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Arterial hypertension (AH) among adults is known to be associated with worse cognitive outcomes. Similarly, children and adolescents with AH could be expected to underperform during neuropsychological evaluations when compared with healthy peers. Our aims were to review the existing literature on cognitive functioning among children and adolescents with primary AH and to identify what additional evidence may be needed to substantiate the impact of hypertension on poor cognitive outcomes in this population. We conducted a systematic review of articles in PubMed and Web of Science published before 17 January 2022, reporting on cognitive testing among children and adolescents with primary AH. From 1,316 records, 13 were included in the review—7 used battery-testing while other employed indirect measures of cognitive functions. Most of the studies reported worse results among individuals with AH. Results of two prospective trials suggested that cognitive functioning may improve after starting antihypertensive treatment. Ambulatory blood pressure monitoring was shown to be more strongly related to cognitive testing results than office measures of blood pressure. Significant confounders, namely obesity and sleep apnea, were identified throughout the studies. Our review indicates that evidence relating AH with poor cognitive functioning among youth is usually based on indirect measures of executive functions (e.g., questionnaires) rather than objective neuropsychological tests. Future prospective trials set to test different cognitive domains in children and adolescents undergoing treatment for AH are endorsed and should consider using standardized neuropsychological batteries as well as adjust the assessing results for obesity and sleep disorders.
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Introduction

Executive functions are high order cognitive processes that are necessary when an automatic response to a situation is insufficient. This typically occurs when the brain needs to involve additional resources to adapt its response to complex demands (1). These cognitive processes are involved in planning or reasoning, and are important abilities that have been shown to be related to critical development of the brain during childhood and adolescence (2, 3). Executive functions can be evaluated with standardized neuropsychological tasks that assess different types of functions, such as cognitive flexibility, working memory, or response inhibition. These complex cognitive processes are strongly related to the prefrontal structures of the brain (4), and require a large amount of resources; thus, the activations associated with these processes imply high oxygen demands (5, 6). Therefore, good brain vascularization and the adequate perfusion are essential to achieve a good performance in these high order cognitive processes. Consequently, a healthy development of the prefrontal cortex (PFC) remains critical for the optimal development of an individual’s executive functions (7). As the PFC reaches its maturity later than the rest of the brain structures, both gray and the white matter of the PFC present significant changes during childhood and adolescence (2, 8, 9).

Arterial hypertension (AH) during childhood and adolescence could imply vascular disruptions in the brain, and more precisely, in the PFC. This would be associated with vascular cognitive impairment, presenting deficits in highly demanding mental processes (10). The brain is susceptible to damage by high blood pressure (BP), which may cause microinfarctions, white matter lesions, promote atrophy, and disrupt the neurovascular unit as well as the perivascular space (11, 12). It has been shown that AH is associated with worse cognitive outcomes among adults and new findings suggest that such a relationship also exists in children and adolescents (13, 14). It is important to highlight that AH without a known secondary cause (i.e., primary hypertension) is becoming more and more frequent among children and adolescents (15).

The topic is of great interest as early-onset AH could potentially determine cognitive health later in life (16). It could be expected that if the AH in children is not treated correctly, these subjects would be at higher risk of presenting cognitive decline at older ages, as well as neurological brain disorders, including Alzheimer’s disease (10, 17). AH may cause both acute-severe neurological complications as it is in case of hypertensive crisis, and chronic, subclinical impairment of neurocognitive function (18, 19). Thus, at a neurological level, their BP levels remain important not only for future cognitive development, but are also affecting their health and quality of life from an early age.

Consequently, early detection and treatment of primary AH in children and adolescents may be a relatively easy measure to decrease the risk of future cognitive impairment. However, it remains unclear which cognitive domains are most susceptible to being damaged in children with AH and which are merely consequences of cofounders associated to AH such as obesity or sleep disturbances (20, 21). Additionally, there is not much information about the possible positive effects of antihypertensive treatment on cognitive impairment in children with AH. Therefore, the main aim was to review the literature on cognitive impairment in children and adolescents with primary AH, highlighting current evidence and identifying potential gaps in the literature. Thus, our first specific objective was to summarize the results of anti-AH intervention on the executive functioning of children with AH. Secondly, to gather evidence about what type of AH and what BP measurements are more associated to cognitive impairments (e.g., primary/secondary hypertension, central/peripheral measures, ambulatory, etc.). And finally, to summarize the evidence on the possible association with cofounders.



Methods


Literature information sources and search terms

The review process was conducted according to the PRISMA guidelines (22). Two databases (PubMed and Web of Science) were used to obtain literature search of articles published up to 17 January 2022. The following search string was used, without any filters in PubMed: “[(hypertension[Title/Abstract]) OR (blood pressure[Title/Abstract])] AND [(child*[Title/Abstract]) OR (pediat*[Title/Abstract]) OR (young[Title/Abstract] OR (adolescent*[Title/Abstract])] AND [(cogn*[Title/Abstract]) OR (executive[Title/Abstract]) OR (memory[Title/Abstract])]” and Web of Science: “AB = [(hypertension OR “blood pressure”) AND (child* OR pediat* OR young OR adolescent*) AND (cogn* OR executive OR memory)].”



Inclusion and exclusion criteria

The inclusion criteria were: (1) pediatric studies (only individuals aged <18 years), (2) studies containing a group with primary AH (studies that did not explicitly rule out secondary hypertension among their sample were also considered for inclusion) and (3) using any instrument to assess cognitive functions. The exclusion criteria were: (1) records in other languages than English, (2) studies including no identifiable group with hypertension (e.g., blood pressure measures used only as continuous variables), (3) undefined methodology of BP measurement, (4) studies of secondary AH and (5) the relationship between hypertension and cognitive outcomes is not reported.



Study selection and data extraction

The articles were first screened by title, selected for inclusion and reviewed in full by I.L. and K.P. Data extracted were: sample, age, method of BP measurement, type of hypertension, method of cognitive assessment, type of analysis, major results. Discrepancies were dealt with by mutual agreement between the reviewers.



Quality appraisal

Quality of reviewed literature was assessed by two independent reviewers using the Downs and Black checklist (23). Cross-sectional and longitudinal studies were assessed. This scale has been broadly used to assess the methodological quality of health studies. Any discrepancies between the two reviewers were mediated by a third reviewer (Supplementary Table 1). The evaluation found that the studies were largely based on valid and reliable methods with good outcome reports.




Results


Study selection

The search yielded 1,316 individual results from the two databases, of which 13 met the eligibility criteria (Figure 1). Additionally, six articles provided data on the relationship between BP and cognitive domains in the pediatric population but made no distinction of AH groups (24–29).


[image: image]

FIGURE 1
The article selection procedure, according to the PRISMA flowchart.




Study results

A summary of available studies is presented in Table 1.


TABLE 1    Studies that evaluated cognitive impairment in children and adolescents with primary AH.
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Executive functions assessment

Neurocognitive assessment was heterogeneous, with seven studies reporting results of battery-testing, while indirect measures of executive functioning were evaluated in ten studies. Some of the validated tasks for direct assessment of the executive functions reported deficits in executive functioning in children with AH. Children with AH showed lower digit span in the verbal scale of the WISC-R, a measure of short-term memory, attention and concentration (30). Children with AH also reported worse performance than normotensive ones in the Rey Auditory Verbal Learning Test (RAVLT) and in the CogState Groton Maze Learning Test delayed recall, measures of short term and working memory (31). Additionally, AH was also related to worse performance in the Grooved Pegboard dominant hand subtest, showing less fine motor dexterity, and lower scores in the vocabulary subscale of the Wechsler Abbreviated Scales of Intelligence (31).

Six studies included in this review only assessed cognitive performance by indirect measures of executive functions and behaviors. The BRIEF questionnaire (Behavior Rating Inventory of Executive Function), a subjective proxy-reported measure for evaluating behaviors related to the executive functioning of these children, reported association between AH and higher scores in the Metacognition Index (MI), Behavioral Regulation Index (BRI) and Global Executive Composite (GEC) scales (32). High scores in the BRIEF scales suggest that there could be difficulties in their executive functions (32–37). Moreover, child behaviors have also been assessed using the Child Behavior Checklist (CBCL), a tool aimed at evaluating their internalizing and externalizing behaviors. AH in children was associated with both clinically significant higher internalizing and externalizing behaviors (32, 34). Also, in one of the studies, parents were asked about the presence of learning difficulties and children with AH were more likely to present learning difficulties than normotensive children (38).



Effect of anti-arterial hypertension treatment

Except for two trials of prospective design and one collecting retrospective data (38), the reports were cross-sectional. Prospective designs evaluated the effect of anti-AH therapy on the neurocognitive performance of children with AH. The results of one of the prospective studies reported that children with AH showed improvement in the BRIEF scale after 12 months of anti-hypertensive treatment (33). However, in the other prospective study, a year of anti-AH therapy did not improve neurocognitive test performance, but complementary analysis showed that it may have enabled children with AH to benefit from task learning at the same level as normotensive children (39).



Arterial hypertension etiology and measurements

Two studies used solely office BP measures to define AH and control groups, others sought confirmation by performing 24-h ambulatory blood pressure monitoring (ABPM). ABPM was found to be more precise in distinguishing hypertensive children with executive dysfunctions (37, 40). Ten of the studies excluded the participants with secondary hypertension from the study, only two studies did not make the distinction between primary and secondary hypertension and one study compared a group of children with primary AH to children with renal AH. This study observed that children with renal AH presented lower executive function performance but also higher levels of central SBP, and, after adjustment by their central SBP levels, no significant differences were found in parents’ cognitive and behavioral assessments (41). Besides, effects of systolic vs. diastolic AH was assessed in one study, which reported closer association of cognitive deficits with systolic AH (30).



Potential cofounders

The reviewed literature also analyzed the possible effect of cofounders associated to AH. One study found that the executive impairments were independent of obesity levels in children with AH (37). While others found that body mass index (BMI) was associated to the BRI scale of the BRIEF inventory (41) and internalizing behaviors of the CBCL (32). Also, one study found a positive association between higher levels of serum uric acid and worse executive performance (36). Furthermore, children with AH were more prone to sleep disordered breathing (34) and children with AH who also presented obstructive sleep apnea showed poorer cognitive performances (42). Interaction between disordered sleep and poorer executive functioning was also observed in children with AH (31). Additionally, one study showed that learning difficulties were independent from the presence of attention deficit hyperactivity disorder (ADHD) symptomatology (38).



Assessment instruments

After reviewing the literature on cognitive functions in children and adolescents with AH, we found that the used instruments were heterogeneous. Therefore, in Supplementary Table 2 we suggest a battery of instruments for evaluating cognitive functions in children and adolescents with AH. This battery includes a series of validated instruments (some of them used in the reviewed studies) that assess different cognitive domains and would allow easier comparison of the results.





Discussion and future directions

The current review outlines the scarcity of studies that assess a wide spectrum of cognitive domains in children and adolescents with AH. There is a broader literature on the association of AH mediated cognitive impairments in adults, but fewer studies on children and adolescents (13, 16). Alongside reports relating global IQ and BP measurements, the few studies that employed neuropsychological batteries provide evidence that AH-associated cognitive damage may be generalized and reflected by deficits in verbal and visual reasoning, learning and recall, working memory and semantic/letter fluency. As impaired executive functions are known among adults with AH, this association could also be expected among children and adolescents as well (16, 43). However, a direct assessment of executive function (e.g., the CogState GMLT) has only rarely been used in children with AH (31). Identification of domain-specific damage could lead to better understanding on how neurovascular beds differ in their susceptibility to AH among pediatric and adult patients, and define the possible reversibility of these effects. For instance, it has been shown by Lande et al. that poor BP control limits the ability to use previous learning techniques for better performance during subsequent cognitive testing (39). The authors associate this finding with cognitive deficits that may remain present in adulthood. Thus, it is essential to further investigate: (1) which cognitive domains are most susceptible to damage by high BP in early life and (2) whether good BP control suffices for patients with AH to match controls in cognitive outcomes (otherwise, what other treatment, rehabilitation or learning techniques could improve their cognitive functions).

Globally, the reviewed studies report that children and adolescents with AH perform worse than their normotensive peers following a wide-range of neurocognitive domains. However, the investigations were very heterogeneous in their approach toward neurocognitive testing and therefore hamper the general extrapolating from the studies. Overall, the neurocognitive assessment using validated batteries reported deficits in executive functions in children and adolescents with AH compared to normotensive controls. According to the reviewed literature, young individuals with AH might have deficits in short-term memory, working memory, attention, concentration, fine motor dexterity and vocabulary (30, 31). However, the literature using valid direct assessment of executive functions in children and young people with AH is limited. Furthermore, several studies relied solely on subjective measures such as BRIEF and/or CBCL questionnaires to measure cognitive functions (namely executive domains, externalizing and internalizing behaviors). While BRIEF has good psychometric properties and ecological validity, it remains an indirect measure of executive functions that relies on patient or parent reporting of the child’s behavior in different environments (44). This may be especially problematic if subtle subclinical deficits are sought to be assessed, for which specialized tests of executive function are needed. Also, results obtained from BRIEF differ from recent studies showing that AH-related executive dysfunctions are either absent following adjustment for confounders (especially disordered sleep) or related only to measures of central but not brachial BP (31, 41). Finally, as BRIEF relies on parent reporting, it is also prone to additional bias if treatment groups are not blinded (as parents expect treatment to have effect on their child’s performance) (33).

As has been observed in this review, the literature that analyzed the possible effects of anti-AH treatment on the executive functions of children with AH is scarce. The few evidence measuring the effect of an anti-AH treatment seems to indicate that it could improve cognitive outcomes, but further research is needed. One of the few studies that analyzed the effect of the treatment found improvements in the executive functions of children with AH after 12 months of anti-AH therapy (33). However, the same research group was not able to replicate the findings in another study (39), although further analysis of the data of this second study showed that treatment could have led to improvements in children with AH similar to those of normotensive children. Moreover, most of the studies included in this review present cross-sectional designs that assess AH and executive functioning at a specific point of time. Therefore, it would be necessary to perform further longitudinal studies to evaluate if the cognitive deficits observed in children with AH in comparison to normotensive controls could be reduced following specific treatment or and/or reduction of BP levels.

The observation that the influence of higher BP on executive functions may be better detected through testing of central hemodynamics is in line with current pathophysiological theories suggesting that the latter are more relevant for AH mediated organ damage (45). Furthermore, the reviewed literature emphasizes that ABPM is the best method for detecting AH associated with possible cognitive deficits, and should therefore be the preferred measure to use in this clinical domain dysfunctions (37, 40). In this line, the measure of systolic AH was also more related to cognitive deficits than diastolic hypertension (30). Although neurological complications, both acute, clinically symptomatic and chronic, and subclinical are well described in children with secondary AH, from a public health point of view the important problem is the recognition of neurocognitive impairment in children and adolescents with primary AH. The cognitive differences between primary and secondary AH could be influenced by the general higher levels of BP of patients with secondary AH (41). Therefore, the analyzed publications emphasize the importance of a precise definition of the etiology of the AH and the employed measurement method.

Furthermore, pediatric studies investigating cognitive functions in AH face great methodological challenges in addressing confounders that may refute the hypothesis of a direct association between AH and worse performance during neuropsychological testing. While multiple regression and mediation analyses can help to partly distinguish the role of high BP in cognitive dysfunction, factors like comorbid sleep and mood disorders, ADHD symptomatology, as well as widespread obesity remain major reasons to question the direct relationship between cardiovascular and cognitive variables (34). Besides, studies treating learning difficulties and ADHD as end-points may miss mild early-onset cognitive decline that does not produce significant learning difficulties (38). The executive deficits can be associated with attentional problems in children with AH, however, children with ADHD seem to present lower levels of BP (46), so the deficits related to AH could be independent from the ADHD symptomatology. Recently, it has also been shown that uric acid levels alongside high BP are associated with worse executive functions (36). Such findings highlight the need for a complex approach toward studies of cognitive function in children with AH that would include biological as well as imaging biomarkers as part of the investigation process (13).



Conclusion

Studies assessing cognitive function in children and adolescents with AH remain scarce and are highly heterogeneous in methodology. Most of the studies that assessed executive functions in this population widely relied on indirect parent-reported measures, with the limitations and possible biases that this entails. While several studies report deficits of executive functions among patients with AH, the improvement of cognition after treatment remains undetermined. Given the mixed findings, future studies should prospectively employ comprehensive neuropsychological batteries that directly assess different cognitive domains, including verbal/visual memory, working memory, attention, reaction speed and global intellect. The heterogeneity of the evaluation methods found in this review highlights the necessity of establishing a standardized protocol for evaluating the cognitive functioning of children with primary AH.
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