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Purpose: Nocturnal blood pressure dipping patterns have been associated with an increased risk of Cerebral Small Vessel Disease (CSVD), which has not been well-studied. This study is aimed to explore the association of dipping patterns and other factors with lacunes and enlarged perivascular spaces (EPVS) in patients with hypertension.

Methods: We enrolled a total of 1,322 patients with essential hypertension in this study. Magnetic resonance imaging (MRI) scans and 24-h ambulatory blood pressure (BP) monitoring were completed. Nocturnal BP decline was calculated, and then dipping patterns were classified. Patients were classified into four groups according to the performance of lacunes and EPVS in the MRI scan for statistical analysis.

Results: (1) Nocturnal BP decline showed independent negative correlation with both lacunes and EPVS while mean systolic BP (mSBP) level showed an independent positive correlation with them (P < 0.05). (2) The frequency of reverse-dippers in the control group was significantly lower than that in other groups; the frequency of non-dippers in the lacunes group and EPVS group was significantly lower than that in the control group; the frequency of extreme-dippers in the EPVS group was significantly higher than that in the mixed (lacunes with EPVS) group (P < 0.05).

Conclusions: Both mSBP and dipping patterns might play an important role in developing lacunes and EPVS in patients with hypertension.
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INTRODUCTION

Cerebral Small Vessel Disease (CSVD) is a type of disease that affects small vessels in the brain (1), manifesting as lacunes, white matter hyperintensities (WMHs), enlarged perivascular spaces (EPVS), and cerebral microbleeds (CMBs) (2). More prevalent in the elderly, CSVD has been shown to account for about 25% of ischemic stroke (1). By now, neuroimaging examinations, especially magnetic resonance imaging (MRI), are widely applied for the discovery and differentiation of CSVD patients. However, the silent nature of CSVD at the very early state hampered the full understanding of its pathogenesis of CSVD and the specific prevention and treatment methods (1).

Lacunes are small fluid-filled cavities (between 3 and 15 mm in diameter) that are thought to mark the healed stage of a small deep brain infarct (1). Perivascular spaces (PVS), also known as the Virchow-Robin spaces, are normally referred to as the potential spaces that surround the arterioles, capillaries, and venules. EPVS are referred to as MRI-visible PVS (3).

The blood pressure (BP) fluctuates throughout the day, usually higher during the daytime and lower during the nighttime. Physiological fluctuations of BP are important for health maintenance (4). The disordered circadian rhythm of BP is considered to be a significant risk factor for cerebrovascular diseases (5).

Previous studies have focused on the relationship between hypertension and cerebral small vessel disease, yet the relationship between nocturnal dipping patterns and EPVS has rarely been reported. It was reported that nocturnal non-dipping of blood pressure and heart rate were associated with an increased risk of silent stroke and CSVD (6), while higher SBP levels were independently associated with EPVS in Basal ganglia, but not in centrum semiovale (7). Though patients with lacunes or EPVS could have few clinical manifestations, they may have an increased risk for multiple serious diseases in the future (5). It was reported that patients with lacunes were more likely to develop dementia (8), while patients with EPVS were more susceptible to developing lacunar infarction (9), vascular dementia (10), and recurrent lobar hemorrhage (11). Additionally, the total small vessel disease burden score was higher in patients with both EPVS and lacunes, indicating a higher hazard of future stroke, and a worse functional prognosis (12). To our knowledge, hypertension is the most important risk factor for CSVD, and both lacunes and EPVS are common in patients with hypertension. Therefore, in this study, we aimed to explore the association of dipping patterns with lacunes and EPVS in hypertensive patients.



METHODS


Study Population and Ethical Approval

We enrolled hypertensive patients who were admitted to the Department of Neurology, Department of Cardiology or Department of Hypertension of Ruijin Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Minhang Hospital Affiliated to Fudan University, and The First Hospital of Jiaxing from February 2015 to February 2019. A total of 1,322 hypertensive patients were included in our study.

The inclusion criteria were as follows: older than 18 (included) years with no gender limitation; diagnosed with essential hypertension for at least 1 year; taking antihypertensive drugs regularly with relatively stable BP; relatively complete medical histories with negative physical examination of the nervous system. The exclusion criteria were as follows: definite past histories of stroke; MRI scanning contraindications; secondary hypertension; acute neurology/cardiology event such as myocardial infarction in hospital.

All data of this study was from our database, which was approved by the Medical Ethics Committee of Ruijin Hospital. All methods were performed in accordance with relevant guidelines and regulations. Informed consent was obtained from all subjects or their legal guardians.



Clinical Data Collection

The clinical information of enrolled hypertensive patients was recorded and confirmed by the attending physicians, which included admission number, admission date, gender, and age. Past medical histories included hypertension duration, family history of hypertension, smoking and drinking history, diabetes mellitus (any type), atrial fibrillation, and long-term administration of medications (such as antiplatelet, anticoagulants, statins). Patients would take their antihypertensive and other regular medications as usual during their hospitalization.

A carotid artery ultrasound was performed to assess whether there were any carotid artery plaques, and an electrocardiograph (ECG) was performed as a supplement to the history of atrial fibrillation. In the morning after admission, fasting blood tests of cholesterol, triglyceride, high-density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), blood glucose, urea nitrogen, creatinine, homocysteine, and C-reactive protein (CRP) were examined.

The 24-h non-invasive ambulatory blood pressure (ABP) monitoring was completed for patients during their hospitalization by ABP-monitor (type 90217, Spacelabs, USA, Oscillometry). The sphygmomanometer cuff was worn on the upper left arms of the patients. The readings were performed every 30 min during the daytime (06:00–22:00), and every 60 min during the nighttime (22:00–06:00). Nurses regularly patrolled the ward to ensure that patients were wake and asleep at the above time as much as possible. Indexed including mean systolic blood pressure (mSBP), mean diastolic blood pressure (mDBP), mean daytime artery pressure (mDAP), and mean nighttime artery pressure (mNAP) were recorded. Nocturnal BP decline was calculated as follows: (mDAP – mNAP) / mDAP. The dipping patterns were defined by Nocturnal BP decline value: <0 was the reverse-dipper; 0–0.1 was the non-dipper; 0.1–0.2 was the dipper; and >0.2 was the extreme-dipper. The reverse-dipper, non-dipper, and extreme-dipper were defined as the abnormal dipping patterns.



MRI Analysis

During the hospitalization, axial images of various sequences including T1-weighted, T2-weighted, T2-fluid-attenuated inversion recovery (T2-FLAIR), diffusion-weighted imaging (DWI), and susceptibility-weighted imaging (SWI) were collected using the GE Signa HDxT 3.0 T Superconducting MRI system. Two senior radiologists with significant experience were responsible for the imaging reading work to determine whether there were lacunes and EPVS on the MRI scan. In addition, they needed to count the number and assess EPVS severity. If the results were inconsistent, these two radiologists would discuss them with each other and come to a unified conclusion.

The image interpretation criteria for lacunes were as follows: wedged, round, or ovoid cavities; 3–15 mm in diameter; low T1-weighted signal and high T2-weighted signal in the center, with a hyperintensity rim on T2-FLAIR sequence (1). The image interpretation criteria for EPVS were as follows: circular, ovoid, linear, or tubular structures with clear boundaries on the MRI imaging; consistent with the route of the perforating vessels; cerebrospinal fluid-like signal; without mass effects; less than 3 mm in diameter. The section with the largest number of EPVS in basal ganglia and centrum semiovale was selected to count the single-layer number of EPVS. The existence of EPVS was defined as at least one EPVS in any region. According to the number, the EPVS severity of these 2 regions was classified separately as follows: level 0, no EPVS; level 1, 1–10 EPVS; level 2, 11–20 EPVS; level 3, 21–40 EPVS; and level 4, >40 EPVS (13).

Based on the presence or absence of lacunes and EPVS, all patients were divided into four groups: the lacunes group (patients with only lacunes); EPVS group (patients with only EPVS); mixed group (patients with both lacunes and EPVS); and the control group. Among the EPVS group, patients were further classified according to the severity of EPVS in different regions: EPVS in centrum semiovale predominance (EPVS in centrum semiovale score > EPVS in basal ganglia score); EPVS in basal ganglia predominance (EPVS in basal ganglia score > EPVS in centrum semiovale score); and non-predominance (EPVS in basal ganglia score = EPVS in centrum semiovale score) (14).



Statistics

SPSS 26.0 software was used for statistical analysis. Continuous variables were tested by Kolmogorov–Smirnov normality analysis. For continuous variables following the normal distribution, variables were represented as [image: image]± s, and single-factor analysis of variance (ANOVA) was adopted for the comparison among groups. For continuous variables that did not fit the normal distribution, variables were represented as median (interquartile range), and the Kruskal–Wallis H-test was adopted for the comparison. Enumeration data were represented by the form of frequency and percentage, and comparisons among groups were analyzed by either χ2-test or Fisher's exact test. In the above comparison, we set 0.05 as the significance level. For relevant influencing factors with intergroup differences found above, the univariate Logistic regression was performed separately in the control group and the lacunes/EPVS/mixed group [to calculate the odds ratio (OR) of each factor]. Factors whose P-values were less than 0.05 in the univariate logistic regression tests, would be further taken together to find out the independent influencing factors by multivariate logistic regression (Probability for stepwise: entry 0.05, removal 0.10. Method: backward conditional). Among the three predominance types in the EPVS group, the independent influencing factors of EPVS were further compared. A bar chart was drawn according to the dipping patterns in different groups, and the differences were compared by either Pearson's chi test or Fisher's exact test (Bonferroni correction was used for pairwise comparison).




RESULTS

A total of 1,322 hypertensive patients who met the criteria were included in this study. There were 317 patients in the control group (age, 57 ± 11; males, 42.6%), 358 patients in the lacunes group (age, 66 ± 13; males, 52.2%), 395 patients in the EPVS group (age, 69 ± 12; males, 48.1%), and 252 patients in the mixed group (age, 71 ± 12; males, 57.9%).


Baseline Data Comparison

Factors including age, hypertension duration, mSBP, mDBP, HDL-c, LDL-c, and fasting blood glucose (FBG) followed the normal distribution. The factors that did not conform to normal distribution were the Nocturnal BP decline, triglyceride, urea nitrogen, creatinine, homocysteine, and CRP.

Among the four groups, factors that showed statistically significant differences (P < 0.05) were age, gender, smoking, diabetes mellitus, antiplatelet, statins, cholesterol, hypertension duration, the Nocturnal BP decline, mSBP, triglycerides, HDL-c, LDL-c, urea nitrogen, creatinine, homocysteine, and carotid artery plaque. However, there were no statistical difference in other factors including drinking, atrial fibrillation, anticoagulants, family history of hypertension, mDBP, FBG, and CRP between groups (P > 0.05; Table 1).


Table 1. The comparison of demographic and clinical characteristics among groups.

[image: Table 1]



The Analysis of Univariate Logistic Regression

The univariate logistic regression was tested in each group separately. The results showed that: (1) Age, male, smoking, diabetes mellitus, mSBP, creatinine, homocysteine, carotid artery plaques, antiplatelet, statins, the Nocturnal BP decline, cholesterol, HDL-c, and urea nitrogen were the potential independent influencing factors for lacunes (P < 0.05). (2) Age, smoking, diabetes mellitus, mSBP, creatinine, homocysteine, carotid artery plaque, antiplatelet, statins, the Nocturnal BP decline, HDL-c, and urea nitrogen were the potential independent influencing factors for EPVS (P < 0.05). (3) Age, being male, smoking, diabetes mellitus, mSBP, homocysteine, carotid artery plaque, antiplatelet, the Nocturnal BP decline, and cholesterol were the potential independent influencing factors for lacunes and EPVS coexistence (P < 0.05; Table 2).


Table 2. Univariate logistic regression analysis between groups.
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The Analysis of Multivariate Logistic Regression

In the multivariate logistic regression models, it was found that mSBP, age, smoking, and diabetes mellitus were the independent positive correlation factors for lacunes, while the Nocturnal BP decline, antiplatelet, and statins showed independent negative correlation with lacunes (P < 0.05; Table 3).


Table 3. The multivariate logistic regression analysis between lacunes and control.

[image: Table 3]

For EPVS, the independent positive correlation factors were mSBP and age, and the independent negative correlation factors were the Nocturnal BP decline, antiplatelet, and statins (P < 0.05; Table 4).


Table 4. The multivariate logistic regression analysis between EPVS and control.

[image: Table 4]

For lacunes combined with EPVS, factors including mSBP, age, smoking, and homocysteine were independent positive correlation factors. The Nocturnal BP decline was, however, the only independent negative correlation factor for these two lesions (P < 0.05; Table 5).


Table 5. The multivariate logistic regression analysis between mixed and control.
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Comparison of Independent Factors Among Three Predominance Types of EPVS

Among the EPVS group, the independent factors discovered by multivariate logistic regression models were further analyzed. The results showed that there were no significant differences of Nocturnal BP decline, mSBP, antiplatelet, statins, and age in patients among three predominance types of EPVS (P < 0.05; Table 6).


Table 6. The comparison of independent factors among predominance types of EPVS.
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Comparison of Nocturnal Blood Pressure Dipping Patterns Among Groups

By the bar charts, it was shown that the frequency of reverse-dippers in the control group was significantly lower than that in other groups; the frequency of non-dippers in the lacunes group and EPVS group was significantly lower than that in the control group; the frequency of extreme-dippers in the EPVS group was significantly higher than that in the mixed group. Totally, the hypertensive patients with lacunes/EPVS are more likely to have abnormal nocturnal BP dipping patterns (Figure 1).


[image: Figure 1]
FIGURE 1. The length of the column represents the proportion of nocturnal blood pressure pattern in different groups. There was no significant difference (P-value vs. 0.05/6, by bonferroni correction) in proportion with a common letter (a or b) in each single color.





DISCUSSION

In this study, the associations of common risk factors and dipping patterns with lacunes and EPVS were analyzed in patients with hypertension. The findings were as follows. (1) Nocturnal BP decline showed an independent negative correlation with both lacunes and EPVS while mSBP level showed an independent positive correlation with them (P < 0.05). (2) The frequency of reverse-dippers in the control group was significantly lower than that in other groups; the frequency of non-dippers in the lacunes group and EPVS group was significantly lower than that in the control group; the frequency of extreme-dippers in the EPVS group was significantly higher than that in the mixed (lacunes with EPVS) group (P < 0.05).

Although lacunes and EPVS could exist simultaneously, they have different pathological mechanisms. Lacunes mostly originate from branch artery occlusion (15) and are distributed in the subcortical region, especially the basal ganglia (8). Previous studies reported hypertension, diabetes mellitus, hyperlipemia, and smoking are risk factors for lacunes. The increase of homocysteine was also found to be associated with lacunes in the basal ganglia region (16) and a higher imaging burden of CSVD (17). The findings of our research are consistent with previous researches. There is debate regarding the use of antiplatelets in patients with lacunes (18). Our study indicated a protective effect of antiplatelet on lacunes.

Perivascular spaces are important structures composed of the basal membrane of the peripheral vascular wall, pia mater, astrocytes, etc. The lumen is filled with interstitial fluid, participating in the substance exchange, especially the removal of the metabolic waste of the central nervous system (19). With the long-term effects of certain risk factors, EPVS will gradually form and become visible on MRI images. Age is one of the most significant risk factors for EPVS (20). Hypertension was also found to be associated with EPVS in basal ganglia (20), but not with EPVS in centrum semiovale (20). Regarding diabetes mellitus, some studies discovered that it might increase the score of EPVS (21), while others did not (22). In our study, we found that diabetes mellitus was not the independent risk factor for EPVS. In addition, a randomized, double-blind, and placebo-controlled trial revealed that statins therapy might be positively associated with delayed lacunes, EPVS, and the high signal in white matter but not with cerebral microbleeds (23). Our results were consistent with previous findings that statins were the negative correlation factor for both lacunes and EPVS (22). Additionally, it was also found that antiplatelet might have a protective role for EPVS in our study, which needs to be further verified. However, we find no significant difference between different types of EPVS groups, while some reported the discrepancies (7).

Long-term hypertension may cause damage to the vascular endothelium, arteriole hyalinosis, and blood-brain barrier leakage (24, 25), which is one of the most significant risk factors for CSVD. Abnormal dipping patterns are common in patients with hypertension. Several studies have reported the effects of dipping patterns on CSVD. One study found that compared to daytime BP, the nighttime BP was more strongly associated with the development of CSVD (WMHs, lacunes, CMBs) in patients with type 1 diabetes mellitus (26). Another follow-up study discovered that abnormal dipping patterns, especially the morning surge in BP, played an important role in CSVD (especially CMBs) (27). By means of meta-analysis, Anthipa found that compared with dippers, the reverse-dippers had a higher risk for WMHs and acute lacunar infarction and so did non-dippers for acute lacunar infarction (28). It is also reported that higher SBP levels were independently associated with EPVS in basal ganglia, but not in centrum semiovale (7). We demonstrated that factors including mSBP and dipping patterns might be significantly important for lacunes, EPVS, and mixed lesions. Additionally, the frequency of reverse-dippers was significantly higher in the lacunes group, EPVS group, and mixed group than that in the control group. The frequency of non-dippers was significantly lower in the lacunes group and EPVS group when compared to the control group, and the frequency of extreme-dippers in the EPVS group was significantly higher than in the mixed group. In total, the hypertensive patients with lacunes/EPVS are more likely to have abnormal nocturnal BP dipping patterns. These results suggested that for patients with hypertension, it might be essential to not only control the mSBP level, but also make a personalized schedule for antihypertensive drugs, or named chronotherapy (for example, let the patients take anti-hypertensive medications at night). The chronotherapy might have an important role in reducing the degree of lacunes and EPVS, and other cerebral small vessel diseases, and improving the prognosis for patients with cerebral small vessel diseases (4).

The limitations of this study were as follows: (1) sleep in a hospital might be more likely to be disturbed than at home and (2) the sleep-associated evaluation parameters were not studied. Most studies have shown that the clearance of many harmful substances (such as the amyloid-beta) in the perivascular spaces tended to occur at night, which was associated with both the quality and the duration of sleep (29). Additionally, obstructive sleep apnea was one of the common causes of abnormal dipping patterns (30).



CONCLUSION

In hypertensive patients, mSBP levels and abnormal dipping patterns were associated with lacunes and EPVS.
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regression analysis (Table 2) were excluded in this table.
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Factors whose P-values were less than 0.05 would be further taken together to multivariate logistic regression.
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The OR of noctumal blood pressure decline was presented as per 100%. Only Factors which were included in Table 4, were inclucedin this table. Variables were presented as average
+ standard deviation, median (interquartile range) or frequency (percentage), and statistically analyzed by ANOVA, Kruskal-Walis H-test, Pearson chi test or Fisher's exact test.
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EPVS, enlargement perivasculer spaces, variables were presented as the form of average -+ standard deviation, median (interquartie range) or frequency (oercentage), and statistically
analyzed by ANOVA, Kruskal-Wallis H-test, Pearson Chi square test or Fisher's exact test.
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