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Background and Purpose: Ambulatory blood pressure variability (ABPV), ABP, and carotid intima-media thickness (IMT) are closely associated with white matter hyperintensities (WMH), and few studies focused on establishing effective models based on ABP, ABPV, and IMT to predict the WMH burden. We aimed to evaluate the value of a predictive model based on the metrics of ABP, ABPV, and IMT, which were independently associated with the WMH burden.

Methods: We retrospectively enrolled 140 hypertensive inpatients for physical examinations in Shanghai East Hospital, Tongji University School of Medicine between February 2018 and January 2019. The basic clinical information of all subjects was recorded, and we also collected the metrics of ABP, ABPV, and IMT. Patients with Fazekas scale grade ≥2 were classified into heavy burden of WMH group. Then, we analyzed the association between all characteristics and the WMH burden. Multivariate analysis was performed to assess whether the metrics of ABP, ABPV, and IMT were independently associated with WMH, and we used receiver operating characteristic (ROC) to evaluate the value of predictive model based on the metrics of ABP, ABPV, and IMT.

Results: Higher WMH grade was associated with increasing age, diabetes mellitus, higher total cholesterol (TC), higher low-density lipoprotein (LDL), higher IMT, higher 24-h systolic blood pressure (SBP), higher daytime SBP, higher nocturnal SBP, 24-h and daytime standard deviation (SD) of SBP, and 24-h SBP weight SD; 24-h SBP, 24-h SBP-SD, and IMT were independently related to the burden of WMH even after adjusting for the clinical variables. In addition, we also established a model that has a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in the ROC analysis to assess the WMH burden in hypertensive patients.

Conclusions: Higher 24-h SBP, higher 24-h SBP-SD, and larger IMT were independently associated with a greater burden of WMH among elderly primary hypertension Asian patients. Establishing a model based on these factors might provide a new approach for enhancing the accuracy of diagnosis of WMH using metrics in 24-h ABPM and carotid ultrasound.
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INTRODUCTION

White matter hyperintensities (WMH), also named white matter lesions, are commonly observed in the elderly, usually detected on magnetic resonance imaging (MRI) with hyperintense signal appearances on T2-weighted MRI (Fazekas et al., 1993). WMH are considered as a manifestation of cerebral small vessel disease (CSVD; Wardlaw et al., 2013), and its extensive lesions are highly related to the risk of cognitive decline (Altamura et al., 2016), stroke (Fazekas et al., 1993; Jeerakathil et al., 2004), and gait disturbance (Polvikoski et al., 2010). As the pathogenesis of WMH has not been completely understood, it might be in the subclinical stage for long before the onset of the first clinical manifestations (Pantoni, 2010). Therefore, early detection of patients with subclinical CSVD may be effective in preventing future adverse prognosis.

WMH have been identified to be more prevalent in people with hypertension (Jiménez-Balado et al., 2019). Twenty-four-hour ambulatory blood pressure (ABP) monitoring (24-h ABPM) has been conformed as a more scientific method to predict blood pressure-related brain damage than office blood pressure measurement (Ohkubo et al., 2000). Previous studies have proven that increased 24-h ABP variability (ABPV) and higher 24-h ABP levels are closely associated with WMH (Yamaguchi et al., 2014; Filomena et al., 2015). In addition, subclinical atherosclerotic changes have been reported to be related to CSVD and WMH burden (Rundek et al., 2017). Intima-media thickness (IMT) is not only an effective marker of subclinical atherosclerosis but also a predictive factor of cardiocerebrovascular disease (Lorenz et al., 2007). A recent study has shown that increased IMT is independently associated with a heavier burden of WMH among elderly and Hispanic people (Della-Morte et al., 2018). However, to our knowledge, only a few studies focused on establishing effective models based on ABP, ABPV, and IMT to predict the burden of WMH among Asian primary hypertension patients. In this study, we investigated the association of the ABP, ABPV, and IMT metrics with the burden of WMH, Moreover, we also evaluated the value of predictive model based on the metrics of ABP, ABPV, and IMT, which were independently associated with the WMH burden.

MATERIALS AND METHODS

Participants

This was a retrospective, cross-sectional study. We recorded information of 140 hypertensive inpatients for physical examinations due to headache or dizziness in Shanghai East Hospital, Tongji University School of Medicine between February 2018 and January 2019. Hypertension was defined as systolic blood pressure (SBP) ≥140 mm Hg and/or diastolic blood pressure (DBP) ≥90 mmHg. The inclusion criteria were: (1) patients with primary hypertension diagnosed ≥1 year; (2) age ≥40 years old; and (3) underwent 24-h ABPM, carotid IMT (cIMT) measurements, and MRI scan within 30 days. The exclusion conditions were: (1) with secondary hypertension; (2) with history of stroke or dementia; (3) with large-vessel cerebrovascular diseases; and (4) with severe infections, severe nephrosis or liver diseases, or tumors. We recorded the basic information of all patients: age, sex, disease history, smoking history, body mass index, C-reactive protein (CRP), glucose, triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol. This study was approved by the Ethics Committee of Shanghai East Hospital, Tongji University School of Medicine.

Twenty-Four-Hour ABPM

All participants underwent 24-h ABPM with an automated device (TM-2430, AND, Tokyo, Japan), which has been verified in accordance with the protocol of the British Hypertension Society (Palatini et al., 1998). Patients underwent ABPM during their hospital stay. They were asked to follow their usual activities without physical exercise or excessive movement on the non-dominant arm during ABPM recordings. Blood pressure was measured every 30 min between 6:00 am and 10:00 pm (day time), and every 60 min between 10:00 pm and 6:00 am (night time). We recorded mean SBP, mean DBP, blood pressure variability (BPV) [which included average real variability (ARV), coefficient of variation (CV), and weighted standard deviation (SD) of SBP and DBP].

ARV was defined as the absolute differences of consecutive measurements and was calculated according to the following formula: [image: image] (Cretu et al., 2016). CV was defined as the ratio between the SD and the mean SBP or DBP at the same period and was calculated by the following formula: CV = SD/mean BP (Bilo et al., 2007; Filomena et al., 2015). Weighted SD (wSD) was defined as the mean of day and night SD values corrected for the number of hours included in each of these periods, it was calculated by the following formula: wSD = (SDday time × Tday time + SDnight time × Tnight time)/Tday time+night time (Bilo et al., 2007; Filomena et al., 2015). In addition, we also calculated nocturnal systolic dip status according to the following formula: [(SBPday time − SBPnight time)/SBPday time] × 100% to assess the circadian variation, and normal status was considered as the value between 10% and 20% dip (O’Brien et al., 2013).

Carotid Ultrasound

Carotid ultrasound was performed in accordance with the standard scanning and reading protocols by a well-trained physician. cIMT was automatedly measured using a high-resolution B-mode ultrasound system (SSA-250A, Toshiba, Tokyo, Japan), which can improve precision and reduce variance of the measurements. We scanned arteries to visualize the IMT on the posterior or distal wall of the artery, and the measurements were made outside the areas of plaque (Touboul et al., 2007). All measurements were performed on frozen images. The two best-quality images were selected for analysis of each artery. IMT was defined as the distance from the anterior margin of the first echogenic line to the anterior margin of the second line. The first line represents the intima–lumen interface, and the second line represents the collagen-containing top layer of adventitia. All IMT values were calculated as the average of six measurements. We defined the carotid artery segments like the Northern Manhattan Study (Della-Morte et al., 2018): (1) near and far wall of the segment extending from 10 to 20 mm proximal to the tip of the flow divider into the common carotid artery; (2) near and far wall of the carotid bifurcation beginning at the tip of the flow divider and extending 10 mm proximal to the flow divider tip; and (3) near and far wall of the proximal 10 mm of the internal carotid artery. We recorded the mean cIMT by calculating the means of the near and far wall IMT of all carotid segments (Rundek et al., 2002; Della-Morte et al., 2018; Koç and Sümbül, 2019). These were previously reported with excellent reliability in the Northern Manhattan Study (Della-Morte et al., 2018).

MRI Data and Measurement of WMH

Brain MRI was measured using 1.5-Tesla MRI (Philips Medical Systems, Best, Netherlands), which included diffusion-weighted, T1-weighted, and T2-weighted imaging, fluid-attenuated inversion recovery (FLAIR), and susceptibility-weighted imaging (SWI). The sections were 5 mm thick. WMH were rated in FLAIR sequences in accordance with the Fazekas scale. Imaging markers of WMH were defined as follows: for periventricular: grade 0 (absent lesions), grade 1 (caps or pencilthin lining), 2 grade (smooth halo), and grade 3 (irregular periventricular lesions extending into the deep white matter); and for deep white matter: grade 0 (absent), grade 1 (punctuate foci), grade 2 (beginning of confluent foci), and grade 3 (large confluent areas; Fazekas et al., 1987). We classified patients into heavy burden of WMH group when their grade is ≥2 in either the periventricular or in the deep white matter according to the Fazekas scale. All MRI examinations were independently assessed by two experienced neurologists who were blind to other clinical variables. In case of disagreement, lesions were ascertained by consensus. An intrarater reliability test was performed in 140 subjects. Interreader- and intrareader-intraclass correlation coefficients for periventricular WMH scores were 0.88 and 0.83, respectively. In addition, the interreader- and intrareader-intraclass correlation coefficients for subcortical WMH scores were 0.86 and 0.89, respectively. Pearson’s correlation coefficient between periventricular and subcortical WMHs was 0.74.

Statistical Analysis

The statistical analyses were performed using SPSS22.0 software (IBM SPSS, Armonk, NY, USA). The categorical variables of clinical features were expressed as number and percentage and analyzed with the chi-square test. The Mann–Whitney U-test or Student’s t-test was used to comparing continuous variables of clinical characteristics, which were expressed as mean ± SD. Potential risk markers and variables for which the P < 0.05 in univariate analysis were included in the multivariate logistic regression analysis. Forward elimination multivariate logistic regression analyses were performed. Parameters of ABP, ABPV, and IMT with P < 0.05 were included in receiver operating characteristic (ROC) analysis to show their evaluated values and establish a combination. P < 0.05 was considered to be statistically significant.

RESULTS

A total of 140 patients were enrolled in this study. The average age was 69.24 ± 10.54 years, and 54.29% were male. Seventy-five percent of them were treated with BP-lowering agents (Table 1).

TABLE 1. Baseline factors associated with the burden of WMH.
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According to the MRI images, 94 patients were classified into 0–1 WMH grades, and 46 patients were classified into 2–3 WMH grades. In the univariate analysis (Table 1), the burden of WMH was associated with increasing age, diabetes mellitus, higher CH, higher LDL, higher IMT, higher 24-h SBP, higher daytime SBP, and higher nocturnal SBP (all p < 0.05). We also calculated the metrics of BPV in all periods and found that 24-h and daytime SD of SBP, and 24-h SBP weight SD significantly increased in those with 2–3 WMH grades (all p < 0.05; Table 2).

TABLE 2. Association between ABPV measurements and the burden of WMH.
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We used multivariate analysis to assess whether IMT, SBP levels (24-h SBP, daytime SBP, and nocturnal SBP), and BPV metrics (24-h and daytime SD of SBP, 24-h SBP weight SD) were independently associated with 2–3 WMH grades after adjustment by clinical variables (age, sex, diabetes mellitus, TC, LDL cholesterol, use of anti-hypertensive treatment, and the parameters of ABP, ABPV, and IMT with P < 0.05 in univariate analysis). We found higher 24-h SBP [odds ratio (OR): 1.063, 95% CI: 1.033–1.135, P = 0.036], 24-h SBP-SD (OR: 1.280, 95% CI: 1.117–1.552, P = 0.014), and IMT (OR: 1.207, 95% CI: 1.135–1.492, P = 0.002) were independent predictors of heavy burden of WMH (Table 3).

TABLE 3. Association of 24-h SBP, 24-h SBP-SD, and IMT with WMH.

[image: image]

We performed ROC analysis to show the predictive capacity of the 24-h SBP [area under curve (AUC): 0.688, 95% CI: 0.594–0.783, P = 0.020], 24-h SBP-SD (AUC: 0.742, 95% CI: 0.653–0.830, P = 0.001), and IMT (AUC: 0.711, 95% CI: 0.622–0.819, P = 0.001). We saved probabilities of 24-h SBP, 24-h SBP-SD, and IMT in multivariate analysis and obtained the predictive model (AUC: 0.785, 95% CI: 0.705–0.865, P = 0.001) in the ROC analysis; the AUC of the model was higher than any of the 24-h SBP, 24-h SBP-SD, and IMT (Table 4; Figure 1).

TABLE 4. Receiver operating characteristic model and the predictive values.
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FIGURE 1. Curves of receiver operating characteristic.



DISCUSSION

The major findings in our study were that: (1) higher WMH grade was associated with increasing age, diabetes mellitus, higher TC, higher LDL, higher IMT, higher 24-h SBP, higher daytime SBP, higher nocturnal SBP, 24-h and daytime SD of SBP, and 24-h SBP weight SD; and (2) 24-h SBP, 24-h SBP-SD, and IMT independently related to the burden of WMH even after adjusting for the clinical variables. (3) In addition, we established a model with a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in the ROC analysis to assess the WMH burden in hypertensive patients.

In this study, we found higher 24-h SBP level was the only ABP metric that was independently associated with the higher grade of WMH (2–3 grades). This result was consistent with previous studies suggesting the necessity of measurement of ABP among hypertensive patients for predicting the burden of WMH (Stewart et al., 2009; Filomena et al., 2015). The Rotterdam study showed that not only higher SBP but also higher DBP were independent predictive factors of the progression of periventricular WM disease (van Dijk et al., 2008). In a recent study, increased DBP was demonstrated to be associated with the brain WMH score, but the role of SBP was less clear (McNeil et al., 2018). Similarly, another study also found no significant relationship between SBP and WMH, whereas the 2-year change from baseline to year 2 in ambulatory SBP predicted the 2-year WMH change (Wolfson et al., 2013). The differences in results might due to the different included criteria and different ethnicity, but all these results emphasize the essentiality of considering individual different BP components with regard to WMH. In this study, we found 24-h SBP-SD was the only independent factor that related to the burden of WMH among all the ABPV metrics, and consistent findings could be found in several other studies (Wardlaw et al., 2013; Yamaguchi et al., 2014; Yang et al., 2018). However, 24-h SBP-wSD was not independently associated with the burden of WMH after adjusting all clinical variables; this may be caused by the sample size and inclusion criteria. In addition, a Chinese study found that SD and CV of SBP, CV of DBP in 24 h, daytime and nighttime and SD of DBP in nighttime were positively associated with the degree of enlarged perivascular spaces (EPVSs), which was closely related to WMH (Yang et al., 2017a,b). In the same year, this team also indicated that higher SBP levels were independently associated with EPVSs in basal ganglia but not in center semioval, which supported EPVSs to be a marker of CSVD (Yang et al., 2017a,b). In another study, higher variability in SBP that was self-measured at home (HBP) was also shown to be related to the progression of brain WMH (Liu et al., 2016). In contrast, Filomena et al. (2015) found that among all the ABPV metrics, short-term ARV of SBP was independently related to the presence of CSVD, but not SD of SBP. The different results might be attributed to the differences in scoring methods.

The underlying pathologic mechanisms of the association between BP and ABPV levels and WMH burden have not been fully understood. Increased permeability of the small vessel walls and damage of the blood brain barrier (BBB) have been demonstrated to contribute to the development of WMH. A previous study found that contrast agents leaked much more in the area of perforating arterial in patients with WMH than in normal people (Starr et al., 2003). Another study used the ratio of CSF and serum albumin to show BBB permeability and discovered that the burden of WMH was associated with the permeability of BBB (Wallin et al., 1990). Increased BP levels and ABPV would cause more stress on vessel walls, which might further cause endothelial injuries and arterial stiffness (Schillaci et al., 2012; Diaz et al., 2013). Thus, it is likely that higher levels of BP and ABPV could lead to the development of WMH through endothelial injuries. Furthermore, WMH was thought to originate from ischemic injury. Yao et al. (1992) found that ischemia in white matter regions could be observed by the increased proportion of oxygen uptake in those regions. In recent studies, researchers found that changes in hemodynamics might contribute to the ischemia of white matter regions (Mok et al., 2012; Poels et al., 2012). The impairment of cerebral blood flow (CBF) has been considered as the most common type of hemodynamic change. Increased ABPV levels with sudden changes in BP might lead to cerebral hypoperfusion and development of WMH. Moreover, WMH could contribute to higher 24-h ABPV. The results in this study showed that 24-h SBP and 24-h SBP-SD, but not that of DBP, were independently related to the burden of WMH. Further studies are still needed to explore the underlying mechanisms.

In this study, we also reported a significant association between IMT and WMH. cIMT has been reported to be closely related to brain MRI changes (Pico et al., 2002). In a cardiovascular health study, researchers found increased IMT was strongly associated with WMH (Manolio et al., 1999). Similarly, other researchers reported in elderly hypertensive patients with memory disorder, in elderly patients with Alzheimer’s disease (AD), or vascular dementia patients a significant association between IMT and leukoaraiosis on MRI could be observed (Kearney-Schwartz et al., 2009; Altamura et al., 2016). In addition, increased IMT has been demonstrated as a risk factor of lacunar infarction, and lacunar infarction might result in increased WMH grade (Manolio et al., 1999; Tsivgoulis et al., 2005). These findings were consistent with the results in our study, and all these results revealed that increased IMT might be a useful marker of WMH.

Even though the exact pathophysiological changes are still unclear, some molecular mechanisms have been proposed as the link between IMT and WMH. In a postmortem study, WMH was found to be related to the impairment of arterioles (e.g., cellular wall thickening), revealing that cerebral arteriosclerosis might be one of the important factors in the development of WMH (Pantoni and Garcia, 1995). Moreover, changes in the large arterial wall might alter the cerebral microcirculation and lead to chronic brain hypoxia, which in turn contributes to the development of WMH. A previous study has indicated that the cerebral microcirculation was especially sensitive to increased pulsatile stress that might ultimately cause microvascular damage and WMH (Gutierrez et al., 2015). The molecular mechanisms of this process were likely mediated by the upregulation of proinflammatory and pro-growth factors leading to increased IMT Della-Morte and Rundek (2016). Furthermore, WMH could be caused by lower CBF, and lower CBF velocity, in turn, was associated with the increased IMT; atherosclerosis was considered to play a major role in this process (Appelman et al., 2008; Kwater et al., 2014).

To our best knowledge, although many studies have demonstrated ABPV, ABP, and IMT were closely associated with WMH (Filomena et al., 2015; Yang et al., 2017a,b), few studies established predictive model of the WMH burden using ABP level, ABPV level, and IMT. We established a model with a higher predictive capacity using 24-h SBP, 24-h SBP-SD, and IMT in ROC analysis to evaluate the WMH burden in patients with hypertension. This could enhance the accuracy of evaluating WMH burden in clinical application. Moreover, both 24-h ABPM and carotid ultrasound are noninvasive tests with easy operation and low cost. They can be effective in predicting the WMH burden in hypertensive patients. This study might provide a measuring method of discrimination of metrics in 24-h ABPM and carotid ultrasound to diagnose WMH.

This study has not only strengths but also limitations. As this was a retrospective, single-center, and small-scale study, this might cause higher selection biases. In addition, no classification of hypertension grade was recorded, which might influence the results. Moreover, the 24-h ABPM was performed during the hospital stay, and so the results of this study may not necessarily applicable to outpatients. Therefore, In the future, multicenter, prospective, and large-scale studies are still needed to clarify these problems.

In conclusion, results obtained from this study showed that 24-h SBP, 24-h SBP-SD, and IMT were independently associated with the WMH burden. Meanwhile, we established a model using 24-h SBP, 24-h SBP-SD, and IMT in ROC analysis to assess the WMH burden in patients with hypertension. This study might provide a new approach for enhancing the accuracy of diagnosis of WMH using metrics in 24-h ABPM and carotid ultrasound.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

HJ designed the study. XC collected information and wrote the article. YZ, SG, and QL reviewed and revised the article before the submission. They also made a great contribution to search literature during the process of Interactive Review. Moreover, they gave a lot of useful advices.

FUNDING

This study was funded by the Important Weak Subject Construction Project of Pudong Health and Family Planning Commission of Shanghai (grant no. PWZbr2017-06).

REFERENCES

Altamura, C., Scrascia, F., Quattrocchi, C. C., Errante, Y., Gangemi, E., Curcio, G., et al. (2016). Regional MRI diffusion, white-matter hyperintensities and cognitive function in Alzheimer’s disease and vascular dementia. J. Clin. Neurol. 12, 201–208. doi: 10.3988/jcn.2016.12.2.201

Appelman, A. P., van der Graaf, Y., Vincken, K. L., Tiehuis, A. M., Witkamp, T. D., Mali, W. P., et al. (2008). Total cerebral blood flow, white matter lesions and brain atrophy: the SMART-MR study. J. Cereb. Blood Flow Metab. 28, 633–639. doi: 10.1038/sj.jcbfm.9600563

Bilo, G., Giglio, A., Styczkiewicz, K., Caldara, G., Maronati, A., Kawecka-Jaszcz, K., et al. (2007). A new method for assessing 24-h blood pressure variability after excluding the contribution of nocturnal blood pressure fall. J. Hypertens. 25, 2058–2066. doi: 10.1097/hjh.0b013e32829c6a60


Cretu, D. E., Japie, C., Weiss, E., Bunea, M., Frunza, S., Daraban, A. M., et al. (2016). From clinical considerations to theory—blood pressure variability profiles and patterns. Maedica 11, 101–108.


Della-Morte, D., Dong, C., Markert, M. S., Elkind, M. S. V., Sacco, R. L., Wright, C. B., et al. (2018). Carotid intima-media thickness is associated with white matter hyperintensities: the Northern Manhattan Study. Stroke 49, 304–311. doi: 10.1161/strokeaha.117.018943

Della-Morte, D., and Rundek, T. (2016). Erratum: the role of shear stress and arteriogenesis in maintaining vascular homeostasis and preventing cerebral atherosclerosis. Brain Circ. 2:104. doi: 10.4103/2394-8108.186288

Diaz, K. M., Veerabhadrappa, P., Kashem, M. A., Thakkar, S. R., Feairheller, D. L., Sturgeon, K. M., et al. (2013). Visit-to-visit and 24-h blood pressure variability: association with endothelial and smooth muscle function in African Americans. J. Hum. Hypertens. 27, 671–677. doi: 10.1038/jhh.2013.33

Fazekas, F., Chawluk, J. B., Alavi, A., Hurtig, H. I., and Zimmerman, R. A. (1987). MR signal abnormalities at 1.5 T in Alzheimer’s dementia and normal aging. AJR Am. J. Roentgenol. 149, 351–356. doi: 10.2214/ajr.149.2.351

Fazekas, F., Kleinert, R., Offenbacher, H., Schmidt, R., Kleinert, G., Payer, F., et al. (1993). Pathologic correlates of incidental MRI white matter signal hyperintensities. Neurology 43, 1683–1689. doi: 10.1212/wnl.43.9.1683

Filomena, J., Riba-Llena, I., Vinyoles, E., Tovar, J. L., Mundet, X., Castañé, X., et al. (2015). Short-term blood pressure variability relates to the presence of subclinical brain small vessel disease in primary hypertension. Hypertension 66, 634–640; discussion 445. doi: 10.1161/hypertensionaha.115.05440

Gutierrez, J., Elkind, M. S., Cheung, K., Rundek, T., Sacco, R. L., and Wright, C. B. (2015). Pulsatile and steady components of blood pressure and subclinical cerebrovascular disease: the Northern Manhattan Study. J. Hypertens. 33, 2115–2122. doi: 10.1097/hjh.0000000000000686

Jeerakathil, T., Wolf, P. A., Beiser, A., Massaro, J., Seshadri, S., D’Agostino, R. B., et al. (2004). Stroke risk profile predicts white matter hyperintensity volume: the Framingham Study. Stroke 35, 1857–1861. doi: 10.1161/01.str.0000135226.53499.85

Jiménez-Balado, J., Riba-Llena, I., Abril, O., Garde, E., Penalba, A., Ostos, E., et al. (2019). Cognitive impact of cerebral small vessel disease changes in patients with hypertension. Hypertension 73, 342–349. doi: 10.1161/HYPERTENSIONAHA.118.12090

Kearney-Schwartz, A., Rossignol, P., Bracard, S., Felblinger, J., Fay, R., Boivin, J. M., et al. (2009). Vascular structure and function is correlated to cognitive performance and white matter hyperintensities in older hypertensive patients with subjective memory complaints. Stroke 40, 1229–1236. doi: 10.1161/strokeaha.108.532853

Koç, A. S., and Sümbül, H. E. (2019). Age should be considered in cut-off values for increased carotid intima-media thickness. Turk Kardiyol. Dern. Ars. 47, 301–311. doi: 10.5543/tkda.2018.94770

Kwater, A., Gąsowski, J., and Grodzicki, T. (2014). Intima-media thickness of carotid artery and aortic pulse wave velocity as determinants of cerebral blood flow velocity. J. Hum. Hypertens. 28, 384–387. doi: 10.1038/jhh.2013.123

Liu, Z., Zhao, Y., Zhang, H., Chai, Q., Cui, Y., Diao, Y., et al. (2016). Excessive variability in systolic blood pressure that is self-measured at home exacerbates the progression of brain white matter lesions and cognitive impairment in the oldest old. Hypertens. Res. 39, 245–253. doi: 10.1038/hr.2015.135

Lorenz, M. W., Markus, H. S., Bots, M. L., Rosvall, M., and Sitzer, M. (2007). Prediction of clinical cardiovascular events with carotid intima-media thickness: a systematic review and meta-analysis. Circulation 115, 459–467. doi: 10.1161/circulationaha.106.628875

Manolio, T. A., Burke, G. L., O’leary, D. H., Evans, G., Beauchamp, N., Knepper, L., et al. (1999). Relationships of cerebral MRI findings to ultrasonographic carotid atherosclerosis in older adults: the Cardiovascular Health Study. CHS Collaborative Research Group. Arterioscler. Thromb. Vasc. Biol. 19, 356–365. doi: 10.1161/01.atv.19.2.356

McNeil, C. J., Myint, P. K., Sandu, A. L., Potter, J. F., Staff, R., Whalley, L. J., et al. (2018). Increased diastolic blood pressure is associated with MRI biomarkers of dementia-related brain pathology in normative ageing. Age Ageing 47, 95–100. doi: 10.1093/ageing/afx102

Mok, V., Ding, D., Fu, J., Xiong, Y., Chu, W. W., Wang, D., et al. (2012). Transcranial Doppler ultrasound for screening cerebral small vessel disease: a community study. Stroke 43, 2791–2793. doi: 10.1161/strokeaha.112.665711

O’Brien, E., Parati, G., Stergiou, G., Asmar, R., Beilin, L., Bilo, G., et al. (2013). European society of hypertension position paper on ambulatory blood pressure monitoring. J. Hypertens. 31, 1731–1768. doi: 10.1097/HJH.0b013e328363e964

Ohkubo, T., Hozawa, A., Nagai, K., Kikuya, M., Tsuji, I., Ito, S., et al. (2000). Prediction of stroke by ambulatory blood pressure monitoring versus screening blood pressure measurements in a general population: the Ohasama study. J. Hypertens. 18, 847–854. doi: 10.1097/00004872-200018070-00005


Palatini, P., Frigo, G., Bertolo, O., Roman, E., Da Cortà, R., and Winnicki, M. (1998). Validation of the A&D TM-2430 device for ambulatory blood pressure monitoring and evaluation of performance according to subjects’ characteristics. Blood Press. Monit. 3, 255–260.


Pantoni, L. (2010). Cerebral small vessel disease: from pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol. 9, 689–701. doi: 10.1016/s1474-4422(10)70104-6

Pantoni, L., and Garcia, J. H. (1995). The significance of cerebral white matter abnormalities 100 years after Binswanger’s report. A review. Stroke 26, 1293–1301. doi: 10.1161/01.str.26.7.1293

Pico, F., Dufouil, C., Levy, C., Besançon, V., de Kersaint-Gilly, A., Bonithon-Kopp, C., et al. (2002). Longitudinal study of carotid atherosclerosis and white matter hyperintensities: the EVA-MRI cohort. Cerebrovasc. Dis. 14, 109–115. doi: 10.1159/000064741

Poels, M. M., Zaccai, K., Verwoert, G. C., Vernooij, M. W., Hofman, A., van der Lugt, A., et al. (2012). Arterial stiffness and cerebral small vessel disease: the Rotterdam Scan Study. Stroke 43, 2637–2642. doi: 10.1161/STROKEAHA.111.642264

Polvikoski, T. M., Van Straaten, E. C., Barkhof, F., Sulkava, R., Aronen, H. J., Niinistö, L., et al. (2010). Frontal lobe white matter hyperintensities and neurofibrillary pathology in the oldest old. Neurology 75, 2071–2078. doi: 10.1212/wnl.0b013e318200d6f9

Rundek, T., Della-Morte, D., Gardener, H., Dong, C., Markert, M. S., Gutierrez, J., et al. (2017). Relationship between carotid arterial properties and cerebral white matter hyperintensities. Neurology 88, 2036–2042. doi: 10.1212/WNL.0000000000003951

Rundek, T., Elkind, M. S., Pittman, J., Boden-Albala, B., Martin, S., Humphries, S. E., et al. (2002). Carotid intima-media thickness is associated with allelic variants of stromelysin-1, interleukin-6, and hepatic lipase genes: the Northern Manhattan Prospective Cohort Study. Stroke 33, 1420–1423. doi: 10.1161/01.str.0000015558.63492.b6

Schillaci, G., Bilo, G., Pucci, G., Laurent, S., Macquin-Mavier, I., Boutouyrie, P., et al. (2012). Relationship between short-term blood pressure variability and large-artery stiffness in human hypertension: findings from 2 large databases. Hypertension 60, 369–377. doi: 10.1161/hypertensionaha.112.197491

Starr, J. M., Wardlaw, J., Ferguson, K., MacLullich, A., Deary, I. J., and Marshall, I. (2003). Increased blood-brain barrier permeability in type II diabetes demonstrated by gadolinium magnetic resonance imaging. J. Neurol. Neurosurg. Psychiatry 74, 70–76. doi: 10.1136/jnnp.74.1.70

Stewart, R., Xue, Q. L., Masaki, K., Petrovitch, H., Ross, G. W., White, L. R., et al. (2009). Change in blood pressure and incident dementia: a 32-year prospective study. Hypertension 54, 233–240. doi: 10.1161/hypertensionaha.109.128744

Touboul, P. J., Hennerici, M. G., Meairs, S., Adams, H., Amarenco, P., Bornstein, N., et al. (2007). Mannheim carotid intima-media thickness consensus (2004–2006). An update on behalf of the Advisory Board of the 3rd and 4th Watching the Risk Symposium, 13th and 15th European Stroke Conferences, Mannheim, Germany, 2004 and Brussels, Belgium, 2006. Cerebrovasc. Dis. 23, 75–80. doi: 10.1159/000097034

Tsivgoulis, G., Vemmos, K. N., Spengos, K., Papamichael, C. M., Cimboneriu, A., Zis, V., et al. (2005). Common carotid artery intima-media thickness for the risk assessment of lacunar infarction versus intracerebral haemorrhage. J. Neurol. 252, 1093–1100. doi: 10.1007/s00415-005-0821-0

van Dijk, E. J., Prins, N. D., Vrooman, H. A., Hofman, A., Koudstaal, P. J., and Breteler, M. M. (2008). Progression of cerebral small vessel disease in relation to risk factors and cognitive consequences: Rotterdam Scan study. Stroke 39, 2712–2719. doi: 10.1161/strokeaha.107.513176

Wallin, A., Blennow, K., Fredman, P., Gottfries, C. G., Karlsson, I., and Svennerholm, L. (1990). Blood brain barrier function in vascular dementia. Acta Neurol. Scand. 81, 318–322. doi: 10.1111/j.1600-0404.1990.tb01562.x

Wardlaw, J. M., Smith, C., and Dichgans, M. (2013). Mechanisms of sporadic cerebral small vessel disease: insights from neuroimaging. Lancet Neurol. 12, 483–497. doi: 10.1016/s1474-4422(13)70060-7

Wolfson, L., Wakefield, D. B., Moscufo, N., Kaplan, R. F., Hall, C. B., Schmidt, J. A., et al. (2013). Rapid buildup of brain white matter hyperintensities over 4 years linked to ambulatory blood pressure, mobility, cognition and depression in old persons. J. Gerontol. A Biol. Sci. Med. Sci. 68, 1387–1394. doi: 10.1093/gerona/glt072

Yamaguchi, Y., Wada, M., Sato, H., Nagasawa, H., Koyama, S., Takahashi, Y., et al. (2014). Impact of ambulatory blood pressure variability on cerebral small vessel disease progression and cognitive decline in community-based elderly Japanese. Am. J. Hypertens. 27, 1257–1267. doi: 10.1093/ajh/hpu045

Yang, S., Qin, W., Yang, L., Fan, H., Li, Y., Yin, J., et al. (2017a). The relationship between ambulatory blood pressure variability and enlarged perivascular spaces: a cross-sectional study. BMJ Open 7:e015719. doi: 10.1136/bmjopen-2016-015719

Yang, S., Yuan, J., Zhang, X., Fan, H., Li, Y., Yin, J., et al. (2017b). Higher ambulatory systolic blood pressure independently associated with enlarged perivascular spaces in basal ganglia. Neurol. Res. 39, 787–794. doi: 10.1080/01616412.2017.1324552

Yang, S., Yuan, J., Qin, W., Yang, L., Fan, H., Li, Y., et al. (2018). Twenty-four-hour ambulatory blood pressure variability is associated with total magnetic resonance imaging burden of cerebral small-vessel disease. Clin. Interv. Aging 13, 1419–1427. doi: 10.2147/cia.s171261

Yao, H., Sadoshima, S., Ibayashi, S., Kuwabara, Y., Ichiya, Y., and Fujishima, M. (1992). Leukoaraiosis and dementia in hypertensive patients. Stroke 23, 1673–1677. doi: 10.1161/01.str.23.11.1673

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Chen, Zhu, Geng, Li and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-11-00192-t003.jpg
Characteristics OR (95% CI) P-value

24-h SBP (mimHg) 1.063 (1.033-1.135) 0.036*
24-h SBP-SD (mmHg) 1.280 (1.117-1.552) 0.014*
IMT (mm) 1.207 (1.135-1.492) 0.002*

Models are adjusted by age, sex, diabetes melitus, total cholesterol, low-censity
lipoprotein cholesterol, use of antihypertensive treatment, and the parameters of ABR.
ABPV and IMT with P < 0.05 in univariate analysis. SBR systolic blood pressure; SD,
standrd deviation; IMT, intima-media thickness; WIMH, white matter hyperintensities;
OR, odd ratio: Cl, confidence interval, *P < 0.05.





OPS/images/fnagi-11-00192-t004.jpg
Characteristics AUC (95% CI) P-Value

24-h SBP (mimHg) 0,688 (0.594-0.783) 0020
24-h SBP-SD (mmHg) 0.742 (0.653-0.830) 0001+
IMT (mm) 0711 (0622-0.819) 0001+
Model 0.785 (0.705-0.865) 0001*

AUC, Area Under Curve; Cl, confidence interval; SBR. systolic blood pressure; SD,
standard deviation; IMT, intima-media thickness, *P < 0.05.





OPS/images/fnagi-11-00192-t001.jpg
Characteristics All Subjects n =140 0-1graden =94 2-3grade n =46 P-value

Age (years) 69.24 + 1054 66.47 +£10.42 74.89 £9.00 0.001*
Male (9) 76 (54.29%) 47 (50.00%) 29 (63.00%) 0.146

Diabetes melitus (%) 51 (36.43%) 27 (28.72%) 24 (52.17%) 0.007*
Smoking habit (%) 37 (26.43%) 25 (26.60%) 12 (26.09%) 0.949

Central cbestty (%) 98 (70.00%) 65 (60.15%) 33 (71.74%) 0.753

Body mass index 2875+ 4.22 2871+ 4.34 2881+ 4.26 0.831

CRP 4.96 +1.51 4.05 +1.57 6.73+ 1.46 0.153

Glucose 5.74+1.63 561151 6.02+1.84 0.163

G 1.69+1.13 178+ 1.24 1.49 + 085 0143

TC 468+1.22 4.83+1.20 438+1.23 0.041+
HDL 1.45+£028 147028 143027 0.494
LDL 2.48+0.91 2.60+0.88 2234093 0.025¢
IMT (mm) 0.711 £ 047 0689 +0.17 0.77 £0.19 0.026*
Duration of hypertension (year) 833+ 4.15 812+4.96 8.45+4.38 0325

Nocturnal dipping of SBP 0.043 + 0,081 0.052 £ 0.074 0.025 + 0,004 0.067

Dipper status (%) 33 (23.57%) 23 (24.47%) 10 (21.74) 0.721

24-h SBP (mimHg) 12876 + 17.47 12656 + 17.51 133.24 + 16.68 0.033*
24-h DBP (mmHg) 7346 +9.54 73.89 £9.77 72.59 +9.09 0.448
Daytime SBP (mmHg) 13165 + 16.28 129.90 + 16.67 135.22 + 15.02 0.070¢
Daytime DBP (mmHg) 75.75+9.94 76.39 £ 10.45 74.43+£9.46 0275
Nocturnal SBP (mmHg) 126.10 + 19.80 128.27 + 19.42 13189 + 19.50 0.015*
Nocturnal DBP (mmHg) 71.30 £9.93 7150 £10.41 70,87 +9.64 0.721

BP-lowing treatment (%) 105 (75.00%) 69 (73.40%) 36 (78.26%) 0533
No. of BP-lowing agents

No treatment (%) 35 (25.00%) 25 (26.60%) 10 (21.74%) 0533
1BP-lowing agent (%) 78 (55.71%) 53 (56.38%) 25 (54.35%) 0.820
=2 BP-lowing agents (%) 26 (18.57%) 16 (17.02%) 10 (21.74%) 0.500
Class of BP-lowing drugs

ACEIs (%) 5(3.57%) 2(2.18%) 3(6.52%) 0.183
ARB (%) 44 (31.43%) 30(31.91%) 15 (32.61%) 09234
-Blockers (%) 3(2.14%) 2(2.18%) 1 2.47%) 0.986
Dihydropyridinic CCB (%) 71 (50.71%) 47 (48.96%) 23 (50.00%) 0.989
Npnloop diuretics (%) 10 (7.14%) 7 (7.45%) 3(6.52%) 0.842

WIH, white matter hyperintensities; CAP, C-reactive protein, glucose; TG, triglyceride; TC, total cholesterol; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein
cholesterol; IMT, intima-mediia thickness; SBR. systolic blood pressure; DBR diastolic blood pressure; AGE], indicate angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blockers: CCB, calcium-channel block, *P < 0.05.





OPS/images/fnagi-11-00192-t002.jpg
BPV Measures All Subjects n = 140 0-1grade n =94 2-3grade n =46 P-value

Systolic BP

24-h ARV 1034 +8.27 997 +2.75 11.22+2.81 0064
Awiake ARV 1081 +£8.41 1061 +8.15 1144378 0102
Asleep ARV 9.98+8.46 987 +3.28 11.10+8.27 0057
24-h SD 13.41+8.31 12.87 +2.88 14.54+3.85 0.005*
24-h wSD 12,21 +£8.22 1150 +2.94 13.23+ 343 0.008*
Awake SD 1241 £8.72 11.61+8.20 14.04 % 4.18 0.001*
Asleep SD 1179+ 8,69 1167 +£3.42 12,08+ 4.07 0589
24-h GV 1056 + 2.66 1028 +2.32 1113 +8.21 0077
Awake CV 949 +2.87 901 +254 1047 £8.27 0104
Asleep OV 958815 9,68+ 2.60 9.7 +4.06 0582
Diastolic BP

24-h ARV 743246 7.25+1.87 7.02+208 0557
Awake ARV 7.78+2.63 7.89 +2.21 7.64+£201 0476
Asleep ARV 653+ 2.59 671+2.24 649+ 251 0318
24-h SD 936 +2.06 9.33+1.99 9.44+2.23 0757
24-h wSD 879+2.41 870247 8.83+245 0746
Awake SD 888+2.24 871+202 9.24+2.01 0.186
Asleep SD 853+ 2,68 871+231 819+ 3.81 0288
24-h GV 12.88 +2.99 12.76 + 2,90 13.41+£8.18 0516
Awake CV 1186 +8.45 11,55 +2.97 12,48+ 3.42 0099
Asleep OV 1248 +4.42 12.38 + 8,59 11.75 £ 507 0.401

ABPY, ambulatory blood pressure variabilty; WMH, white matter hypenintensites; BPV, blood pressure variabilty; BR blood pressure; ARV, average real variabilty; CV, coeficient of
variation; SD, standard deviation; wSD, weighted standard deviation, *P < 0.05.





OPS/images/fnagi-11-00192-g001.gif
Sensitivity

ROC Curve

- T T T —
00 02 04 06 08 10

1- Specificity

—— Model
241 SBP-SD.

MT

~— 24nSBP

Reference





OPS/images/crossmark.jpg





OPS/images/fnagi-11-00192-i001.gif
ARV =1/ wx Y= wx |BPgy; — BPy|





OPS/images/cover.jpg
’ frontiers

in Aging Neuroscience

Association of Blood Pressure
Variability and Intima-Media
Thickness With White Matter
Hyperintensities in Hypertensive
Patients









OPS/images/logo.jpg
, frontiers
in Aging Neuroscience





