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Background: White matter lesions (WMLs) are highly prevalent in older adults, and hypertension is one of the main contributors to WMLs. The blood pressure (BP) is regulated by complex underlying mechanisms over multiple time scales, thus the continuous beat-to-beat BP fluctuation is complex. The association between WMLs and hypertension may be manifested as diminished complexity of BP fluctuations. The aim of this pilot study is to explore the relationships between hypertension, BP complexity, and WMLs in older adults.

Method: Fifty-three older adults with clinically diagnosed hypertension and 47 age-matched older adults without hypertension completed one MRI scan and one BP recording of 10–15 min when sitting quietly. Their cerebral WMLs were assessed by two neurologists using the Fazekas scale based on brain structural MRI of each of their own. Greater score reflected higher WML grade. The complexity of continuous systolic (SBP) and diastolic (DBP) BP series was quantified using multiscale entropy (MSE). Lower MSE reflected lower complexity.

Results: Compared to the non-hypertensive group, hypertensives had significantly greater Fazekas scores (F > 5.3, p < 0.02) and lower SBP and DBP complexity (F > 8.6, p < 0.004). Both within each group (β < −0.42, p < 0.01) and across groups (β < −0.47, p < 0.003), those with lower BP complexity had higher Fazekas score. Moreover, complexity of both SBP and DBP mediated the influence of hypertension on WMLs (indirect effects > 0.25, 95% confidence intervals = 0.06 – 0.50).

Conclusion: These results suggest that diminished BP complexity is associated with WMLs and may mediate the influence of hypertension on WMLs. Future longitudinal studies are needed to examine the causal relationship between BP complexity and WMLs.
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INTRODUCTION

White matter lesions (WMLs), as characterized by a hyperintense signal on T2-weighted or fluid-attenuated inversion recovery (FLAIR) MRIs (1), are highly prevalent in older adults (2). WMLs are considered a sign of cerebral microvascular diseases and have been linked to dementia (3), depression (4), and slowed gait (5) in older adults. Cardiovascular abnormalities, including hypertension, play a key role in the formation of WMLs by possibly damaging the cerebral microcirculation (6). Previous studies showed that, for example, hypertension is strongly associated with WML, that is, compared to age-matched non-hypertensive individuals, older adults with hypertension had a greater burden of WMLs (7, 8). However, the underlying mechanism through which hypertension contributes to WMLs is not fully understood.

Multiple underlying physiologic components, consisting of numerous neural feedback and circadian rhythmic changes, are involved in the regulation of blood pressure (BP) (9, 10). These components are communicating and interacting with each other non-linearly over multiple temporal–spatial scales. As such, the multiscale dynamics of the continuous beat-to-beat BP fluctuation are “complex,” meaning that the BP fluctuation contains information-rich and fractal-like patterns that are self-similar over multiple scales of time (9). The degree of such physiologic complexity can be captured using metrics derived from the theory of complex systems, such as multiscale entropy (MSE). The MSE is one well-developed and widely used technique that quantifies the recurrence of patterns, or entropy, in physiologic series at different scales of time or space (11). Studies have shown that the greater the likelihood of recurrent patterns (e.g., as occurs in a sine wave), the less complex the fluctuation, the poorer the system's adaptability and functionality. Zhou et al. (12), for example, have recently shown that lower complexity of resting-state brain activity (i.e., blood oxygen level-dependent signal of functional MRI), as quantified using MSE, is associated with slower walking speed and less integration of brain white matter in older adults. Still, the influences of hypertension on complexity of the beat-to-beat BP fluctuation remain unclear, and the contribution of BP complexity to WMLs is unknown. We here contend that the association between hypertension and WMLs would be manifested as a loss of complexity of the continuous BP fluctuations.

Specifically, we hypothesize in the current study that (1) compared to those without hypertension (i.e., non-hypertensive group), older adults with hypertension (i.e., hypertensive group) would have lower complexity in both beat-to-beat systolic and diastolic BP (SBP and DBP) fluctuation; (2) such lower complexity would be associated with a greater grade of WMLs in both hypertensive and non-hypertensive older adults; and (3) the BP complexity would mediate the influence of hypertension on WMLs.



METHODS


Participants

We completed information search in a data repository (from year 2019 to 2020) for older adults (i.e., age >60 years) who had a clinical visit within the previous 12 months in the Department of Geriatrics, Shenzhen People's Hospital, and expressed interest in participating future studies. A total of 170 records, including 100 with clinically diagnosed hypertension (i.e., SBP ≥140 mmHg and/or DBP ≥80 mmHg by measuring the brachial artery of right arm using sphygmomanometer) and 70 without hypertension, were found without any selection bias. Two clinicians and one study personnel then contacted them and completed the screening on those who can participate in this study. The exclusion criteria for both cohorts included terminal disease, diagnosis of dementia or other overt neurological diseases (e.g., Parkinson's disease or stroke), obesity (i.e., BMI ≥30 kg/m2), chronic kidney disease, dyslipidemia, other cardiovascular diseases (e.g., heart failure, coronary artery disease), any condition making it difficult to perform the MRI (e.g., metal implant in the brain), physical dysfunction (i.e., cannot stand or walk for 30 s without personal assistance), history of brain trauma or injury, use of medications that may alter the cardiovascular and cerebrovascular function (except for antihypertension medications that were used in the hypertensive group to control BP), and inability to understand the study protocol. All experimental methods and protocols were approved by the institutional review board (IRB) of Shenzhen People's Hospital and carried out in accordance with relevant guidelines. All the participants provided written consent in order to participate in the study.

After the screening, a total of 100 eligible older adults (i.e., 53 hypertensives and 47 non-hypertensives) completed the MRI scans and BP recordings. Hypertension had been controlled using antihypertension medications, and the number of antihypertensive medications they used and the left brachial-ankle pulse wave velocity (baPWV), a metric to assess the degree of arterial stiffness, were assessed and measured during their clinical visit and included in the following analyses (13).



Study Protocol
 
MRI and Fazekas Scale

Each participant completed the structural MRI scan consisting of T1, T2, and FLAIR sequences using a 1.5-Tesla MR scanner. The specific parameters for the MRI scan were: 3D-FLAIR: repetition time (TR)/echo time (TE)/inversion time (TI) = 9,000/2,500/85 ms, slice thickness = 5 mm, echo train length (ETL) = 16, matrix size = 512 × 512 mm; T1: TR/TE = 250/2.48 ms, slice thickness = 5 mm, ETL = 1, matrix size = 320 × 320 mm; and T2: TR/TE = 6,000/99 ms, slice thickness = 5 mm, ETL = 18, matrix size = 640 mm × 640 mm.

The grade of WMLs was then assessed separately by two neurologists using the Fazekas scale based upon the brain structural MRI of each participant (14). Both neurologists were blinded to the hypertensive status and other demographic and clinical information of each participant. The Fazekas scale divided the white matter into periventricular and deep white matter, and each region was scaled at a grade ranging from 0 to 3 (i.e., four grades) depending on the size and confluence of lesions. The grade of WMLs was scored primarily on the FLAIR images, and the T2 and T1 images were also used when necessary. If there was a difference between the scales given by the two neurologists, the scale was determined and approved after a careful discussion between them (only five cases were assessed differently). The scale of the whole white matter (i.e., the sum of WML grades in periventricular and deep white matter) ranged from 0 to 6 and was used in the following analysis. Greater Fazekas scale reflected higher grade of WMLs.



Blood Pressure Recordings

The BP assessment was completed in a quiet room, where only the participant and one study administrator were present. Each participant completed a BP assessment when sitting quietly after at least a 30-min break following the MRI. During the assessment, the participant was prevented from talking and was instructed to be motionless (e.g., not crossing arms). Other devices that may interrupt the assessments, such as cellphones, were also stored in a secured box outside the assessment room. The continuous finger BP, including the SBP, and DBP fluctuation, was measured non-invasively using Finometer PRO system (Finapres Medical Systems B.V., Netherlands) at the middle finger of the left hand in supine position. The beat-to-beat BP and inter-beat interval were recorded continuously for at least 10 min (10–15 min) and sampled at 100 Hz. The BeatScope software package (Finapres Medical Systems B.V., Netherlands) calculated the values of SBP and DBP of each beat. This type of finger BP measurement was validated against invasive brachial artery pressure (15). All the recordings thus consisted of at least 700 continuous BP beat samples. The outliers in the BP series of which the value was greater or lower than mean ± 2 × standard deviation (SD) of the series were interpolated by the mean. The preprocessed BP series with the length of 700 points was then used in the following analyses.




Multiscale Entropy

The complexity of SBP and DBP series was quantified using MSE, a well-established measure of the non-linear dynamics in the fluctuation of physiological series. The MSE divided the time-series into non-overlapping windows of length equaling to a scale factor, τ, and then calculated the sample entropies of each “coarse-grained” series. Here, we used scales ranging from 1 to 5 data points. Thus, in the coarse-graining process, the series at Scale 1 was the raw time-series consisting of 700 data points, that at Scale 2 was constructed by averaging every two non-overlapped points, consisting of 350 points (i.e., 700 points/2), and that at the largest scale (i.e., Scale 5) had 140 data points (i.e., 700 points/5), meeting the standard practice for obtaining reliable estimates of sample entropy (16). Sample entropy was defined by the negative natural logarithm of the conditional probability that a time-series, having repeated itself within a tolerance r for m points (pattern length), also repeated itself for m + 1 points without self-matches. The sample entropy of each coarse-grained series in this study was computed by choosing m = 2 and r = 15%, which was suggested by previous studies (16, 17). Figure 1B showed the example of MSE curves of BP series generated by plotting the sample entropy as a function of time scales from the series of two participants as presented in Figure 1A (upper panel: one without hypertension and with Fazekas scale of 2; lower panel: one with hypertension and with Fazekas scale of 6). Finally, the BP complexity was defined as the averaged entropy across five scales. Lower averaged entropy reflected lower complexity. To ensure the validity of this MSE-based measure, we performed the validation tests of the complexity metric as shown in Supplementary Materials.
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FIGURE 1. The beat-to-beat systolic blood pressure (SBP) series from a participant with hypertension [lower panel of (A), black] had lower complexity than the participant without hypertension [upper panel of (A), red]. (A) An example of the beat-to-beat SBP series from one participant without hypertension (upper left panel) and from one participant with hypertension (lower left panel). (B) Shows the results of multiscale entropy (MSE) from the SBP series of these two participants. The entropies of the participant with hypertension were lower than those of the participant without, across all the five scales, indicating that the SBP fluctuation was less complex in hypertensive as compared to non-hypertensive.


Additionally, the mean and variability of SBP, DBP, and pulse pressure (PP) were also obtained by calculating the mean and the coefficient of variability (i.e., the ratio of SD to mean) of continuous BP fluctuations, respectively, and used in the following analyses.



Statistical Analysis

Statistical analyses were performed with JMP Pro 14 software (SAS Institute, Cary, NC) and SPSS 20 (IBM Corp., Armonk, NY). The significance level was set at p < 0.05. The Shapiro–Wilk test was used to test if the outcomes were normally distributed.

To examine the effects of hypertension on BP complexity, two-way ANOVA models were used. The dependent variables of each model were the complexity of SBP and DBP, respectively, and the factor was group (i.e., hypertensive and non-hypertensive). The effects of hypertension on the Fazekas scale and mean and variability of SBP, DBP, and PP were also examined using similar models. Age, sex, BMI, cognitive function, education, smoking status, duration of hypertension, type of antihypertensive medication, number of antihypertensive medications, baPWV, and the presence of diabetes (i.e., if they had diabetes or not) were used as covariates in these ANOVA models, and their effects were also assessed.

To explore the relationship between BP complexity and WMLs, the total score of Fazekas scale was used. We used linear regression models to test if the complexity of SBP and DBP was correlated with the Fazekas scale across the entire cohort and within each of the hypertensive and non-hypertensive cohort. Age, sex, BMI, cognitive function, education, smoking status, duration of hypertension, type of antihypertensive medication, number of antihypertensive medications, mean and variability of BP (i.e., SBP, DBP, and PP), baPWV, and the presence of diabetes were used as covariates in these regression models, as all of them may potentially contribute to the degree of BP complexity and the grade of WMLs. Similar models were used to examine the relationships between the Fazekas scale and BP level and variability, between the BP complexity and mean and variability of BP, and between the SBP complexity and DBP complexity by using age, sex, BMI, cognitive function, education, smoking status, duration of hypertension, type of antihypertensive medication, number of antihypertensive medications, baPWV, and the presence of diabetes as covariates.

To test the hypothesis that the BP complexity would mediate the relationship between hypertension and WMLs, we utilized mediation analyses. The complexity of SBP and DBP was used as mediators in separate models. The dependent variable was the Fazekas scale of the whole white matter, and the independent variable was the category of BP status (i.e., “hypertensive” or “non-hypertensive”). We calculated the total effects of the BP status on WMLs (i.e., total effect, path c) and the association between BP status and the BP complexity (path a). Then, we examined the association between BP complexity and WMLs (path b), which provided the estimates for the direct effects (path c'). The percentage of mediation (i.e., PM) was determined by dividing the indirect effect (path a × path b) by the total effect (path c). A bootstrapping method with N = 5,000 bootstrap samples was used to calculate the 95% Bias Corrected and Accelerated Confidence Interval (95% BCa CIs) around the mediated and direct effects. Age, sex, BMI, cognitive function, education, smoking status, duration of hypertension, mean and variability of BP (i.e., SBP, DBP, and PP), baPWV, the type of antihypertension medication, number of antihypertensive medications, and the presence of diabetes were used as covariates in the mediation analyses.




RESULTS

Table 1 showed the demographics and clinical characteristics of the entire cohort and of the two groups (i.e., hypertensive and non-hypertensive cohorts) separately. Within the hypertensive group, five types of antihypertension medication were used, that is, calcium channel blockers (CCB), angiotensin-converting enzyme inhibitors (ACEIs), angiotensin-II receptor blockers (ARBs), beta-blockers (BB), and diuretics. Among them, the number of antihypertension medications they were using at the same time was different. Specifically, 25 of the hypertensive participants used only one type of medication, 19 of them used two types, seven of them used three types, and two of them used four types of medication. No participants in the non-hypertensive group took antihypertension medication. The Shapiro–Wilk test showed that all the outcomes were normally distributed (p > 0.24). Hypertensive group had a higher baPWV as compared to that of the non-hypertensive group (p = 0.03). No significant difference in other demographic and clinical characteristics was observed between two groups.


Table 1. The demographics, white matter lesions, anti-hypertensive medication information and BP metrics of participants.
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The Effects of Hypertension on Blood Pressure Complexity and White Matter Lesions

Figure 1 showed the SBP series from one participant with hypertension (lower panel of A) and one participant without hypertension (upper panel of A), along with the MSE curves generated from each SBP series (B). As compared to the non-hypertensive group, the sample entropy of the SBP series in the hypertensive group was lower across multiple scales of time. As such, BP complexity (i.e., the averaged entropy across five scales) of this participant was considerably less than the non-hypertensive participant. At the group level, we observed that compared to the non-hypertensive group, the hypertensive group had significantly lower complexity of SBP (F = 8.3, p = 0.003) and DBP (F = 16.1, p = 0.0001) and, as expected, had a higher mean level of SBP (F = 18.9 p < 0.0001), DBP (F = 6.9, p = 0.01), and PP (F = 7.8, p < 0.003). But no significant difference was observed between the BP variability in the hypertensive and non-hypertension groups (F < 0.12, p > 0.43; Table 1). On the other hand, we observed that the grade of WMLs, as quantified by the Fazekas scale, was significantly higher in the hypertensive group as compared to the non-hypertensive group (F = 9.6, p = 0.003; Table 1). All the significance was independent of age, sex, BMI, education, cognitive function, smoking, duration of hypertension, baPWV, types of antihypertension medication, number of antihypertensive medications, and the presence of diabetes, and no significant effects of these covariates (e.g., the presence of diabetes: F < 0.08, p > 0.43) were observed on BP complexity and grade of WMLs (F < 0.1, p > 0.24).



The Relationship Between Blood Pressure Complexity and White Matter Lesions

The linear regression analyses demonstrated that the complexity of SBP and DBP was not associated with the level or variability of SBP or DBP, respectively (β <0.15, p > 0.18), but those with lower SBP complexity also had lower DBP complexity (β > 0.65, p < 0.0001). Across the entire cohort, the SBP and DBP complexity was each associated with the Fazekas scale, that is, participants with lower SBP (β = −0.49, p = 0.002; Figure 2A) and/or lower DBP (β = −0.49, p = 0.002; Figure 2B) complexity had a greater Fazekas scale (i.e., higher WML grades). Within each group (i.e., hypertensive and non-hypertensive), such significant associations were also observed, that is, participants with lower SBP and/or lower DBP complexity had a greater Fazekas scale (β < −0.43, p < 0.008; Figure 2). All the significance was independent of age, sex, BMI, mean and variability of BP, education, cognitive function, smoking status, duration of hypertension, baPWV, the types of antihypertension medication, number of antihypertensive medications, and the presence of diabetes. On the other hand, no significant associations were observed between the mean and variability of SBP and DBP and the Fazekas scale (β <0.4, p > 0.12). Within the non-hypertensive group, the mean of PP was associated with the Fazekas scale (β = 0.3, p = 0.03), but within the hypertensive group, such association was not observed (β = 0.01, p = 0.69).


[image: Figure 2]
FIGURE 2. The complexity of the systolic blood pressure (SBP) (A) and diastolic blood pressure (DBP) (B) series was associated with the Fazekas scale. Across two cohorts [hypertensive (black) and non-hypertensive (red)], participants with lower BP complexity had a greater Fazekas scale (β = −0.49, p < 0.002), that is, a higher grade of cerebral white matter lesions (WMLs), while no association was observed between the BP level and variability and WMLs. Moreover, within each cohort (i.e., hypertensive and non-hypertensive), such associations were still present (β < −0.43, p < 0.008).




Mediation Effects of Blood Pressure Complexity on the Relationship Between Hypertension and White Matter Lesions

The mediation procedures revealed that the influence of hypertension on the grade of WMLs was mediated by both SBP and DBP complexity (Figure 3). Specifically, the hypertension was associated with SBP and DBP complexity (path a; β < −0.59, p < 0.008). Though the total effects of hypertension on the grade of WMLs, as quantified by the Fazekas scale, were statistically significant (path c; β = 0.60, p = 0.006), the direct effects of hypertension on the grade of WMLs were no longer significant after introducing BP complexity as mediator (path c'; SBP complexity: β = 0.34, p = 0.10; DBP complexity: β = 0.35, p = 0.12). Separate mediation models showed that SBP complexity accounted for 43% of the total effects on the grade of WMLs [indirect effects (i.e., path a × path b) = 0.26, mediated proportion (PM) = 43%, 95% bias-corrected and accelerated confidence interval (Bca CI) = 0.06 – 0.50], and DBP complexity accounted for 43% of the total effects (indirect effects = 0.25, PM = 43%, 95% Bca CI = 0.09 – 0.49).
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FIGURE 3. The blood pressure (BP) complexity mediated the relationship between hypertension and cerebral white matter lesions (WMLs). Hypertension was negatively associated with systolic blood pressure (SBP) and diastolic blood pressure (DBP) complexity (paths a; β < −0.59, p < 0.008). The BP complexity was associated with WMLs (path b: β < −0.34, p < 0.003). Significant total effect of hypertension on WMLs was observed (path c; β = 0.60, p = 0.006), while the direct effects (path c') of hypertension on WMLs were not significant after using the BP complexity as mediator (SBP complexity: β = 0.34, p = 0.10; DBP complexity: β = 0.49, p = 0.12). *p < 0.01.





DISCUSSION

Most previous research efforts put focus on the mean BP level and/or its variability over a long time (e.g., over days or years) (18, 19). The regulation of BP, however, is continuous and dynamic across multiple scales of time and space. This pilot study is the first to demonstrate that: (1) the complexity in the multiscale dynamics of continuous beat-to-beat BP fluctuation is diminished in hypertensive older adults; (2) the complexity of SBP and DBP was associated with the grade of WMLs; and (3) such BP complexity may mediate the relationship between hypertension and WMLs. These results indicate that the physiologic complexity of continuous beat-to-beat BP fluctuation can provide unique insights into the regulation of BP and may indicate a potential mechanism through which hypertensive status in the cardiovascular system affects the cerebral characteristics in older adults.

BP is determined by the cardiac output and the systemic vascular resistance and is maintained within a certain range by multiple underlying neural and hormonal feedback mechanisms, such as baroreflex mechanism (20). The baroreflex mechanism consists of a host of neurophysiologic components, including resistance vessels, baroreceptors, and sympathetic and parasympathetic nervous systems (21). These components are functioning and interacting with each other non-linearly with varied time delays, such that the dynamics of fluctuation in the beat-to-beat BP series are complex. In the “complexity theory of aging,” aging and age-related conditions often alter the quantity and/or quality of the regulatory elements of a physiologic system as well as their structural and functional connections within the system, which manifests as a loss of the physiologic complexity in the dynamics of the system's output (22). Previous studies have linked the age-related decrease of physiologic complexity in the cardiovascular system to cardiovascular diseases and mood disorders (23, 24). However, the multiscale dynamics of beat-to-beat BP fluctuation have not been well-characterized. More recently, a few studies measuring the complexity of beat-to-beat BP fluctuations have emerged and observed the association between BP complexity and disease and cardiac risk events (25, 26). Henriques et al. (25), for example, demonstrated that lower preoperative BP complexity, as quantified using MSE, was associated with a higher estimated risk of adverse cardiovascular outcomes during surgery. We here provide novel evidence that lower BP complexity may capture the loss of functionality in the cardiovascular system due to hypertension, which may also be pertaining to the impaired regulation of cerebral blood flow that contributes to WMLs in older adults.

In this study, we observed that BP complexity mediated the established association between hypertension and WML grade, contributing to over 43% of this association. Hypertension is one of the key contributors to WMLs in older adults, oftentimes leading to the thickening of vessel walls with narrowing of lumen and hyalinosis of the media. Such deterioration induced by hypertension then results in stiffness and tortuous elongation of the small cerebral vessels (27–29). These structural alterations impair cerebral autoregulation and elevate the hypoperfusion, ultimately increasing the grade of WMLs in older adults. Our mediation findings may reveal a complementary but novel conceptual framework: in addition to the impairments on cerebral vascular function, hypertension alters BP regulation by disrupting the functionality of the cardiovascular system (as captured by lower BP complexity), and such disruption diminishes the capacity of blood circulation system to regulate the blood supply to cerebral regions efficiently and effectively, leading to an elevated grade of WMLs in older adults.

We also observed no association between mean or variability of BP and WMLs except that between mean PP and WMLs within the non-hypertensive group. These traditional metrics reflect the regulatory behavior of BP on only a single scale of time, which may thus not fully capture the system functionality of BP regulation. The BP complexity, however, was significantly associated with the grade of WMLs, and such association was independent of multiple factors, including the use of antihypertension medication, duration of hypertension, etc. Additionally, the BP complexity in older adults without hypertension is associated with the WML grade. Taken together, it may indicate that as compared to traditional BP measures (e.g., BP level), the BP complexity quantifying the multiscale dynamics of BP fluctuation may be a marker that is sensitive to subtle changes in the vascular system even when no significant conditions or diseases (e.g., hypertension) are presented in older adults. However, it should be noted that the findings of this study are based upon cross-sectional analyses; it is thus warranted to explore the longitudinal relationship between changes in BP complexity and the progress of WMLs in older adults, as well as the incidence of other diseases pertaining to cerebral dysfunction, such as dementia.

Though exciting, the current study has limitations. The sample size (n = 100) in this pilot study was still relatively small, and only a single measure of BP fluctuation was used. Future work with a larger sample size using repeated measurement of BP fluctuation is thus needed to confirm the findings in this study and test the reproducibility of the measurement. One important limitation is that the participants were recruited from a data repository and the BP in the hypertensive group had been controlled using antihypertension medications for a certain time. Though the use of antihypertension medication was included in the models and the results supported our hypotheses, future studies are still warranted to further confirm the findings in a cohort with uncontrolled hypertension. We here focused on older adults with age >60 years, and previous studies have linked the cardiovascular risk in mid-aged population to the abnormalities of the brain (30, 31). It is thus of great significance to explore the relationship between the dynamics of BP and the functional outcomes in people at mid age. The multiscale dynamics of BP was still quantified within a relatively narrow range of time scales (i.e., 1–5). Thus, it is worthwhile to implement a longer BP recording time in future studies, allowing the observation of multiscale dynamics on a wider range of time scales. The WMLs were assessed by only the Fazekas scale, a commonly used scale in the clinics. It is warranted to implement other types of MRI techniques, such as diffusion-weighted MRI, together with advanced automated WML detection algorithm to quantify the WMLs more specifically (32), allowing the exploration of the relationship between BP complexity and subtle changes in cerebral regions. Another limitation is that the hypertension-induced target organ damage (TOD) (e.g., left ventricular hypertrophy, microalbuminuria) was not assessed in this pilot study. The TODs have been linked to the cerebrovascular damages (33, 34). It is thus worthwhile in future studies to specifically measure the TOD, which will help further understand how the multiscale dynamics of BP fluctuation is influenced in the pathology of hypertension, in which TODs may play an important role, especially in people with the most recent diagnosis of hypertension (35). Nevertheless, this study demonstrated that the BP complexity may be of great promise to help characterize the cardiovascular and cerebrovascular function in older adults and to provide novel insights into the age-related conditions related to the cardiovascular and cerebrovascular systems.
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