95%CI: 1.283–4.876), baseline BI (OR = 0.986, 95%CI: 0.975–0.997), plasma fibrinogen concentration (OR = 1.425, 95%CI: 1.050–1.933) were independently related to early-onset PSD. In reference to the 0 score of the total CSVD burden, 2–4 points (moderate to severe total CSVD burden) was an independent risk factor of early-onset PSD and the higher the point was, the higher the OR value was, which meant a higher risk of the occurrence of early-onset PSD (Table 3).


TABLE 3 Multivariable logistic regression of early-onset PSD.
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Prediction nomogram for early-onset PSD

The nomogram consisted of the variables that had P < 0.05 in the multivariable logistic regression (Figure 2). It was generated by assigning a graphic preliminary score to each of the 5 factors (gender, cognitive disorder, baseline BI, fibrinogen, and moderate to severe total CSVD burden score) with a point ranging from 0 to 100. Then all the scores were summed up to generate a total score and finally converted into an individual probability of the onset of early-onset PSD. The probability was from 0 to 100%.


[image: Figure 2]
FIGURE 2
 Nomogram predicting early-onset PSD. BI, Barthel Index.




The discrimination and calibration performance of the model

The C-Statistics was used to assess the discriminative capacity of the nomogram as demonstrated in Figure 3. The AUC was 0.780 (95%CI 0.751–0.810). The calibration curves were demonstrated in the Figure 4. The x-axis exhibited the predicted possibility of PSD, and the y-axis represented the actual possibility of PSD. The calibration plot revealed a general fit of the nomogram predicting the risk of early-onset depression in patients with AIS.


[image: Figure 3]
FIGURE 3
 Receiver operating characteristic curve (ROC) analysis for the nomogram.
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FIGURE 4
 The calibration curves for the nomogram.





Discussion

PSD is a specific type of depression that can be classified into depressive disorders caused by other physical disorders according to the DSM-5 (Mittal and Walker, 2011). In 1975, a study conducted by Robinson et al. indicated that decreased cerebral blood flow could affect catecholamine concentration and induce “fight or flight” phenomenon (Robinson et al., 1975). Folstein et al. (1977) found that about 1/2 of the stroke patients suffered from depression, while only 1/5 of orthopedic patients suffered from depression to the same disability degree. These findings inspire neurologists to explore the relationship between depression and cerebral injury.

Early-onset PSD refers to the depression that occurs within 2 weeks after the onset of stroke. Compared to late-onset PSD, early-onset PSD possesses more depression symptoms and may affect patients' prognosis (Tateno et al., 2002; Willey et al., 2010). Large amounts of guidelines and expert consensus pointed out the importance of early diagnosis and treatment of PSD. For instance, the European Guidelines for stroke management, published in 2008 emphasizes that doctors must pay more attention to the early diagnosis of PSD (ESO, 2008). Canadian Guidelines for the best management of stroke delivered in 2009 also point out that depression screening is recommended before discharge for patients in the acute phase of stroke (Lanctôt et al., 2020).

Our study indicated that the four imaging subtypes of CSVD, including WMHs, sLI, CMBs, and EPVS, were all related to the early-onset PSD. Current studies also indicate that the CSVD subtypes are related to PSD. WMHs were the most representative imaging marker of CSVD. A case-control study conducted by Tang et al. illuminated that WMHs were related to PSD 3 months after a stroke attack (Tang et al., 2010). Another study that followed up 294 lacunar infarction patients with CSVD found that the severity of baseline WMHs was independently related to late-onset PSD (Pavlovic et al., 2016). An up-to-date research also concluded that deep WMHs were an independent risk factor of PSD in TIA or mild stroke patients (Carnes-Vendrell et al., 2019). sLI is also called asymptomatic lacunar infarcts or lacunes. Santos et al. revealed that the accumulative chronic lacunes in the thalamus, basal ganglia, and deep white matter were obviously related to PSD onset rather than single infarction by conducting an autopsy (Santos et al., 2009a). Another study on patients with acute lacunar infarction found that baseline sLI was independently related to PSD 3 months after stroke onset (Zhang et al., 2017). The study of the relationship between deep CMBs and PSD is rare. Tang et al. reported that lobular CMBs were the independent risk factor of PSD 3 months after stroke onset (Tang et al., 2014) and the number of lobular CMBs was positively related to PSD severity (Tang et al., 2011). The relationship between basal ganglia EPVS and PSD is not clear yet. Zhang et al. indicated that severe EPVS was not independently related to PSD (Zhang et al., 2017). Another 3-months prospective study targeting AIS patients indicated that severe EPVS in the basal ganglia region was not related to PSD, while centrum semiovale EPVS was remarkably related to PSD (Liang et al., 2018a). To sum up, the relationship between the imaging manifestations of CSVD subtypes and PSD is not better researched and heterogenicity is prominent, thus, further research is required in this field.

In our study, about 1/3 of patients possessed 2 or more characteristics, which was similar to the distribution of CSVD overall burden in other studies. As mentioned before, different CSVD imaging characteristics usually coexist in one patient, and CSVD overall scale is more clinically significant than a single CSVD type. Hence, a rating system that involves multiple CSVD types can better evaluate the overall burden of CSVD (Staals et al., 2014). However, so far, only a few studies have explored the relationship between total CSVD burden and PSD. Zhang et al. found that CSVD overall burden was an independent prediction factor of PSD while the research only focused on patients that first suffered from lacunar infarction (Zhang et al., 2017). Another study explored the relationship between baseline total CSVD burden and poststroke depressive symptoms (PDS) (Liang et al., 2018b). The study involved 563 mild AIS patients and followed them on the 3th, 9th and 15th month. The results showed that the baseline total CSVD burden was positively related to PSD risk at all these three periods of the follow-up visit. Another study reported that CSVD burden not only directly determined PSD symptoms but also worsened stroke severity, and post-stroke neurological deficits (Liang et al., 2019). To our knowledge, there has not been any research that focuses on the relationship between total CSVD burden and early-onset PSD. In this research, we found that 2–4 points of total CSVD burden were obviously related to early-onset PSD and the patients with higher total CSVD burden were more likely to suffer from early-onset PSD.

Several mechanisms could explain the relationship between CSVD and PSD. First of all, patients with pre-stroke CSVD often suffer from more vascular risk factors such as hypertension, diabetes, and so on, which are proven to be closely related to brain dysfunction (Muresanu et al., 2014). Besides, CSVD means the chronic cumulative ischemia of the brain, which may cause damage to hemodynamic neurovascular coupling (Monteiro et al., 2021; Yang et al., 2022). The hemodynamic neurovascular coupling ensures a strong increase in cerebral blood flow and a fast increase in neuronal glucose uptake in the case of acute incidents of the brain (Popa-Wagner et al., 2015). When patients with CSVD suffer from a sudden attack of acute ischemic stroke, the compensatory ability of the brain is weaker, thus, it is more likely to damage the depression-related network such as the frontal-subcortical circuit (Brookes et al., 2014; Arba et al., 2017b; van Agtmaal et al., 2017; Gu et al., 2022). In addition, local vascular inflammation contributes to the development of PSD (Spalletta et al., 2006). Pre-stroke CSVD may worsen the immune-inflammatory activation following AIS (Licata et al., 2006), which promotes depression.

There were several studies that built nomograms to predict PSD. Lan et al. identified that HAMD-17 scores, APTT, serum direct bilirubin, and FT4 at admission were related to the onset of persistent PSD in the first year and developed a nomogram to predict the risk of persistent PSD, which was proved to have good clinical reliability (Lan et al., 2022). Li et al. developed and validated a nomogram to predict the risk of major post-stroke depression at 3 months after AIS onset, which could be used to promote the early screening of PSD and was clinically practical (Li et al., 2021). Another study constructed an effective nomogram to predict the probability of PSD based on magnetic resonance spectroscopy (Qiao et al., 2020). To our best knowledge, this study was the first attempt to establish a practical and visual prediction model of early-onset PSD. The nomogram prediction model based on total CSVD burden score, gender, cognitive disorder, baseline BI and fibrinogen concentration had a C statistical magnitude of 0.780 and could predict early-onset PSD onset well. Thus, our nomogram model could increase early-onset PSD diagnosis efficiency and help doctors develop management and prevention strategies for PSD.

However, there were still deficiencies in our study. First, the study was a monocentric and small sample research. Bias might exist due to a lack of samples. In addition, since it was difficult to distinguish whether depression symptoms were caused by stroke or previous depression, patients with a depression medical history were not included in the research, which might have influenced our results. Besides, several patients were excluded from our study for the reason of aphasia or disturbance of consciousness or dementia at admission, and yet these patients may have experienced more severe strokes. Thus, patients included in our study may have had a relatively mild stroke attack. This might explain why there was no significant association between NIHSS score and early-onset PSD in our study to some extent. Finally, the nomogram designed by the research was barely applied to the prediction of early-onset PSD in the acute phase. Whether the nomogram could be used to predict PSD risk in different phases was not verified. Therefore, we would conduct careful follow-ups on patients involved in further research.



Conclusion

We found that a total CSVD burden score of 2–4 points was an independent risk factor of early-onset PSD. We also proposed and validated a nomogram model that included total CSVD burden score, gender, cognition disorder, baseline BI and plasma fibrinogen concentration, which reliably assessed the probability of early-onset depression in AIS patients.
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