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Abstract

:

Obesity and estrogen deprivation have been identified as significant risk factors for cognitive impairment. Thus, postmenopausal conditions when paired with obesity may amplify the risks of developing dementia. Physical exercise has been recommended as a primary treatment for preventing obesity-related comorbidities and alleviating menopausal symptoms. This narrative review aimed to summarize the effects of exercise on cognition in obese individuals with and without menopausal condition, along with potential physiological mechanisms linking these interventions to cognitive improvement. Research evidence has demonstrated that exercise benefits not only physical but also cognitive and brain health. Among various types of exercise, recent studies have suggested that combined physical–cognitive exercise may exert larger gains in cognitive benefits than physical or cognitive exercise alone. Despite the scarcity of studies investigating the effects of physical and combined physical–cognitive exercise in obese individuals, especially those with menopausal condition, existing evidence has shown promising findings. Applying these exercises through technology-based interventions may be a viable approach to increase accessibility and adherence to the intervention. More evidence from randomized clinical trials with large samples and rigorous methodology is required. Further, investigations of biochemical and physiological outcomes along with behavioral changes will provide insight into underlying mechanisms linking these interventions to cognitive improvement.
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1. Introduction


The prevalence of obesity in all age groups, from the pediatric to geriatric population, is growing worldwide [1,2]. It has been well established that obesity is a major risk factor for several non-communicable diseases such as diabetes mellitus and cardiovascular disease [3,4]. The European Society of Endocrinology Clinical Practice Guideline and The Obesity Society state that obesity exacerbates the age-related decline in physical function and leads to frailty [5,6]. Obesity has negative impacts not only on metabolic and physical function but also on cognitive function [7,8,9]. The incidence rates of cognitive decline are more common in women compared to men [10]. A previous study found that the lifetime risk of dementia and Alzheimer’s disease in midlife women was twice that of men [11]. Obesity, particularly in midlife, is critical, as it has been linked to an increased risk of developing dementia and Alzheimer’s disease in later life [7,8]. A growing body of evidence has revealed that obesity is associated with the reduction of global cognitive function [12] and specific cognitive domains including executive function [12,13], memory [14], attention [12], and language [14]. Several animal and clinical studies demonstrated that obesity is linked with pathophysiological changes (e.g., metabolic dysfunction, insulin resistance, leptin resistance, systemic inflammation, and adiponectin dysregulation), which result in the reduction of neurotrophic factors, neurogenesis, angiogenesis, and consequently lead to cognitive impairment [12,13,15,16,17]. Higher body mass index (BMI) was related to a greater risk of dementia when BMI was measured more than 20 years before dementia diagnosis (during midlife), but lower BMI predicted dementia when BMI was measured closer to dementia diagnosis (in later life) [18].



The reduction of estrogen due to menopause is also associated with cognitive impairment [7,8,16]. A meta-analysis study reported that women who underwent the postmenopausal period had poorer cognitive performance than pre- and perimenopausal periods [19]. Given positive influences of estrogen on the brain (e.g., inducing spinogenesis and synaptogenesis in the prefrontal cortex and hippocampus), estrogen deprivation could lead to cognitive decline [20]. Together, postmenopausal conditions when paired with obesity may further amplify the risks of cognitive impairment [15,16,21]. Accumulating evidence has demonstrated that postmenopausal women with obesity had poorer cognitive function than premenopausal women [21] and postmenopausal women without obesity [22]. An association between postmenopausal obesity and cognitive impairment, as well as the risk of dementia and Alzheimer’s disease, has been reported in both animal and clinical studies [12,15,16,21,23]. While postmenopausal women with obesity are at increased risk of developing dementia, only few studies have been conducted to identify effective strategies to delay or prevent cognitive impairment in this population.



Physical activity is defined as “any bodily movement produced by skeletal muscles that result in energy expenditure”, whereas the definition of exercise is “a subset of physical activity that is planned, structured and repeatedly done to improve or maintain physical fitness”. However, the dose of physical activity and exercise is similarly described by duration, mode, frequency, and intensity [24]. It is known that both physical activity and exercise play an important role in preventing and reducing risks of obese-related outcomes. In this narrative review, both physical activity and exercise are considered.



Regular physical activity has long been recognized as the primary treatment to prevent obesity and attenuate menopausal-related symptoms [25,26]. Previous studies have reported that the effects of physical exercise on cognitive benefits appear to be stronger in women than in men [27,28]. A growing body of evidence has revealed that regular physical activity was associated with lower rates of cognitive decline in obese participants or participants who underwent postmenopausal condition [26,29]. Among different physical activities and exercise regimens, recent literature has suggested that challenging aging brains through physical–cognitive training might be even more effective against age-related cognitive decline than physical training alone [30,31].



A technology-based intervention has been recently proposed as one of the effective behavioral approaches that could encourage health promotion as well as improve motivational factors in postmenopausal women [32]. There is a growing interest in incorporating physical exercise or physical–cognitive training into a technology-based intervention to improve cognitive function. In this review, we summarize the effects of physical exercise, physical–cognitive training, and technology-based intervention on cognitive performance and the possible mechanisms of these interventions on neurocognitive health in obesity with and without postmenopausal condition.




2. Physical Exercise and Cognitive Benefits-Selected Studies


It is well established that physical intervention is an effective method for prevention of cardiometabolic risks, obesity-related problems, as well as menopausal-related symptoms such as depression, anxiety symptoms, and sarcopenia [26,29]. Physical exercise is recommended as an important healthy lifestyle behavior to improve not only musculoskeletal and cardiovascular function but also cognitive performance in middle-aged and older adults [26,29,33,34]. A randomized controlled study demonstrated that moderate-intensity of physical exercise increased hippocampal volume by 2% while the control condition showed a 1.4% reduction in the brain volume of the same area [35]. Findings from a long-term study with a 10-year follow-up suggested the potential benefit of physical exercise in lowering the risk of age-related cognitive impairment [36]. A systematic review with meta-analysis study investigating the effects of physical exercise on cognitive performance in adults older than 50 years revealed that physical exercise including aerobic exercise, resistance training, multicomponent exercise, and Tai chi with a minimum duration of 45 min at moderate to vigorous intensity significantly improved cognitive function regardless of baseline cognitive status [34].



2.1. Evidence in Older Adults with Obesity


A few studies have examined the influence of physical fitness on cognitive function in older adults with obesity [37,38,39]. Two cross-sectional studies explored the impact of physical fitness or physical activity on cognitive performance in older adults with obesity [38,39]. Boidin et al. [38] compared cognitive performance among obese individuals (women (30%)) who had high and low cardiorespiratory fitness. Results of this study indicated that higher-fit obese participants had better working memory and executive function than lower-fit obese participants. In another study, Coll-Padrós N et al. [39] compared cognitive performance among obese older adults (women (51%)) who engaged in regular physical activity and no or low physical activity levels. Results showed that participants who engaged in regular physical activity had better global cognition, attention, cognitive flexibility, and working memory than those with no or low physical activity levels. An experimental study by Napoli et al. [37] investigated the effects of physical exercise (multicomponent of exercise: aerobic exercise (65–85% of maximum heart rate (HRmax)), resistance exercise (65–80% of 1 repetition maximum (RM)), balance exercise, 90 min/session, 3 sessions/week for 1 year) on global cognitive function, executive function, and verbal fluency in obese older adults (women (63%)). They found that physical exercise improved global cognitive function and verbal fluency domain; however, improvement in executive function did not reach significance. Collectively, these findings suggest that being fit and engaging in physical exercise have positive effects on cognitive function of obese older adults, which is in agreement with most findings in non-obese older adults.




2.2. Evidence in Postmenopausal with Overweight and Obesity


A previous systematic review concluded that physical activity (≥150 min/week) was associated with a lower rate of cognitive impairment in women who underwent postmenopausal condition with and without obesity [26]. De Camargo Smolarek et al. [40] reported that overweight postmenopausal women who engaged in a physical exercise program (resistance exercise (60–70% of 1 RM)) for 12 weeks demonstrated improvement in global cognitive function as measured by the Montreal Cognitive Assessment. As for postmenopausal women with obesity, research studies investigating the effects of physical exercise on cognitive parameters are scarce. To the best of our knowledge, only one study was conducted to investigate such effects. Kim and Kang [25] examined the effects of 12-week physical exercise (aerobic exercise (50% of heart rate reserve (HRR)) and resistance exercise (55–65% of 1 RM)) on physical outcomes, menopausal symptoms, neurotrophic factors, and cognitive function (self-reported cognitive function was determined by the Attention Function Index) in postmenopausal women with obesity. Results showed that physical exercise was effective in improving body composition, alleviating menopausal symptoms, and stimulating neurotrophic factors. However, improvement of cognitive function was not observed. Unlike most studies where cognitive function was objectively evaluated by using neuropsychological tests, in this study, a self-report of perceived effectiveness in daily functioning was used to reflect cognitive ability.



Taken together, while available evidence suggests promising effects of physical exercise on cognitive function of obese individuals, more evidence, especially from randomized clinical trials with a large sample and rigorous methodology, is required for obese individuals with postmenopausal condition. Future research should also examine the interactions between obesity, estrogen deprivation, and physical exercise on cognitive function. Table 1 summarizes clinical studies investigating the effects of physical exercise on cognitive function.





3. Associated Physiological Mechanisms of Physical Exercise Induced-Cognitive Improvement in Obese Individuals—Selected Studies


Several mechanisms derived from both animal and human studies have been proposed to explain the positive effects of physical exercise on cognitive function. Among various findings, the associated mechanisms by which physical exercise-induced cognitive improvement could be mainly due to (1) the upregulation of neurotrophic factors, (2) the reduction of insulin resistance, (3) the reduction of pro-inflammatory cytokines, and (4) the increment of anti-inflammatory markers [33,41,42].



Research evidence has demonstrated that the benefits of physical exercise in cognitive performance are mediated through neurotrophic factors (e.g., brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF)), which are produced following exercise [41,43]. Results from meta-analysis studies indicated that blood concentrations of BDNF are enhanced after exercise interventions [44,45]. Mueller et al. [43] demonstrated that physical exercise improved metabolic dysfunction and altered BDNF concentrations in overweight to obese individuals, all of these related to an increase in brain density. Physical exercise that promotes the synthesis of neurotrophic factors may result in neurogenesis and brain synaptogenesis, thus ameliorating cognitive impairments. In a study conducted by Alizadeh and Dehghanizade [46], physical exercise increased BDNF levels and improved executive function in obese women. Among obese women who underwent postmenopausal conditions, a recent study also demonstrated the positive effects of physical exercise on neurotrophic factors [25]. Results of this study indicated that regular physical activity significantly increased BDNF and NGF levels in postmenopausal women with obesity [25]. In line with findings from the above epidemiological studies, several animal studies have demonstrated that physical exercise stimulates myokines and neurotrophic factors, which enhances cell differentiation, cell survival, dendritic spine growth, synaptic plasticity, and contributes to cognitive improvement.



Another pathological condition that commonly occurs in obese conditions is peripheral insulin resistance, which may contribute to the development of brain insulin resistance and lead to the reduction of cognitive function [47,48]. Previous studies reported that physical exercise is recommended to improve insulin sensitivity and insulin secretion in obese individuals [42,49]. The improvement of insulin sensitivity following exercise training may contribute to cognitive improvement [50,51]. Park et al. [50] demonstrated that physical exercise improved hippocampal insulin signaling, which is accompanied by cognitive improvement in obesity-induced insulin resistance rats. Similarly, Kang and Cho [51] found that physical exercise improved the insulin signaling pathway in rat’s brains along with improved cognitive function. In line with findings from animal studies, a previous study examining the relationships among cognitive function, exercise status, and type 2 diabetes mellitus reported an inverse relationship between insulin resistance and cognitive performance in participants with and without type 2 diabetes mellitus [52]. Together, these findings suggested that improvement in insulin sensitivity may be one mechanism responsible for cognitive improvement after exercise intervention in obese conditions.



Moreover, physical exercise has been shown to decrease levels of pro-inflammatory cytokines (e.g., interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), c-reactive protein (CRP)), as well as increase levels of anti-inflammatory cytokines (e.g., adiponectin levels) in obese individuals [53,54,55,56,57,58]. A systemic review and meta-analysis study reported that physical exercise reduced IL-6, decreased leptin, and increased adiponectin levels, corresponding to a reduction of obesity-associated systemic inflammation [53]. Another systemic review and meta-analysis study [54] demonstrated that exercise intervention reduced IL-6, TNF-α, and CRP, and increased adiponectin levels in postmenopausal women. The authors suggested that physical exercise is an effective intervention for lowering pro-inflammatory markers and raising adiponectin levels in women who underwent postmenopausal conditions. Additionally, findings from both animal and human studies demonstrated that physical exercise has an anti-inflammatory effect, which may result in decreased neuroinflammation and enhanced neurogenesis, thus improving cognitive function. Nascimento et al. [58] demonstrated that physical exercise decreased pro-inflammatory markers including TNF-α and IL-6 levels and enhanced neurotrophic factors, along with the improvement in global cognitive function. Similarly, animal studies demonstrated that regular physical activity decreased inflammatory markers and corresponding increases in synaptogenesis and neurogenesis [55,56,57].



Altogether, available evidence from both animal and human studies demonstrated that physical exercise reduced insulin resistance, decreased pro-inflammatory cytokines, and enhanced anti-inflammatory markers, which result in improved brain insulin signaling, enhanced neurotrophic factors, neurogenesis, angiogenesis, and consequently lead to cognitive improvement. Figure 1 illustrates the possible mechanisms of physical exercise on cognitive improvement.




4. Physical–cognitive Intervention and Cognitive Benefits-Selected Studies


Physical–cognitive training (e.g., combined physical–cognitive training, cognitive-motor training, dual-task training, and exergaming) is an intervention that combines physical exercise and cognitive training in a dual-task interference (simultaneous training) or in separate sessions of sequential training [59]. Research evidence has suggested that combined physical and cognitive intervention may provide greater benefits to cognitive performance than single intervention [60,61]. A systematic review by Lauenroth et al. [60] found that eighteen out of twenty studies reported cognitive improvement in the combined physical–cognitive training group. In addition, this study also demonstrated that combined physical–cognitive training has more beneficial effects on cognition compared to single physical or single cognitive training in older adults with and without cognitive impairment [60]. The authors noted that combining aerobic and strength training with attention and/or executive function/working memory appears to be a significant component of an effective training program [60]. Two meta-analysis studies evaluated the potential synergistic effects of combined physical–cognitive intervention in improving cognitive function by comparing cognitive effects following combined interventions to physical intervention, cognitive intervention, and control conditions [30,31]. Both studies concluded that the combined physical–cognitive intervention yielded greater gains in cognitive function of older adults than the control condition and physical intervention, but no significant difference was found between the combined interventions and cognitive intervention alone [30,31].



As for the effects of combined interventions on specific cognitive domains, previous studies demonstrated that they are especially effective in improving memory and executive function [61,62]. The combined physical–cognitive intervention group significantly improved memory when compared to either the cognitive or physical training groups [61]. Although there were no significant differences between the combined intervention and the physical or cognitive intervention alone, this intervention led to significantly larger improvement in executive function when compared to the control group [62].



Inconsistent findings among previous studies are likely due to the heterogeneity of existing studies and the absence of a theoretical framework for analyzing combined interventions [63]. Torre and Temprado [63] proposed a multi-dimensional analysis that considers interactions among seven constructs including stimuli, settings, targets, markers, outcomes, moderators, and mechanisms. By using this framework, the authors concluded that combined training interventions are more effective than separate physical and cognitive training to improve cognitive function in older adults when they are well designed and well conducted [63].



To date, the effects of physical–cognitive training on cognitive performance in obesity with and without postmenopausal condition remains scarce. A study by Staiano et al. [64] demonstrated that 10 weeks of physical–cognitive training (30 min/sessions, ~5 sessions/week) improved executive function in overweight and obese adolescents (women (57%)). Additionally, the results showed that weight loss during the intervention was positively correlated with the improvement of executive function. Garcia-Garro et al. [65] found that 12 weeks of Pilates exercise, a form of mind-body training (60 min/session, 2 sessions/week), significantly improved cognitive and physical abilities of postmenopausal women. The average body mass index of women in their study was 29.4 (SD 4.54) which is considered as overweight. Thus, the findings provided evidence supporting the positive effect of combined physical–cognitive exercise on cognitive function in overweight, postmenopausal women. Another study by Jo et al. [66] demonstrated that 12 weeks of physical–cognitive training (42–82% of HRR, 40 min/session) improved cardiorespiratory fitness and endothelial function in postmenopausal with high cardiovascular risk conditions. Cardiovascular fitness and endothelial function have been suggested as potential mediating factors for cognitive improvement. Nevertheless, cognitive performance was not measured in this study.



In sum, the beneficial effects of combined physical–cognitive training on global cognitive function and specific cognitive domains including memory and executive function have been consistently demonstrated in all age groups, particularly in older adults with and without cognitive impairment. However, there is a limited number of studies that investigated the effects of combined physical–cognitive intervention on cognitive function in obese individuals with and without postmenopausal condition. While accumulating evidence suggests the synergistic effects of the combined physical–cognitive intervention, there is still insufficient evidence to conclude that the combined interventions augment cognitive advantages beyond that of single physical or cognitive intervention. Table 2 summarizes clinical studies investigating the effects of physical–cognitive intervention on cognitive function and health-related outcomes.




5. Associated Physiological Mechanisms of Physical and Cognitive Exercise-Induced Cognitive Improvement in Obese Individuals—Selected Studies


Previous studies have demonstrated that physical exercise improved both biochemical and physiological cascades that play an important role in neuroplasticity such as an increase in cerebral blood flow, vascularization, and neurotrophic factors supporting neurogenesis [41,43,67], whereas cognitive training increased brain volume, neural activity, neural connectivity and task-specific activation [68]. Thus, improvement of the neuroplasticity and synaptic integrity in the brain may be boosted when these two interventions are combined. Findings from studies by Anderson-Hanley et al. [69,70] have supported this notion. The authors suggested that the combined training may exert the synergistic effect of physical exercise and cognitive training on cognitive function. Likewise, Bherer et al. [71] examined the synergistic effect of combined physical–cognitive training by comparing its effects with physical training alone, cognitive training alone, or control condition on dual-task performance in older adults. Their findings also supported a synergistic effect of the combined training on cognitive ability. Nevertheless, the potential mechanisms underlying this synergistic effect were not investigated in their study.



Although the underlying mechanisms of combined training-induced cognitive improvement are not well elucidated, emerging evidence has demonstrated that combined physical–cognitive intervention facilitates neurotrophic factors and enhances neuroplasticity [69,72,73]. Among several associated mechanisms of physical–cognitive training on cognitive benefits, the improvement of cognitive performance through the enhancement of BDNF levels has been consistently reported [69,73]. Similarly, studies in animal models reported that combined physical exercise and cognitive stimulation had a complementary effect on neurogenesis [74]. Langdon and Corbett [75] reported that combined physical exercise and cognitive training improved learning and memory and enhanced hippocampal BDNF greater than the physical exercise or cognitive training alone in rat models. A study by Fabel et al. [74] found that combined physical activities and a cognitively challenging environment increased new neurons, which increased neurogenesis in female mice models.



Taken together, the neural mechanisms responsible for the impact of physical–cognitive training on cognitive benefits may be due to the improvement of neural volume, neurotrophic factors, neurogenesis, and synaptic plasticity. Both physical exercise and cognitive training are involved in several brain plasticity mechanisms, supporting the notion that physical–cognitive training could have a synergistic or additive effect on cognition when these two interventions are combined. To better understand the underlying mechanisms of these interventions on cognition, an investigation of biochemical, and physiological outcomes along with neuronal and behavioral changes is needed. Figure 1 illustrates the possible mechanisms of physical–cognitive training on cognitive improvement.




6. Technology-Based Interventions for Health and Cognitive Benefits


Although it is well established that exercise promotes health benefits, the uptake and adherence of the exercise programs in all populations including obese individuals are generally low due to a number of reasons including lack of time and motivation [76,77,78]. Recently, technology-based interventions have become a part of healthcare and medical intervention, providing accessible and motivational benefits for health promotion [32,79]. Among various technologies for intervention, telemedicine, exergaming technologies (e.g., Nintendo Wii, Kinect Xbox, and virtual reality systems), mobile technology, and eHealth were commonly used for obesity management by changing behavioral factors that contribute to a healthy lifestyle. Delivering obesity management through technology-based interventions could offer more reach than face-to-face interventions, and they are less time-consuming and more cost-effective for obese individuals. Ozturk and Duruturk [80] found that physical exercise applied through technology-based intervention (45 min/sessions, 3 sessions/week, 6 weeks) during the pandemic of coronavirus disease 2019 (COVID-19) was an effective, safe, and viable approach to improving physical fitness and quality of life in obese individuals (women (51%)). Additionally, previous studies demonstrated that technology-based interventions present a cost-effective and convenient way to decrease body weight and delay the onset of diabetes mellitus [81,82]. Recent meta-analyses demonstrated that engaging in physical exercise through technology-based intervention enhanced physical fitness and induced weight loss in adults with and without obesity [83,84].



There is a growing interest in applying technology-based intervention to improve cognitive outcomes in all age groups [85,86]. Bonnechère et al. [87] demonstrated that cognitive training applied through technology-based intervention (cognitive mobile games: 100 gaming sessions) improved cognitive mobile game scores in all age populations. A review of studies reported that technology-based intervention that combines physical–cognitive exercise with exergame is an enjoyable tool that improves both physical and cognitive function in youth [88] and older adults [89]. Previous studies reported that physical–cognitive exercise applied through technology-based intervention improved global cognitive function, memory, attention, as well as brain function in older adults with and without cognitive impairment [90,91,92]. Furthermore, a systemic review and meta-analysis study has synthesized the available evidence for technology-based interventions for cognitive improvement. A systematic review by Ge et al. [93] evaluated the effects of technology-based cognitive training or rehabilitation interventions to improve cognitive function. The findings from this systematic review showed that technology-based cognitive training or rehabilitation interventions had a significant effect on executive function, attention, memory, as well as global cognitive function, with moderate to large effect sizes. A meta-analysis of the randomized controlled trial study demonstrated that physical–cognitive exercise applied through technology-based intervention improved cognition including executive functions, attention, and visuospatial skills [79]. This study indicated that technology-based intervention with physical–cognitive exercise has moderate to large effect sizes (ES = 0.44) on global cognition. For the executive domain, technology-based intervention with physical–cognitive exercise improved inhibitory control (ES = 0.9) and cognitive flexibility (ES = 0.35) in comparison to the control condition.



Apart from its beneficial effects on cognitive function, the interactive characteristics of exercise with technology-based intervention promote motivation, entertainment, and excitement among the players, resulting in higher exercise adherence than regular exercise [79,94]. Inzitari et al. [32] reported that physical exercise applied through technology-based intervention was appealing to postmenopausal women, which may help improve adherence to exercise. Exercise-based technologies that comprise physical movement, interactivity, social connectivity, or gamification techniques have been shown to promote motivation for exercise and increase adherence to physical intervention [95,96].



In addition, engaging in physical exercise through technology-based intervention is also involved in several biopsychosocial factors such as economic costs and technology usability [97,98]. Therefore, all biopsychosocial aspects should be considered when physical exercise programs are designed. Table 3 summarizes clinical studies investigating the effects of technology-based intervention on cognitive function and health-related outcomes.




7. Limitations


This review should be considered in light of some limitations. Given the nature of a narrative review, there are some methodological and interpretation limitations. The selection of studies included in the review might have been unintentionally bias. We acknowledge that obesity is a multifactorial disease involving various biopsychosocial aspects (e.g., physiological, psychological, and social factors). However, these biopsychosocial factors were not within the scope of this review. Currently, only few previous studies investigated the cognitive effects of physical activity or exercise in obese individuals with postmenopausal condition; thus, a narrative review appears appropriate at this stage of research in this population. Another limitation is that both cross-sectional and experimental studies were included in the review due to the limited number of previous studies; thus, evidence of causal link between exercise and cognitive function was compromised. Despite these limitations, this review provides a summary of evidence on the impacts of exercise on cognitive function of obese individuals with postmenopausal condition and suggestion for future research directions.




8. Conclusions


This review aimed to summarize the effects of physical exercise, physical–cognitive training, and technology-based intervention on cognitive performance and the potential mechanisms of these interventions on neurocognitive health in obesity, particularly in those with menopausal condition. Despite the scarcity of studies in this population, available evidence has shown promising findings. Clinically, both physical exercise and combined physical–cognitive exercise may potentially be considered as effective non-pharmacological approaches to maintain or improve cognitive function in obese individuals with and without postmenopausal conditions. While the dose (intensity, frequency, duration) of exercise varied across studies, most studies utilized moderate intensity, 30–60 min/session, 3 sessions/week for 12 weeks. Considering the type of exercises, multicomponent exercises comprising aerobic and resistance were often used for physical exercise, while cognitive exercise frequently includes activities that target memory and executive function. Exercise-based technologies have been identified as a promising approach for increasing accessibility and adherence. Nevertheless, these findings should be considered as preliminary; further research investigating the effects of physical exercise, and physical–cognitive training on cognitive performance at both physiological and behavioral levels is required. Further, the types, intensity, and duration of exercise that yield optimal cognitive outcome in obese individuals with menopausal condition should be investigated. Clinical trials with rigorous methodology, large sample, and long-term follow-up are also needed to establish a firm conclusion on the effects of these exercise interventions in delaying or preventing cognitive impairment among obese individuals with and without postmenopausal condition.
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Figure 1. Scheme illustrating the possible mechanisms of physical exercise and physical–cognitive training on cognitive improvement. Obesity and menopause (estrogen deprivation) are both independently associated with cognitive impairment. Further, when overlapping, these conditions may magnify and aggravate cognitive decline. Either obese or menopausal condition is linked with metabolic dysfunction and systematic inflammation, etc., which results in cognitive impairment. Both physical exercise and physical–cognitive training improved insulin sensitivity, decreased pro-inflammatory cytokines, and enhanced anti-inflammatory markers, resulting in improved neurotrophic factors, neurogenesis, and neuroplasticity, and consequently lead to cognitive improvement. 
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Table 1. Studies investigating the effects of physical exercise on cognitive function.
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Authors

	
Study Design

	
Population

Characteristics

	
Methods

(Focused on Exercise

Intervention and Control)

	
Cognitive

Assessments

	
Main Results






	
Evidence in older adults with obesity




	
Napoli

et al., 2014 [37]

	
Experimental study

(RCT)

Groups:

Control

Exercise

Diet

Diet-exercise

	
Gender (women) = 67 (63%)

Age = 69.8 ± 4 years

BMI = 37.2 ± 5 kg/m2

	
Intervention: exercise training program

(Multicomponent of exercise; aerobic exercise (65–85% of HRmax), resistance exercise (65% of 1 RM, 1–2 sets of 8–12 repetitions, gradually increased the intensity to 80% of

1 RM, 2–3 sets of 6–8 repetitions), balance exercise, 90 min/session,

3 sessions/week, 1 year)

Control: no exercise

	
The Modified Mini-Mental State Examination, the Trail Making Test, and the Word List Fluency Test

	
Exercise group

demonstrated better

global cognitive function and verbal fluency domain

than control group




	
Boidin

et al., 2020 [38]

	
Cross-sectional study

Groups:

Higher-fit obese

Lower-fit obese

Non-obese



	
Gender (women) = 19 (30%)

Age = 62 ± 6 years

BMI = 29.7 ± 3.9 kg/m2

	
Participants were classified by their aerobic fitness relative to lean body mass (peak VO2/LBM)

	
Neuropsychological test battery

	
Higher-fit obese had better working memory and

executive function than

lower-fit obese participants




	
Coll-Padrós

et al., 2019 [39]

	
Cross-sectional study

Groups:

No or low physical activity

Regular physical activity

	
Gender (women) = 42 (51%)

Age = 67.1 ± 4.7 years

BMI = 31.8 ± 3.0 kg/m2

	
Physical activity was determined by the Rapid Assessment of Physical Activity (RAPA) questionnaire

	
Neuropsychological test battery

	
Participants who engaged in regular physical activity had better global cognition,

attention, cognitive

flexibility, and working

memory than no or low

physical activity levels




	
Evidence in postmenopausal with overweight and obesity




	
Kim and Kang, 2020 [25]

	
Experimental study

Groups:

Premenopausal

Postmenopausal

	
Gender (women) = 52 (100%)

Age = 52.68 ± 5.9 years

BMI = 25.72 ± 3.6 kg/m2

	
Intervention: exercise training program

(Aerobic exercise; 50% of HRR and resistance exercise; 55–65% of 1 RM,

3 sets of 10–12 repetitions, 12 weeks)

	
The Attention Function Index (self-reported cognitive function)

	
No significantly improved perceived cognitive

functioning in

postmenopausal group

after intervention




	
De Camargo Smolarek

et al., 2019 [40]

	
Experimental study

Groups:

Control

Exercise

	
Gender (women) = 21 (100%)

Age = >60 years

BMI = 31.05 ± 2.0 kg/m2

	
Intervention: exercise training program

(Resistance exercise; 60–70% of 1 RM, 12 weeks)

Control: no exercise

	
The Montreal Cognitive Assessment

	
Global cognition

improvement in exercise group after intervention








Age values and BMI values are mean ± standard deviation. BMI: body mass index; HRmax: maximum heart rate; HRR: heart rate reserve; LBM: lean body mass; RCT: randomized controlled trial; RM: repetition maximum; peak VO2: peak oxygen consumption.
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Table 2. Studies investigating the effects of physical–cognitive intervention on cognitive function and health-related outcomes.
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Authors

	
Study Design

	
Population

Characteristics

	
Methods

(Focused on Physical–Cognitive

Intervention and Control)

	
Cognitive

Assessments

	
Main Results






	
Evidence in obesity with and without postmenopausal condition




	
Staiano

et al., 2012 [64]

	
Experimental study

Groups:

Control

Competitive exergame

Cooperative- exergame

	
Gender (women) = 31 (57%)

Age = 16.5 years

BMI = 33.1 kg/m2

	
Intervention: physical–cognitive training program

(Exergame (the Nintendo Wii EA Sports Active exergame), 30 min/sessions, ~5 sessions/week, 10 weeks)

Control: no exercise

	
The Delis-Kaplan Executive Function System (D-KEFS)

	
Competitive exergame group

demonstrated better executive

function than cooperative exergame group and control group




	
Garcia-Garro

et al., 2020 [65]

	
Experimental study (RCT)

Groups:

Control

Pilates

	
Gender (women) = 110 (100%)

Age = 68.2 ± 8.4 years

BMI = 29.4 ± 4.5 kg/m2

	
Intervention: physical–cognitive training program

(Pilates exercise (mind-body training), 60 min/session, 2 sessions/week, 12 weeks)

Control: no exercise

	
The Mini-Mental State Examination, Isaacs test, and the Trail Making Test

	
Pilates group demonstrated better verbal fluency and executive

function than control group




	
Jo

et al., 2020 [66]

	
Experimental study (RCT)

Groups:

Control

Treadmill

Exergame

	
Gender (women) = 65 (100%)

Age = 60.5 ± 10.8 years

BMI = 27.3 ± 3.5 kg/m2

	
Intervention: physical–cognitive training program (Exergame (the Exer Heart device), 42–82% of HRR, 40 min/session, 12 weeks)

Control: no exercise

	
-

	
Exergaming improved cardiorespiratory fitness and endothelial function in a similar way to treadmill exercise, but it had better attendance and adherence rates








Age values and BMI values are mean ± standard deviation. BMI: body mass index; HRR: heart rate reserve; RCT: randomized controlled trial.
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Table 3. Studies investigating the effects of technology-based interventions on cognitive function and health-related outcomes.
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Authors

	
Study Design

	
Population

Characteristics

	
Methods

(Focused on Technology-Based

Intervention and Control)

	
Cognitive

Assessments

	
Main Results






	
Evidence in obesity, adults, and older adults




	
Ozturk

et al., 2022 [80]

	
Experimental study

Groups:

Control

Telerehabilitation

	
Gender (women) = 21 (51%)

Age = 41.0 ± 12.9 years

BMI = 30.9 ± 3.0 kg/m2

	
Intervention: telerehabilitation program (trunk stabilization exercises and breathing exercises), 45 min/sessions, 3 sessions/week, 6 weeks

Control: no exercise

	
-

	
Exercise through telerehabilitation improved physical fitness and

quality of life than control group




	
Toro-Ramos

et al., 2017

[82]

	
Experimental study

Groups:

Control

Intervention

	
Gender (women) = 46 (29%)

Age = 37.4 ± 8.7 years

BMI = 28.2 ± 3.4 kg/m2

	
Intervention: smartphone application (the Noom app; lifestyle intervention, 15 weeks)

Control: no exercise

	
-

	
After intervention, intervention group had lower body weight,

lower %fat, and improved

metabolic profiles compared to control group




	
Bonnechère et al., 2020 [87]

	
Retrospective

observational study

Groups:

18–24 years old

25–34 years old

35–44 years old

45–55 years old

55–64 years old

≥65 years old

	
Gender (women) = -

Age:

18–24 years = 21.3 ± 2.2 years;

25–34 years = 30.6 ± 3.3 years;

35–44 years = 40.3 ± 4.2 years;

45–54 years = 49.4 ± 3.3 years;

55–64 years = 59.7 ± 3.5 years;

≥65 years = 70.5 ± 4.2 years

BMI = -

	
Cognitive mobile games,

100 gaming sessions

	
Cognitive

mobile game scores

	
Improved cognitive mobile game scores in all age populations




	
González-Palau

et al., 2014 [90]

	
Experimental study

Groups:

Healthy

MCI

	
Gender (women) = 40 (80.5%)

Age = 73.4 ± 7.5 years

BMI = -

	
Intervention: computer-based cognitive and physical training program (The Long Lasting Memories program), 60 min/session, 3 sessions/week, 12 weeks

	
Neuropsychological test battery

	
Intervention improved global cognition, verbal memory, and episodic memory in both MCI and healthy participants




	
Styliadis

et al., 2015 [91]

	
Experimental study

Groups:

Passive control

Active control

Combined physical–cognitive training

Cognitive training

Physical training



	
Gender (women) = 45 (64%)

Age = 70.61 ± 5.2 years

BMI = -

	
Combined computerized physical and cognitive training: The Long Lasting Memories program (LLM), 10 h/week, 8 weeks

Cognitive training: CT component of LLM, 1 h/session, 5 sessions/week, 8 weeks

Physical training: PT component of LLM, 1 h/session, 5 sessions/week, 8 weeks

Passive control: no exercise

Active control: no exercise, watching documentaries

	
The Mini-Mental State Examination and

electroencephalogram

	
Improvement of

cognitive function was found in combined

physical–cognitive group after training




	
Phirom

et al., 2020

[92]

	
Experimental study

Groups:

Control

Intervention

	
Gender (women) = 17 (85%)

Age = 69.8 ± 3.78 years

BMI = -

	
Intervention: physical–cognitive game-based training (the Xbox Kinect), 60 min/sessions, 3 sessions/week, 12 weeks

Control: no exercise

	
The Montreal

Cognitive

Assessment

	
Intervention group

demonstrated

improvement in global

cognitive function than control group








Age values and BMI values are mean ± standard deviation. BMI: body mass index; CT: cognitive training; MCI: mild cognitive impairment; PT: physical training.
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