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Editorial on the Research Topic
 The neuroscience of advancing age




While some older adults retain physical and mental capabilities comparable to individuals that are decades younger, others may be incapable of self-care. Understanding the factors that determine where an individual will find themselves on this spectrum, particularly those that may be modifiable, is therefore critical. In pursuit of this goal, the current Research Topic focussed specifically on how changes within the brain contribute to both healthy and pathological aging.


Changes in brain structure and network function

Changes to brain structure are a hallmark of aging that strongly influences how we age; reductions in white matter (WM) integrity are one example that has been suggested to underpin many age-related functional deficits (for example, [Madden et al., 2004; Van Petten et al., 2004; Kerchner et al., 2012]). To further investigate this, Yan et al. assessed how age-related changes in WM contribute to the ability of older adults to perceive global motion. This study used diffusion tensor imaging (DTI) to identify several specific white matter tracts where age-related reductions in integrity predicted reduced global motion perception. This was suggested to support the “disconnection hypothesis” of cognitive aging. Using a slightly different approach, Du et al. instead leveraged magnetic resonance histology (Johnson et al., 2022) to study genetic and age effects on brain volume within auditory areas. The volume of twelve auditory regions was quantified in 104 young and older animals from the BXD family of recombinant inbred mice. Interestingly, genotype was found to influence volume of auditory areas, and this effect differed in older animals. This important work provides a platform for better understanding age effects on auditory function, degradation of which is associated with many negative outcomes.

While local changes in specific brain structures are clearly important, considering how alterations to multiple structural elements interact to drive brain aging is also critical. To incorporate this, Hupfeld et al. recorded several indices of brain structure (including volumetric, surface and WM integrity) to report a number of deficits having a complex relationship with reduced performance in a dual-task walking paradigm. In contrast, Vaughan et al. instead utilized machine-learning to quantify how an individual's chronological age differed from their brain-predicted age (as an indicator of accelerated or decelerated brain aging). They then demonstrated that accelerated brain aging moderated the relationship between leg strength and mobility.

One important factor often overlooked in studies of brain aging is the large differences in hormones between females and males across the lifespan. To assess the potential influence this may have on brain imaging studies, Hicks et al. examined associations between sex steroid hormones and age-network relationships in both males and females, focusing on network segregation. Although network segregation was not associated with hormone levels in females, network segregation in the cerebellar-basal ganglia and salience networks showed a complex relationship with age. Given their role in cognition and balance, it is important to understand how age-related changes in segregation within these networks drive behavior.



Modulating and testing function in older adults

Modulation of brain activity represents a promising avenue for improving how we age, and one approach to achieving this is to use non-invasive brain stimulation (NIBS). For example, Greeley et al. investigated how anodal transcranial direct current stimulation (atDCS) over prefrontal cortex influenced sequence learning in older adults. While increased performance was expected, atDCS instead reduced learning, possibly due to the timing of the intervention. These findings add to a growing body of literature demonstrating the need for optimized NIBS interventions in older adults.

As an alternative example of approaches to brain modulation, acupuncture has shown an ability to modify aberrant activity in patients with mild cognitive impairment (MCI), although the outcomes have been variable. Consequently, the meta-analysis by Ma and colleagues compiled the evidence examining the influence of acupuncture on functional MRI measures in MCI patients. Across studies, acupuncture was found to increase activity within several brain areas, with changes in thalamic areas associated with cognitive function. While supporting the potential utility of acupuncture in MCI, the authors also recognize confirmation is needed from more rigorous RCT studies. However, the outcomes of this study nonetheless demonstrate the potential utility of alternative approaches for influencing the aging brain. The study by Ma et al. further demonstrates this within the context of AD. This study investigated the therapeutic mechanisms of Cordycepin, a nucleoside adenosine analog derived from traditional Chinese medication that has shown anti-AD properties. Using network pharmacology and molecular docking methods, five genes (AKT1, MAPK8, BCL2L1, FOXO3, and CTNNB1) potentially serving as targets of Cordyceptin were identified. These in-silico findings provide novel insights for developing optimal treatments for AD.

While modulating function represents a core aim of many studies in aging neuroscience, assessing function remains a fundamental necessity. However, existing approaches are often time consuming or require specialist clinicians. To address this, Cattaneo et al. validated the “Guttman Cognitest” – a self-administered digital cognitive assessment requiring ~20 minutes – against conventional paper-and-pencil tests in a middle-aged cohort. Principal component analysis revealed three factors consistent between test types (memory, executive function, and visuomotor / visuospatial function), although there was some variance in how specific subtests loaded onto each factor. Furthermore, performance showed the expected negative association with age and positive association with years of education. The authors concluded that this digital assessment is appropriate for measuring cognitive function in large samples of middle-aged adults.



The role of systemic factors in brain aging

Consideration of the neuroanatomical and neurophysiological effects of age is often restricted to the context of the central nervous system (CNS). In contrast, interactions with the systemic environment may also contribute to age-related changes within the brain. For example, inflammation is increased in older adults, which may contribute to age-related cognitive deficits (Sartori et al., 2012). While this inflammatory state (and associated cognitive deficits) is often considered to develop with age, Ni and colleagues instead investigated if early-life events are also important. Specifically, a mouse model was used to show that maternal immune activation increases inflammation and exacerbates age-related cognitive deficits in offspring. Importantly, the same study also demonstrated that the influence of the prenatal environment could be mitigated by life-long environmental enrichment, demonstrating the importance of lifestyle on how we age. While interesting, the role played by inflammation during aging, particularly with respect to pathological aging, remains unclear. To clarify this, Leonardo and Fregni performed a systematic review and meta-analysis examining the relation between inflammatory cytokines and cognitive impairment from 79 studies in people with MCI or AD. Their findings suggested higher levels of several inflammatory cytokines in MCI and AD, in addition to greater risk of cognitive decline with high interleukin-6 (IL-6) levels. These outcomes indicate that increased cytokine levels within the CNS may be a potential therapeutic target for AD.

Hypertension represents another systemic condition prevalent in older adults. While its relationship with cognitive function in age has been demonstrated, Chen et al. instead assessed how hypertension may contribute to increased rates of depression and sleep disturbance in the elderly. Relative to normotensive older adults, those with hypertension showed poorer cognitive function and sleep quality, in addition to higher depression. Furthermore, mediation analysis suggested sleep quality and depression partially mediate the influence of hypertension on cognitive function. Consequently, sleep quality and depression represent potential targets in a multifaceted approach to improving cognitive function in older adults.



Conclusion

In conclusion, this Research Topic reports novel findings from 12 articles (involving >80 authors) covering a broad range of topics within the neuroscience of advancing age. This includes important new information about brain imaging, brain modulation, functional assessment, and the interaction between systemic and central factors. On the one hand, the breadth of this collection demonstrates the enormity of the challenge faced by the field. However, on the other hand, it's constellation of insightful approaches demonstrates that this challenge will be faced with enthusiasm.
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Background: Approximately 35% of individuals over age 70 report difficulty with mobility. Muscle weakness has been demonstrated to be one contributor to mobility limitations in older adults. The purpose of this study was to examine the moderating effect of brain-predicted age difference (an index of biological brain age/health derived from structural neuroimaging) on the relationship between leg strength and mobility.

Methods: In community dwelling older adults (N = 57, 74.7 ± 6.93 years; 68% women), we assessed the relationship between isokinetic leg extensor strength and a composite measure of mobility [mobility battery assessment (MBA)] using partial Pearson correlations and multifactorial regression modeling. Brain predicted age (BPA) was calculated from T1 MR-images using a validated machine learning Gaussian Process regression model to explore the moderating effect of BPA difference (BPAD; BPA minus chronological age).

Results: Leg strength was significantly correlated with BPAD (r = −0.317, p < 0.05) and MBA score (r = 0.541, p < 0.001). Chronological age, sex, leg strength, and BPAD explained 63% of the variance in MBA performance (p < 0.001). BPAD was a significant moderator of the relationship between strength and MBA, accounting for 7.0% of MBA score variance [△R2 = 0.044, F(1,51) = 6.83, p = 0.01]. Conditional moderation effects of BPAD indicate strength was a stronger predictor of mobility in those with a great BPAD.

Conclusion: The relationship between strength and mobility appears to be influenced by brain aging, with strength serving as a possible compensation for decline in neural integrity.

Keywords: weakness, physical function, sarcopenia, brain aging, dynapenia


INTRODUCTION

The population of individuals over age 65 in the United States is expected to nearly double from 43.1 to 83.7 million by the year 2050 (Ortman et al., 2014). This shifting age demographic carries significant health, economic, and social implications and highlights the need to develop preventative and restorative interventions to facilitate healthy aging. Unfortunately, decline in functional mobility [i.e., a person’s ability to move independently and safely in a variety of environmental contexts to accomplish functional tasks (Bouça-Machado et al., 2018)] is a common consequence of aging, with as many as 35% of individuals over 70 and most individuals over 85 reporting difficulty with ambulation or activities of daily living (Cummings et al., 2014; Musich et al., 2018). Functional mobility deficits have been linked to increased fall risk, poorer psychosocial health, and greater health expenditure (Musich et al., 2018). In addition, mobility limitations are predictive of disability and mortality (Newman et al., 2006b).

The determinants of mobility are multi-factorial. Muscle weakness is one factor repeatedly shown to be associated with reduced functional mobility and future functional declines and mortality in older individuals (Visser et al., 2000; Newman et al., 2006a; Manini et al., 2007). Scientists and clinicians have long posited that age-related loss of lean mass is the primary mediator between weakness and mobility impairment in older adults. However, emerging evidence has highlighted the importance of central neural processes in muscle strength capacity (Clark et al., 2014; Carson, 2018; Clark and Carson, 2021). Age-related decreases in overall brain volume (Storsve et al., 2014), cortical thinning (Thambisetty et al., 2010; Storsve et al., 2014), and microvascular irregularities (Maniega et al., 2015) have been linked to frailty (Lu et al., 2020) and impaired functional mobility (de Laat et al., 2012; Pinter et al., 2018; Lockhart et al., 2021). Thus, we postulate that indices of brain pathology and aging may serve to moderate the well-known association between muscle strength/weakness and mobility in older adults.

Magnetic resonance imaging (MRI)-derived estimates have recently garnered attention as one approach to reliably quantify brain age (Franke et al., 2010; Cole and Franke, 2017; Cole et al., 2017, 2019). Here, “brain-predicted age” (BPA) is derived from T1-weighted neuroimages using machine learning approaches that have previously been employed to quantify the relationship between structural MRI data and chronological age (Figure 1). Subtracting chronological age from the estimated BPA results in a BPA difference (BPAD) score, which effectively quantifies how an individual’s brain health differs from what would be expected for their chronological age (Franke et al., 2010; Cole and Franke, 2017; Cole et al., 2017). To date, researchers have linked accelerated brain aging to various pathological conditions including Alzheimer’s disease (Franke et al., 2010), diabetes (Franke et al., 2013), and obesity (Ronan et al., 2016). Longitudinal studies have even demonstrated that individuals with older BPAD display early signs of cognitive decline from childhood to midlife (Elliott et al., 2019) and are more likely to receive a subsequent dementia diagnosis (Biondo et al., 2021). Thus, BPAD has been proposed as a biomarker of age-related deterioration of the brain (Cole and Franke, 2017; Cole et al., 2017).


[image: image]

FIGURE 1. Summary of brain age prediction using a supervised machine learning process. (A) Structural T-1 MRI scans labeled with chronological age from a training set of healthy individuals are loaded into a machine learning regression model. (B) Validation of model accuracy is conducted using cross-validation methods from a portion of the original dataset excluded from the model. Model generated predicted age values are compared with actual age values to determine model accuracy. (C) Model coefficients from the trained model are applied to a new test dataset to determine individual brain age prediction (61.7 years in this example). (D) A standardized metric for statistical comparison is created (brain-predicted age difference) by subtracting chronological age from predicted age to reflect rate of brain aging, with positive and negative values indicating older and younger brains, respectively. *Reprint permission from Elsevier from Trends in Neuroscience, 40 (12), Cole J. H. and Franke K., Predicting age using neuroimaging: innovative brain ageing biomarkers, 681–90, 2017.


Despite the promising application of neuroimaging to estimate biological brain age to disease populations, only one study has investigated the influence of biological brain age on physical function measures in a community-dwelling individuals. Here, Cole et al. (2018) reported an association between positive BPAD (i.e., an “older” brain relative to ones years) and decreased walking speed, poorer lung function, and weaker grip strength in a large, longitudinal study cohort. These findings offer support to the evolving perspective of the role of brain aging in relation to mobility. However, no study has investigated the influence of BPAD as a moderator of the well-established relationship between muscle strength and mobility. Accordingly, the primary purpose of this study was to examine the relationship between isokinetic leg extensor strength and mobility with BPAD as a potential moderator of this relationship in a community-dwelling older population.



MATERIALS AND METHODS


Overview of Study Design

Data presented in this report are derived from a larger study/dataset (UNCODE Study; NCT02505529). To be included in the original study, participants had to be ≥60 years of age, living independently and free from overt musculoskeletal and neurologic disease (see Table 1 for a complete description of UNCODE inclusion and exclusion criteria). The Ohio University Institutional Review Board approved this study, and all participants provided written informed consent in accordance with the Declaration of Helsinki.


TABLE 1. UNCODE inclusion and exclusion criteria.

[image: Table 1]
To characterize the study participants, we measured body composition (including estimates of appendicular and thigh lean mass) using DEXA (Hangartner et al., 2013; Tavoian et al., 2019) and moderate-to-vigorous intensity physical activity via accelerometry (Corbett et al., 2016). We quantified isokinetic (60°/s) leg extension strength and determined biological brain age estimates using T1 structural images and a previously validated machine-learning model (Cole et al., 2017). To capture the multi-dimensional nature of mobility, we measured functional performance using the mobility battery assessment (MBA) score, a multi-component evaluation of mobility that has been shown to be a more robust measure of self-reported lower extremity function and a more sensitive discriminator of mobility capacity in older individuals than single functional assessments (Riwniak et al., 2020). The specific methodological details related to our primary variables of interest have been outlined in previously published work (Clark et al., 2019, 2021; Wages et al., 2020), but a brief description is provided below.



Muscle Strength

Isokinetic leg extension strength was assessed using a Biodex System 4 Dynamometer (Biodex Medical Systems Inc., Shirley, NY, United States). Specific operational procedures follow those used in the Health ABC study (Manini et al., 2007). In brief, subjects performed six isokinetic trials measured at 60°/s with a 30 s rest period between each trial. Average isokinetic strength of the highest three trials was calculated using the peak isokinetic torque output from 90° to 30° of leg flexion. Isokinetic strength was normalized to body weight for all subsequent analyses as this measure has been shown to be predictive of the subsequent development of severe mobility limitations (Manini et al., 2007).



Brain Predicted Age

T1 structural images were acquired on a 3.0 T Philips Achieva scanner with a 16-channel head coil with whole-brain axial gradient-echo MPRAGE 3-D T1-weighted images [TE/TR = 3.4/7.4 ms, flip angle = 8, slice thickness = 1 mm (contiguous slices), Field of View (FOV) = 250 × 250 × 200 mm,1 mm3 resolution]. Participants were instructed to close their eyes during the scans. Scanner precision was assessed using repeat scans from a separate cohort of healthy, young adults who were scanned on two separate occasions (n = 7; age 25.43 ± 6.78 years).

Brain-predicted age was calculated using a previously validated Gaussian Process regression model published in other work (Cole et al., 2017). In brief, the brainageR model was trained on 3,377 healthy individuals (mean age = 40.6 years, SD = 21.4, range 18–92) from several large publicly available datasets. Model testing was subsequently performed on independent data representing 611 subjects, demonstrating a correlation with chronological age of 0.947 and a mean absolute error of 4.90 years (Cole et al., 2017). With respect to our data, we followed the procedure and employed the brainageR algorithm as previously established by Cole et al., 2015, 2017, 2019.1 Raw T1-weighted MRI scans for each participant underwent segmentation and normalization procedures using SPM12 and a customized version of FSL slicesdir was used to create PNG and index.html files for quality control. Normalized image files were then loaded into R using the RNfiti package to separate and mask gray and white matter and cerebrospinal fluid. To calculate BPA for each participant in the current dataset, a rotation matrix with 435 components from the brainageR model was applied using kernlab (Figure 1). BPA was then converted to the variable of interest, BPAD, by subtracting participants’ chronological age from their brain-predicted age estimate with positive and negative BPAD reflecting older and younger biological brains, respectively.



Mobility Battery Assessment

The MBA includes both locomotor (6-min walk gait speed, time to complete the four-square step test and stair climb power) and non-locomotor (5× chair rise time and time to complete a complex functional task) functional measures. The overall MBA score is calculated using principal component analysis and reflects performance on all five tasks. MBA scores have a distribution of a mean of 0 and a standard deviation of 1.0 (Riwniak et al., 2020). Below we describe the testing involved in the individual components of the MBA score.


Six-Minute Walk Test

Participants were asked to walk as far as possible in 6 min by repeating a 60-m course that included a 30-m straight walkway and two 180° turns to the left. Participants were informed of the time remaining after each 60m lap and were provided with verbal encouragement. Gait speed for each participant was calculated by dividing the distance traveled during the task by 360 s.



Four Square Step Test

Participants were instructed to step over four pieces of tape placed on the floor in a plus sign (i.e., +) configuration in a predetermined sequence as quickly as possible. Trials were not considered successful if the participant touched the tape, did not follow the instructed stepping sequence or was unable to maintain balance. Time to complete the task was measured with a stopwatch to the nearest 0.01 s and performance scores reflect the mean of three successful trials.



Stair Climb Power

Participants were instructed to ascend a flight of eight stairs (∼18 cm rise) as quickly as possible without the use of upper extremity handrail support unless needed for safety. Time to complete the stair climb was measured using switch mats (Lafayette Instruments Model 54,060) interfaced with a digital timer to the nearest 0.01 s. Participants performed the task twice and results were averaged from both trials. Stair climb power was then calculated as: Power = [(body weight in kg) × (9.8 m/s2) × (stair height in meters)]/time in seconds where stair height was the sum height of all eight stairs.



5× Chair Rise

From an erect sitting position, participants were instructed to fold their arms across their chest and stand and sit from a chair (∼46 cm high) five times consecutively. The time to complete the task was measured using a stopwatch to the nearest 0.01 s and participants performed only one trial.



Complex Functional Task

For this assessment, participants were asked to complete a composite skill previously described in other work (Wages et al., 2020). Briefly, subjects began the task seated on the floor and were asked to stand, lift a 4.5 kg weighted laundry basket, walk 1.5 m, and place the basket on a surface 0.75 m high. Time to complete the task was measured using a stopwatch to the nearest 0.01 s for two trials, with scores representing the mean of both trials. If a participant was unable to complete the task, or it took >30 s, a value of 30 s was assigned to that participant. If a participant was only able to complete the task once, the time on that trial represented their performance.




Statistical Analysis

All statistical analyses were conducted using Statistical Package for Social Sciences (SPSS) version 25 (SPSS Inc., Chicago, IL, United States) with a significance level of 5% (two-tailed). All data was expressed as the mean ± SD for the descriptive statistics.

The first level analysis was to explore the relationship between chronological age, lower extremity strength, BPAD, and the overall MBA score and components of the MBA using bivariate Pearson correlation tests. Partial Pearson correlation coefficients were also used to examine the relationship between average isokinetic lower extremity extensor strength normalized to body weight, the MBA, and individual functional performance measures (i.e., 5× chair rise, etc.) with sex and chronological age included as covariates. In a separate analysis, BPAD was included as an additional covariate to reflect the hypothesized neural contributions to mobility in older individuals. Since the brainageR model does not automatically correct brain age estimates for the statistical influence of chronological age, both chronological age and BPAD were included in this analysis to capture the differential impact of biological brain and chronological age discrepancies across the lifespan (Le et al., 2018). Finally, partial Pearson correlation coefficients were used to investigate any potential relationship between BPAD and functional performance measures with sex and chronological age as covariates. The same analyses were also performed using lower extremity extensor strength normalized to body weight as an additional covariate.

In a second level of analysis, a hierarchical multiple regression was conducted to investigate the predictive value of lower extremity extensor strength and BPAD for MBA performance. MBA was selected as the variable of interest for this level of analysis as it represents a composition of multiple aspects of functional mobility. Chronological age and sex were included in regression Model 1 to isolate the effects of the covariates. Model 2 included lower extremity isokinetic extensor strength and BPAD in addition to the covariates in Model 1. Independent contributions of each predictor variable were calculated using the semi-partial r2 (spr2) and the variance inflation factor (VIF) was used to evaluate collinearity of the predictors.

Lastly, to understand whether the relationship between strength and mobility depends on BPAD (i.e., presence of an interaction effect between isokinetic leg extensor strength and BPAD), a moderation analysis was conducted for isokinetic leg extensor strength and the MBA. To explore the impact of task difficulty with respect to our dataset, we performed additional moderation analyses on two subcomponents of the MBA, the four-square step test and gait speed during the six-minute walk test. Chronological age and sex were used as covariates for all analyses. Moderation effects were estimated using the PROCESS macro for SPSS as described by Hayes and Matthes (2009) and Hayes (2018), using 5,000 bootstrap samples with 95% confidence intervals. Following the moderation analysis the Johnson–Neyman technique was used to probe for the interaction and to identify ranges of values of the moderator for which the interaction effect is significant (Johnson and Neyman, 1936; Hayes and Matthes, 2009). Due to the exploratory nature of the analyses, correction for multiple comparisons was not performed for any correlations.




RESULTS

Participants were only included in the present analysis if they had complete data for all variables of interest. Three additional participants were excluded due to poor T1 image quality (e.g., excessive artifact), resulting in data from fifty-seven participants (68% women) available for statistical analyses. Scanner reliability was considered good-excellent with an ICC = 0.973 (CI 0.699–0.996). Statistical assumptions for correlation and linear regression analyses were satisfied. Detailed demographic information and average performance on functional measures are provided in Table 2. In our sample, average BPAD was positive, reflecting advanced brain aging and as expected, there was a significant amount of heterogeneity in BPAD between study participants (Figure 2). There were no significant differences in BPAD with respect to sex (p = 0.504).


TABLE 2. Participant demographics and functional performance.
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FIGURE 2. Heterogeneity of brain-predicted age. Brain-predicted age from brainageR regression model. Scatterplot depicting chronological age (x-axis) by brain-predicted age (y-axis). Dashed line is the line of identity and solid black line is the regression line of chronological age on brain-predicted age.


Bivariate correlations revealed moderate to strong relationships between MBA composite, most functional subtests, normalized leg extensor strength and chronological age. In contrast, BPAD was weakly correlated with the other variables of interest (Figure 3). When controlling for both chronological age and sex, isokinetic leg extensor strength normalized to body weight was significantly correlated with BPAD, composite MBA score, 6-min walk test gait speed, four square step test, 5× chair rise time, and time to complete a complex functional task The addition of BPAD as a covariate appeared to weaken the relationship between isokinetic leg extensor strength, composite MBA score, 6-min walk test gait speed, 5×-chair rise time, four square step test and time to complete a complex functional task. However, r to Z transformation analyses did not reveal any significant correlational differences when adding BPAD as a covariate. Isokinetic leg extensor strength was not significantly related to stair climb power in either scenario (Table 3).
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FIGURE 3. Correlation matrix of chronological age, brain-predicted age difference, normalized leg strength and functional performance. Values represent Pearson’s r for each bivariate correlation. Weak = 0.00–0.49, Moderate = 0.50–0.69, Strong = 0.70–1.0 (Jurs et al., 1998). BPAD, brain-predicted age difference; LE, lower extremity; MBA, mobility battery assessment; 6MWT, six-minute walk test; FSST, four square step test; SCP, stair climb power; 5CR, five times chair rise; CFT, complex functional task.



TABLE 3. Correlations between lower extremity strength and functional performance measures.
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Brain predicted age difference was also significantly correlated with overall MBA score, four square step test, and 5× chair rise time when controlling for both chronological age and sex. However, after including normalized leg extensor strength as a covariate, BPAD was no longer significantly correlated with any functional measure (Table 4).


TABLE 4. Correlations between brain-predicted age difference and functional performance measures.
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Both Model 1 (chronological age and sex covariates) and Model 2 (covariates with normalized lower extremity extensor strength and BPAD) were found to be statistically significant predictors of composite MBA score. Model 1 accounted for 46% of the variance of the MBA score (p < 0.001), and both chronological age and sex were statistically significant independent predictors, accounting for a unique contribution in the explained variance in Model 1 of 61% (p = 0.003) and 31% (p < 0.001), respectively. Model 2 explained 63% of the total variance of composite MBA score (p < 0.001), but only normalized leg extensor strength and chronological age were significantly individually predictive of composite MBA score with normalized leg strength explaining 35% (p < 0.001) and chronological age 44% (p < 0.001) of the variability in composite MBA performance. Variance inflation factor values for both models are within a range that is not concerning for collinearity as all values are less than 2 (Hair et al., 2014). Details of the regression analyses are outlined in Table 5.


TABLE 5. Regression model summary for the mobility battery assessment (MBA) score.
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Brain predicted age difference was a significant moderator of the relationship between normalized leg extensor strength and composite MBA score and this interaction accounted for 7.0% of the variance in MBA score [△R2 = 0.044. F(1,51) = 6.83, p = 0.01]. Conditionally, normalized leg extensor strength was significantly predictive of composite MBA score when considering mean BPAD and BPAD at the 16th and 84th percentiles. However, the strength of the relationship between normalized leg extensor strength and MBA score varied according to brain age—biologically younger brains (i.e., 16th percentile) attenuated the relationship whereas older brains (i.e., 84th percentile) strengthened the relationship. In addition, the Johnson–Neyman technique revealed a conditional effect of BPAD for very young biological brains (Figure 4). While the relationship between normalized leg extensor strength and MBA was significant within the range of −7.02 to 15.76 years of BPAD, strength was not a significant predictor of functional performance in a small subset of very young brains (i.e., BPAD < −7.02).
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FIGURE 4. Conditional effects of brain-predicted age difference (BPAD) on the strength-function relationship. (A) Normalized leg extensor strength and composite mobility battery assessment (MBA) score demonstrate a weaker relationship for low (younger) brain age (16th percentile). In contrast, normalized leg extensor strength is a stronger predictor of MBA score for average and high (older) brain age (84th percentile). (B) Johnson–Neyman plot indicating conditional effects of brain-predicted age difference (BPAD) on the relationship between leg extensor strength and mobility battery assessment (MBA) score performance with a 95% confidence interval (dashed line). Note the vertical boundary lines indicate the range of BPAD where normalized leg extensor strength is a significant predictor of MBA score.


Interestingly, BPAD was also a significant moderator of the relationship between normalized leg extensor strength and FSST time [△R2 = 0.0808. F(1,51) = 9.45, p = 0.003], but was not a moderator of the relationship between normalized leg extensor strength and gait speed [△R2 = 0.0061. F(1,51) = 0.900, p = 0.347]. Conditional moderation effects were also observed with respect to the four-square step test. Specifically, normalized leg extensor strength was only a significant predictor for “average” age brains (i.e., 50th percentile BPAD = −0.32) and “older” brains (i.e., 84th percentile BPAD = 7.8624) but not for four square step test performance in those with relatively “younger” brains (i.e., 14th percentile BPAD = −5.3188).



DISCUSSION

The primary purpose of this study was to examine the relationship between leg extensor strength and mobility with BPAD as a potential moderator of this relationship in a community-dwelling older population. Our findings indicated that normalized leg extensor strength and BPAD were significantly correlated, and BPAD weakened the association between normalized leg extensor strength and mobility. Interestingly, BPAD was also a significant moderator of the predictive value of normalized leg extensor strength for composite MBA score with an observed conditional effect.

Our current findings replicate the results of prior work, identifying muscle strength as a strong predictor of mobility (Visser et al., 2000; Newman et al., 2006a; Hicks et al., 2012). For example, Davis et al. (1998) reported a positive association between isometric quadriceps strength and functional mobility measures including the five times chair rise test and usual and fast walking speed in a sample of 705 women of Japanese ancestry between the ages of 55 and 93 years old. Similarly, Hairi et al. (2010) examined the relationship between appendicular measures of strength, low lean muscle mass and muscle quality and subjective and objective measures of mobility in a group of 1,705 men older than 75 years of age. Of the predictor variables, muscle strength demonstrated the strongest association with functional mobility (Hairi et al., 2010). Leg strength has also been identified as a potential preclinical marker of mobility decline in older adults. Manini et al. (2007) assessed isokinetic leg extensor strength and functional mobility in the Health, Aging and Body Composition cohort, identifying sex-specific low and high cut-points predictive of future development of severe mobility limitations. For our cohort, both men (1.45 ± 0.49 Nm/kg) and women (1.11 ± 0.33 Nm/kg), on average, demonstrated moderate risk for future mobility limitation based on these cut-points.

Despite the association between muscle strength and mobility, an individual’s ability to generate maximal voluntary force is far from the sole determinant of physical function, leading researchers to call for investigation of additional mechanisms of mobility (Sorond et al., 2015). DiSalvio et al. (2020) identified a relationship between gray matter volume in vestibular, somatosensory and perceptual regions and functional performance as measured by gait speed, balance, and the four square step test, with higher cortical volumes associated with better physical performance. Lu et al. (2020) in a prospective study also reported an association with global gray matter volume and development of frailty—individuals with reduced gray matter volume were more likely to develop frailty than those with higher volumes. In addition, falling as a consequence of impaired mobility has been linked to decreased gray matter, subcortical and lower white matter volume (Hsu et al., 2016).

Given that brain aging encompasses more than one singular aspect of structural integrity (i.e., cortical thickness, white matter volume, etc.), we contend that BPAD may be considered a singular aggregate measure for global brain health and structural integrity to evaluate relative to functional mobility. In line with this approach, Cole et al. (2018) identified a relationship between BPAD and multiple domains of function as well as early mortality. Specifically, a greater BPAD (i.e., relatively “older” brains) was significantly associated with decreased fluid cognition, poorer lung function, weaker grip strength and slower walking speed (Cole et al., 2018). Similarly, our results also suggest a neural influence on function—BPAD was significantly correlated with MBA score and some of the functional subcomponents. However, this relationship was no longer significant when covarying for normalized leg extensor strength, suggesting a more nuanced relationship between BPAD, strength, and function. Indeed, our findings do suggest a more complex interplay between BPAD and muscle strength whereby an interaction between brain age and normalized lower extremity strength resulted in a change in the strength of the relationship between normalized leg extensor strength and MBA composite scores.

Our results also indicate that BPAD has a conditional effect on the predictive value of leg strength for mobility. For individuals with very young brains relative to their chronological age, leg strength was not related to mobility performance. We interpret these findings to suggest that neural processes such as cognition and motor planning may minimize the importance of leg strength for functional performance in young brains. Dual task paradigms are often used to investigate the role of attentional and executive function processes in functional mobility and highlight performance differences in younger versus older adults. Differences in dual task performance across the lifespan may reflect decreased structural integrity of the dorsolateral prefrontal cortex and the orbitofrontal cortex, cognitive brain regions that are particularly sensitive to age-related changes (Raz et al., 2005). For example, in a study comparing young, middle and older aged adults, dual task cost on motor performance in the 10-meter walk test, the Timed Up and Go and the Four Square Step Test increased with age and older adults demonstrated the worst cognitive and motor performance (Brustio et al., 2017).

Anticipatory motor planning also demonstrates age-related decline as measured by end-state comfort effect paradigms. For motor tasks, adults have been shown to plan motor actions in such a manner that initial movement phases result in awkward postures to ensure that later movements lead to a comfortable end posture (Stöckel et al., 2017). However, this anticipatory planning capacity declines with age beginning in the seventh decade of life. In a bar-transport-task, older adults exhibited decreased end-state comfort sensitivity compared to younger adults, an observation exacerbated with increasing task complexity. While the mechanisms underlying this behavior are not entirely clear, older adults’ inability to plan motor actions to increase end state comfort is theorized to reflect a decline in executive and/or motor function. Collectively, age-related decline in dual task and end state effect motor tasks suggests that in younger brains, neural processes (i.e., cognition, motor planning, etc.) may be the preferred mechanism of adequate motor performance.

Alternatively, leg strength may be a compensatory mechanism to maintain physical functioning in the context of advancing brain age. This interpretation of compensation to maintain function is consistent with theories of aging and cognition. For example, the Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) posits that frontal region overactivation in older compared to younger adults is compensatory for age-related changes (i.e., decreased gray matter volume, compromised sensory input) and serves to maintain cognitive task performance (Reuter-Lorenz and Cappell, 2008). CRUNCH also suggests with increasing task difficulty, frontal overactivation reaches a maximal “crunch point,” resulting in insufficient compensatory reserves and impaired performance. The Scaffolding Theory of Aging and Cognition-Revised (STAC-r) takes a broader view of aging, compensation and cognitive performance (Reuter-Lorenz and Park, 2014). Specifically, aging is viewed as a neural insult resulting in structural and functional connectivity changes that necessitate the utilization of scaffolds to maintain cognitive function. In this context, scaffolds can represent variable compensatory mechanisms including increased frontal recruitment (Reuter-Lorenz and Cappell, 2008), recruitment of homologous contralateral regions (Cabeza, 2002) and neurogenesis (Fuchs and Flügge, 2014). Our data demonstrate a similar compensatory pathway for physical function and mobility, whereby increased strength can sustain mobility despite age-related neural structural decline.

Evidence highlighting a “common cause” of neural decline in cognitive, sensory and motor systems (Christensen et al., 2001) as well as observed overactivity in frontal and parietal regions in older individuals during motor tasks (Mattay et al., 2002) supports the adaptation of these theories to our current findings. Thus, we suggest greater BPAD derived from structural neuroimaging inherently reflects accelerated decline in structural brain integrity, resulting in the need for compensatory mechanisms to maintain physical function. At some point in brain aging, neural compensatory mechanisms likely reach maximum utility (i.e., crunch point). Based on our data we postulate that the crunch point of central mechanisms results in the need for additional peripheral scaffolding, namely, leg extensor strength, to maintain MBA performance. While not observed on our sample, a peripheral crunch point could theoretically also be reached whereby strength can no longer compensate for advancing neural insufficiency, resulting in a decline in functional mobility. Alternatively, individuals with muscle weakness may lack additional peripheral scaffolding, accelerating the loss of physical function in the context of neural decline.

These views are supported in part by observations in individuals with Alzheimer’s and Parkinson’s disease, two forms of central nervous system pathology shown to have advanced brain-predicted age (Franke et al., 2010; Beheshti et al., 2020). Recently, Sampaio et al. (2020) reported an interesting relationship between lower extremity strength, cognition and functional capacity. In their sample of institutionalized adults with dementia, lower extremity strength was not associated with cognition but was significantly associated with level of independence in activities of daily living (Sampaio et al., 2020). Similarly, progressive resistance and functional training in a cohort of 62 individuals with dementia resulted in significant improvements in both lower extremity strength and performance on a modified Short Physical Performance Battery and cognitive status was not a predictor of the training response (Hauer et al., 2012). In a group of 40 individuals with mild-moderate Parkinson’s disease, low muscle power was significantly associated with walking speed even when controlling for Unified Parkinson’s Disease Rating Scale motor scores (Allen et al., 2010).

Theories of cognitive aging also consider the influence of task difficulty in compensatory activation of alternative neural scaffolds during cognitive tasks. According to CRUNCH, increased neural recruitment in response to increased task complexity is normal—both younger and older adults demonstrate frontal overactivation in response to increase task difficulty to maintain cognitive performance. However, older adults utilize compensatory resources earlier than younger counterparts for the same task. Our results suggest a similar influence of task difficulty on compensation in motor function—BPAD was not a significant moderator of the relationship between leg extensor strength and gait speed, a task that represents a less complex form of functional mobility (i.e., a “habitual” or “automatic” motor task). However, BPAD was a significant moderator when considering the relationship between leg extensor strength and the four-square step test, a task that incorporates additional elements of mobility complexity including change of direction and increased postural stability demands (i.e., a “goal-directed” task). While the results of these exploratory analyses should be interpreted with caution, they may reflect a nuanced compensatory task differential with regard to the relationship between BPAD and leg strength. While more work is certainly needed to identify specific mechanisms of neural and muscular motor compensation with age, a conceptual framework for brain aging, mobility performance and task complexity is presented in Figure 5.
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FIGURE 5. Conceptual framework of our proposed Motoric Aging and Compensation Hypothesis (MACH). (Left panel A) In the context of relatively “younger” brains and adequate neural mechanisms of mobility, strength is not needed as a functional compensation. (Left panel B) With accelerated brain age and decline in neural integrity, strength becomes a stronger predictor of functional performance and maintains functional capacity. (Right panel A) Brain age difference does not moderate the predictive relationship between strength and habitual motor tasks (e.g., gait), indicating neural processing may not be as integral during simpler, more automatic mobility tasks. (Right panel B) Increased task complexity of goal-directed motor tasks necessitates greater neural contribution to functional performance, with brain age moderating the relationship between strength and mobility.


There are several limitations inherent to our study that should be recognized. First, our sample size was relatively small and predominantly female, limiting the generalizability of our findings. Additionally, all subjects in this study were community-dwelling older individuals and as such these results may not be generalizable to all older adults. The cross-sectional nature of this study design also prevents any interpretation of causality or application of these findings to changes over time. Finally, the specific machine learning algorithm used in this study prevents any definitive interpretation of which structural parameters (i.e., gray matter volume, ventricle size, etc.) are most influential in calculating BPA.



CONCLUSION

We sought to investigate the moderation effects of brain age on the relationship between leg extensor strength and mobility tasks in older adults. Based on our findings, the previously highlighted relationship between lower extremity strength and physical function appears to be influenced by accelerated brain aging, with lower extremity strength serving as a possible compensation for a decline in neural integrity under more complex conditions. Collectively, these findings underscore the need to explore the nuances of the brain-muscle-function relationship in order to adequately address mobility decline associated with aging.
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Aging is associated with declines in sensorimotor function. Several studies have demonstrated that transcranial direct current stimulation (tDCS), a form of non-invasive brain stimulation, can be combined with training to mitigate age-related cognitive and motor declines. However, in some cases, the application of tDCS disrupts performance and learning. Here, we applied anodal tDCS either over the left prefrontal cortex (PFC), right PFC, supplementary motor complex (SMC), the left M1, or in a sham condition while older adults (n = 63) practiced a Discrete Sequence Production (DSP), an explicit motor sequence, task across 3 days. We hypothesized that stimulation to either the right or left PFC would enhance motor learning for older adults, based on the extensive literature showing increased prefrontal cortical activity during motor task performance in older adults. Contrary to our predictions, stimulation to the right and left PFC resulted in slowed motor learning, as evidenced by a slower reduction rate of reduction of reaction time and the number of sequence chunks across trials relative to sham in session one and session two, respectively. These findings suggest an integral role of the right PFC early in sequence learning and a role of the left PFC in chunking in older adults, and contribute to mounting evidence of the difficultly of using tDCS in an aging population.
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INTRODUCTION

Aging is associated with declines in sensorimotor function (Raz, 2000; Seidler, 2006). Given that sensorimotor function plays a role in activities of daily living, declines can translate into a loss of independence. Physical rehabilitation approaches to mitigate these declines largely rely upon motor learning based interventions. While these interventions result in some improvements, the addition of non-invasive brain stimulation has been shown to make them more effective (Patel et al., 2019). Transcranial direct current stimulation (tDCS) has emerged to be especially promising because of its low cost, safety, portability, and its ability to be successfully used at home with clinical (Charvet et al., 2015; Kasschau et al., 2016) and older adult (Ahn et al., 2019) populations.

Older adults typically learn new motor skills at a slower rate than young adults. Verwey (2010) found that when practicing a sequence of finger presses to a repeated sequence of targets, older adults exhibited poorer performance for the repeated sequence, as indicated by slower reaction time. Similarly, Brown et al. (2009) found that while older adults displayed motor sequence learning during a single session (online gains), when participants were re-tested 24 h later, young adults exhibited a beneficial, between-session consolidation effect (offline gains) while older adults did not. These findings are consistent with the idea that neural plasticity and consolidation may be reduced with advancing age (Wilhelm et al., 2008, 2012). Thus, previous research shows that despite age-related declines in the sensorimotor system, older adults can learn new motor tasks, albeit not as well as young adults.

The use of tDCS paired with motor practice in older adult populations shows promise for ameliorating age-related motor declines. In a five session study during which older adults practiced a serial reaction time task paired with anodal (typically excitatory) tDCS, researchers found that those who received M1 anodal tDCS exhibited greater sequence specific learning relative to those who received sham stimulation (Dumel et al., 2016). In another study, young and older adult participants received stimulation over M1 while learning a sequence of finger movements (Zimerman et al., 2013). Without stimulation, older adults demonstrated poorer motor performance relative to young adults. However, the older adult participants who received stimulation during practice no longer had a motor performance deficit. While the findings from these studies suggest that tDCS may improve motor learning for older adults, other studies show either no benefit or even poorer performance when tDCS is paired with task practice (Mooney et al., 2019; Muffel et al., 2019; Habich et al., 2020; Chow et al., 2021). For example, one study found no benefit of a single session of anodal M1 tDCS as older and young adult participants learned a sequential isometric force task using their non-dominant hand during practice (Mooney et al., 2019).

For tDCS to be considered a viable therapeutic option for older adults, the optimization of tDCS parameters such as intensity, timing, number of sessions, etc., is necessary. For example, a recent study used a computational model to show that older adults required a slightly higher stimulation intensity (i.e., ∼2.3 mA) to achieve the same current density as in young adults with 2 mA of tDCS over the left primary motor cortex (Indahlastari et al., 2020). Alternatively, the timing of the application of tDCS relative to task practice, the task specificity of tDCS, or a combination may explain the inconsistencies frequently observed in older adult populations. In a cognitive naming task, older adults that received anodal tDCS over the left prefrontal cortex (PFC) during task execution displayed significant improvements relative to sham, whereas older adults that received tDCS before the task showed no differences compared to sham; in contrast, young adults that received stimulation before or during task practice showed task improvements (Fertonani et al., 2014). In another study, older adults that received anodal tDCS over M1 immediately following training of a motor sequence task, but not an hour or 2 h after, showed enhanced consolidation (Rumpf et al., 2017). The number of active tDCS sessions also likely impacts the effectiveness of tDCS, with multi-session protocols appearing to be more effective than a single session of tDCS (Hashemirad et al., 2016; Talsma et al., 2017; Shekhawat and Vanneste, 2018; Song et al., 2019). Overall, these studies suggest that tDCS in older adult populations has potential for reducing motor and cognitive declines, but the benefits may be task dependent (Saucedo Marquez et al., 2013; Kimura et al., 2021), and require tDCS parameter optimization such as intensity (Indahlastari et al., 2020) or timing (Fertonani et al., 2014; Rumpf et al., 2017) relative to task practice. However, little is known about how anodal tDCS over other brain regions outside of M1 affects motor learning in older adults.

Non-invasive brain stimulation studies have uncovered a complex role of the prefrontal cortices (PFC) in motor sequence learning. Janacsek et al. (2015) observed enhanced consolidation (offline gains) after a single session of anodal right PFC tDCS but no benefit of acquisition (online gains) during implicit sequence learning in young healthy adults. Using a similar implicit learning task, Greeley and Seidler (2019) found that anodal stimulation to left PFC, but not right PFC, facilitated motor learning in young adults, but only when participants remained unaware of the sequence. More recently using the Discrete Sequence Production (DSP) task, an explicit sequence learning paradigm, we observed that either anodal tDCS over the left or right PFC, and cathodal tDCS over the left PFC during practice impaired sequence learning over the course of 3 days in young adults (Greeley et al., 2020). In contrast to using anodal (excitatory) stimulation over the PFC, two studies have observed learning benefits when the PFC is inhibited in young adults. Using rTMS, Galea et al. (2010) found enhanced retention after either the left or right dorsolateral PFC was disrupted immediately after learning. Similarly, the application of cathodal (inhibitory) tDCS over the left PFC resulted in increased golf putting performance relative to the sham group (Zhu et al., 2015). The results from Galea et al. (2010) and Zhu et al. (2015) suggest that engaging the prefrontal cortices during or after motor learning may impair learning for young adults. However, older adults consistently recruit frontal regions when performing a range of motor learning tasks (Wu and Hallett, 2005; Lin et al., 2012; Michely et al., 2018). This greater recruitment of prefrontal brain regions during motor task performance has been suggested to serve a compensatory role for older adults (cf. Seidler et al., 2010). Specifically, inhibitory non-invasive brain stimulation applied over brain regions thought to be involved in compensatory processes disrupts performance for older but not young adults (Rossi et al., 2004; Zimerman et al., 2014). Therefore, it may be that excitatory PFC stimulation aids motor learning in older adults. Thus, we sought to understand how using anodal tDCS over left or right PFC would affect learning and retention of a motor sequence in older adults.

We evaluate motor learning here using indices of reaction time and sequence chunking. Chunking, or the ability to “chunk” together individual actions, is thought to facilitate motor learning by reducing memory loads. It is evidenced by a significant difference between inter-response times of key presses (Verwey and Eikelboom, 2003; Kennerley et al., 2004; Bo et al., 2009). Age-related declines in motor learning may stem from declines in working memory, which limits motor chunking. For example, working memory capacity was positively correlated with motor sequence chunk length in both young and older adults (Bo and Seidler, 2009). Older adults showed significantly reduced working memory capacities and sequence chunk lengths relative to young adults. In addition, 22% of older adults showed no evidence of chunking; this was the case for only 7% of young adults. The link between the prefrontal cortices and working memory is well established (Kane and Engle, 2002; Funahashi, 2017) and it is known that older adults show significant reductions in prefrontal gray matter volume relative to young adults (Scahill et al., 2003; Esiri, 2007). Two fMRI studies have reported that young adults recruit the left dorsolateral PFC and right supplementary motor area (SMA) (Pammi et al., 2012) and the mid-left dorsolateral PFC (Wymbs et al., 2012) during sequence chunking. Moreover, Verwey et al. (2019) showed that unfamiliar sequences activated the PFC whereas familiar sequences did not; they instead elicited SMA activation. Thus, it is possible that targeting prefrontal regions (which have been associated with chunking) with anodal tDCS may facilitate motor sequence learning in older adults.

In the current study, we sought to understand the contributions of the left and right prefrontal cortices to motor sequence learning and chunking in healthy older adults; participants received stimulation for 2 days and performance was assessed over 3 days. We tested four different anodal tDCS groups in which either the left PFC, the right PFC, the left M1, or the SMA were stimulated in two separate sessions and compared with a sham group to understand how excitatory stimulation affects motor performance and learning (using the right hand) over the course of three separate sessions. Specifically, we sought to understand whether anodal tDCS to the right or left PFC would enhance or interfere with sequence learning as assessed by reaction times and chunking in a DSP task as assessed by the correlation between key presses (Acuna et al., 2014), in older adults. We hypothesized that regardless of the hemisphere of stimulation, older adults would display motor learning benefits in both reaction time and chunking across sequence learning with prefrontal tDCS. Similar to previous tDCS results (Zimerman et al., 2013; Dumel et al., 2016; Greeley et al., 2020), we hypothesized that regardless of age, the M1 tDCS groups would display faster learning as measured by reaction time and number of chunks and given its role in chunking, we hypothesized that the SMA tDCS older adult group would display faster learning as measured by the number of chunks; we also expected that older adults would show greater benefits due to having more room for improvement.



MATERIALS AND METHODS


Participants

We recruited sixty-three older adult participants (age range 64–84, mean age = 70.7, ± 5.76 years; 29 male) and sixty-four young adult participants (age range 18–30, mean age = 20.5, ± 2.4 years, 26 male) from the University of Michigan campus and greater Ann Arbor area. It should be noted that the young adult data has been previously published (Greeley et al., 2020), and the main focus of the current paper is on older adults. We include the young adult data in some of the analyses here to allow for age group comparisons when appropriate. All participants were right handed as measured by the Edinburg handedness inventory (Oldfield, 1971), and reported no history of mental health events, drug abuse, neurological, or psychiatric disorders. During the first session, all participants signed a consent form approved by the University of Michigan Institutional Review Board, verbally answered an alcohol and drug abuse screening questionnaire, completed the Beck Depression inventory (Beck et al., 1988), a custom tDCS screening form, and the Montreal Cognitive Assessment (Nasreddine et al., 2005). Participants were excluded if they scored <23 on the MOCA (Lee et al., 2008; Carson et al., 2018), had a self-reported history of alcohol or drug abuse, and scored >13 on the Beck Depression Inventory. Additionally, participants were not taking medications that could interact with the central nervous system. Participants were compensated for their time at an hourly rate of $15 per hour.



Discrete Sequence Production Task

The study design implemented in the current paper was identical to that used in our recent publication (Greeley et al., 2020). See Figure 1 for an abbreviated overview. Participants practiced a variant of the DSP task (Ruitenberg et al., 2014) programmed and presented in E-Prime (version 2.0) over the course of three sessions, two of which participants received either real or sham tDCS, while using their dominant, right hand to practice the sequence task. Participants were assigned two, six-element sequences for the duration of the study. One of the sequences had a repeated, simple structure (e.g., NCBNCB) whereas the other sequence did not have a structure and was thus considered complex (e.g., BCVNVC). Participants could practice each sequence up to a total of 224 times throughout the three sessions of practice (16 times per block across 14 blocks). To simplify data presentation and to be consistent with our previously published results (Greeley et al., 2020), we limited our analysis to the complex sequences. During sequence practice, participants placed their index, middle, ring, and pinky fingers of their dominant, right hand on the C, V, B, and N keys of a keyboard, respectively. Four, horizontally aligned white squares with black trim were presented in the middle of a monitor with a white background. During practice, one of the squares was filled in by a light green color for up to 2,000 ms, which cued participants to press the spatially corresponding key as quickly and accurately as possible. If the participant pressed the correct key, the green square returned to white and the next square in the sequence would immediately turn green. If participants made an incorrect key press, the message “mistake, again” was displayed on the screen in red for 1,000 ms. If participants did not respond to a stimulus within 2,000 ms of the message, “no response, again” was displayed at the bottom of the screen for 1,000 ms. Participants practiced their sequences across 3 days, with six blocks of practice during session one, another six blocks of practice during session two, and two blocks of practice in session three. Participants practiced each of their two sequences eight times during each block of practice. During sessions one and two when participants received tDCS, participants practiced their assigned sequences a total of 96 times.
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FIGURE 1. Study design. Using a between-subjects design, right-handed older adult participants practiced a motor sequence task paired with transcranial direct current stimulation (tDCS). Participants were randomly assigned into one of four anodal tDCS groups (right prefrontal cortex, left prefrontal cortex, left primary motor cortex, supplementary motor complex) or sham for the entirety of the study. In session one (S1) older adult participants completed a battery of cognitive and motor tasks (pre-tDCS assessments), followed by six blocks of the discrete sequence production (DSP) task paired with either real or sham tDCS for a maximum of 20 min at 2 mA, followed by a tDCS side effects questionnaire. In session two (S2), participants practiced another six blocks of the DSP task paired with either real or sham tDCS, followed by a test portion of the DSP task, where participant’s explicit knowledge of the sequence was tested, followed by a tDCS side effects questionnaire. In session three (S3), participants completed two blocks of the DSP task without tDCS, then completed the test portion of the DSP task, followed by the same battery of cognitive and motor tasks (post-tDCS assessment) that participants completed at the start of S1.


Participants also received feedback halfway through a block of practice (after 8 of the 16 trials). The feedback screen was shown for 10 sec and displayed each participant’s error percentage and mean reaction time. After 10 sec had passed, participants immediately started on the second half of the block. After completing an entire block of practice, another feedback screen was shown for 50 sec. This feedback screen had the same information as the mid-block feedback screen, however, at the bottom of the screen there was text which read, “After this, practice block x will start.” Before each block (excluding block 1) on practice sessions one and two, the screen displayed, “As you have noticed, there are 2 fixed sequences. Please learn them! We will continue with the same task.”

In sessions two and three immediately after the DSP awareness questionnaire (see below), participants completed an additional test phase of the DSP task, which consisted of four conditions. Each condition comprised 48 trials (24 of each sequence) and followed the same structure as practice. In the familiar condition, the stimuli were presented in the same way as during practice. In the single-stimulus condition, only the first stimulus of the sequence was presented as a green square. Once the correct key was pressed, the rest of the sequence was to be completed by the participants without the help of the squares turning green. In the mixed-familiar condition, 75% of the trials had modifications to the sequences. The modifications were that two of the six stimuli were changed. In the unfamiliar condition, participants were exposed to two sequences that they had not previously experienced.



Transcranial Direct Current Stimulation Set-Up

Participants were randomly assigned into one of five tDCS groups. tDCS was only applied during sessions one and two. All electrode placements were according to the 10–20 EEG system. If participants were randomized into the right or left prefrontal tDCS groups, the anode was placed over the scalp location F4 or F3, respectively and the reference/cathode electrode was placed over the contralateral orbit. For the left M1 stimulation group, the anode was placed over the C3 location and the cathode was placed over the contralateral orbit. For the placement of the anode electrode in the SMA region (henceforth referred to as the supplementary motor complex (SMC) group), we placed the anode 8.7% of the measured distance between the nasion and inion anterior to Cz (approximately 3 cm anterior to Cz) with the cathode over Fpz. The sham tDCS group received the same montage as the real, M1 tDCS group (anode over C3, cathode over contralateral orbit; Figure 2). Stimulation was always 2 mA based on safety recommendations (Iyer et al., 2005; Bikson et al., 2009), previous reports inducing plasticity in young (Monte-Silva et al., 2013; Waters-Metenier et al., 2014; Seidler et al., 2017; Waters et al., 2017; Greeley and Seidler, 2019; Greeley et al., 2020) and older adults (Dumel et al., 2016; Nomura and Kirimoto, 2018; Farnad et al., 2021), and recent evidence suggesting 2 mA is necessary to achieve a physiologically meaningful effect on the cortex (Huang et al., 2017; Filmer et al., 2020). We applied stimulation using a conventional tDCS device (Soterix Medical Inc., New York, NY, United States) for a maximum of 20 min via two rubber electrodes placed inside saline soaked sponges. Electrode size was always 5 × 5 cm, except for the SMC montage in which case the anode was 5 × 5 cm and the cathode was 5 × 7 cm (Vollmann et al., 2013); it is unlikely that this larger cathodal electrode comprises tDCS-induced corticospinal excitability changes (Nitsche et al., 2007). Setup for tDCS was the same for sessions one and two. tDCS was not administered during session three.
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FIGURE 2. Schematic of tDCS electrode montage and electric field magnitude distribution with current arrows in the coronal, axial, and sagittal slices for the (A) left prefrontal montage, (B) right prefrontal montage, (C) the left M1 montage, and (D) for the supplementary motor complex montage produced by the ROAST model. All images are in x = –1, y = –17, and z = 17 MNI space. The left hemisphere is denoted by L. Red squares represent the anode, whereas blue squares represent the cathode.




Realistic Volumetric-Approach-Based Simulator for Transcranial Electrical Stimulation Model

We used realistic volumetric-approach-based simulator for transcranial electrical stimulation (ROAST) (version 3.0), or Realistic vOlumetric-Approach to Simulate Transcranial electric stimulation, an open source tool (Huang et al., 2019). The output from the ROAST model was used as a qualitative means to aid in the interpretations of the electric field distributions of our electrode montages. We ran the ROAST model a total of 4 times for each tDCS electrode montage, electrode locations used in the model are in parentheses. The output of the model can be observed for the left PFC anode (F3), right orbitofrontal cortex cathode montage (Fp2; Figure 2A), the right PFC anode (F4), left orbitofrontal cortex cathode montage (Fp1; Figure 2B), the left M1 anode (C3), right orbitofrontal cortex cathode montage (Fp2; Figure 2C), and the SMA complex anode (FCz), orbit cathode montage (Fpz; Figure 2D). Simulations were run using the MNI152 averaged head. We specified pad electrodes as the electrode type with a height of 3 mm.




PROCEDURE

During session one, as part of the pre-tDCS assessments, participants completed Thurstone’s card rotation task (Ekstrom et al., 1979), a custom computerized version of the visual search task, the digit symbol substitution task (Wechsler, 1958), a modified version of the visual array change working memory assessment (Luck and Vogel, 1997), three trials of the Purdue pegboard task (Tiffin and Asher, 1948) and a grip strength assessment before DSP practice. After this neuropsychological assessments, participants took a mandatory 3–5 min break before tDCS setup and DSP practice. After setup, we turned stimulation up to 1 mA (pre-stimulation tickle) for 15 s to ensure satisfactory contact quality of the electrodes on the scalp. After 15 s of stimulation, participants completed a shortened 10-item Positive and Negative Affect Schedule (PANAS) mood inventory. Then the participants were instructed on the DSP task. After the instructions, the experimenter would start the stimulation and the tDCS unit would ramp up over a period of 30 sec to full intensity (always 2 mA) and then remain active up to 20 min in duration. After the 6 blocks of practice, tDCS was turned off (for active tDCS) only if participants completed practice under 20 min (n = 7). For reference, participants took 23.3 min (± 3 min) to complete practice in session one. The right PFC group took 23.9 min (± 2.3), the left PFC group took 23.2 min (± 3.6), the left M1 group took 22.2 min (± 2.8), the SMC group took 23.6 min (± 3.5) and the sham group took 23.7 min (± 3.3). There were no group differences in terms of the amount of time it took to complete the task in session one. For the sham tDCS group, the tDCS would stay on for 30 sec then ramp back down to 0 mA. If the task was not completed by the 20 min timer built into the tDCS unit, stimulation was automatically stopped by the device. Immediately following the 6 blocks of DSP practice, we administered a second version of the digit symbol coding task, the PANAS mood survey, and a custom tDCS side effects questionnaire. After the participant completed the tDCS side effects questionnaire, we removed the electrodes and sent the participants home with physical exercise and handedness questionnaires (Oldfield, 1971) to complete and return at their next visit (exercise data not included here).

Session two took place following at least one night’s sleep but no longer than 72 h after session one. All but nine participants came to session two within 24 h of session one, whereas one participant came to session two within 72 h and eight participants came to session two within 48 h of session one (M = 1.2 days). In session two, participants completed the card rotation task followed by the digit symbol substitution task. tDCS was setup similar to session one, then pre-stimulation tickle was administered to ensure satisfactory contact quality. After the pre-stimulation tickle, we administered the mood survey and summarized the instructions of the DSP task. If participants had no questions, we turned on the tDCS, let the unit ramp up to full intensity, and started the DSP task (blocks 7–12, totaling 96 trials per sequence after session 2 at this point). For sham, the stimulation would again stay on 30 sec then ramp back down to 0 mA. Immediately following practice, the DSP awareness questionnaire was administered (tDCS stimulation was off at this point). The questionnaire was followed by instructions of the test portion of the DSP task. After the test portion of the task, participants completed the digit symbol substitution coding task and the mood survey again, and finally the tDCS side effects questionnaire.

The third session commenced at least one night’s sleep but no longer than 72 h after session two. All but nine participants came into session three within 48 h of session two (M = 1.2 days). The main purpose of session three was to measure the impact of stimulation on the sequences (i.e., testing conditions) in the absence of stimulation. In session three, participants completed two blocks of practice (blocks 13–14, totaling 112 practice trials per sequence), the DSP awareness questionnaire, then the test portion of the DSP task. Participants were offered a break, then completed the battery of post-tDCS intervention assessments including the card rotation test, the visual search task, the digit symbol substitution coding task, and the visual array change task. Lastly, participants completed an exit survey to probe for strategies used during practice.


Discrete Sequence Production Awareness Questionnaire

Immediately following practice on sessions two and three, participants were asked about their awareness of the sequences. The first two questions probed the participants’ knowledge of the questions by asking them to write down the two sequences they had practiced. The second two questions asked participants to verbally tell the experimenter what the sequences were from memory. The third question required participants to choose two sequences from a list of eighteen possible sequences. The DSP awareness questionnaire took approximately 5 min to complete.



Data Analyses

Data are presented as mean ± standard deviation (SD) unless otherwise noted. To study motor learning, our primary outcomes were reaction time, number of (motor) chunks, and number of errors for the complex sequences across the 3 days of practice. Prior to statistical analysis, data were checked to determine whether they were normally distributed. We opted to use a linear mixed model to investigate the effect of stimulation on the rate of learning across practice trials given the reaction time data for the older adults were partially skewed and linear mixed models can handle this data well (Arnau et al., 2012; Lo and Andrews, 2015; Schielzeth et al., 2020). Additionally, linear mixed models can handle missing data; every participant had a different number of removed trials due to errors. We also implemented separate ANOVAs to investigate the effect of stimulation on the testing conditions.

Using the software Stata (version 13.0), two linear mixed models were implemented using reaction time and number of chunks as dependent variables limited to the older adult group. Trials were used as a continuous factor, whereas Stimulation Group and Session were used as blocked factors. Random intercepts and fixed slopes were used for each participant. If a significant main effect or interaction emerged within the older adult group, follow-up pairwise comparisons were used to determine which pairs of the factor levels are significantly different from each other, always comparing each real stimulation group to sham if applicable. Additionally, if a significant difference between any active tDCS (right PFC, left PFC, left M1, SMC) and sham tDCS group emerged within the older adult group, we then included the young healthy adults receiving the same electrode montages in a follow-up analysis to understand whether tDCS differentially affected the age groups. P-values and confidence intervals were adjusted within Stata using Scheffé’s method for pairwise comparisons. Prior to statistical analyses, data were checked to satisfy normality. To calculate an effect size for each pairwise comparison, we used the esize function in Stata, using number of observations, mean, and standard deviation to obtain Cohen’s d (d). A computational model developed by Acuna et al. (2014) was used to determine the number of chunks, which uses reaction times as well as the covariation across key presses to detect chunk boundaries. In contrast to the linear mixed model which allowed us to understand how stimulation may affect the rate in learning, one-way ANOVAs were used to test whether there were any overall benefits of real tDCS relative to sham within the older adult group in terms of performance (magnitude). Independent t-tests were used to test for baseline demographic differences between the two age groups in terms of the Purdue Pegboard, visual array capacity, and MoCA. We also completed a series of independent t-tests and Mann-Whitney U tests to check for baseline demographic differences between the real tDCS and sham groups within older adults. For the number of errors, we first used a Kruskal–Wallis test to compare young and older adults, then a series of Mann–Whitney tests comparing each active tDCS group to sham within each session limited to the older adult group (critical a’ = 0.004). We also ran an additional 2 (Age group: young, old) by 5 (tDCS group: right PFC, left PFC, M1, SMC, sham) by 2 (Session: 2, 3) by 4 (Testing Condition: familiar, mixed familiar, mixed unfamiliar, and single stimulus) repeated measures ANOVA on the reaction time of the testing phase of the DSP task (see DSP description above).




RESULTS

Two older adults were unable to return after session one and three older adult participants were unable to return after session two. An additional two older adult participants were removed from analysis due to exessive errors (>3 SD). The breakdown of final sample sizes by stimulation group were the following: the right PFC (n = 13), left PFC (n = 12), left M1 (n = 12), SMC (n = 12), and sham (n = 12).


Demographics

Independent t-tests revealed demographic differences between the old and young adult groups. Young adults displayed higher MOCA scores [t(121) = 4.04, p < 0.001] and better manual function for the left [t(115) = 8.10, p < 0.001] and right [t(115) = 9.65, p < 0.001] hand as indicated by the number of pegs completed in the Purdue Pegboard test. Visuospatial working memory was also statistically different in that older adults showed an overall lower capacity [t(121) = 8.69, p < 0.001]. See Table 1 for group averages. There were no demographic differences between any of the real tDCS and sham groups (p’s > 0.37). See Table 2 for older adult group demographic averages. Additionally, no older adults reported having experienced adverse effects (Supplementary Table 1).


TABLE 1. Mean (SD) age group scores for the MoCA, Purdue Pegboard, and spatial working memory capacity (visual array capacity).
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TABLE 2. Mean (SD) transcranial direct current stimulation (tDCS) group scores of age, MoCA, sex, Purdue Pegboard, and spatial working memory capacity (visual array capacity) for older adults.
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Reaction Time

The linear mixed model revealed a main effect of Session [χ2(2, N = 61) = 441.68, p < 0.001]. Reaction time in the second session decreased at a lower rate compared to the first session (β = 0.60, SE = 0.03, p < 0.001, d = −0.61), whereas reaction time decreased at a faster rate in session three relative to session two (β = −0.37, SE = 0.11, p = 0.005, d = −0.07). There was no main effect of Stimulation Group (χ2(4, N = 61) = 8.76, p = 0.067).

There was a Stimulation Group by Session interaction [χ2(8, N = 61) = 65.71, p < 0.001]. To understand the interaction, follow-up pairwise contrasts were performed, with Scheffé correction. Older adults in the right PFC (β = 0.39, SE = 0.06, p = 0.024, d = 0.33) and SMC (β = 0.43, SE = 0.07, p = 0.003, d = 0.23) tDCS groups decreased their reaction times at a slower rate relative to older adults in the sham group during session one (Figures 3, 4 and Tables 3, 4). No other comparisons reached significance.
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FIGURE 3. Reaction time (RT) for young and older adults as a function of trial number. RT was binned across every eight trials. Each panel represents a tDCS stimulation location and sham group for reference. (Top left) Young (black) and older (gray) adults in the right prefrontal cortex (PFC) tDCS groups as well as young (black with squares) and older (gray with squares) sham groups. (Top right) Young (black) and older (gray) adults in the left PFC tDCS groups as well as sham (squares). (Bottom left) Young (black) and older (gray) adults primary motor cortex (M1) tDCS groups. (Bottom right) Young (black) and older (gray) adults in the supplementary motor complex (SMC) tDCS groups.



[image: image]

FIGURE 4. Averaged reaction time for young (black) and older adults (gray) for each tDCS group within each practice session. Each panel represents one session. Error bars represent standard deviation.



TABLE 3. Results from linear mixed model using reaction time as the dependent variable.
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TABLE 4. Means (SD) of reaction time and number of chunks for each stimulation group, age group, and session.
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To understand whether tDCS had differential effects between the young and older adults, we included two additional tests: one limited to young and older adults in the right PFC and sham tDCS groups within session one and another limited to young and older adults in the SMC and sham tDCS groups within session one. For the right PFC and sham tDCS groups, we observed a Stimulation by Age Group interaction [χ2(1, N = 27) = 29.02, p < 0.001]. Pairwise comparisons revealed that older adults in the right PFC reduced reaction time at a significantly slower rate relative to young adults in the right PFC tDCS group (β = 0.24, SE = 0.06, p = 0.002, d = 1.67) (Table 4). Importantly, while older adults in the sham group reduced reaction times at a significantly faster rate compared to older adults in the right PFC tDCS group, there was no difference between the sham and PFC tDCS groups for young adults (p = 0.704). Similarly, we observed a Stimulation by Age Group interaction [χ2(1, N = 25) = 24.34, p < 0.001] for the SMC and sham tDCS groups. Pairwise comparisons revealed that older adults in the SMC group reduced reaction time at a significantly slower rate relative to young adults (β = 0.19, SE = 0.06, p = 0.021, d = 1.56) (Table 4). While older adults in the sham group reduced their reaction times at a faster rate compared to older adults in the SMC group, there was no difference between the sham and SMC tDCS groups for young adults (p = 0.989).

To understand the overall impact of tDCS within older adults a series of one-way ANOVA contrasts comparing each active tDCS group to sham within each session. No contrasts were significant (p > 0.4; Figures 3, 4).



Number of Chunks

The linear mixed model revealed significant main effects of Stimulation Group [χ 2(4, N = 60) = 20.79, p < 0.001] and Session [X2(2, N = 60) = 279.33, p < 0.001] for older adults.

We performed follow-up pairwise comparisons to understand each main effect. We observed a significantly faster rate in the reduction in the number of chunks in session two relative to session one (β = −0.01, SE = 0.00, p < 0.001, d = −0.61) and a significantly faster rate in the reduction in the number of chunks in session three relative to session two (β = −0.01, SE = 0.00, p < 0.001, d = 0.03). Across all sessions, the left prefrontal (β = 0.01, SE = 0.00, p = 0.002, d = 0.19) and the M1 (β = 0.01, SE = 0.00, p = 0.023, d = −0.23) tDCS groups reduced the number of chunks at a significantly slower rate relative to the sham tDCS group (Figure 5 and Table 5). No other pairwise comparisons reached significance.
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FIGURE 5. Number of chunks for young and older adults as a function of trial number. Number of chunks were binned across every eight trials. Each panel represents a tDCS stimulation location and sham group for reference. Top left panel depicts young (black) and older (gray) adults in the right prefrontal cortex (PFC) tDCS groups as well as young (black with squares) and older (gray with squares) sham groups. Top right panel depicts young (black) and older (gray) adults in the left PFC tDCS groups as well as sham (squares). Bottom left panel depicts young (black) and older (gray) adults primary motor cortex (M1) tDCS groups. Bottom right panel depicts young (black) and older (gray) adults in the supplementary motor complex (SMC) tDCS groups.



TABLE 5. Results from linear mixed model using number of chunks as the dependent variable for older adults.
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The model also revealed a Stimulation Group by Session interaction [χ2(8, N = 60) = 53.93, p < 0.001]. Pairwise comparisons revealed that older adults in the right prefrontal tDCS group (β = 0.00, SE = 0.00, p = 0.011, d = 0.22) reduced the number of chunks at a slower rate across trials compared to sham in session one. Similarly, older adults in the left prefrontal tDCS group (β = 0.00, SE = 0.00, p = 0.010, d = 0.20) reduced the number of chunks at a slower rate across trials than sham in session two. No other pairwise comparisons reached significance.

To understand whether the impairment of right or left prefrontal anodal tDCS on the rate of reduction in the number of chunks was different across age groups, we ran two additional tests. The first test included both young and older adults limited to the right prefrontal and sham tDCS groups within session one. We observed that there was no Stimulation by Age Group interaction [X2(1, N = 26) = 1.34, p = 0.247]. The second test included both young and older adults in the left prefrontal and sham tDCS groups within session two. We observed there was a significant Stimulation by Age Group interaction [X2(1, N = 26) = 54.65, p < 0.001]. The difference between the left prefrontal and sham tDCS groups was larger for the young than the older adults. That is, in session two left prefrontal stimulation was associated with more chunks for the young than the older adults, relative to sham (Figure 5 and Table 4).

To understand the overall impact of tDCS within OA we completed three, one-way ANOVA contrasts comparing each active tDCS group to sham within each session. There was a significant main effect limited to Session [F(4, 58) = 2.648, p = 0.043]. Planned contrasts showed no differences between the active tDCS groups and sham (p > 0.1) (Table 4).



Errors

Within the older adult group, there were no differences in error commissions between any of the real and sham tDCS groups. Therefore, we performed three separate Mann–Whitney U tests to determine whether there was an age group effect for the number of errors committed in each session. There was no age group difference in the number of committed errors in session one (Z = −1.726, p = 0.084), two (Z = −1.362, p = 0.173), or three (Z = −0.317, p = 0.751). Within the older adult group, a Wilcoxon Signed Ranks test revealed that older adults reduced the number of errors made between sessions one (M = 7.41, SD ± 6.06) and two (M = 6.15, SD ± 4.33) (Z = −2.63, p = 0.009), and between sessions two and session three (M = 1.86, SD ± 1.60) (Z = −6.214, p < 0.001).

In summary, older adult individuals who received tDCS over either the right PFC or SMC showed slowed reaction time. This impairment was greater for older adults than young adults. For the number of chunks, older adults who received either left or right prefrontal tDCS displayed slower chunking. However, both older and young adults were impaired to the same extent.




TEST CONDITIONS

A 2 (Age group: young, old) by 5 (tDCS group: right PFC, left PFC, M1, SMC, sham) by 2 (Session: 2, 3) by 4 (Testing Condition: familiar, mixed familiar, mixed unfamiliar, and single stimulus) repeated measures ANOVA revealed a main effect of Session [F(1,86) = 43.9, p < 0.001], a main effect of Test Condition [F(3,258) = 1717.212, p < 0.001], a main effect of Age Group [F(1,86) = 90.319, p < 0.001], and a main effect of Stimulation Group [F(1,86) = 2.985, p = 0.023]. Pairwise comparisons revealed that reaction time was significantly slower in session two (M = 359 ms, SE ± 6.8 ms) relative to session three (M = 342 ms, SE ± 6.7 ms; p < 0.001). Reaction time in the familiar test condition (M = 222 ms, SE ± 7.8 ms) was shorter compared to the single stimulus (M = 236 ms, SE ± 8.6 ms; p < 0.001), the mixed (M = 468 ms, SE ± 6 ms; p < 0.001) and the mixed unfamiliar (M = 477 ms, SE ± 6 ms; p < 0.001) testing conditions. Older adults had overall longer reaction times (M = 414 ms, SE ± 11 ms) relative to the young group (M = 287 ms, SE ± 8 ms; p < 0.001). There were no significant differences between any real tDCS group and sham.

There was one significant interaction between Test Condition and Age Group [F(3,86) = 2.985, p = 0.023]. No other interactions were statistically significant (p > 0.20). To understand the significant Testing Condition and Age Group interaction, we performed four independent samples t-tests, comparing the reaction time within each testing condition between the two age groups. Young adults had shorter reaction times in the familiar condition (M = 168 ms, ± SD = 61 ms) relative to the older adults (M = 364 ms, ± SD = 160 ms; t(240) = −12.762, p < 0.001). Young adults also had shorter reaction times in the mixed condition (M = 398 ms, ± SD = 55 ms) relative to the older adults (M = 560 ms ± SD = 88 ms; t(241) = −17.316, p < 0.001), faster reaction times in the mixed unfamiliar condition (M = 413 ms, ± SD = 52 ms) compared to the older adults (M = 568 ms ± SD = 93 ms; t(242) = −16.027, p < 0.001), and faster reaction times in the single stimulus condition (M = 181 ms ± SD = 78 ms) relative to the older adults (M = 312 ms ± SD = 126 ms; t(208) = −9.285, p < 0.001).



DISCUSSION

In contrast to our hypotheses, multi-session tDCS did not improve motor learning for older adults. Unexpectedly, anodal right prefrontal and SMC stimulation impaired learning for older adults as evidenced by longer reaction times across trials in session one. Similarly, anodal tDCS over either the right or left PFC impaired learning as assessed by the slowed reduction in the number of chunks in sessions one and two, respectively. In contrast to previously reported findings, older adults that received two separate sessions of stimulation to M1 showed no advantage or impairment in learning relative to sham.

Multiple sessions of stimulation over the prefrontal cortices did not enhance motor learning for older adults. In contrast, stimulation to the right PFC impaired learning as evidenced by a slowing of reaction time as well as a slowing in the reduction in the number of chunks for older adults limited to session one and a slowing in the reduction of the number of chunks limited to the left PFC tDCS group within session two. This replicates our previously reported results where we observed that young adults who received anodal (excitatory) tDCS either over the right or left PFC displayed impaired learning in the same motor learning task (Greeley et al., 2020). Based on the consistent impairment of motor sequence learning in young and older adults who received anodal tDCS over the prefrontal cortices, it is possible that using inhibitory stimulation may produce the opposite behavioral results and may be beneficial to motor learning. As such, there are two previous reported examples of non-invasive brain stimulation studies that demonstrate inhibiting the prefrontal cortices may facilitate sequence learning (Galea et al., 2010; Zhu et al., 2015). The findings from these studies suggest that suppressing the declarative memory system promotes the automatization of sequence learning regardless of age.

Counterintuitively, our findings also suggest that inhibiting prefrontal regions in older adults may also promote motor learning. We observed that right prefrontal anodal tDCS impaired learning as measured by both reaction time and the number of chunks limited to session one. Using the same design, we previously reported that anodal tDCS over the right PFC also impaired learning for young adults in session one (Greeley et al., 2020), indicating that the right PFC is involved for both age groups. However, it is of importance to note that when compared to young adults, right prefrontal stimulation was especially harmful to early learning (session one) to older adults as indexed by slowed reaction time. This suggests an integral role of the right PFC in this task and potentially to early motor sequence learning in general, because if the right PFC was not involved in this task stimulating this brain region, in theory, should not affect behavior. Our results support the model of hemispheric asymmetry reduction in older adults, or HAROLD (Cabeza, 2002; Przybyla et al., 2011), which suggests that during aging there is an increase in bilateral activity relative to young adults which is thought to be compensatory. While we observed impaired learning in the right prefrontal tDCS group, we found no evidence for an early motor learning impairment for the left prefrontal tDCS older adult group. Thus, it is likely that older adults recruit both the left and right prefrontal cortices during learning and while right prefrontal anodal tDCS is especially harmful to explicit motor sequence learning, the left PFC is able to compensate and contribute to the task while the right hemisphere is affected with the anodal tDCS in the older adult group, whereas young adults display a far greater deficit (Greeley et al., 2020). Taken together, this suggests that regardless of age, tDCS over the right prefrontal cortices impairs learning, however, older adults are able to compensate due to bilateral compensatory mechanisms that are often observed in aging.

Stimulation to the prefrontal cortices in the older adult group also impaired chunking. In the current study we used a computational model that uses the covariation across key presses in order to detect chunk boundaries (Acuna et al., 2014). Using the number of chunks as identified by the Acuna et al. (2014) model, we observed a slower rate of chunking in the right prefrontal group limited to session one and slowed chunking in the left prefrontal group limited to session two. Unlike reaction time, however, we observed that this impairment was no different between the two age groups. Impaired chunking in the left and right PFC tDCS groups in older adults is surprising considering the involvement of the prefrontal cortices during chunking (Pammi et al., 2012; Wymbs et al., 2012), the positive relationship between working memory and chunking in older adults (Bo et al., 2009), and our previously reported findings demonstrating that prefrontal tDCS impaired chunking in young adults (Greeley et al., 2020). It remains an open question, however, whether using inhibitory stimulation (cathodal) over the prefrontal cortices would enhance chunking and whether it would affect older and young adults similarly. Future studies are needed to test these specific hypotheses but seem promising given the current results.

Our results also provide additional insight regarding the differential roles and specific time courses the prefrontal cortices play in motor learning. It is well established that the prefrontal cortices play an integral role early in motor sequence learning (Doyon and Benali, 2005; Floyer-Lea and Matthews, 2005). Our results replicate and extend these finding as we observed that stimulation to the right PFC impaired motor learning as evidenced by both a slower reduction in reaction time and the number of chunks limited to session one. However, we also observed that stimulation to the left, but not the right, PFC impaired chunking in session two. Two neuroimaging studies have also reported a specific role of the left PFC in chunking (Pammi et al., 2012; Wymbs et al., 2012). Taken together, our results suggest that the right PFC is involved early in sequence learning, whereas there is a specific role of the left PFC later in sequence learning related to chunking.

A limitation of the preceding discussion is that it assumes that anodal stimulation has excitatory effects on the underlying cortex. This has been shown in the motor cortex, where anodal stimulation over M1 leads to enhanced motor evoked potentials. However, tDCS electrode montages that do not include M1 have elicited unexpected effects. For instance, placing the anode over F3 and the cathode over F4 results in bilateral cortical excitation, based on functional connectivity changes (Nissim et al., 2019). The results of the current stimulation modeled in ROAST based on our prefrontal electrode montages also suggest a complex pattern of current distribution. The resulting current distribution is similar between our left and right prefrontal stimulation montages, making it less surprising that the two groups would show similar behavioral effects. In our prior work with young adults, we found that both anodal and cathodal stimulation applied to the left PFC resulted in slower sequence learning (Greeley et al., 2020), further supporting the complex effects arising with prefrontal stimulation. Regardless, it is important to know for the future design of potential therapies combining brain stimulation with training that both young and older adults exhibit sequence learning impairments with prefrontal tDCS.

Older adults that received stimulation to the left M1 showed no advantage in motor learning. This finding is in contrast to our previously reported findings in young adults, where we observed a benefit of left M1 stimulation in both reaction time and number of chunks in the same task (Greeley et al., 2020). Several other studies also report that anodal M1 tDCS facilitates learning across a variety of motor sequence tasks in both young (Reis et al., 2009; Stagg et al., 2011; Saucedo Marquez et al., 2013) and older adults (Zimerman et al., 2013; Dumel et al., 2016). Unexpected age-related responses to tDCS such as priming or preconditioning may account for the attenuated and null results observed in the older adults here. For example, older adult participants that received anodal tDCS to M1 immediately, but not an hour or 2 h following training on a motor sequence task, showed enhanced consolidation during a retest 24 h later (Rumpf et al., 2017). Another example comes from Fujiyama et al. (2017) who found enhanced force control and increased corticospinal excitability following a preconditioning period where cathodal (inhibitory) stimulation was applied prior to learning, followed by anodal stimulation during learning. The findings of Rumpf et al. (2017) and Fujiyama et al. (2017) conflict with Stagg et al. (2011), who found that the optimal timing of stimulation in young adults was during, but not before or after, a motor sequence task (Stagg et al., 2011). Thus, the lack of anodal M1 tDCS on motor sequence learning in older adults in the current study may be due to the timing of stimulation administration. Specifically, it may be that stimulating the prefrontal cortices during sequence learning was not an ideal protocol for older adults and instead tDCS should have been performed immediately before or after learning. Future studies should consider exploring how various tDCS timing protocols affect excitability and learning in older adults, as most previous permutations has been exclusively studied in young adults.

The present study is not without limitations. The sample size for each tDCS group is modest; however, the study design required a substantial time commitment from participants. Future studies should consider recruiting larger sample sizes to understand whether the negative impact of anodal PFC tDCS on motor learning can be replicated. Another potential limitation is the task specific effects of tDCS (Saucedo Marquez et al., 2013; Kimura et al., 2021). It is possible that the motor sequencing task employed here is not appropriate to pair with anodal prefrontal stimulation. Not collecting baseline reaction times can also be a potential limitation. However, the inclusion of a sham group similar in age, sex, MoCA, handedness, and time between sessions to the other real stimulation groups helped control for this limitation. While we took several measures to ensure participants were engaged throughout the task such as stretch and water breaks, performance feedback, a relatively short amount of task practice time each session (∼20 min), and monetary compensation, it is possible that participants could have been bored during task performance. Future studies should consider the use of gamified motor learning tasks to increase motivation (Alexandrovsky et al., 2019; Friehs et al., 2020). Our study design also assumed that anodal stimulation would result in cortical excitation, which may not be the case as described above. Finally, the size and placement of the electrodes used in the present study likely affected the spread of the current to other brain regions outside the targeted area (see ROAST output). However, the tDCS protocol used here was standard.



CONCLUSION

Similar to what we reported with young adults (Greeley et al., 2020), we observed impaired sequence learning after the application of anodal tDCS over the left or right PFC for older adults. In combination, these two studies suggest a role for the bilateral prefrontal cortices in the early stages of sequence learning, regardless of age. Additionally, there was no instance where the application of anodal tDCS either over the right or left PFC, left M1, or SMC improved explicit motor sequence learning for older adults. These findings contribute to mounting evidence of the difficultly of using tDCS in an aging population and reveal a need for the field to adopt an individualized approach to non-invasive brain stimulation, especially in older adults. Recent work by Albizu et al. (2021) suggests that machine learning algorithms can use current density models to predict tDCS responsivity in older adults; such approaches will lead to better optimization of training interventions coupled with brain stimulation in the future.
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Almost 25% of all older adults experience difficulty walking. Mobility difficulties for older adults are more pronounced when they perform a simultaneous cognitive task while walking (i.e., dual task walking). Although it is known that aging results in widespread brain atrophy, few studies have integrated across more than one neuroimaging modality to comprehensively examine the structural neural correlates that may underlie dual task walking in older age. We collected spatiotemporal gait data during single and dual task walking for 37 young (18–34 years) and 23 older adults (66–86 years). We also collected T1-weighted and diffusion-weighted MRI scans to determine how brain structure differs in older age and relates to dual task walking. We addressed two aims: (1) to characterize age differences in brain structure across a range of metrics including volumetric, surface, and white matter microstructure; and (2) to test for age group differences in the relationship between brain structure and the dual task cost (DTcost) of gait speed and variability. Key findings included widespread brain atrophy for the older adults, with the most pronounced age differences in brain regions related to sensorimotor processing. We also found multiple associations between regional brain atrophy and greater DTcost of gait speed and variability for the older adults. The older adults showed a relationship of both thinner temporal cortex and shallower sulcal depth in the frontal, sensorimotor, and parietal cortices with greater DTcost of gait. Additionally, the older adults showed a relationship of ventricular volume and superior longitudinal fasciculus free-water corrected axial and radial diffusivity with greater DTcost of gait. These relationships were not present for the young adults. Stepwise multiple regression found sulcal depth in the left precentral gyrus, axial diffusivity in the superior longitudinal fasciculus, and sex to best predict DTcost of gait speed, and cortical thickness in the superior temporal gyrus to best predict DTcost of gait variability for older adults. These results contribute to scientific understanding of how individual variations in brain structure are associated with mobility function in aging. This has implications for uncovering mechanisms of brain aging and for identifying target regions for mobility interventions for aging populations.

Keywords: aging, dual task walking, dual task cost (DTcost), gray matter volume, cortical thickness, sulcal depth, ventricular volume, free water


1. INTRODUCTION

Nearly 25 percent of older adults report serious mobility problems such as difficulty walking or climbing stairs (Kraus, 2016). Older adults tend to encounter even greater difficulty with performing a secondary cognitive task while walking, i.e., dual task walking (e.g., Springer et al., 2006; Hollman et al., 2007; Malcolm et al., 2015; Smith et al., 2016). A common measure of dual task walking performance is dual task cost (DTcost), or the magnitude of performance decline when conducting two tasks at once as opposed to individually (Yogev-Seligmann et al., 2008; Bayot et al., 2020). Older adults typically exhibit greater DTcosts compared with young adults, such as greater slowing of gait speed from dual to single task conditions (for review, see Al-Yahya et al., 2011; Beurskens and Bock, 2012). Examining DTcost is considered more useful than assessing single or dual condition performance in isolation, as cost metrics incorporate individual differences in baseline performance (Verhaeghen et al., 2003).

Poorer dual task walking abilities have been related to increased fall risk (e.g., Lundin-Olsson et al., 1997; Montero-Odasso et al., 2012; Bridenbaugh and Kressig, 2015), cognitive decline (Montero-Odasso et al., 2017), frailty, disability, and mortality (Verghese et al., 2012). Importantly, dual task walking performance is more predictive of falls in aging than single task walking performance (Ayers et al., 2014; Johansson et al., 2016; Verghese et al., 2017; Halliday et al., 2018; Gillain et al., 2019). This could be because dual task walking provides a better analog for real-world scenarios. Indeed, a recent study reported that in-lab dual task walking attributes were more similar to real-world gait, as compared with normal walking in the lab with no dual tasking requirements (Hillel et al., 2019). Thus, given the link between dual task walking performance and falls, and its greater ecological validity, we selected to analyze dual instead of single task walking.

There are clear cortical contributions to the control of walking (Miyai et al., 2001; Petersen et al., 2012; Allali et al., 2014; Koenraadt et al., 2014; Takakusaki, 2017). Thus, poorer dual task walking performance in older age has been attributed, at least in part, to age-related brain atrophy (Allali et al., 2019; Lucas et al., 2019; Ross et al., 2021). A large body of literature suggests that age-related structural brain atrophy occurs in an anterior-to-posterior pattern, with the frontal cortices atrophying earlier and faster than other regions of the brain (e.g., Salat et al., 2004; Fjell et al., 2009a; Thambisetty et al., 2010; Lemaitre et al., 2012). Given this, it is not surprising that previous work has linked lower prefrontal cortex gray matter volume with poorer dual task walking abilities in older adults (Tripathi et al., 2019; Wagshul et al., 2019). Aging is hypothesized to increase reliance on alternative (i.e., non-motor) neural resources, such as the frontal cortex (Mirelman et al., 2017), to compensate for brain atrophy in sensorimotor regions and maintain performance (Cabeza et al., 2002; Steffener and Stern, 2012; Fettrow et al., 2021b). Interestingly, recent work in a large sample of middle- to older-aged adults (n = 966) has reported disproportionately steep age differences (i.e., atrophy, demyelination, and iron reduction) in the sensorimotor cortices rather than in more anterior prefrontal regions (Taubert et al., 2020). Thus, structural changes in the sensorimotor cortices with aging may also contribute to age-related mobility declines.

Many previous studies have reported relationships between age differences in regional brain structure and worse gait for older adults during single task walking (for review, see Tian et al., 2017; Wilson et al., 2019). However, compared to the extensive literature examining single task walking, only limited work examining brain structure has focused on dual task walking in aging. A majority of the studies examining correlates of dual task walking in aging have instead focused on brain function, using functional near-infrared spectroscopy (fNIRS). These studies have largely found increases in prefrontal cortex oxygenation levels from single to dual task walking for older adults, suggesting that dual compared with single task walking demands more prefrontal neural resources (e.g., Doi et al., 2013; Beurskens et al., 2014; Holtzer et al., 2015). As dual task walking is more cognitively demanding than normal walking, it is logical that functional contributions from the prefrontal cortex increase during dual task walking (Holtzer et al., 2015); thus, markers of prefrontal cortex structure might also relate to dual task walking performance in older age. Overall, while these functional studies provide important insight into the vasodynamic response to dual task walking, further work is needed to understand how markers of brain structure relate to dual task walking in aging.

The small body of work that has investigated relationships between brain structure and dual task walking in older adults suggests an important link between “maintenance” of brain structure and maintenance of dual task walking abilities. Two previous studies found associations between greater gait slowing during dual task walking in older adults and lower gray matter volume in the middle frontal gyrus (Allali et al., 2019), medial prefrontal and cingulate cortices, and thalamus (Tripathi et al., 2019). Further, several studies found that older adults who showed a greater increase in prefrontal cortex oxygenation from single to dual task walking also had lower white matter fractional anisotropy (averaged across the whole white matter mask; Lucas et al., 2019), lower gray matter volume within the frontal lobe (Wagshul et al., 2019), and reduced thickness across the cortex (Ross et al., 2021). These imaging metrics were not related to faster dual task walking, though, suggesting that the observed increases in prefrontal cortex activity represented compensation to maintain walking performance, despite atrophying brain structure.

The prior work described above examining the brain structural correlates of dual task walking tested only one imaging modality in isolation. Here we combined across multiple structural imaging modalities to provide more comprehensive information about age differences in brain structure and how these relate to dual task walking. We assessed volumetric measures of atrophy, i.e., gray matter, cerebellum, hippocampus, and ventricular volume. In addition to widespread declines in gray matter volume (paired with ventricular enlargement) with aging (Raz et al., 2010; Lemaitre et al., 2012), prior work has also reported widespread cerebellar atrophy with aging, particularly in the anterior and superior-posterior lobes of the cerebellum (Koppelmans et al., 2017). We also examined surface metrics, including cortical thickness (Dahnke et al., 2013), sulcal depth (Yun et al., 2013), cortical complexity (i.e., folding complexity of the cortex; Yotter et al., 2011b), and gyrification index (i.e., mean curvature of the cortex; Luders et al., 2006). Surface-based morphometry metrics have several advantages over volume-based metrics (Hutton et al., 2009; Winkler et al., 2010; Lemaitre et al., 2012), including more accurate spatial registration (Desai et al., 2005), sensitivity to surface folding, and independence from head size (Gaser and Kurth, 2017). Despite these potential benefits, compared to volumetric measures, less work has examined how surface measures relate to dual task walking in aging.

We also examined white matter microstructure metrics derived from diffusion MRI, including free-water (FW) corrected fractional anisotropy (FAt, “t” refers to the tissue compartment remaining after FW correction), axial diffusivity (ADt), and radial diffusivity (RDt), and the fractional volume of FW (Pasternak et al., 2009). FW correction is particularly important for analyses of older adult brains because age-related white matter degeneration can lead to enlarged interstitial spaces (Meier-Ruge et al., 1992) and thereby increased partial volume effects between white matter fibers and extracellular water (Chad et al., 2018). Recent work found that FW correction results in less pronounced age differences in white matter microstructure than previously reported (Chad et al., 2018), suggesting that prior age difference results are at least partially driven by fluid effects. Thus, to increase interpretability of white matter microstructural effects, it is important to correct for FW when examining white matter in aging. Moreover, higher FW has been related to poorer cognition in aging (Maillard et al., 2019; Gullett et al., 2020) and poorer function (e.g., bradykinesia) in Parkinson's disease (Ofori et al., 2015).

In the present work, we addressed several aims: (1) To characterize age differences in brain structure; we predicted the most pronounced age differences in the prefrontal cortex. (2) To identify regions of age differences in the relationship between brain structure and DTcost of gait speed and variability; given the fNIRS literature reporting increased prefrontal cortex activation during dual task walking (Doi et al., 2013; Beurskens et al., 2014; Holtzer et al., 2015), we predicted that greater prefrontal atrophy would correlate with greater DTcost of gait speed and variability for older but not younger adults. (3) To determine the strongest predictors(s) of DTcost of gait in older adults using a stepwise regression approach. This was an exploratory aim, and thus we did not define an a priori hypothesis.



2. MATERIALS AND METHODS

The University of Florida's Institutional Review Board provided ethical approval for the study. All individuals provided their written informed consent.


2.1. Participants

37 young and 25 older adults from the Gainesville, FL community participated in this study. Participants were in generally good health, with no reported neurologic or psychiatric problems. Two older adults were excluded from analyses of the T1-weighted images. Thus, n = 23 older adults for all analyses involving the T1-weighted images. A diffusion MRI was not collected for one young and two older adults; thus, n = 36 young and n = 21 older adults for all diffusion MRI analyses. See Supplementary Section 1 for further details regarding participant selection and exclusion criteria. Of note, we reported on a different subset of behavioral and brain metrics from this same cohort in two recent publications (Fettrow et al., 2021a; Hupfeld et al., 2021a).



2.2. Testing Sessions

Before the first session, we collected self-reported participant information on: demographics (e.g., age, sex, and years of education), medical history, handedness, footedness, exercise, and sleep. We also collected anthropometric information (e.g., height and weight). Participants then completed mobility testing, followed by an MRI scan approximately 5 days later (Figure 1). For 24 h prior to each session, participants were requested to not consume alcohol, nicotine, or any drugs other than the medications they disclosed to us.
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FIGURE 1. Methods overview. Left: During Session 1, participants first completed a normal (single task) overground walk (NW) at a comfortable self-selected speed. Next, participants completed three trials in a counterbalanced order: two walking while talking trials (WWT-1 and WWT-2) in which participants counted backwards by 7s while walking, and one talking only trial in which participants stayed seated while counting backwards by 7s. Right: Approximately 5 days later, during Session 2, participants completed an MRI protocol, which included a T1-weighted anatomical scan and a diffusion-weighted scan.




2.3. Session 1: Mobility Testing

Participants completed three walking tasks while instrumented with six Opal inertial measurement units (IMUs; v2; APDM Wearable Technologies Inc., Portland, OR, USA). IMUs were placed on the feet, wrists, around the waist at the level of the lumbar spine, and across the torso at the level of the sternal angle (Figure 1). First, participants walked back and forth across a 9.75 m room for 4 min at whichever pace they considered to be their “normal” walking speed (NW). Participants were instructed to refrain from talking, to keep their arms swinging freely at their sides, and to keep their head up and gaze straight ahead. Each time they reached the end of the room, they completed a 180-degree turn and walked the length of the room again.

Next, participants completed two trials of walking while talking (WWT-1 and WWT-2) and one trial of talking only. The WWT and talking only trials lasted for 2 min each. During the WWT trials, participants walked at their normal speed while counting backwards by 7s (Li et al., 2014), starting at number 299, 298, or 296. The WWT instructions were identical to those provided for the 4-min walk, except that participants were additionally instructed to “try and pay equal attention to walking and talking” (Verghese et al., 2007). For the talking only trial, participants sat in a chair and counted backwards by 7s for 2 min. We counterbalanced the order of the WWT-1, WWT-2, and talking only trials and the starting number across all participants.



2.4. Spatiotemporal Variable Calculation

During the walking tasks, we recorded inertial data using MobilityLab software (v2; APDM Wearable Technologies Inc., Portland, OR, USA). After each trial, MobilityLab calculated 14 spatiotemporal gait variables based on the straight-ahead (non-turning) portions of each walking trial. The algorithm for calculating these metrics has been validated through comparison to force plate and motion capture data (see internal validation by MobilityLab: https://support.apdm.com/hc/en-us/articles/360000177066-How-are-Mobility-Lab-s-algorithms-validated- and Washabaugh et al., 2017). To condense the gait variables into several summary metrics, for each trial, we extracted one variable from each of the four gait domains described by Hollman et al. (2011a): gait rhythm [cadence (steps/min)], gait phase [stance (% gait cycle)], gait pace [speed (m/s)], and gait variability [step time variability (standard deviation)]. Each of these variables was reported to have high validity when compared to the same metrics calculated using force plate data (Washabaugh et al., 2017). We then calculated the average of each of these four variables for the NW and WWT-1 and WWT-2 trials to produce one variable for each of the four gait domains for NW and WWT.



2.5. Cognitive Outcome Variable Calculation

We also measured cognitive performance during the seated compared to WWT conditions. We examined both speed (i.e., total number of subtraction problems attempted) and accuracy (i.e., % correct) during both the seated and WWT conditions.



2.6. DTcost Calculation

To characterize differences in these gait and cognitive performance summary metrics between single and dual task conditions, similar to a large body of previous work (e.g., Kelly et al., 2010; Van Impe et al., 2011; Patel et al., 2014), we calculated the DTcost of each variable as follows:
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We then calculated a correlation matrix for the four resulting DTcost of gait measures across the whole sample. This revealed that DTcost of gait speed was highly correlated with the DTcost of cadence (r = 0.90, p < 0.001) and DTcost of stance time (r = –0.85, p < 0.001). Thus, we opted to analyze only two variables as primary outcome metrics in our final statistical analyses: (1) DTcost of gait speed; and (2) DTcost of step time variability. Both slower gait speed and increased step time variability have been related to higher fall risk for older adults (Espy et al., 2010; Callisaya et al., 2011; Quach et al., 2011).



2.7. Session 2: MRI Scan

We acquired an MRI scan for each participant using a Siemens MAGNETOM Prisma 3 T scanner (Siemens Healthcare, Erlangen, Germany) with a 64-channel head coil. We collected a 3D T1-weighted anatomical image using a magnetization-prepared rapid gradient-echo (MPRAGE) sequence. The parameters for this anatomical image were as follows: repetition time (TR) = 2,000 ms, echo time (TE) = 3.06 ms, flip angle = 8°, field of view = 256 × 256 mm2, slice thickness = 0.8 mm, 208 slices, voxel size = 0.8 mm3. We also collected a diffusion-weighted spin-echo prepared echo-planar imaging sequence with the following parameters: 5 b0 scans (without diffusion weighting), 64 gradient directions with diffusion weighting 1,000 s/mm2, TR = 6,400 ms, TE = 58 ms, isotropic resolution = 2 x 2 x 2 mm, FOV = 256 x 256 mm2, 69 slices, phase encoding direction = Anterior to Posterior. Immediately prior to this acquisition, we collected 5 b0 scans (without diffusion weighting) in the opposite phase encoding direction (Posterior to Anterior) for later use in distortion correction.



2.8. T1-Weighted Image Processing for Voxelwise Analyses

For further details regarding T1-weighted image preprocessing, see Supplementary Section 2.


2.8.1. Gray Matter Volume

We processed the T1-weighted scans using the Computational Anatomy Toolbox toolbox (version r1725; Gaser and Dahnke, 2016; Gaser and Kurth, 2017) in MATLAB (R2019b). We implemented default CAT12 preprocessing steps, which ultimately produces whole-brain modulated, normalized gray matter maps for each participant. To increase signal-to-noise ratio, we smoothed these modulated, normalized gray matter segments using Statistical Parametric Mapping 12 (SPM12, v7771; Ashburner et al., 2014) with an 8 mm full width at half maximum kernel. We entered these preprocessed gray matter volume maps into the group-level voxelwise statistical models described in Section 2.11.2. We used CAT12 to calculate total intracranial volume for each participant for later use as a covariate in these group-level statistical analyses.



2.8.2. Cortical Surface Metrics

The CAT12 pipeline also extracts surface-based morphometry metrics (Yotter et al., 2011a; Dahnke et al., 2013). We used CAT12 to extract four surface metrics: (1) cortical thickness: the thickness of the cortical gray matter between the outer surface (i.e., the gray matter-cerebrospinal fluid boundary) and the inner surface (i.e., the gray matter-white matter boundary) (Dahnke et al., 2013); (2) cortical complexity: fractal dimension, a metric of folding complexity of the cortex (Yotter et al., 2011b); (3) sulcal depth: the Euclidean distance between the central surface and its convex hull (Yun et al., 2013); and (4) gyrification index: a metric based on the absolute mean curvature, which quantifies the amount of cortex buried within the sulcal folds as opposed to the amount of cortex on the “outer” visible surface (Luders et al., 2006). We resampled and smoothed the surfaces at 15 mm for cortical thickness and 20 mm for the three other metrics (Gaser and Kurth, 2017). We entered these resampled and smoothed surface files into the group-level voxelwise statistical models described in Section 2.11.2.



2.8.3. Cerebellar Volume

To improve the normalization of the cerebellum (Diedrichsen, 2006; Diedrichsen et al., 2009), similar to our past work (Salazar et al., 2020, 2021; Hupfeld et al., 2021b), we applied specialized preprocessing steps to the cerebellum to produce cerebellar volume maps. First, we entered each participant's whole-brain T1-weighted image into the CEREbellum Segmentation (CERES) pipeline (Romero et al., 2017). We then used the Advanced Normalization Tools package (ANTs; v1.9.17; Avants et al., 2010, 2011) to warp (in a single step) each participant's extracted subject space cerebellum to the Spatially Unbiased Infratentorial Template (SUIT) template (Diedrichsen, 2006; Diedrichsen et al., 2009). The flowfields that were applied to warp these cerebellar segments to SUIT space were additionally used to calculate the Jacobian determinant image, using ANTs' CreateJacobianDeterminantImage.sh function. We multiplied each normalized cerebellar segment by its corresponding Jacobian determinant to produce modulated cerebellar images in standard space for each participant. Lastly, to increase signal-to-noise ratio, we smoothed the modulated, normalized cerebellar images using a kernel of 2 mm full width at half maximum and entered the resulting cerebellar volume maps into the group-level voxelwise statistical models described in Section 2.11.2. Of note, we examined cerebellar total volumes in our statistical analyses instead of segmenting the cerebellum by tissue type, in order to avoid any inaccuracy due to low contrast differences between cerebellar gray and white matter.




2.9. Diffusion-Weighted Image Processing for Voxelwise Analyses

See Supplementary Section 3 for further details regarding preprocessing of the diffusion-weighted data.


2.9.1. Diffusion Preprocessing

We then corrected images for signal drift (Vos et al., 2017) using the ExploreDTI graphical toolbox (v4.8.6; www.exploredti.com; Leemans et al., 2009) in MATLAB (R2019b). Next, we used the FMRIB Software Library (FSL; v6.0.1; Smith et al., 2004; Jenkinson et al., 2012) processing tool topup to estimate the susceptibility-induced off-resonance field (Andersson et al., 2003). This procedure yielded a single corrected field map for use in eddy current correction. We used FSL's eddy_cuda to simultaneously correct the data for eddy current-induced distortions and both inter- and intra-volume head movement (Andersson and Sotiropoulos, 2016).



2.9.2. FW Correction and Tensor Fitting

We implemented a custom FW imaging algorithm (Pasternak et al., 2009) in MATLAB. This algorithm estimates FW fractional volume and FW-corrected diffusivities by fitting a two-compartment model at each voxel (Pasternak et al., 2009). The two-compartment model consists of: (1) a tissue compartment modeling water molecules within or in the vicinity of white matter tissue, quantified by diffusivity (FAt, RDt, and ADt); and (2) a FW compartment, reflecting the proportion of water molecules with unrestricted diffusion, and quantified by the fractional volume of this compartment. FW ranges from 0 to 1; FW = 1 indicates that a voxel is filled with freely diffusing water molecules (e.g., as in the ventricles). These metrics (FAt, RDt, ADt, FW) are provided as maps for each voxel in the brain.



2.9.3. Tract-Based Spatial Statistics

We applied FSL's tract-based spatial statistics (TBSS) processing steps to prepare the data for voxelwise analyses across participants (Smith et al., 2006). We used the TBSS pipeline as provided in FSL, which first includes eroding the FA images slightly and zeroing the end slices. Next, each participant's FA data is brought into a common space (i.e., the FMRIB58_FA 1 mm isotropic template) using the nonlinear registration tool FNIRT (Andersson et al., 2007a,b). A mean FA image is then calculated and thinned to create a mean FA skeleton. Then, each participant's aligned FA data is projected onto the group mean skeleton. Lastly, we applied the same nonlinear registration to the FW, FAt, RDt, and ADt maps to project these data onto the original mean FA skeleton. Ultimately, these TBSS procedures resulted in skeletonized FW, FAt, ADt, and RDt maps in standard space for each participant. These were the maps that we entered in the group-level voxelwise statistical models described in Section 2.11.2.




2.10. Image Processing for Region of Interest Analyses

See Supplementary Section 4 for further details regarding extraction of the regions of interest (ROIs).


2.10.1. Ventricle and Gray Matter Volume ROIs

CAT12 automatically calculates the inverse warp, from standard space to subject space, for several volume-based atlases. We isolated multiple ROIs from these atlases in subject space: the lateral ventricles and pre- and postcentral gyri from the Neuromorphometrics (http://Neuromorphometrics.com) volume-based atlas, and the thalamus, striatum, and globus pallidus from the CoBra Subcortical atlas (Tullo et al., 2018; Supplementary Figure S1). We then calculated ROI volume in mL as: (number of voxels in the ROI mask)霳(mean intensity of the tissue segment within the ROI mask)霳(volume/voxel). In subsequent statistical analyses, we used the average of the left and right side structures for each ROI, and we entered these ROI volumes as a percentage of total intracranial volume (to account for differences in head size).



2.10.2. FW ROIs

We also extracted FW values from the diffusion MRI maps for the same ROIs for which we calculated gray matter volume. We rigidly registered the subject space T1-weighted image to the subject space FW image. We then used ANTs to apply the inverse of that transformation to the subject T1-space atlases described in Section 2.10.1. This resulted in volumetric atlases for each participant in their native diffusion space. We then isolated masks for the same ROIs described in Section 2.10.1. Finally, we used fslstats to extract mean image intensity in the FW map within each ROI mask. Here we used mean intensity as our outcome metric (rather than volume in mL as above) to estimate the fractional volume of FW within the ROI and obtain a metric more representative of microstructural FW, rather than the size of the ROI which represents macrostructural atrophy. We calculated the average mean intensity for the left and right side for each structure and used this average value in subsequent statistical analyses.



2.10.3. Hippocampal ROIs

We implemented the Automatic Segmentation of Hippocampal Subfields (ASHS)-T1 (Yushkevich et al., 2015) pipeline within ITK-SNAP (Yushkevich et al., 2015) to segment and extract the volume in mL of three hippocampal structures: anterior hippocampus, posterior hippocampus, and parahippocampal cortex. Though this pipeline is currently validated for use on only older adults (defined as those 55+ years old; Yushkevich et al., 2015), for completeness, here we also implemented the pipeline on my younger adult participants. For statistical analyses, we used the average of the left and right side structures, and we entered these volumes as a percentage of total intracranial volume (to account for differences in head size).




2.11. Statistical Analyses
 
2.11.1. Participant Characteristics and Behavioral Data

We conducted all statistical analyses on the demographic and behavioral data using using R (v4.0.0; R Core Team, 2013). For each set of analyses, we applied the Benjamini-Hochberg false discovery rate (FDR) correction to the p-values for the age group predictor (Benjamini and Hochberg, 1995).

First, we compared demographic, physical characteristics, and testing timeline variables between the age groups. We tested the parametric t-test assumptions: normality within each group (Shapiro test, p > 0.05) and homogeneity of variances between groups (Levene's test, p > 0.05). The majority of variables did not meet parametric assumptions, so we conducted nonparametric two-sided Wilcoxon rank-sum tests for age group differences. We report the group medians and interquartile ranges for each of these variables. We also report nonparametric effect sizes (Rosenthal et al., 1994; Field et al., 2012). To test for differences in the sex distribution within each age group, we conducted a Pearson chi-square test.

To examine whether gait and subtraction performance differed between the single and dual task conditions and/or between the age groups, we used a linear mixed model approach (lme; Pinheiro et al., 2007). We entered age group, condition (i.e., single or dual task), and the age group*condition interaction as predictors, and included a random intercept for each subject. In the case of outliers (i.e., ±3 SD from the whole-group mean), we reran the linear mixed model excluding outlier data points. In all of these instances, the statistical significance of each predictor did not change with the exclusion of outliers.



2.11.2. Voxelwise Statistical Models

We tested the same voxelwise models for each of the imaging modalities. In each case, we defined the model using SPM12 and then re-estimated each model using the Threshold-Free Cluster Enhancement toolbox (TFCE; http://dbm.neuro.uni-jena.de/tfce) with 5,000 permutations. This toolbox provides non-parametric estimation using TFCE for models previously estimated using SPM parametric designs. Non-parametric estimation avoids parametric (e.g., random field theory) distribution assumptions. TFCE produces results in which voxelwise values represent the amount of cluster-like local spatial support. TFCE is favorable as it does not require an arbitrary cluster-forming threshold, and it is more sensitive compared with other thresholding methods (Smith and Nichols, 2009). Statistical significance was determined at p < 0.05, family-wise error (FWE) corrected for multiple comparisons.


2.11.2.1. Age Differences in Brain Structure

First, we conducted two-sample t-tests to test for age differences in brain structure. In each of these models, we set the imaging modality (e.g., normalized, modulated gray matter volume segments) as the outcome variable and controlled for sex (as there are reported sex differences in brain structure across the lifespan Ruigrok et al., 2014, including greater between-subject variability in brain structure for males compared to females Wierenga et al., 2020). In the gray matter and cerebellar volume models, we also controlled for head size (i.e., total intracranial volume). Also in the gray matter volume models only, we set the absolute masking threshold to 0.1 (Gaser and Kurth, 2017) and used an explicit gray matter mask that excluded the cerebellum (because we analyzed cerebellar volume separately from "whole brain" gray matter volume; Section 2.8.3).



2.11.2.2. Age Differences in Brain Structure - DTcost of Gait Relationships

Our primary analysis of interest then tested for regions in which the relationship between brain structure and the DTcost of gait differed between young and older adults. We ran two-group t-test models and included the DTcost of gait speed or step time variability for young and older adults as covariates of interest. We tested for regions in which the correlation between brain structure and DTcost was greater for the young compared with the older adults, and where the correlation between brain structure and DTcost was lower for the young compared with the older adults. As above, we controlled for sex in all models, and we controlled for head size in the gray matter and cerebellar volume models.




2.11.3. ROI Statistical Models

We conducted ROI analyses in R. For each set of analyses, we applied the Benjamini-Hochberg FDR correction to the p-values for the predictor(s) of interest (Benjamini and Hochberg, 1995).


2.11.3.1. Age Differences in Brain Structure

Similar to the above voxelwise models, we first ran linear models to test for age group differences in ROI volume or mean intensity, controlling for sex. We applied the FDR correction to the p-values for the age group predictor (i.e., the primary analysis of interest). Post hoc, we also FDR-corrected the p-values for the sex predictor, to better interpret several statistically significant sex difference results.



2.11.3.2. Age Differences in Brain Structure - DTcost of Gait Relationships

Also similar to above, we ran linear models testing for an interaction of age group with the DTcost of gait speed or step time variability, controlling for sex. We FDR-corrected the p-values for the interaction term.




2.11.4. Multiple Regression to Identify the Best Predictors of DTcost of Gait in Older Adults

We used two stepwise multivariate linear regressions to directly compare the neural correlates of the DTcost of gait identified by the voxelwise and ROI analyses described above. We ran one model for the DTcost of gait speed, and one model for the DTcost of step time variability. We included only the older adults in these models because the older adults showed stronger relationships between brain structure and the DTcost of gait (whereas the young adults tended to show either a weak relationship or no clear relationship between brain structure and the DTcost of gait).

In each of the two full models, we included sex and values from the peak result coordinate for each voxelwise model that indicated a statistically significant age difference in the relationship between brain structure and the DTcost of gait as predictors. We also included ROI values as predictors in any cases where the linear model yielded a significant age group by DTcost interaction term. We used stepAIC (Venables and Ripley, 1999) to produce a final model that retained only the best predictor variables; stepAIC selects a maximal model based on the combination of predictors that produces the smallest Akaike information criterion (AIC). Overall, this stepwise regression approach allowed us to fit the best models using brain structure to predict the DTcost of gait for the older adults.





3. RESULTS


3.1. Comparison of Participant Characteristics and Testing Timeline

There were no statistically significant differences between the age groups in sex, handedness, footedness, alcohol use, or hours of sleep prior to each testing session. Both groups reported a strong preference for using their right hand and right foot for motor tasks (Oldfield, 1971; Elias et al., 1998), and both groups reported "low-risk" consumption of alcohol (Saunders et al., 1993). In addition, there were no age group differences in the number of days elapsed between the testing sessions or in the difference in start time for the sessions. Older adults did report higher body mass indices (BMIs); the group median young adult BMI (22.71 kg/m2) fell into the "normal" range, while the group median older adult BMI (25.86 kg/m2) fell into the "overweight" range. Older adults also self-reported less physical activity than the young adults, though both groups reported sufficient physical activity to be classified as "active" (Godin and Shephard, 1985). Compared to the young adults, the older adults reported lower balance confidence and greater fear of falling, though the older adults did not report a clinically significant fear of falling (i.e., scores >70; Tinetti et al., 1990). See Table 1 for complete demographic information.


Table 1. Participant characteristics and testing timeline.
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3.2. Age and Condition Differences in Performance

Across both age groups, gait speed slowed and gait variability increased during WWT compared to NW (Table 2 and Supplementary Figure S2). There was not a statistically significant difference in serial subtraction accuracy between the seated and WWT conditions (Table 2), though both young and older adults attempted fewer subtraction problems during the WWT conditions compared to the seated condition (Table 2 and Supplementary Figure S2). Thus, across both age groups, subtraction speed decreased from single to dual task, but accuracy did not change.


Table 2. Age and condition differences in gait and subtraction performance.
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Across both conditions, the young adults performed with higher accuracy compared with the older adults (Table 2). However, there were no statistically significant age group differences in the DTcost of walking or subtraction performance (i.e., there were no significant age group by condition interactions; Figure 2 and Supplementary Figure S2). That is, the magnitude of single to dual task decrements in gait speed and number of subtraction problems attempted, as well as the magnitude of the increase in gait variability, was similar for young and older adults.
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FIGURE 2. Differences in walking and subtraction performance during single vs. dual task conditions. Gait and serial subtraction performance are depicted for each young (orange) and older (blue) adult. Each line represents one participant. Group means are shown in red. Across both age groups, gait speed slowed, gait variability increased, and number of subtraction problems attempted decreased from single to dual task conditions. *pFDR−corr < 0.05, **pFDR−corr < 0.01, ***pFDR−corr < 0.001.




3.3. Comparison of Brain Structure Between Age Groups
 
3.3.1. T1-Weighted MRI Metrics

Across the whole brain, older adults had significantly lower gray matter volume compared with young adults (Figure 3). The greatest differences between young and older adults occurred in the bilateral pre- and postcentral gyri, temporal lobe, insula, and inferior portion of the frontal cortex. Cerebellar volume was lower for older compared with younger adults across most of the cerebellum, though there were no age differences in some regions, including the vermis and bilateral crus I (Figure 3). Across the entire cortical surface, older adults had lower cortical thickness compared with young adults (Figure 4). The largest age differences in cortical thickness occurred in the bilateral pre- and postcentral gyri and portions of the superior frontal cortex. Gyrification index was lower for older adults in the bilateral insula only. Cortical complexity was lower for older adults across portions of the bilateral insula, left middle frontal cortex, and posterior cingulate gyrus. Sulcal depth was reduced for older adults across the bilateral temporal lobes and insula, within the lateral fissure of the brain. Sulcal depth was higher for older compared with young adults across the superior frontal cortex, along the midline (Figure 4).
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FIGURE 3. Age differences in gray matter and cerebellar volume. Increasingly warm colors indicate regions where young adult volumes were greater than older adult volumes. Results are overlaid onto a whole brain MNI-space template (left) and onto the SUIT cerebellar template (right). pFWE−corr < 0.05.



[image: Figure 4]
FIGURE 4. Age differences in surface measures. Warm colors indicate regions where young adult values were greater than older adult values. Cool colors indicate regions where young adult values were lower than older adult values. Results are overlaid onto CAT12 standard space templates. L, left; R, right. pFWE−corr < 0.05.




3.3.2. Diffusion MRI Metrics

Compared with young adults, older adults showed lower FAt, lower ADt, higher RDt, and higher FW across almost the entire white matter skeleton (Figure 5). There were some exceptions to this pattern, however, in portions of the superior corona radiata, corpus callosum (e.g., splenium), internal capsule, and thalamic radiations in which older adults showed higher FAt, higher ADt, and lower RDt compared with young adults.


[image: Figure 5]
FIGURE 5. Age differences in FW-corrected white matter microstructure. Warm colors indicate regions where young adult values were greater than older adult values. Cool colors indicate regions where young adult values were lower than older adult values. Results are shown on the FMRIB58 FA template with the group mean white matter skeleton (green) overlaid. Age differences at pFWE−corr < 0.05 covered almost the entire white matter skeleton; these results are depicted in the rightmost column of each panel. The left portion of each panel depicts more conservative statistical thresholding (noted under each colorbar) to better illustrate which regions showed the most pronounced age differences.




3.3.3. ROIs

Lateral ventricular volume was higher for older compared with younger adults (Supplementary Figure S3 and Supplementary Table S1). Older adults exhibited lower gray matter volume in all ROIs except for the globus pallidus and higher FW in all ROIs except for postcentral gyrus (Supplementary Figure S4 and Supplementary Table S1). Older adults had lower hippocampal volume across each of the three hippocampal ROIs (Supplementary Figure S5 and Supplementary Table S1). In several regions, pooling across both age groups, females had higher gray matter volume (thalamus) and FW (pre- and postcentral gyri and thalamus) compared with males.




3.4. Age Differences in the Relationship of Brain Structure With the DTcost of Gait Speed

There were no statistically significant age group by DTcost of gait speed interactions for gray matter or cerebellar volume. However, for the older adults, shallower sulcal depth across the sensorimotor, supramarginal, and superior frontal and parietal cortices was associated with greater DTcost of gait speed (Figure 6 and Table 3). That is, those older adults who showed the largest decreases in gait speed from single to dual task also had the shallowest sulcal depth across these regions. Young adults did not exhibit a clear relationship between sulcal depth in these regions and the DTcost of gait speed. There were no statistically significant age group differences in the correlation of cortical thickness, cortical complexity, or gyrification index with the DTcost of gait speed.


[image: Figure 6]
FIGURE 6. Age differences in the relationship of surface metrics with the DTcost of gait. Top. Regions showing statistically significant (pFWE−corr < 0.05) age group differences in the relationship of cortical thickness (left) and sulcal depth (middle, right) with the DTcost of gait speed and step time variability. Warmer colors indicate regions of greater age differences in brain-behavior correlations. Results are overlaid onto CAT12 standard space templates. L = left; R = right. Bottom. Surface values for the peak result coordinate for each model are plotted against DTcost of gait to illustrate examples of the relationships identified by the voxelwise statistical tests. The fit line and confidence interval shading are included only to aid visualization of these relationships. We plotted the residuals instead of the raw values here to adjust for the effects of the sex covariate included in each model.



Table 3. Regions of age difference in the relationship of sulcal depth with the DTcost of gait speed and step time variability.

[image: Table 3]

There were age differences in the relationship between DTcost of gait speed and both ADt and RDt in portions of the left superior corona radiata involving the superior longitudinal fasciculus and corticospinal tract (Figure 7 and Table 4). For the older adults only, higher ADt and lower RDt in these regions was associated with greater slowing of gait speed from single to dual task conditions. Young adults showed no relationship between ADt or RDt in these regions and DTcost of gait speed. There were no statistically significant age group differences in the correlation of FAt or FW with the DTcost of gait speed.


[image: Figure 7]
FIGURE 7. Age differences in the relationship of FW-corrected white matter microstructure with the DTcost of gait speed. Left. Regions showing statistically significant (pFWE−corr < 0.05) age group differences in the relationship of ADt (top) and RDt (bottom) with the DTcost of gait speed. Warmer colors indicate regions of greater age differences. Results are shown on the FMRIB58 FA template with the group mean white matter skeleton (green) overlaid. Right. ADt and RDt values for the peak result coordinate for each model are plotted against the DTcost of gait speed to illustrate examples of the relationships identified by the voxelwise statistical tests. The fit line and confidence interval shading are included only to aid visualization of these relationships. We plotted the residuals instead of the raw values here to adjust for the effects of the sex covariate included in each model.



Table 4. Regions of age difference in the relationship of FW-corrected white matter microstructure with the DTcost of gait speed.

[image: Table 4]

For older adults only, larger lateral ventricular volume was associated with greater decreases in gait speed from single to dual task walking (Figure 8 and Table 5). There was no relationship between lateral ventricular volume and DTcost of gait speed for young adults. Older adult relationships between DTcost of gait speed with several other ROIs [i.e., thalamus gray matter volume (p = 0.025; pFDR−corr = 0.172) and parahippocampal cortex volume (p = 0.045; pFDR−corr = 0.208)] did not survive FDR correction. There were no other statistically significant interactions between age group and DTcost of gait speed for the remaining ROIs.


[image: Figure 8]
FIGURE 8. Age differences in the relationship of lateral ventricular volume with the DTcost of gait speed. Left. Here we depict the lateral ventricular volume mask for a single exemplar participant overlaid onto that participant's native space cerebrospinal fluid segment. Right. Lateral ventricular volume residuals (expressed as a percentage of total intracranial volume) are plotted against the DTcost of gait speed. We plotted the residuals instead of the raw values here to adjust for the effects of the sex covariate included in the model. **pFDR−corr < 0.01.



Table 5. Regions of age difference in the relationship of structural ROIs with the DTcost of gait speed.

[image: Table 5]



3.5. Age Differences in the Relationship of Brain Structure With the DTcost of Step Time Variability

There were no statistically significant age group by DTcost of step time variability interactions for gray matter or cerebellar volume. For older adults, thinner temporal lobe cortex was associated with greater DTcost of step time variability (Figure 6 and Table 6). That is, those older adults with the thinnest temporal cortex also showed the greatest increase in step time variability from single to dual task. Young adults showed a weak opposite relationship between temporal cortex thickness and the DTcost of step time variability. In addition, those older adults with shallower sulcal depth across the sensorimotor, supramarginal, insular, and superior frontal and parietal cortices also showed a greater DTcost of step time variability (Figure 6 and Table 3). Young adults showed a weak opposite relationship between sulcal depth in these regions and the DTcost of step time variability. There were no statistically significant age differences in the relationship of cortical complexity or gyrification index with the DTcost of step time variability.


Table 6. Regions of age difference in the correlation of cortical thickness with the DTcost of step time variability.

[image: Table 6]

There were no statistically significant age differences in the relationship between the DTcost of step time variability and FW-corrected white matter microstructure. Greater DTcost of step time variability was associated with lower parahippocampal cortex volume for the older adults, though this relationship did not survive FDR correction (p = 0.039; pFDR−corr = 0.433). There were no statistically significant interactions between age group and the DTcost of step time variability for the remaining ROIs (Supplementary Table S2).



3.6. Multiple Regression to Identify the Best Predictors of DTcost of Gait in Older Adults

For the DTcost of gait speed full model, we entered each participant's left precentral gyrus sulcal depth and superior longitudinal fasciculus ADt and RDt (extracted from the peak region resulting from each voxelwise model). We also entered lateral ventricular volume (expressed as a percentage of total intracranial volume) and sex. The stepwise regression returned a model containing only sulcal depth, ADt, and sex, indicating that the combination of these three variables best predicts the DTcost of gait speed for older adults (Table 7).


Table 7. Stepwise multiple regression results for the best models of DTcost of gait in older adults.
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For the DTcost of step time variability full model, we entered each participant's right superior temporal gyrus cortical thickness and left precentral gyrus sulcal depth, as well as sex. The stepwise regression returned a model containing only cortical thickness, indicating that this surface metric best predicts the DTcost of step time variability for older adults (Table 7).




4. DISCUSSION

We examined a comprehensive set of structural MRI metrics in relation to dual task walking in older adults. We identified widespread brain atrophy for older adults; across imaging modalities, we found the most prominent age-related atrophy in brain regions related to sensorimotor processing. Moreover, though the DTcost of gait speed and variability did not differ by age group, we identified multiple age differences in the relationship between brain structure and DTcost of gait. These age differences occurred both in regional metrics such as the temporal cortices and white matter tracts involved in motor control, and also for more general markers of brain atrophy, such as the lateral ventricles. We selected dual task walking performance as our outcome metric, as it is more predictive of falls in aging than single task walking (Ayers et al., 2014; Johansson et al., 2016; Verghese et al., 2017; Halliday et al., 2018; Gillain et al., 2019) and more related to real-world mobility (Hillel et al., 2019). Together, these results provide greater scientific understanding of the structural correlates of dual task walking in aging and highlight potential targets for future mobility interventions.


4.1. No Age Differences in the DTcost of Gait

Gait speed slowed, gait variability increased, and total number of subtraction problems attempted decreased between the single and dual task conditions. However, there were no age differences in the DTcost of gait speed, step time variability, or serial subtraction performance. That is, older adults did not exhibit a disproportionately larger decrease in gait speed or increase in gait variability between the NW and WWT conditions. Older adults also did not exhibit a disproportionately larger decrease in the total number of subtraction problems attempted between the seated and WWT conditions. While previous literature has mostly reported larger DTcosts to gait in older adults (e.g., for review see Al-Yahya et al., 2011; Beurskens and Bock, 2012), other previous work (which used a similar linear mixed model approach to our study) has found no age differences in the DTcost of gait speed (Holtzer et al., 2011). Moreover, much of this prior work has focused on comparisons of aging with pathologies such as cognitive impairment (Pettersson et al., 2007; Montero-Odasso et al., 2012), rather than comparisons of young and older adults. In our sample of relatively high-functioning older adults, the lack of group differences in the DTcost of gait and subtraction performance is perhaps unsurprising. Of note, we do believe that our cognitive task (serial 7s) was sufficiently difficult to divide attention between walking and talking for both age groups, as our task was more difficult than other common paradigms, such as reciting alternate letters of the alphabet (Verghese et al., 2007; Ayers et al., 2014; Tripathi et al., 2019). This lack of group differences in behavioral performance then frames our brain structure analyses to probe the neural correlates of preservation of function in aging. Thus, we can explore the neural correlates that might underlie compensation for normal brain aging and permit successful maintenance of dual task walking abilities into older age.



4.2. Age Differences in Brain Structure
 
4.2.1. Gray Matter Volume, Cerebellar Volume, and Cortical Thickness

Overall, we found evidence of widespread brain atrophy for older compared with young adults. This observation is well in line with previous literature, which has similarly identified widespread age differences in brain gray matter volume (e.g., Raz et al., 2010; Lemaitre et al., 2012; Storsve et al., 2014), cerebellar volume (e.g., Raz et al., 2010; Bernard et al., 2015; Koppelmans et al., 2017; Han et al., 2020), and cortical thickness (e.g., Salat et al., 2004; Fjell et al., 2009b; Thambisetty et al., 2010; Lemaitre et al., 2012; van Velsen et al., 2013; Storsve et al., 2014). Many reports suggest that age-related atrophy occurs disproportionately in the frontal cortices (e.g., Salat et al., 2004; Fjell et al., 2009a; Thambisetty et al., 2010; Lemaitre et al., 2012). However, our finding of the most prominent age differences in gray matter volume and thickness of the sensorimotor cortices (and comparatively less age difference in the frontal cortices) fits with recent work which identified the greatest age differences (gray and white matter atrophy, demyelination, FW, and iron reduction) within the sensorimotor cortices in a large (n = 966) sample of middle- to older-aged adults (Taubert et al., 2020). Taubert et al. suggested that the particular age differences in sensorimotor cortex structure could be either a cause or an effect of age-related impairments to motor control (Papegaaij et al., 2014; Taubert et al., 2020).



4.2.2. Additional Surface Metrics

While previous reports indicate that patterns of cortical thinning with aging largely mirror age-related changes in gray matter volume, the effects of aging on the other surface metrics studied here (i.e., sulcal depth, cortical complexity, and gyrification index) are not as well characterized. A couple of prior reports have indicated that, with aging, sulci become wider and shallower (Rettmann et al., 2006; Jin et al., 2018), and the cortex becomes less complex (Madan and Kensinger, 2016), with lower gyrification indices (Hogstrom et al., 2013; Cao et al., 2017; Madan and Kensinger, 2018; Lamballais et al., 2020; Madan, 2021). Our findings fit with these patterns, although across each of these metrics, we found the most prominent age differences within the lateral sulcus, whereas some previous work identified the largest age differences in other regions such as the central sulcus (cortical thickness; Rettmann et al., 2006), parietal lobe (sulcal depth; Jin et al., 2018), and frontal lobe (cortical complexity; Madan and Kensinger, 2016; and gyrification index; Lamballais et al., 2020). Differences in subject characteristics across studies might explain these differences; for instance, Jin et al. (2018) reported sulcal depth differences in middle vs. older aged adults, rather than young compared with older adults.



4.2.3. FW-Corrected White Matter Microstructure

Only one previous study has directly compared FW-corrected white matter microstructure between healthy young and older adults (Chad et al., 2018), despite that FW-corrected diffusion metrics have significantly higher test-retest reliability than conventional diffusion-weighted metrics (Albi et al., 2017), and that FW correction allows for separation of atrophy effects (i.e., increased extracellular fluid) from changes to the structure of the remaining white matter. Our findings here of age differences in FW-corrected white matter microstructure largely mirror those of Chad et al. (2018). As anticipated, we found lower FAt and ADt, paired with higher RDt and FW across almost the entire white matter skeleton. This pattern fits with previous literature examining FW-uncorrected white matter as well: prominent declines in FA, typically interpreted as decreased white matter microstructural organization and integrity (Bennett et al., 2010; Sexton et al., 2014) although also reflective of crossing fiber integrity (Chad et al., 2018), decreases in AD, interpreted as accumulation of debris or metabolic damage with age (Pierpaoli et al., 2001; Song et al., 2003; Madden et al., 2012), and increases in RD, interpreted as decreased myelin integrity or demyelination (Song et al., 2002, 2005; Madden et al., 2012).

After applying the FW correction to our data, we found several areas of opposite age differences, quite similar to the results described by Chad et al. (2018). Specifically, we observed a seemingly paradoxical finding in portions of the superior corona radiata, corpus callosum (e.g., splenium), internal capsule, and thalamic radiations, in which FAt and ADt were higher and RDt was lower for the older compared with the young adults. In addition to the report by Chad et al. (2018), several large datasets of normal aging (examining FW-uncorrected white matter) also corroborate this finding (Sexton et al., 2014; de Groot et al., 2016; Miller et al., 2016). Previous interpretations of this increased FA include selective degeneration of non-dominant tracts paired with a relative sparing of the primary bundle at fiber crossings (Chad et al., 2018). In particular, in this region, the corona radiata, internal capsule, and corpus callosum all cross the corticospinal tract (Tuch et al., 2003). The diffusion tensors in these regions indicate that the corticospinal tract is the principal fiber (Chad et al., 2018); bedpostx tractography analyses by Chad et al. (2018) suggest that the superior longitudinal fasciculus crosses the corona radiata in this region, and that the thalamic radiations also cross the corticospinal tract in this region of the internal capsule. Thus, as the superior longitudinal fasciculus and thalamic radiations are thought to degenerate substantially with age (Cox et al., 2016), while the corticospinal tract is thought to be relatively spared in aging (Jang and Seo, 2015), it is likely that the selective degeneration of non-dominant fibers in these locations is driving this seemingly paradoxical finding in the older adults.



4.2.4. Structural ROIs

We selected the ROIs used in this study because of their purported roles in mobility function (i.e., the sensorimotor cortices, basal ganglia, and hippocampus; Callisaya et al., 2013; Beauchet et al., 2015, 2019). We also examined the lateral ventricles as a more general metric of subcortical atrophy. As anticipated, almost all of these ROIs showed significant age differences (i.e., reduced gray matter volume, increased FW, and increased ventricular volume). This fits with the existing literature reporting ventricular expansion in older age (Carmichael et al., 2009; Fjell et al., 2009a). However, it is interesting to note that FW fractional volumes showed less pronounced age differences compared to gray matter volumes. This could indicate that microstructural FW does not change as markedly with normal aging, in comparison to macrostructural gray matter tissue. Comparison of FW fractional volumes to prior aging work is difficult, as most previous papers report increased subcortical (e.g., substantia nigra) FW in pathological aging (e.g., Parkinson's disease) compared with controls (Guttuso et al., 2018; Yang et al., 2019), as opposed to reporting comparisons of healthy young and older adults.




4.3. Interaction of Age Group With the DTcost of Gait
 
4.3.1. Gray Matter and Cerebellar Volumes

We did not identify any statistically significant age group differences in the relationship between the DTcost of gait speed or variability and regional gray matter volume. While extensive previous literature has examined relationships of single task overground walking with gray matter and cerebellar volume (e.g., Rosano et al., 2007; Dumurgier et al., 2012; Callisaya et al., 2013; Beauchet et al., 2015; Demnitz et al., 2017), comparatively less work has examined such relationships with dual task walking (Allali et al., 2019; Lucas et al., 2019; Tripathi et al., 2019; Wagshul et al., 2019; Ross et al., 2021). Further, these studies had methodological differences from our work (e.g., they used an alphabet task instead of serial 7s as the cognitive task). Moreover, it could be that we did not identify gray matter volume associations with the DTcost of gait because other measures (e.g., surface-based morphometry metrics) may provide a more sensitive correlate of behavior as compared with volume metrics. Surface-based metrics have been found to have several advantages over volume-based metrics (Hutton et al., 2009; Winkler et al., 2010; Lemaitre et al., 2012), including more accurate spatial registration (Desai et al., 2005), sensitivity to surface folding, and independence from head size (Gaser and Kurth, 2017).



4.3.2. Surface Metrics

We identified several age differences in brain-behavior relationships for two surface metrics: cortical thickness and sulcal depth. Only a few previous studies have examined relationships between cortical thickness and dual task walking in aging (Maidan et al., 2021; Ross et al., 2021), and, to our knowledge, no prior literature has examined sulcal depth in relation to dual task walking in aging. In the present work, we identified a relationship between thinner temporal cortex and greater increases in step time variability from single to dual task walking for older adults. Interestingly, the superior, middle, and transverse temporal gyri where we identified this result have functions in visual perception (Miyashita, 1993; Ishai et al., 1999), multimodal sensory integration (Mesulam, 1998; Downar et al., 2000), and spatial navigation (Howard et al., 2005). Given these functional roles, it is plausible that these regions of the temporal cortex would play a role in gait control.

Moreover, this region of temporal cortex is not one in which we found prominent age-related cortical thinning. Thus, it is possible that this temporal region plays a compensatory role in aging, to compensate for the substantial cortical thinning with aging that we identified in classical sensorimotor brain regions, such as the pre- and postcentral gyri. This notion fits with the hypothesis of neural inefficiency in aging (Zahodne and Reuter-Lorenz, 2019; Fettrow et al., 2021b), which suggests that, when neural resources become limited (as with age-related atrophy of the sensorimotor cortices), different neural resources (e.g., in this case, the temporal cortices) are used to compensate and maintain performance (e.g., as seen in the lack of age differences in the DTcost of gait). This also results in a stronger relationship between temporal lobe structure and dual task walking, which only emerges in older age when these neural resources start to become limited. This interpretation fits with a recent report of an association between lower cortical thickness and greater increases in prefrontal oxygenation from single to dual task walking, with no effect on performance (Ross et al., 2021). The study authors suggested that older adults with the poorest neural resources (i.e., the thinnest cortex) also required the most compensation from alternative brain regions (i.e., the greatest increases in prefrontal oxygenation) to maintain performance. One caveat to this interpretation, however, is that hypotheses of neural compensation with aging were largely developed in relation to functional, not structural, MRI data—though our data appear to follow a similar pattern.

We also identified two relationships between sulcal depth in aging and greater DTcost of gait speed and variability for older adults. Similar to cortical thickness, these brain-behavior relationships did not fall within the prominent regions of age difference in sulcal depth (i.e., the bilateral temporal lobes and insula), and instead spanned the sensorimotor, supramarginal, superior frontal and parietal cortices. Thus, these sulcal depth findings could similarly represent an age-related compensation. That is, in compensation for shallowing of other cortical regions in aging, those who retained deeper sulci into older age were also able to maintain the best functional walking performance.

Of note, while young adults did not show a clear relationship between cortical thickness or sulcal depth and DTcost of gait speed, young adults did exhibit a relationship between greater sulcal depth and lower DTcost of step time variability (which is in the opposite direction of what we might expect). Greater step time variability is clearly related to negative outcomes for older adults, such as higher fall risk (Callisaya et al., 2011). However, the case is less clear for young adults (Beauchet et al., 2009; Moe-Nilssen et al., 2010). For instance, higher gait variability for younger adults can indicate more stable gait (Beauchet et al., 2009). Additionally, it could be that young adults were using a different strategy to complete the task.



4.3.3. FW-Corrected White Matter Microstructure

Several prior studies have linked lower white matter diffusivity metrics to poorer overground walking (e.g., Bruijn et al., 2014; Tian et al., 2016; Verlinden et al., 2016) and dual task walking in older adults (e.g., Ghanavati et al., 2018). However, though one prior study identified relationships between FW-corrected white matter microstructure and cognition in normal aging (Gullett et al., 2020), to our knowledge, no previous work has examined how FW-corrected white matter microstructure relates to mobility in older adults.

We identified two relationships in which higher ADt and lower RDt were associated with worse dual task performance, i.e., greater slowing of gait speed from single to dual task conditions. This is perhaps the opposite pattern from what one might expect, as lower ADt is often associated with accumulation of debris or metabolic damage (Pierpaoli et al., 2001; Song et al., 2003; Madden et al., 2012), and higher RDt is interpreted as decreased myelin integrity or demyelination (Song et al., 2002, 2005; Madden et al., 2012). However, this result occurred in the superior corona radiata, where older adults had higher ADt and lower RDt than young adults (see Section 4.2.3). It could be that, in these white matter regions, the poorest performing older adults also have the greatest degeneration of crossing fibers, such as the superior longitudinal fasciculus crossing the corticospinal tract. As the superior longitudinal fasciculus is implicated in functions such as motor control, proprioception, and visuospatial attention and awareness (Spena et al., 2006; Shinoura et al., 2009; Rodŕıguez-Herreros et al., 2015; Amemiya and Naito, 2016), it is logical that deterioration of this pathway could negatively impact dual task walking in aging.



4.3.4. Structural ROIs

We identified a relationship between larger lateral ventricular volume and greater DTcost of gait speed for older but not younger adults. This fits with some previous work that has linked larger ventricular volume with higher gait variability (Annweiler et al., 2014) and slower gait speed (Camicioli et al., 1999) in older adults. However, it is surprising that we did not identify relationships between DTcost of gait and the remaining structural ROIs, as previous work has linked sensorimotor (Rosano et al., 2007), basal ganglia (Dumurgier et al., 2012), and hippocampal (Beauchet et al., 2015) volumes to gait in aging. Our results thus suggest that generalized atrophy of subcortical structures, as opposed to atrophy of a single subcortical structure, is a better correlate of dual task locomotor function in aging.




4.4. Best Models of DTcost of Gait in Aging

Across the multimodal neuroimaging markers examined, left precentral gyrus sulcal depth, left superior longitudinal fasciculus ADt, and sex were the best predictors of DTcost of gait speed for older adults, and right superior temporal gyrus cortical thickness represented the best predictor of DTcost of step time variability. Given the purported benefits of surface metrics over volumetric measures (Desai et al., 2005; Hutton et al., 2009; Winkler et al., 2010; Lemaitre et al., 2012), the inclusion of sulcal depth and cortical thickness in these final models is perhaps unsurprising. Further, by minimizing partial volume effects resulting from white matter atrophy with aging, FW-corrected measures should provide greater sensitivity than traditional diffusion metrics for detecting true microstructural effects in aging cohorts. Thus, it is also perhaps unsurprising that ADt in a region (superior longitudinal fasciculus) particularly affected by aging (Cox et al., 2016) was also a good predictor of DTcost of gait in aging. Females showed larger DTcosts of gait speed; previous literature has only infrequently reported sex differences in dual task walking in older adults (e.g., Yogev-Seligmann et al., 2010; Hollman et al., 2011b; MacAulay et al., 2014), and findings have been conflicting.

We would like to note that these surface and white matter metrics are complicated measures and that, although these produced the best models of DTcost of gait, it is worth mentioning that lateral ventricular volume also represented a good predictor of DTcost of gait speed in aging. Ventricular volume can be extracted easily by applying automated algorithms to common T1-weighted MRI sequences, and provides a useful general metric of subcortical atrophy, which our data suggest contributes functionally to gait speed slowing in aging.



4.5. Limitations

Our cross-sectional approach precluded us from tracking concurrent changes in brain structure and mobility over time. Additionally, our statistical models focused on the interaction of age group with the DTcost of gait, in order to identify regions where the relationship between brain structure and DTcost of gait differed for young vs. older adults. We did not test for regions where brain structure related to DTcost of gait in the same manner for each age group. Such models may have uncovered more brain-behavior relationships in classical motor control regions, such as pre- and postcentral gyrus and the cerebellum. However, this was not a focus of the present work. Instead, our primary goal was to understand what brain regions contributed differently to maintenance of dual task walking in older age, to probe age-related shifts in the cortical control of gait and potential compensatory processes. In addition, we did not test for relationships between brain structure and subtraction performance. Subtraction accuracy did not differ between single and dual task conditions (i.e., most DTcost scores were close to 0) and thus it would not have made sense to assess brain-behavior relationships in this case. The total number of subtraction problems attempted was lower for both age groups during single compared to dual task, though this difference was less pronounced compared to the gait metrics. Future work could test whether there are different brain structure-behavior relationships for the DTcost of serial subtraction speed compared to the DTcost of gait metrics. Finally, though instructions affect self-selected gait speed (Brinkerhoff et al., 2019) and we provided identical instructions to all participants, we cannot be sure that participants all similarly interpreted and followed our instructions to “try and pay equal attention to walking and talking.”



4.6. Conclusions

In this multimodal neuroimaging study, we found widespread age-related atrophy across cortical, subcortical, and cerebellar regions, but particularly in regions related to sensorimotor processing (e.g., the pre- and postcentral gyri). We then identified potential compensatory relationships between better maintenance of brain structure in regions not classically associated with motor control (e.g., the temporal cortices) and preserved dual task walking abilities in older adults. This suggests a role for the temporal cortices in maintaining behavioral function in aging, particularly when other brain regions responsible for locomotor control (e.g., the sensorimotor cortex, basal ganglia, and cerebellum) may be largely atrophied. Additionally, we identified one relationship between less specific subcortical atrophy (i.e., larger lateral ventricles) and greater slowing during dual task walking in aging. As the global population quickly ages, and emerging evidence continues to relate mobility problems with pathologies such as cognitive decline (Dodge et al., 2012; Knapstad et al., 2019), it is becoming increasingly critical to understand the structural neural correlates of locomotor function in aging. Identifying such brain markers could help identify those at the greatest risk of mobility declines, as well as identify targets for future interventions to preserve mobility and prevent disability among older adults.
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Background: As a non-pharmacological therapy, acupuncture has significant efficacy in treating Mild Cognitive Impairment (MCI) compared to pharmacological therapies. In recent years, advances in neuroimaging techniques have provided new perspectives to elucidate the central mechanisms of acupuncture for MCI. Many acupuncture brain imaging studies have found significant improvements in brain function after acupuncture treatment of MCI, but the underlying mechanisms of brain regions modulation are unclear.

Objective: A meta-analysis of functional magnetic resonance imaging studies of MCI patients treated with acupuncture was conducted to summarize the effects of acupuncture on the modulation of MCI brain regions from a neuroimaging perspective.

Methods: Using acupuncture, neuroimaging, magnetic resonance, and Mild Cognitive Impairment as search terms, PubMed, EMBASE, Web of Science, Cochrane Library, Cochrane Database of Systematic Reviews, Cochrane Database of Abstracts of Reviews of Effects (DARE), Google Scholar, China National Knowledge Infrastructure (CNKI), China Biology Medicine disk (CBM disk), Wanfang and Chinese Scientific Journal Database (VIP) for brain imaging studies on acupuncture on MCI published up to April 2022. Voxel-based neuroimaging meta-analysis of fMRI data was performed using voxel-based d Mapping with Permutation of Subject Images (SDM-PSI), allowing for Family-Wise Error Rate (FWER) correction correction for correction multiple comparisons of results. Subgroup analysis was used to compare the differences in brain regions between the acupuncture treatment group and other control groups. Meta-regression was used to explore demographic information and altered cognitive function effects on brain imaging outcomes. Linear models were drawn using MATLAB 2017a, and visual graphs for quality evaluation were produced using R software and RStudio software.

Results: A total of seven studies met the inclusion criteria, with 94 patients in the treatment group and 112 patients in the control group. All studies were analyzed using the regional homogeneity (ReHo) method. The experimental design of fMRI included six task state studies and one resting-state study. The meta-analysis showed that MCI patients had enhanced activity in the right insula, left anterior cingulate/paracingulate gyri, right thalamus, right middle frontal gyrus, right median cingulate/paracingulate gyri, and right middle temporal gyrus brain regions after acupuncture treatment. Further analysis of RCT and longitudinal studies showed that Reho values were significantly elevated in two brain regions, the left anterior cingulate/paracingulate gyrus and the right insula, after acupuncture. The MCI group showed stronger activity in the right supramarginal gyrus after acupuncture treatment compared to healthy controls. Meta-regression analysis showed that the right anterior thalamic projection ReHo index was significantly correlated with the MMSE score after acupuncture treatment in all MCI patients.

Conclusions: Acupuncture therapy has a modulating effect on the brain regions of MCI patients. However, due to the inadequate experimental design of neuroimaging studies, multi-center neuroimaging studies with large samples are needed better to understand the potential neuroimaging mechanisms of acupuncture for MCI. In addition, machine learning algorithm-based predictive models for evaluating the efficacy of acupuncture for MCI may become a focus of future research.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42022287826, identifier: CRD 42022287826.
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 mild cognitive impairment, acupuncture, meta-analysis, brain regions modulation, functional magnetic resonance imaging


Introduction

Mild cognitive impairment (MCI) is a neurodegenerative disorder between normal aging and dementia that is most prominently characterized by the presence of mild isolated cognitive decline without significant impairment in activities of daily living. MCI is considered a pre-dementia state associated with a 10-fold increased risk of progression to dementia, severely affecting the patient's quality of life (Petersen, 2011). The first clinical feature of mild cognitive impairment is memory impairment, which can involve other specific changes in motor function, executive function, language, and visuospatial structural skills, depending on the cause or the site of brain damage (Marshall et al., 2011; Montero-Odasso et al., 2017). The current global prevalence of MCI is 6.7%, with an estimated overall prevalence of 15.5% among adults aged 60 years and older in China (Petersen et al., 2018; Jia et al., 2020). MCI has become an important issue in public health and has attracted the attention of a growing number of researchers, policy makers and healthcare providers.

The main pathological mechanisms of MCI are related to amyloid pathology, neurofibrillary tangle pathology, neuronal deficits, and damage to synaptic plasticity in the hippocampal region (Kordower et al., 2001). Among these, brain amyloid-beta (Aβ) plaques are a hallmark lesion of people with a clinical diagnosis of MCI (Mufson et al., 2012). As neuroimaging methods have proliferated in recent years, more researchers have focused on alterations in brain structure and function in amnestic mild cognitive impairment (aMCI), particularly in identifying relevant neural markers. A meta-analysis reported resting-state abnormalities in the posterior cingulate, angular gyrus, parahippocampal gyrus, fusiform gyrus, superior limbic gyrus, and middle temporal gyrus in participants with MCI (Lau et al., 2016). There are no FDA-approved drugs for the treatment of MCI, and neither cholinesterase inhibitors nor memantine is recommended for the treatment of MCI (Langa and Levine, 2014). Therefore, exploring the potential of non-pharmacological interventions to prevent MCI has received increasing attention.

As a suitable alternative medical treatment, acupuncture has been used empirically for thousands of years while gaining worldwide attention and recognition (Kim et al., 2019). Numerous previous clinical and animal studies have shown that acupuncture may be an effective adjunctive treatment for neurological disorders, such as cognitive impairment, Alzheimer's disease, and dementia, and can effectively improve cognitive and memory function (Du et al., 2018; Ding et al., 2019; Ji et al., 2021; Su et al., 2021; Zhi et al., 2021). The therapeutic mechanism may be related to downregulation of Aβ accumulation and tau protein phosphorylation, reduction of neuroinflammation, reduction of neuronal apoptosis, improvement of mitochondrial activity, enhancement of synaptic plasticity, and restoration of the blood-brain barrier (Yin et al., 2021). However, there is a lack of research to explore the therapeutic mechanisms of acupuncture for MCI from the perspective of brain region modulation. Therefore, it is necessary to explore the mechanism of action from the perspective of brain structure and function.

Numerous studies have proven that neuroimaging techniques can accurately record changes in brain regions for neurological diseases and treatment effects (Jiang et al., 2015; Dan, 2019; Risacher and Saykin, 2021). Neuroimaging methods have become a critical tool for performing research to develop a better understanding of brain circuit alterations associated with etiology, pathophysiology, and treatment response (Kalin, 2021). The spatial variability properties of the brain were evaluated by analyzing changes in regional homogeneity (ReHo) and amplitude of low-frequency fluctuations (ALFFs). An increasing number of studies have applied fMRI techniques to evaluate the clinical effects of acupuncture for MCI (Wang et al., 2012; Liu et al., 2014; Shan et al., 2018). However, the small sample size between the different clinical designs led to variability in the experimental results.

Therefore, to elucidate the modulatory effects of brain regions in acupuncture for MCI, this paper uses a coordinate-based meta-analysis (CBMA) to integrate the imaging findings from clinical studies quantitatively. The CBMA is a widely used method to solve the discrepancies of regional alterations among various neuroimaging studies (Jiang et al., 2017). The Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) is an advanced statistical technique for CBMA on different neuroimaging techniques such as structural MRI, fMRI, DTI, or PET (Albajes-Eizagirre et al., 2019a). The SDM-PSI approach allows reported peak coordinates combined with statistical parametric maps, thus ensuring more exhaustive and accurate meta-analyses (Albajes-Eizagirre et al., 2019c). By analyzing the effect of acupuncture on the modulation of MCI brain regions, the therapeutic effect of acupuncture was elucidated from a neuroimaging perspective, providing new ideas for treating neurological diseases with acupuncture.



Materials and methods

All procedures for this meta-analysis were performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (PRISMA guidelines) (PRISMA). This study was registered on the International Prospective Register of Systematic Reviews (PROSPERO: CRD 42022287826) (Liberati et al., 2009; Moher et al., 2009; Page et al., 2021).


Literature search

We searched the following electronic databases from the establishment of the databases to April 2022: PubMed, EMBASE, Web of Science, Cochrane Library, Cochrane Database of Systematic Reviews, Cochrane Database of Abstracts of Reviews of Effects (DARE), Google Scholar, China National Knowledge Infrastructure (CNKI), China Biology Medicine disk (CBM disk), Wan Fang, and Chinese Scientific Journal Database (VIP). The search process was carried out independently by two researchers. The search terms included: (mild cognitive impairment OR cognitive impairment OR cognitive decline OR cognitive deficit OR cognitive dysfunction OR cognitive disorders OR cognitive dissonance OR amnestic OR MCI) AND (acupuncture OR meridian OR acupuncture therapy OR acupuncture treatment OR acupoint OR electroacupuncture OR electro-acupuncture OR ear acupuncture OR auriculotherapy OR scalp acupuncture) AND (RCT OR randomized controlled trial OR controlled clinical trial OR randomized OR clinical trial OR randomly OR trial OR “random*” OR “alloc*”OR “assign*) AND (fMRI OR functional MRI OR functional magnetic resonance imaging OR neuroimaging OR voxel-based morphometry OR VBM OR resting state). In addition, professional journals, reference lists of relevant articles, and conference abstracts related to MCI and acupuncture were hand-searched in the library to ensure a comprehensive literature search. Among them, four Chinese journals and two English journals related to acupuncture were manually searched in the library:Acupuncture Research (from 1976), Chinese Acupuncture and Moxibustion (from 1981), Journal of Clinical Acupuncture and Moxibustion (from 1985), Shanghai Journal of Acupuncture and Moxibustion (from 1982), Acupuncture in Medicine (from 1982), and Medical Acupuncture (from 2007) through March 2017. The language during the search process is restricted to articles published in English or Chinese. Boolean logic operations are used to develop search formulas for different search libraries.



Inclusion and exclusion criteria

All studies were screened for title, abstract and full text and were conducted independently by two researchers (ML and ZZ). In case of disagreement, the two researchers reached an agreed result through discussion. The following inclusion criteria were based on PICO standards:

Participants: Clinical trials with clear diagnostic criteria for MCI, with no restrictions on participant age or gender.

(1) Interventions: The treatment group used various acupuncture therapies (e.g., pure acupuncture, body acupuncture, electroacupuncture, ear acupuncture) or acupuncture combined with other medications. We did not set limitations for intensity, frequency, or course of treatment.

(2) Comparison Groups: The comparison group can be treated with any non-acupuncture method but should be consistent with the baseline information of the intervention group (e.g., age, gender, etc.).

(3) Outcomes: Functional magnetic resonance imaging (fMRI) and subjective scale outputs. It mainly involves whole-brain functional imaging (ReHo or ALFFs) at rest or in the task state. Peak coordinates (x, y, z) and effect sizes (t-value, or z-value or P-value) reported in Talairach or Montreal Neurological Institute (MNI) standard stereotactic space. All samples were included if one study involved two or more comparable datasets. Secondary outcomes were used to assess clinical efficacy, measured using the Clinical Dementia Rating (CDR) and the Brief Mental State Examination (MMSE).

We excluded the following types of articles: articles using ROI or seed voxel-based analyses, missing significant information on results [e.g., coordinates significant clusters (P < 0.05)], methodological studies, conference summaries, and preliminary trials with complete overlap.



Study selection

Two independent evaluators (ZZ and HZ) screened the literature based on inclusion criteria. Titles and abstracts of all studies retrieved through the search strategy were first screened using EndNote and duplicates were removed. The second screening was performed mainly by further review of the full text of the literature. In case of disagreement during the screening process, the document was submitted to a third evaluator for consultation and eventual agreement.



Data extraction

We extracted the full text of the literature based on a pretest post data extraction form. Data extraction was performed independently by two assessors (LY and YL) based on inclusion and exclusion criteria, followed by cross-checking. Data were validated by a third assessor (HH). If data were missing, authors were contacted by email for further information. Data were extracted from the included studies with the following standardization: (1) publication data (author, year); (2) basic information about the trial design study (Study trial type, Comparison, Sample size, Scanning instrument, clinical outcome measures, neuroimaging techniques, task-based/resting-state study design, episodic/interval conditions, image acquisition timing, analysis methods); (3) acupuncture manipulation (primary acupoints, acupuncture modality, frequency, duration, duration of treatment); (4) participants (gender, age, education, Symptom severity); (5) neuroimaging results.



Quality assessment

Quality assessment was based on the Cochrane Risk of Bias tool and was conducted independently by two researchers. All reports were assessed according to the following seven criteria: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other sources of bias. For each criterion, studies were judged to be at low, high, or unclear risk of bias. Visual graph production for quality evaluation using R software version 4.1.3 and R Studio version 2022.02.0.



SDM-PSI meta-analysis

Voxel-based meta-analyses of regional brain differences were performed using Seed-based d Mapping with Permutation of Subject Images (SDM-PSI) (version 6.21, https://www.sdmproject.com/). This software package uses reported peak coordinates extracted from databases with statistical parametric maps. It reconstructed the original maps of regional differences in the brain, thus revealing the neural substrates of many brain functions and neuropsychiatric disorders (Radua et al., 2012; Albajes-Eizagirre and Radua, 2018). The procedures included collecting the data, creating SDM table, pre-processing, mean analysis, heterogeneity, publication bias, and grading.

In the data collection step, a text file is created for each study, containing the peak coordinates and t-values, and the name of the text file must be “XXX.spm_mni.txt.” If the study had no peaks, its text file was recorded as having no content with the extension “.no_peaks.txt”. In the Create SDM Table step, enter general information about the studies in the SDM Table Editor, including their identification (column “study”), their sample sizes, the t-value that they used as statistical thresholds (column “t_thr”), and other potential variables to conduct subgroup analyses or meta-regressions. Of particular note is the presence of specified thresholds in each study, applying the same statistical thresholds to estimate the maps more accurately. In the preprocessing step, SDM-PSI estimates the lower limit of the size of the possible effect size images (i.e., the lowest potential effect size for each voxel) and their upper limit (i.e., the maximum potential effect size for each voxel) of the images from the peak coordinates and effect sizes collected for each study, respectively, to compare the peak coordinates and effect sizes between the treatment and control groups. SDM-PSI performed a meta-analysis of NSUE (MetaNSUE) based on maximum likelihood estimation and multiple imputation algorithms (Radua et al., 2012; Albajes-Eizagirre et al., 2019b). MetaNSUE was used to estimate the most likely effect sizes and their standard errors, thus creating several imputations. In the mean analysis, the weighted mean difference of the regional gray matter of the sample size of this study is expressed. This includes calculating the random-effects mean of the ReHo values, with the mean weighted by the sample size and variance of each study. Secondly, a meta-analysis was performed for each dataset using a standard random-effects model, and then the coefficients of these datasets and their covariances and heterogeneity statistics I and Q were combined using Rubin's rule. Finally, corrections were made by clustering-based thresholds, using uncorrected p < 0.001 as the threshold for cluster formation at the cluster level, along with Family-Wise Error Rate (FWER) correction (p < 0.05 and voxel extent ≥ 10) and the use of threshold-free clustering enhancement (TFCE) in statistical thresholds at the cluster level. To set the null distribution, 1000 replacement trials were performed. The details of these procedures are extensively described in the SDM-PSI reference manual (https://www.sdmproject.com/manual/).



Heterogeneity and publication bias

The MNI peak coordinates were extracted and analyzed for heterogeneity to obtain the standard heterogeneity statistic I2. I2 < 50% indicates low heterogeneity. Funnel plots were not performed because the amount of included studies (n = 7) was <10, but the Egger test was used to assess the publication bias.



Meta-regression analysis

The potential effects of clinical variables such as gender, age, years of education, duration of illness, and severity of clinical symptoms (p < 0.00005, uncorrected, and voxels > 10 indicate statistical differences) were explored by simple linear regression analysis. Linear models were drawn using MATLAB 2017a.




Results


Characteristics of included studies

Our search identified seven studies that met the inclusion criteria (Hou et al., 2010; Jiang et al., 2012; Wang et al., 2012, 2020; Liu et al., 2014; Jia et al., 2015; Shan et al., 2018). Based on the search strategy, the database search identified 275 articles and 77 articles were deleted due to duplication. After screening by title and abstract, 156 articles were further excluded. Of the 42 eligible relevant studies, 34 studies were excluded after the full-text screening. Of these 34 studies, 10 articles did not meet the inclusion criteria, 16 did not use fMRI, four did not use ReHo or ALFF methods, and four had incomplete data. A total of seven studies were included in the final analyses. Figure 1 represents the PRISMA flow diagram of the article search.


[image: Figure 1]
FIGURE 1
 Flowchart of literature selection.


All trials that met the inclusion criteria were published between 2010 and 2020. All clinical studies recruited one hundred and eighty patients (112 MCI patients and 68 healthy controls). There were no significant differences in demographic baseline characteristics (including age, gender, and years of education) between the two groups. Baseline characteristics of clinical symptoms were assessed using subjective scales (including MMSE, CDR, and auditory verbal learning test), and all met the inclusion criteria. Most studies used a new non-repeated event-related (NRER) fMRI design model to explore the ongoing effects of acupuncture on MCI. Only 1 study used a conventional acupuncture modality with a 4-week duration of treatment (Wang et al., 2020). The Main acupoints included Tai Chong (LR3), Tai Xi (KI3), Bai Hui (DU20) and He Gu (LI4). The acupuncture method was mainly carried out in the balanced “tonifying and reducing” technique, while the positioning and operation of acupuncture points were based on international standards (Hui et al., 2000). All studies reported fMRI coordinate data using the ReHo variable to analyze the brain region activation effect before and after acupuncture treatment and the difference in its comparison with sham acupuncture and healthy control group. The details and features of the studies are shown in Tables 1, 2. Anatomical localization of the acupoints mentioned in the included studies are shown in Supplementary material 2.


TABLE 1 Demographic and clinical characteristics of included studies.
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TABLE 2 Scanning methods and major brain region alterations in the included studies.
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Quality assessment

The quality assessment was performed using the Cochrane Risk of Bias tool, and the evaluation criteria were divided into seven entries. Of the seven studies, only one reported on the method of random sequence generation (Shan et al., 2018). No studies mentioned allocation concealment and blinding, and the risk of bias was unclear. Evaluation of incomplete outcome data depended on whether the clear descriptions of baseline data were shown. Based on this evaluation criterion, all studies reported outcome data in full and were judged to be low risk. Although none of the studies had a study protocol, all expected outcome indicators were reported, including those that were predetermined and therefore judged to be low risk. In addition, we did not find any other sources of bias. In general, the quality of these studies was not high, mainly in terms of study design. Figure 2 illustrates the quality assessment of the included studies.


[image: Figure 2]
FIGURE 2
 Quality assessment of included studies.




Results of meta-analysis
 
Acupuncture for the modulation of brain regions in MCI patients

In a pooled meta-analysis, brain region coordinates based on Family-Wise Error Rate (FWER) correction (p < 0.05) thresholds were analyzed for PRE and POST acupuncture treatment for MCI patients in the group. The results showed that acupuncture treatment showed significant increases in Reho values in six brain regions, mainly including the right insula (p < 0.05, z = 3.362), left anterior cingulate/paracingulate gyri (p < 0.05, z = 3.482), right thalamus (p < 0.05, z = 3.967), right middle frontal gyrus (p < 0.05, z = 2.544), right median cingulate/paracingulate gyri (p < 0.05, z = 2.185) and right middle temporal gyrus (p < 0.05, z = 2.332), indicating hyperactivation of these brain regions after acupuncture treatment. The differences in regional activity in the gray matter of the brain PRE and POST acupuncture treatment in MCI patients based on coordinate analysis are shown in Table 3 and Figure 3. Further analysis of the RCTs and longitudinal studies (Jiang et al., 2012; Wang et al., 2020) revealed significantly higher Reho values in two brain regions after acupuncture, including the left anterior cingulate/paracingulate gyrus (p < 0.05, z = 3.482) and the right insula (p < 0.05, z = 3.362) (see Table 4).


TABLE 3 Regional differences in brain gray matter volume activity PRE and POST acupuncture treatment in the coordinate-based meta-analysis.
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FIGURE 3
 Changes in gray matter regions PRE and POST acupuncture treatment in MCI patients. (A) Right insula; (B) Left anterior cingulate/paracingulate gyri; (C) Right thalamus; (D) Right middle frontal gyrus; (E) Right median cingulate/paracingulate gyri; (F) Right middle temporal gyrus. Important clusters are presented with MRIcron templates.



TABLE 4 Regional differences in brain gray matter volume activity before and after acupuncture treatment in cross-sectional and longitudinal studies.
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EA, electroacupuncture; MA, manual acupuncture; RA, real acupuncture; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment; AVLT, auditory verbal learning test; CDR, Clinical Dementia Rating; SA, sham acupuncture; HC, healthy controls; RCT, randomized controlled trial; Min, minutes; DU20, Baihui; KI3, Taixi; GV20, Baihui; RN4, Guanyuan; LR3, Taichong; LI4, Hegu; SP6, Sanyinjiao; GB20, Fengchi; EX-HN1, Sishecong; SP3,Taibai; ST40, Fenglong; BL58, Feiyang; HT7, Shenmen; BG13, Benshen; ST36, Zusanli.



Differences in brain region modulation by acupuncture in MCI patients and healthy subjects

A pooled meta-analysis analyzed differences in brain areas between the MCI and healthy control groups after acupuncture treatment and included four cross-sectional studies Hou et al., 2010; Wang et al., 2012; Liu et al., 2014; Jia et al., 2015; Shan et al., 2018. The results showed a significant difference in the right supramarginal gyrus after acupuncture treatment in the MCI group compared to the healthy control group. At the same time, the right supramarginal gyrus extended to the right postcentral gyrus and right superior longitudinal fasciculus III. The differences in the regulation of brain regions between MCI patients and healthy individuals by acupuncture are shown in Table 5 and Figure 4.


TABLE 5 Regional differences in gray matter volume after acupuncture treatment in MCI patients vs. healthy controls in a coordinate-based meta-analysis.
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FIGURE 4
 Regional differences in gray matter between MCI patients and healthy controls after acupuncture treatment.





Heterogeneity analysis and publication bias

Heterogeneity analysis showed variability among the different studies included. In addition, we used Egger's test to assess potential publication bias in the meta-analysis. There was low heterogeneity in the peak coordinate effect size differences in the right insula, left anterior cingulate/paracingulate gyrus, right thalamus, right middle frontal gyrus, right cingulate/paracingulate gyrus, and right middle temporal gyrus (I2 = 0.64–17.23). The heterogeneity results are shown in Table 2. The Egger test differences were not statistically significant (p = 0.432), and the study had no significant publication bias.



Meta regression analysis

Meta-regression was used to find potential correlations between acupuncture treatment MCI subjective scale scores, baseline information and brain regions. Whole-brain meta-regression analysis found that MMSE scores in MCI patients were negatively correlated with regional activity in the right corticospinal projection (peak coordinates: x = 10, y = −18, z = −2, voxel = 22, r = 0.73, p = 0.003354549). However, there were two discrete values in the regression plots. No significant correlation was found between any regional functional change and mean age, gender percentage, education, or CDR score. The meta-regression analysis of brain regions significantly associated with MMSE scores is shown in Table 6 and Figure 5.


TABLE 6 Meta-regression analysis of MMSE scores in treatment group.
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FIGURE 5
 Results of Meta-regression linear model analysis. (A) MMSE scores of MCI patients are negatively correlated with regional activity in Right anterior thalamic projections. (B) The effect sizes needed to create this plot were extracted from the peak voxels of the maximum slope difference. All studies are indicated by the empty blue circles. Regression lines (Meta-regression SDM slopes) are shown as straight lines.





Discussion

In this study, we used the SDM-PSI method to summarize the effect of acupuncture on the modulation of MCI brain regions from the neuroimaging perspective through a meta-analysis of brain imaging studies of MCI patients treated with acupuncture. The within-group comparison results confirmed the effect of acupuncture on regional brain region modulation in MCI patients, with enhanced activity in the right insula, left anterior cingulate/paracingulate gyri, right thalamus, right middle frontal gyrus, right cingulate/central parabrachial gyrus and right middle temporal gyrus brain regions after acupuncture treatment. Further analysis of RCT and longitudinal studies showed that Reho values were significantly elevated in two brain regions, the left anterior cingulate/paracingulate gyrus and the right insula, after acupuncture. Also, the results of intergroup comparison showed significant differences in brain activation regions in the MCI group compared with the healthy control group after acupuncture treatment, mainly in the right supramarginal gyrus. In addition, the right anterior thalamic projection ReHo index was significantly correlated with MMSE scores. Functional characterization showed that these regions were mainly involved in cognitive, emotional, and decision-making regions, which may provide a possible central mechanism for acupuncture treatment of MCI from a neuroimaging perspective.


Modulatory effects of acupuncture on brain regions of MCI

The results showed that MCI patients had increased Reho values and enhanced brain region activity in the right insula, left cingulate/paracentral gyrus, right thalamus, right middle frontal gyrus, right median cingulate/paracingulate gyri, and right middle temporal gyrus after acupuncture treatment. In particular, activity was significantly increased in the left anterior cingulate/paracingulate gyrus and the right insula. The above brain regions were mainly involved in cognitive, emotional, and decision-making regions, which confirmed to some extent the modulatory effect of acupuncture on brain regions in MCI. Regional homogeneity (ReHo), a measure of local resting functional connectivity, has been shown to be a promising biomarker in a variety of psychiatric disorders (Liu et al., 2008; Chen et al., 2013; Jiang and Zuo, 2016). ReHo is a voxel-based measure of brain activity that assesses the time series of a given voxel in relation to its similarity or synchrony between the time series of a particular voxel (Liu et al., 2008).

A brain imaging study of Parkinson's disease with mild cognitive impairment (PD-MCI) showed reduced ReHo values and reduced spontaneous synchronization in the left insula and that ReHo values were significantly correlated with the Montreal Cognitive Assessment Scale (Li et al., 2020). The association between regional ReHo values and the clinical severity index of cognitive impairment (i.e., MoCA) may laterally validate the potential correlation between the insula and cognitive function. The insula is associated with sensory, motor, visual perceptual, memory, and executive impairments (Chang et al., 2016; Namkung et al., 2018). A functional neuroimaging study of the insula showed that activation of the anterior insula cortex and anterior cingulate cortex was the most common focus of cognitive tasks, including detection processes of perception and consciousness (Sterzer et al., 2007). This study showed that acupuncture therapy was also associated with hyperactivation of the insula and could activate the insula to exert therapeutic effects, which is consistent with previous studies.

The anterior cingulate gyrus (ACC) is a critical limbic system component. Previous studies have shown that ACC is primarily involved in affective motivation and cognitive attention (Bush et al., 2000; Apps et al., 2016). A neuroimaging meta-analysis on MCI showed reduced anterior cingulate ReHo values in amnestic MCI, which could serve as a potential imaging biomarker for MCI and also as a new target for appropriate intervention to delay progression (Song et al., 2021). Previous studies have shown that acupuncture activates brain regions in the anterior cingulate gyrus, primarily in MCI, ischemic stroke, and migraine (Tan et al., 2017; Wu et al., 2018; Chang et al., 2021). Our meta-analysis found that acupuncture increased ReHo in the Left anterior cingulate/paracingulate gyri, which is consistent with the previous findings. Therefore, the increased ReHo of left anterior cingulate/paracingulate gyri may be a potential mechanism for acupuncture in the treatment of MCI. The thalamus, as a diverse hub, is involved in a wide range of behavioral cognitions, such as arousal regulation, attentional selection, and working memory (Saalmann et al., 2012; Crossley et al., 2013; De Bourbon-Teles et al., 2014; Hwang et al., 2017). The thalamus has been shown to interact with different cortical regions convergently and be involved in various cognitive functions, and memory may be the first cognitive function formally associated with the thalamus (Wolff and Vann, 2019). A clinical study on functional magnetic resonance imaging (fMRI) techniques for aMCI showed reduced right thalamic ReHo values in patients with aMCI compared to normal older adults (Min et al., 2019). In a clinical trial of acupuncture in relation to MCI, patients with MCI showed significant changes in functional connectivity in brain regions such as the hippocampus, thalamus and syrinx gyrus after acupuncture to K13 compared to HC (Feng et al., 2012). The thalamus, ACC, and insula constitute significant central autonomic networks, and they are also commonly activated in tasks related to emotion, memory, and mutual sensation (Cauda et al., 2012; Lee et al., 2020). Thus, acupuncture's modulation of brain regions in MCI may be related to homogeneous regional activation of the thalamus, insula and ACC, but the presence of structural-functional connections remains to be further investigated.

The middle frontal gyrus (MFG) is involved in attention, working memory, and language related processing (Briggs et al., 2021). Several functional magnetic resonance imaging studies have shown that the middle frontal gyrus (MFG) plays a role in working memory (Klingberg et al., 1997; Vartanian et al., 2013; Yin et al., 2016). In a study examining the different responses to acupuncture in MCI patients and age-matched healthy individuals as reflected by the regional homogeneity (ReHo) index, the elevated ReHo values in MCI patients were mainly distributed in the middle temporal gyrus (MTG), superior parietal lobe (SPL), middle frontal gyrus (MFG), and superior marginal gyrus (SMG) in the resting state after acupuncture (Liu et al., 2014). Numerous studies have shown that right median cingulate/paracingulate gyri (DCG) is associated with cognitive function, possibly as part of the default network connection (Feng et al., 2019; Cui et al., 2021). A study showed that the integration and dissociation of dynamic functional connectivity states tended to decrease as MCI worsened, and in some states, such as IPL.L-MTG.R and DCG.R-SMG.L, functional brain connectivity was significantly enhanced (Jiao et al., 2021). Reduced glucose metabolism in the right middle temporal gyrus (RMTG) is a powerful biomarker of subjective cognitive decline (Dong et al., 2021). According to previous reports, the MTG region has close functional connectivity with the hippocampus, is primarily involved in verbal or semantic cognition, and is also associated with oral memory (Vandenberghe et al., 1996; Beason-Held et al., 2021). In previous studies, changes in MTG after acupuncture treatment were mainly in Parkinson's Disease (Chae et al., 2009; Yeo et al., 2018). An fMRI study on acupuncture for Parkinson's disease showed increased connectivity between the left MTG and the pre-central gyrus (PCG) in the acupuncture group (Yu et al., 2019). And as a result of dopamine insensitivity, patients with Parkinson's disease have some degree of cognitive deficits (Robbins and Cools, 2014). Also, several studies have shown that there is a co-morbid mechanism between Parkinson's disease and cognitive impairment in neuroimaging, which also provides a reference for future research on the mechanism of acupuncture on cognitive impairment (Delgado-Alvarado et al., 2016; Jozwiak et al., 2017; Baiano et al., 2020).

In addition, the results of the group comparison showed that there was a significant difference between the MCI group in the right supramarginal gyrus after acupuncture treatment compared to the healthy control group. This may imply a specific brain region modulatory effect of acupuncture in the MCI population compared to healthy individuals. In a brain imaging study exploring region-specific neurovascular uncoupling associated with cognitive decline in patients with Parkinson's disease, it was shown that local regulatory abnormalities in the PD-MCI group were specific and restricted to brain regions such as the right supramarginal gyrus and right angular gyrus, which is consistent with the findings of the present study (Shang et al., 2021). Notably, there was a high degree of overlap between the activated brain regions involved in the acupuncture treatment of MCI in the current study and the brain regions where the pain occurred (Henderson et al., 2007; Christidi et al., 2020; Smith et al., 2021). Previous studies have demonstrated that pain processing disorders are often present in patients with cognitive impairment and that various forms and degrees of dementia can affect pain processing (Cole et al., 2006; Kunz et al., 2007, 2009; Jensen-Dahm et al., 2014; Defrin et al., 2015; Beach et al., 2016). A study on pain processing in MCI and its relationship to executive function and memory showed a strong association between pain response and executive function in MCI patients, meaning that poorer executive function was associated with pain onset and escalation (Lautenbacher et al., 2021). This also demonstrates to some extent that the modulatory effect of acupuncture on the brain regions of MCI may also have a modulatory effect on the brain regions of pain, providing a good idea for the multi-target disease treatment of acupuncture.



Basic characteristics of research on acupuncture for MCI

Of the seven studies included, all were from China, which may be because acupuncture is more popular and widely accepted in Chinese society but can cause language bias. The small sample size of between 22–64 cases per study may be due to the limitations of MRI trials on sample size. Because many functional MRI studies are small and performed at a single site, meta-analyses are thought to help improve the accuracy of results and generalize conclusions from individual studies (Cohn and Decker, 2003). Although the field has studied the optimal sample size needed to detect or evaluate experimental factors, the number of subjects is often limited by practical constraints such as scanning time and cost (Desmond and Glover, 2002; Murphy and Garavan, 2004; Mumford and Nichols, 2008). However, too small a sample size may lead to excessive random errors and make the study results more heterogeneous. Estimates of effect sizes, between-and within-subject variance, and temporal autocorrelation matrices should be added to reduce subject bias's adverse effects on study results (Guo et al., 2014).

Regarding the choice of specific acupuncture modalities, manual acupuncture (MA) and electroacupuncture (EA) are the most common methods used to treat MCI. According to the theory of acupuncture, the stimulation of MA comes from specific finger manipulation that drives the translation, rotation, or tremor of the needle (Dilts et al., 2021). Electroacupuncture works by setting up electrical stimulation at specific points on the body, thereby activating these neural networks and regulating the function of certain organs (Ulloa, 2021). With these two modalities, specific neural network modulation of brain regions can be achieved in MCI patients. LR3 is located between the first and second metatarsal bones on the dorsal side of the foot, in the anterior depression of the metatarsal union, and is part of the Jueyin Liver Meridian of Foot. The K13 point is located on the medial side of the foot, in the depression between the back of the inner ankle and the tendon of the heel bone, and is part of the Shaoyin Kidney Meridian of Foot. Recent studies have shown that acupuncture LR3 and K13 play a positive activating role in social behavior and decision-making in MCI (Chen et al., 2014b). Among the single duration and duration of acupuncture treatment, only one study mentioned that the duration of acupuncture treatment should be 40 min, and most of the studies used a block design to observe the immediate effects of acupuncture. Acupuncture of LR3 and K13 specifically regulates blood flow and activates brain regions associated with emotion, decision making, semantic processing, memory, attention, and sensation. Three studies used only one acupuncture point for treatment, while others combined multiple acupuncture points for MCI. Studies suggest that the combination of acupuncture points may produce novel central effects. Comparison of LR3 plus KI3 acupuncture vs. LR3 alone revealed that ALFF alterations were concentrated in BA6, BA10, BA24, BA32, the posterior cerebellum lobe, and inferior semilunar lobule regions of the brain (Zhang et al., 2016). Studying the combined LR3 and KI3 acupuncture patterns with the relationship between LR3 and KI3 acupoint patterns and regional activation in the brain will be important in the future.



Study design

The rigorous and scientific clinical trial design is essential to observe the efficacy and effectiveness of interventions. A rigorous and scientific clinical trial design is essential to observe the efficacy and effectiveness of an intervention. In this study, three clinical trial designs including randomized controlled trials (RCTs), cross-sectional studies, and longitudinal studies were included, and the results of the meta-analysis of brain images between different study designs were also presented. RCTs are considered the highest level of evidence to establish causal associations in clinical research (Zabor et al., 2020). Limitations in the case-control study design used in most clinical fMRI studies tend to raise questions as to how samples are drawn and matched to potentially confounding variables (Carter et al., 2008). In contrast, only one of the original studies we included was an RCT, and most were cross-sectional studies. Currently, the application of MRI modalities has shown promising results in cross-sectional studies of neurodegenerative diseases (Argiris et al., 2021). However, in studies related to cognitive function, cross-sectional showed differences in outcomes between cross-sectional and longitudinal, as aptly demonstrated by the results of the meta-analysis in this study (Salthouse, 2019).

In most of our studies, the control group was healthy individuals, and only three studies used the placebo group as a control group. Randomized controlled trials with placebo control groups have high internal validity and are considered a reliable method for assessing treatment effects (Gøtzsche, 1994; Walach and Loef, 2015). The long time required for MRI acquisition resulted in the inability to set up a placebo control group due to the non-participation of many potential subjects, ultimately creating a potential bias (Carter et al., 2008). In this study, a placebo control group was set up for sham acupuncture. Sham acupuncture (SA), also known as a placebo, may be considered a sham intervention because it is based on non-acupuncture points. “Sham acupuncture” controls, in which needles are inserted at wrong points or non-points, which deliberately violate traditional acupuncture theories of point locations or indications and are therefore predicted to be incapable of achieving the outcomes intended by true acupuncture (Moffet, 2009). In clinical trials, the placebo control group should be consistent with the treatment group at baseline, except for physiological inertia (Chae, 2017). Currently, relevant validation focuses only on the blinding and credibility of the interventions, and few studies have validated the physiological inertia of these sham interventions. Sham acupuncture has a non-inert character, which can cause the public to question its actual effectiveness. In addition, in acupuncture trials, the key to distinguishing between acupuncture and sham acupuncture is the presence or absence of the sensory stimulus of “getting qi”. Data from imaging studies also suggest that expectation, learning, and contextual factors play an important role in the placebo effect (Enck et al., 2008; Wager and Atlas, 2015; Geuter et al., 2017).



Experimental designs of MRI

The rs-fMRI and the task-state fMRI are the two primary paradigms for functional MRI studies. In the experimental design of MRI on acupuncture, rs-fMRI is the closest to the response of brain activity in the actual state, while task-state fMRI reflects the persistent effect of acupuncture. In the present study, a non-repeated event-related block design was mainly used, in which the inserted needles were continuously stimulated for 30 s to 2 min before the scan to observe the immediate effects of acupuncture. According to TCM theory, acupuncture produces a sustained effect, even after 30 min of retention, with corresponding neural responses, so NRER is more consistent with the MRI experimental design of acupuncture (Cho et al., 1998; Bai et al., 2009, 2010). They also can reduce interference from the persistent effect of acupuncture that occurs when a single, prolonged acupuncture stimulation is given during the scanning process (Liu et al., 2009). However, this type of experiment usually selects single acupuncture point, which has the limitation of single stimulation to some extent, and the clinical treatment for MCI usually uses multiple acupuncture points.

In recent years, rs-fMRI has provided new research perspectives on the central mechanisms of acupuncture treatment. By observing the changes in ReHo/ALFF after acupuncture, the changes in brain function after acupuncture treatment are analyzed, and such changes are more reflected as long-term cumulative effects. In addition, in recent years, rs-fMRI imaging has been increasingly used to explore the central mechanisms of acupuncture treatment, such as pain, migraine, and stroke (Lan et al., 2013; Chen et al., 2014a; Leung et al., 2014). Therefore, future studies should focus on the experimental design of rs-fMRI as a way to observe the long-lasting therapeutic effects of acupuncture on MCI in the real world.



Limitations

Although this review provides an SDM-PSI-based meta-analysis of current MRI studies of acupuncture for MCI, there are still some limitations. First, all of the literature that met the inclusion criteria was conducted in China in this study. The language of publication included only Chinese and English, which may lead to potential publication bias and reduce the applicability and readability of this study. Although our search strategy appears to be comprehensive, the possibility of relevant literature appearing in other databases cannot be excluded. The high level of the review emphasizes the need for multi-center studies that especially considering the apparent heterogeneity of social backgrounds between countries (Ewers et al., 2015). Future studies should consider the need for multicenter studies in which language, country, region, and other influencing factors are taken into account to expand treatment coverage. Second, due to the small sample size of the included studies, there is significant heterogeneity between studies in terms of acupuncture point selection, clinical protocol design, and analytical methods, which significantly reduces the credibility of the findings. Given the financial burden and additional limitations of neuroimaging studies, small samples are standard, which can lead to low statistical power and may obscure essential results that may be clinically significant (Moayedi et al., 2018). Therefore, more rigorous randomized controlled trials with large samples should be designed to avoid confounding factors and methodological bias in future clinical trials.

In order to make the findings more reproducible and accurate and to precisely elucidate the mechanisms of brain region regulation in acupuncture for MCI, larger sample sizes of RCTs are needed in the future. When designing and reporting MRI for acupuncture studies, investigators should follow the Standards for Reporting Interventions in Controlled Trials of Acupuncture (STRICTA) guidelines (MacPherson et al., 2010). Standardized clinical treatment protocols should be developed around six regions: the theoretical rationale for acupuncture, details of acupuncture measures, treatment protocols, ancillary interventions, acupuncturist credentials, and control interventions. Third, most of the studies did not specify the specific implementation of blinding and allocation concealment in the clinical trial design, which exposes the results to a certain degree of risk of methodological bias. In addition, most of the studies had healthy controls, making it difficult to exclude the placebo effect of acupuncture or other factors from interfering. Future studies should design rigorous scientific RCTs with sham acupuncture placebo controls to increase the reliability of MRI mechanism studies. In subsequent clinical designs, the design of sham acupuncture groups should be standardized, and more standard implementation guidelines should be adopted for appliance selection, baseline patient characteristics, and effect determination to maximize the actual therapeutic effect of acupuncture (Birch et al., 2022). Fourth, adverse events during acupuncture treatment and MRI acquisition were not reported in any studies. We suggest that in future studies and reporting on the primary outcome, clinical changes and adverse events during treatment should be monitored simultaneously to provide comprehensive standardized clinical guidelines for neuroimaging studies.



Future outlook of acupuncture for MCI

Early screening for MCI is generally performed through cognitive assessments, such as the Montreal Cognitive Assessment (MoCA), MMSE, etc (Gauthier et al., 2006). However, the accuracy of MCI diagnosis is compromised by the highly subjective nature of cognitive assessment and its low sensitivity to early identification of MCI and dementia. Some studies in which neuroimaging may help determine the etiology and prognosis of MCI suggest that structural magnetic resonance imaging (MRI), Fludeoxyglucose PET, and other neuroimaging may help identify people with MCI and those at high risk of progressing from MCI to dementia (Langa and Levine, 2014). Most recently, PET imaging of the extent of Aβ plaques in the brain has become more feasible with the radiopharmaceutical tracer florbetapir (Clark et al., 2011). Currently, amyloid A (Chen et al., 2021). Likewise, the efficacy and effectiveness of acupuncture can be evaluated similarly. In addition to the use of MRI to investigate the central mechanisms of acupuncture, quantitative analysis of efficacy can be performed using biomarkers based on PET technology. In addition, indicators of cognitive function, functional status, medications, neurological or psychiatric abnormalities, and laboratory tests are combined to distinguish MCI from normal aging or dementia and identify possible forms of mild cognitive impairment caused by other conditions. Older adults fear cognitive decline, and most patients prefer testing that would indicate future Alzheimer's disease risk (Wikler et al., 2013). Clinical prediction and management of MCI may become a hot topic in the future as diagnostic techniques change. Recently, Yang et al. developed a clinical prediction model for acupuncture treatment in patients recovering from stroke under different conditions by standardizing acupuncture treatment in 1,410 patients recovering from a stroke, combined with CART decision tree analysis, to provide a tool for predicting the effect of acupuncture treatment (Burge et al., 2014). Regarding the prediction model of MCI, the current research directions are primarily focused on the conversion of mild cognitive impairment to Alzheimer's disease. For example, Huang et al., based on the Least Absolute contraction and Selection Operator (LASSO), which provides a personalized MCI to AD, found significant associations between neuropsychological scores, cortical features, Aβ levels, and underlying genetic pathways (Huang et al., 2020). The above study shows that the establishment of a neuroimaging-based prediction model can guide clinical diagnosis and provide an objective reference for the assessment of the efficacy of acupuncture in the treatment of MCI and contribute to the development of personalized treatment. In addition, the prediction of acupuncture response can reduce the medical costs for patients identified as likely non-responders. Future research can start from the prediction model of acupuncture for MCI and integrate machine learning algorithms better to explain the neuroimaging mechanism of acupuncture for MCI.




Conclusion

A ReHo-based meta-analysis showed that acupuncture has potential modulatory effects on MCI in brain regions, suggesting that the left anterior cingulate/paracingulate gyrus, right insula, right thalamus, right middle frontal gyrus, right median cingulate/paracingulate gyri, and right middle temporal gyrus may be the precise brain region response targets of acupuncture for MCI. In particular, activity was significantly increased in the left anterior cingulate/paracingulate gyrus and the right insula. The MCI group showed stronger activity in the right supramarginal gyrus after acupuncture treatment compared to healthy controls. The above study provides a new perspective to elucidate the role of brain region modulation in acupuncture for MCI. In the future, guidelines and procedures should be followed to conduct large-scale rigorous randomized controlled trials to ensure the validity of future clinical evidence.
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Thanks to technological advances, the administration of cognitive assessments via digital solutions continues to increase, both in research and clinical practice. “Guttmann Cognitest”°ledR is a digital solution for cognitive assessment which includes seven computerized tasks designed to assess main cognitive functions requiring approximately 20 min to be completed. The purpose of the present study was to validate it against standard and more extensive in-person neuropsychological assessments in the context of the Barcelona Brain Health Initiative (BBHI) cohort study. We studied 274 participants of the BBHI (126 women, mean age = 56.14, age range 44–69), who underwent an extensive in-person assessment, including a classical paper-and-pencil neuropsychological assessment and a cognitive assessment via the “Guttmann Cognitest”°ledR. Principal component analysis indicated that “Guttmann Cognitest”°ledR measures four main cognitive domains and convergent validity analysis demonstrated that cognitive performance was associated with gold standard paper and pencil tests. Results also showed an expected negative correlation with age, a relation with educational level as well as a gender effect. Regression-based norming equations for the sample tested are also reported. Performing a cognitive assessment with this digital solution is feasible and potentially useful to gather information about cognitive functioning in large samples and experimental settings.

Keywords: aging, cognitive decline, cognitive functioning, computerized cognitive assessment, memory


INTRODUCTION

Age-related cognitive decline is one of the leading public health challenges worldwide (Minghui, 2019). In recent years, an increasing number of studies have tried to find effective strategies to prevent the development of cognitive impairment, dementia, and functional impairment due to Alzheimer’s disease and other brain-related pathologies (Amariglio et al., 2015; Cattaneo et al., 2018; Kulmala et al., 2018). A key need towards this goal is the establishment of sensitive, efficient, and accessible cognitive assessments that allow the identification of preclinical stages of diseases and the detection of subtle cognitive changes over time. Alzheimer’s disease and other neurodegenerative diseases are preceded by a long preclinical phase and the possibility to detect these cases quickly and accurately could potentially have important implications for quality of life and level of independence. For example, it will allow the implementation of preventive actions (Sternin et al., 2019) to promote resilience to pathological processes (Pascual-Leone and Bartres-Faz, 2021).

However, nowadays many of these cases remain undiagnosed, and the diagnosis of subtle symptoms in primary care is often difficult due to the lack of specially qualified personnel, resources, or optimal tools (Mortamais et al., 2017). In this scenario, mobile technologies may offer an effective solution.

Neuropsychological testing is a widely used and standardized procedure to obtain objective indicators of cognitive functioning, allowing the detection of preclinical stages of dementia (Rentz et al., 2013; Duke Han et al., 2017). Nevertheless, classical neuropsychological testing has specific limitations in terms of costs and time-consumption that make it not suitable for large-scale assessments.

The context of the COVID-19 pandemic, moreover, showed the need to find alternative ways to efficiently explore cognitive functioning, reducing people’s mobility and physical contact between clinicians and patients.

As an alternative to in-person classical neuropsychological testing, computerized assessment tools have been developed for years, and the administration of cognitive assessment via digital solutions continues to increase both in research and clinical practice (Tierney and Lermer, 2010; De Rover et al., 2011; Koo and Vizer, 2019), with several systems now available (O’Connell et al., 2004; Junkkila et al., 2012; Assmann et al., 2016).

This kind of assessment has been shown to offer many advantages over traditional neuropsychological testing (Zygouris and Tsolaki, 2015; Soldan et al., 2016), including saving costs and time. Moreover these tools could provide an objective and accurate recording of responses, with enhanced overall sensitivity, less dependent on professional expertise or prone to human error, and with the possibility to automatically store and compare a person’s performance between assessment sessions to, for example, trigger alerts (Dwolatzky et al., 2003; Wild et al., 2008).

However, for people not comfortable with the use of technology, computerized assessments can represent a challenge, with test interfaces appearing intimidating or counterintuitive (Zygouris and Tsolaki, 2015), making it essential to implement strategies (e.g., practice trials, clear instructions, etc.) that can reduce this bias, maximizing the possibility of a correct execution of the tests (Feenstra, 2018).

Another critical aspect is the need to validate these digital solutions in different contexts and with different populations of large enough sample sizes (Sternin et al., 2019).

This article aims to make a preliminary validation of the “Guttmann Cognitest”°ledR to explore if it can represent a self-administered, useful, and efficient instrument to measure cognitive functioning in middle-aged healthy subjects for research purposes and large-scale assessments.



MATERIALS AND METHODS


Participants

Two-hundred and seventy four participants (126 women) from the Barcelona Brain Health Initiative (BBHI, Cattaneo et al., 2018) took part in this study (see Table 1).

TABLE 1. Demographic characteristics of participants.

[image: image]

Participants with a history or current diagnosis of neurological or psychiatric diseases, TBI with loss of consciousness, substance abuse/dependence, treatment with psychopharmacological drugs, or visual impairments were excluded from the study. Participants provided explicit informed consent, and the protocol was approved by the Ethics and Clinical Research Committee of the Catalan Hospitals Union (Comité d’Ètica I Investigació Clínica de la Unió Catalana hospitals, CEIC18/07).



Procedures

Participants took part in a paper-and-pencil classical neuropsychological testing session, and also a cognitive testing session via the digital solution “Guttmann Cognitest”°ledR, in the context of the in-person assessments phase of the BBHI (Cattaneo et al., 2018).

These two cognitive assessments were completed in different sessions (mean delay in days = 4.60, SD = 28.20), and their order was counterbalanced across subjects.

The “Guttmann Cognitest”°ledR testing session was implemented at the Institut Guttmann facilities, partially supervised by a technician who provided the smartphone to the participant, explained the purpose of the activity, and was available for any request during the assessment. This procedure was implemented to “control” the testing setting and reduce the presence of possible bias during the validation phase.


Paper and pencil classical neuropsychological assessment

Two expert clinical neuropsychologists conducted the paper and pencil assessments (Vanessa Alviarez-Schulze and Alba Roca), which lasted between 60 and 90 min, with tests being administered in the same order for all participants.

The test battery included well-established neuropsychological tests, exploring main cognitive functions: general/fluid intelligence (WAIS-IV Matrix Reasoning subtest, Weschler, 2008), visuospatial searching, selective attention, visual/motor and processing speed (Cancelation test WAIS-IV, Digit symbol substitution, and Trail making test A; Reitan and Wolfson, 1985; Weschler, 2008), cognitive flexibility and set-shifting (Trail making test B; Reitan and Wolfson, 1985), working memory (Digit backward, Digit forward, Letter-number sequencing, Corsi Tap Test; Weschler, 2008), episodic memory (RAVLT; Schmidt, 1996), and visuospatial abilities (Block design; Weschler, 2008).



“Guttmann Cognitest”°ledR digital solution assessment

The “Guttmann Cognitest”°ledR is a digital solution that includes seven computerized tasks designed to assess main cognitive functions from three main domains: memory, executive functions, and visuospatial abilities.

This solution is designed to be self-administered, to be potentially used for large-scale assessments and research purposes.

After logging in, the user is presented with a welcome screen containing a short description of the testing session and its main purpose. Then, instructions to focus and pay attention on the tasks, realize the session in a quiet location, and avoid interruptions, are given. The time needed to complete the full assessment is approximately 20 min.

All tasks follow the same logic. First, an initial screen with a brief description of the task is presented. Then, more detailed instructions, together with a video tutorial, are showed, explaining the objective and rationale of the task. This tutorial can be repeated as needed and the user can also move forward and backward along it (see Figure 1). After this, the user can start the task itself.


[image: image]

FIGURE 1. Screenshot of the video tutorial and text instructions explaining task’s logic; the user can move forward (Siguiente) and backwards (Anterior) if needed.



When the user presses the start button, a countdown from 3 to 1 appears on the screen, aiming to get the user ready for the task. After this, a simple demo screen of the task comes as a practice, to ensure that the user have understood the objective, rationale, and expected responses for the task. Only once the practice is completed correctly (there are two attempts) the task begins. If the practice is not completed correctly the task is not administered, and the system moves directly to the next one, assuming that the person would not have been able to complete that task correctly. After a task is completed, a final screen displays the results obtained, and the user can continue to the next task.

Only the “Long-term memory” task (Task 7) does not follow this logic, as there is no tutorial nor practice screen, and the user is only informed that she/he will be required to remember the image-number associations seen in the previous “Short-term memory” task (Task 2).

After the seven tasks, a final questionnaire is presented to gather more information about the conditions of execution, interruptions, technical problems, or any other issues that could have affected the results of the tasks.

The seven tasks included in the solution are:



Task 1: visual span backward

This task, designed to assess working memory, is based on the visual span backward paradigm.

Participants are instructed to memorize a sequence of lights that appears sequentially, and then repeat this sequence in reverse order. Lights appear on a grid, for a presentation time of 1 s each, and the number of elements of the series increases by one after a correct answer (Figure 2). In case of a wrong response, another sequence of the same length is presented. After two consecutive errors, the task ends, with the final score being the number of elements of the longest sequence correctly repeated.
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FIGURE 2. Screenshot of the visual span backward task.





Task 2: free and cued image and number associations

This associative memory task consists of memorizing six pairs of 2-digit numbers and images. The series of number-image pairs are displayed one by one, for 2 s each, in the middle of the screen. Once the presentation is finished, the images are again presented one by one, but in a different order, and participants are requested to write the number associated with each image (Figure 3).
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FIGURE 3. Screenshot of the free recall mode of the free and cued image and number associations task.



Items that are not correctly remembered are presented again with a cue, consisting of two possible numbers associated with it, where the subject must select the correct one. The whole procedure is repeated three times.

Then, two scores are calculated for this task: one score represents the number of correct associations reported on the free recall mode, whilst the second score represents the number of correct answers on the cued mode.



Task 3: logic sequences

Twelve logic sequences were designed to evaluate fluent intelligence and logical reasoning. Each series is composed of a 3 × 3 matrix of elements, where the element at the bottom-right is missing. The task consists of selecting one out of four possibilities, presented on the right-hand side of the screen, to complete the sequence (see Figure 4). The maximum time available to solve each series is 90 s, with an alert message appearing on the screen when there are 10 s left.
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FIGURE 4. Screenshot of the logic sequences task.



The score for this task is the number of sequences completed correctly.



Task 4: cancelation

The symbol cancelation test was designed to assess visuo-spatial searching and selective attention. Participants are required to select, as fast as possible, a target of a specific shape and color among a matrix of different forms. Distractors come in the form of different shapes of the same color or the same shape of a different color. The task consists of seven consecutive screens.

In the first four screens, participants must select one colored shape (27 targets in total), while in the next three screens, they must choose two colored shapes (30 targets in total; see Figure 5).

There are two different ways of advancing to the next screen: either the subject selects all correct answers appearing on that screen, or the maximum 45 s threshold is reached.
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FIGURE 5. Screenshot of the cancelation task in the two targets mode.



The total score for this task is the sum of symbols correctly selected on all screens.



Task 5: circle tapping

This task was designed to measure visuomotor speed and sustained attention.

This task shows six circles on the screen for 2 min. One by one, each of them appears either red or blue, with a presentation time of 1 s. The participant is instructed to only press the screen when the circles appear in red (as fast as possible; see Figure 6) and to not give any response when they appear in blue.
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FIGURE 6. Screenshot of the circle tapping task.



The calculated score for this task is determined by the total number of correct answers and the average reaction time of those correct answers in seconds.



Task 6: mental rotation

This task, based on the mental rotation paradigm (Shepard and Metzler, 1971), was designed to evaluate visuospatial abilities. Participants are presented with pairs of 3D figures with different orientations, and they must indicate if they are identical or not, regardless of their orientation (see Figure 7), by pressing one of the two buttons shown at the bottom of the screen.
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FIGURE 7. Screenshot of the mental rotation task.



The task consists of 12 couple of 3D figures, and the timeout to respond is set to 10 s.

The total score of this task is the number of correct responses.



Task 7: long-term memory

To explore the subject’s retention capacity over time, the final task consists of presenting the same six pictures previously shown in task 2. Pictures are presented one by one, and the user must write the number associated to each picture. Similarly to the short-term task, a free recall mode comes first, whilst a cued mode is presented if the participant gives a wrong answer.

The score for this task is the number of correctly remembered associations. The mean of delay between the immediate and delayed memory tasks (Task 2 and Task 7) was 13.48 min (SD = 4.12).




Data and statistical analysis

Following the same procedure reported in previous studies (e.g., España-Irla et al., 2021; Cattaneo et al., 2022; Redondo-Camós et al., 2022), we transformed raw scores obtained by classical gold-standard paper and pencil cognitive tests, and scores obtained in “Guttmann Cognitest”°ledR, into z-scores. To create composite scores of different cognitive domains, we ran two exploratory principal component analyses (one for classical cognitive testing and another one for “Guttmann Cognitest”°ledR) using Oblimin rotation, fixing the acceptable level of factor loading to 0.30 (Hair et al., 1998). Based on the factorial structure obtained, we calculated composite scores of the different domains as the mean of the z-scores of each neuropsychological measure, multiplying it for the component loading value, to weigh its contribution to that component. Moreover, we calculated a global cognition composite score, as the mean of all the transformed z-scores, in line with previous studies (Kaffashian et al., 2013; Lampit et al., 2015; Cattaneo et al., 2022).

Following this, we explored the relationship between socio-demographic variables and cognitive results using Spearman correlations to examine the effects of age and education, and using one-way ANOVA’s for biological sex.

Convergent validity was assessed using Spearman’s rank correlations between gold standard neuropsychological tests and results of the tasks administered with the “Guttmann Cognitest”°ledR in the different cognitive domains. To explore discriminant validity, we used Steiger’s Z statistic (Hittner et al., 2003; Diedenhofen and Musch, 2015) to compare correlation coefficients.

Spearman’s rank correlations were used considering the no normal distribution of almost all cognitive scores, the fact that we did not want to make any a priori hypothesis about the relationship between variables (linear or monotonic), and the ordinal nature of some of the variables included in the analysis.

Furthermore, we estimated demographically adjusted based-regression norms that provided the resulting z-scores metric. Equations were obtained by calculating the predicted raw scores adjusted for sociodemographic variables (age, sex, and years of education) that resulted in the regression model that is statistically significant (Bezdicek et al., 2014; Cavaco et al., 2015; Kormas et al., 2018; Lavoie et al., 2018).




RESULTS


Cognitive composite score calculation and structure

First, the results of the composite score calculation for the gold-standard paper and pencil neuropsychological assessment are presented, followed by the results obtained with the same process for the “Guttmann Cognitest”°ledR digital solution assessment.


Paper and pencil classical neuropsychological assessment

Neuropsychological raw data of the 274 participants were transformed into z-scores and used in the principal component analysis. Bartlett’s test revealed a significant relationship between the factors (p < 0.001), and the Kaiser-Meyer-Olkin (KMO) test confirmed that the data was suitable for principal component analysis (KMO = 0.62). To select the number of components we used the eigenvalue-one Kaiser’s criterion (Kaiser, 1960), controlling also the cumulative variance explained.

The analysis resulted in four components that explained 60.89% of the variance (see Table 2). The first component included the digit span backward (0.75), digit span forward (0.68), letter-number sequencing tests (0.68), Corsi Tap Test (0.37), and WAIS-IV logical Matrices (0.59), indicating an executive functions domain embracing working memory and reasoning abilities.

TABLE 2. Results of formal neuropsychological testing of participants and principal components structure.
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A second episodic memory domain was composed of all the measures of the Rey Auditory Verbal Learning Test (immediate recall = 0.83, delayed recall = 0.90, and recognition = 0.77).

A third visuospatial searching and attentional component comprised of the Trail Making Test A (0.72), the block design test (0.58), the digit-symbol substitution test (0.78), and the cancelation test (0.69).

Finally, set-shifting abilities were reflected in a fourth component, with the Trail Making Test Part B (0.81) and the Trail Making Test Part B-A (0.87). As mentioned above, based on this factorial structure we calculated composite scores of the four domains, and a global cognition score, as the mean of all tests.



“Guttmann Cognitest”°ledR digital solution assessment

Bartlett’s test revealed a significant relationship between the factors (p < 0.001), and the Kaiser-Meyer-Olkin (KMO) test confirmed that the data was acceptable for principal component analysis (KMO = 0.59). As in the previous analysis, the number of components was selected using Kaiser’s rule (Kaiser, 1960), checking for the cumulative variance explained.

The analysis resulted in four components that explained 70.27% of the variance (see Table 3). A first domain was composed by logic sequences (0.71), cancelation (0.67), and visual span backward (0.65) tasks, possibly reflecting attention and executive functions (attention, reasoning, and working memory).

TABLE 3. Principal components structure for the Cognitest app.
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The second component included free recall (0.86), cued recall (0.84), and delayed recall (0.75) of images and numbers association tasks, indicating a potential memory component.

A third visuomotor speed component included the circle tapping accuracy (0.92) and reaction times (0.93).

The last component comprised only the mental rotation task (0.87).

Composite scores were calculated as the mean of the z-scores of each task, and a global score as the mean of all tasks results.




Age, sex, education, and cognition

Age correlated negatively with results of the “Guttmann Cognitest”°ledR digital solution in memory (rs = −0.20, p < 0.001), executive functions and attention (rs = −0.35, p < 0.001), visuomotor speed (rs = −0.30, p < 0.001), and mental rotation (rs = −0.14, p = 0.027). Also, the global score in the “Guttmann Cognitest”°ledR was negatively associated with age (rs = −0.48, p < 0.001).

We found a positive correlation between education and results obtained in memory (rs = 0.28, p < 0.001), executive functions and attention (rs = −0.15, p = 0.009), and the global cognitive score (rs = 0.25, p < 0.001).

Regarding biological sex differences, males outperformed women in executive functions and attention (0.19 and −0.22 respectively; F = 8.457, p = 0.001, η2 = 0.032), visuomotor speed (0.14 and −0.17; F = 3.883, p = 0.050, η2 = 0.015), mental rotation (0.17 and −0.20; F = 8.041, p = 0.005, η2 = 0.031) and global cognition (0.11 and −0.12; F = 8.496, p = 0.004, η2 = 0.033). On the other hand, women outperformed males in memory performance (0.98 and −0.08 respectively; F = 4.150, p = 0.043, η2 = 0.016).

For gold-standard and classical neuropsychological tests, age correlated negatively with visuospatial searching and attention (rs = −0.43, p < 0.001), executive functions (rs = −0.28, p < 0.001), and global cognition (rs = −0.29, p < 0.001).

Regard education we found positive correlations with results in memory (rs = 0.22, p < 0.001), visuo-motor speed (rs = 0.23, p < 0.001), executive functions (rs = 0.23, p < 0.001), and global cognition (rs = 0.30, p < 0.001).

When we explored sex differences, similarly with what found previously, women outperformed males in memory (0.18 and −0.15 respectively; F = 8.805, p = 0.003, η2 = 0.032), whereas men performed better than women in executive functions (0.28 and −0.33 respectively; F = 26.787, p < 0.001, η2 = 0.091), set shifting (0.12 and −0.15 respectively; F = 5.801, p = 0.017, η2 = 0.021), and global cognition (0.07 and −0.09 respectively; F = 4.909, p = 0.028, η2 = 0.018).



Convergent validity

To explore convergent validity, cognitive domains calculated with the results of the “Guttmann Cognitest”°ledR digital solution were correlated with those obtained by paper and pencil tests (see Table 4).

TABLE 4. Correlations between results of the “Guttmann Cognitest”°ledR digital solution and those obtained by classical paper and pencil neuropsychological testing.
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Memory measured by “Guttmann Cognitest”°ledR

Memory correlated with results of the gold-standard paper and pencil assessment in memory (rs = 0.27, p < 0.001), visuospatial searching and attention (rs = 0.18, p = 0.004), set-shifting (rs = 0.14, p = 0.021), and global cognition (rs = 0.19, p = 0.002).

When we compared correlation magnitudes (Hittner et al., 2003), we found that the correlation between memory measured by “Guttmann Cognitest”°ledR and the same domain measured by classical neuropsychological tests was higher compared with the correlation between memory measured by “Guttmann Cognitest”°ledR and set-shifting (z = 1.68, p = 0.046). However, it was similar in magnitude compared to the correlation with visuo-spatial searching and attention, and global cognition measured with gold-standard tests.



Attention and executive functions measured by “Guttmann Cognitest”°ledR

Attention and executive functions measured by “Guttmann Cognitest”°ledR correlated with results of gold-standard paper and pencil neuropsychological tests in episodic memory (rs = 0.13, p = 0.034), visuospatial searching and attention (rs = 0.24, p < 0.001), executive functions (rs = 0.37, p < 0.001), and global cognition (rs = 0.37, p < 0.001). When we compared correlations magnitude (Hittner et al., 2003) we found that the correlation between executive functions measured by “Guttmann Cognitest”°ledR and the same domain measured by classical gold-standard measures was greater than the correlation between executive functions measured by “Guttmann Cognitest”°ledR and memory (z = 2.91, p = 0.002), and visuo-spatial searching (z = 1.78, p = 0.038). However, it produced similar results in terms of magnitude in relation to the correlation with global cognition.



Visuomotor speed measured by “Guttmann Cognitest”°ledR

This component correlated with classical tests of visuospatial searching and attention (rs = 0.25, p < 0.001) and set-shifting abilities (rs = 0.22, p < 0.001), with similar magnitude.



Mental rotation measured by “Guttmann Cognitest”°ledR

Mental rotation results correlated only with executive functions measured with classical neuropsychological tests (rs = 0.17, p = 0.008).



Global cognition measured by “Guttmann Cognitest”°ledR

The Global “Cognitest” composite score correlated with gold-standard tests of episodic memory (rs = 0.19, p = 0.003), visuo-spatial searching and attention (rs = 0.36, p < 0.001), executive functions (rs = 0.37, p < 0.001), set shifting (rs = 0.14, p = 0.025), and global cognition (rs = 0.36, p < 0.001). In relation to the magnitude of the correlation between global composite scores, it resulted in higher than the correlation between the Global “Cognitest” composite score and classical tests of memory (z = 2.84, p = 0.002) and set-shifting (z = 3.33, p < 0.001).




Regression-based norming equations

We estimated regression-based norms that provided z-score metrics for each of the tasks included in the “Guttmann Cognitest”°ledR digital solution. Equations included sociodemographic variables that were statistically significant in the regression model (for biological sex we created a dummy variable; see Table 5 for values used), multiplied for not standardized “B” coefficients, model constant (k), and the Root Mean Square Error (RMSE):
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TABLE 5. Variables included in the equations and values to be used in the regression-based norms formulae.
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Task 1: visual span backward
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Task 2: free and cued images and numbers associations

Free recall
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Cued recall
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Task 3: logic sequences
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Task 4: cancelation
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Task 5: circle tapping

Accuracy (%)
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Reaction time (seconds)
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Task 6: mental rotation
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Task 7: long-term memory
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DISCUSSION

This study aimed to make a preliminary validation of the “Guttmann Cognitest”°ledR digital solution as a tool for measuring cognitive functioning in a sample of healthy middle-aged adults. Results showed that it is a useful and suitable instrument for this population.

Principal component analysis on “Guttmann Cognitest”°ledR tasks showed the presence of four main components: memory, executive functions and attention, visuomotor speed, and mental rotation. Moreover, it was possible to calculate a global score reflecting unspecific global cognitive functioning.

Similarly, also for classical neuropsychological tests, the analysis showed the presence of four main components, corresponding to the cognitive domains of memory, executive functions, visuospatial searching and attention, and set-shifting.

Beyond similarities, the components obtained by the two analyses did not include the same exact test, and consequently did not completely overlap in terms of cognitive processes involved.

For example, the domain of executive function for the classical neuropsychological tests includes principally working memory tests, together with a reasoning test, while the “correspondent” component in the “Guttmann Cognitest”°ledR includes a working memory task, a reasoning task, but also a cancelation task.

A possible reason for this could be the greater involvement of working memory, and/or inhibition processing, in the cancelation task we designed. Indeed it has been proposed that working memory could be involved in visual selective attention (De Fockert et al., 2001) and strongly related to inhibition (McNab et al., 2008).

However, even considering these potential differences in terms of sub-processes involved in each task, we consider that, in terms of “broad” cognitive domains and functions, the overlapping between cognitive domains measured with “Guttmann Cognitest”°ledR and classical neuropsychological tests should be considerable.

Crucially, convergent validity analysis indicated that these domains were associated with the correspondent and expected domains measured by gold-standard paper and pencil neuropsychological tests.

In order to interpret these correspondences we specifically considered the magnitude of the effect sizes obtained in the correlation analyses, following the criteria proposed by Cohen (1988); see also Hemphill (2003).

For memory tasks, we found small to medium correlations with all cognitive domains, except executive functions, with the strongest of these being episodic memory, visuo-spatial searching and attention, and global cognition.

Another component measured by “Guttmann Cognitest”°ledR, reflecting attention and executive functions, showed medium correlations with classical tasks measuring similar attentional and executive components and the global cognition composite score, while showed only small correlations with visuo-spatial searching and memory classically measured.

The visuomotor speed component correlated with tests related to visuospatial searching and attention and set-shifting with coefficients small in magnitude.

Finally, the mental rotation component only showed a small correlation with the executive function component. This could be explained considering that this test measures mainly visual ability and visual imagery (Campos, 2012) that were not assessed in the neuropsychological testing, with only a low engagement of executive functions (Hyun and Luck, 2007). Future studies must include these tests to evaluate the convergent validity of the mental rotation task.

These results are in line with previous validation studies of computerized neuropsychological testing (see Gualtieri and Johnson, 2006; Tsoy et al., 2021 for reviews) , showing great variability in convergent validity and concurrent validity, varying from small to large effect sizes (from 0.2 to 0.88 with an average of 0.40).

This variability makes it somehow difficult to make clear a priori expectation about desirable effect sizes for a useful solution, but from our point of view coefficients lower than 0.2, even if statistically significant, should be interpreted with caution.

Considering all the obtained results, beyond differences in magnitude between the different components, the “Guttmann Cognitest”°ledR showed a satisfactory overall convergent validity with gold-standard correspondent neuropsychological tests.

Divergent validity analysis showed a certain overlap between components, and almost all cognitive domains measured by “Guttmann Cognitest”°ledR correlated with visuospatial searching and attention measured by gold-standard paper and pencil tests. This finding indicates that this cognitive component represents a subjacent and common cognitive process involved in all tasks, in line with the involvement of specific cognitive processes (e.g., working memory) in tasks designed to mainly measure other cognitive functions (e.g., visual searching and attention; De Fockert et al., 2001).

However, the same patterns of results were found for classical paper and pencil tests, and the relationship and overlap between different cognitive processes involved in different tests is a widely debated issue, exhaustively explored in the past (Vanderploeg et al., 1994; Cunningham et al., 1997; Fossati et al., 1999; Tremont et al., 2000; Bryson et al., 2001).

In clinical populations, for example, a clear dissociation between deficits in different cognitive domains is not always detectable, a fact that can be explained due to different levels of overlapping depending on the tests used (Fossati et al., 1999; Tremont et al., 2000).

Trying to quantify this overlap, Duff et al. (2005) found a strong relationship between different cognitive domains that explained up to 59% of the shared variance.

For these reasons, it is sometimes appropriate to calculate a global cognitive score that could be fully informative of general cognitive functioning, and therefore, provide valuable information for population screening or in large sample studies.

Regarding the relation with socio-demographic variables, we found that age, as expected, correlated negatively with performance in all cognitive domains, indicating a sort of sensitivity of these tasks to cognitive changes due to age. On the other hand, education correlated positively with memory, executive functions, and global cognition.

Interestingly, males outperformed women in all cognitive domains apart from memory, where women performed better. One possible interpretation of these results could be related to the great involvement of visuospatial components in all the task of the “Guttmann Cognitest”°ledR digital solution, but similar results were observed also for the classical neuropsychological tests. However, in both cases, the effect sizes were very small, and, in line with what was reported above, the observed differences must be interpreted with caution.

This is particularly important if we consider reviews and meta-analysis on this topic showing that beyond a consistently observed advantage for males in mental rotation (Hyde, 2014), differences in other cognitive domains are often very heterogeneous (Gaillard et al., 2021), trivial in effect size (Hyde, 2014), and not supported by differences in brain anatomy or brain functioning (Jäncke, 2018).

To conclude, our results showed that the “Guttmann Cognitest”°ledR digital solution is a suitable instrument to measure cognitive functioning in different domains for research purposes and large samples assessments of middle-aged adults, supporting the potential relevance of these kinds of tools for large-scale assessment.

Digital solutions like this one indeed could serve as a reference point for further, more specialized, testing. Despite their limitations, they could provide a brief picture of cognitive functioning, helping to detect early impairments in specific domains in large-scale samples. In this context, these “screening” tests should focus on functions that deteriorate first in the preclinical stage of cognitive disorders (Payton et al., 2020). For this reason, we decided to include very sensitive tests previously related to the early detection of Alzheimer’s Disease (AD), like the associative memory task, sensitive to the medial temporal lobe dysfunctions (O’Connell et al., 2004; De Rover et al., 2011; Junkkila et al., 2012; Soldan et al., 2016).

However, this study presents several limitations that should be considered. First, due to the difference between the set of tasks included in our digital solution and the classical neuropsychological tests used to validate it (e.g., associative memory task vs. word list), the cognitive component calculated may not totally overlap and reflect exactly the same subjacent cognitive processes. Second, even if we try to weigh the contribution to each test to a cognitive domain, each task could contribute differently to a single domain and the different domains could contribute differently to the global cognitive score calculated. Third, the neuropsychological tests included to validate “Guttmann Cognitest”°ledR tasks did not include tests that mainly measure visuospatial abilities and visual imagery, making difficult a proper validation of the mental rotation task.

Further work is needed to examine the use of this kind of cognitive assessment in clinical populations of older adults, alongside the validation of the test-retest reliability and learning effect of these tests. In this regard, two versions of each task with different stimuli have already been designed, and a specific validation study is already underway. We view this as a crucial aspect to allow us to efficiently implement cognitive assessments and follow-ups over time.
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Numerous shown consequences of age-related hearing loss have been unveiled; however, the relationship of the cortical and subcortical structures of the auditory pathway with aging is not well known. Investigations into neural structure analysis remain sparse due to difficulties of doing so in animal models; however, recent technological advances have been able to achieve a resolution adequate to perform such studies even in the small mouse. We utilize 12 members of the BXD family of recombinant inbred mice and aged separate cohorts. Utilizing novel magnetic resonance histology imaging techniques, we imaged these mice and generated high spatial resolution three dimensional images which were then comprehensively labeled. We completed volumetric analysis of 12 separate regions of interest specific to the auditory pathway brainstem nuclei and cortical areas with focus on the effect of aging upon said structures. Our results showed significant interstrain variation in the age-related effect on structure volume supporting a genetic influence in this interaction. Through multivariable modeling, we observed heterogenous effects of aging between different structures. Six of the 12 regions of interests demonstrated a significant age-related effect. The auditory cortex and ventral cochlear nucleus were found to decrease in volume with age, while the medial division of the medial geniculate nucleus, lateral lemniscus and its nucleus, and the inferior colliculus increased in size with age. Additionally, no sex-based differences were noted, and we observed a negative relationship between auditory cortex volume and mouse weight. This study is one of the first to perform comprehensive magnetic resonance imaging and quantitative analysis in the mouse brain auditory pathway cytoarchitecture, offering both novel insights into the neuroanatomical basis of age-related changes in hearing as well as evidence toward a genetic influence in this interaction. High resonance magnetic resonance imaging provides a promising efficacious avenue in future mouse model hearing loss investigations.
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Introduction

Hearing loss is the most common human sensory deficit worldwide and age-related hearing loss has now been associated with cognitive decline and increased risk of incident dementia and depression (Loughrey et al., 2018; Choi et al., 2021). The relationships and implication of changes in auditory pathways and in the volumes of cortical and subcortical regions as a function of age is not yet well understood but is a growing nascent area of research. Recent studies using imaging-based quantitative analysis of brain structures have uncovered a connection between hearing loss and decreased volume of auditory regions as well as a biased decline in right temporal lobe volume (Lin et al., 2014). However, work in this area is difficult due to significant variation in both the environments and genetics of human populations. As a result, large numbers of participants are required to perform well powered investigations on the effect of aging on the human auditory system (Wright et al., 2002).

Generally well conserved genomics between humans and mice make the laboratory mouse an appropriate model in hearing research. We have used a family of genetically diverse strains of mice that mimic the diversity of humans but for which the environment can be controlled. The particular BXD family that we have utilized previously segregates for about 6 million common variants. Both the BXD family and the Hybrid Mouse Diversity Panel superset of strains have driven advances in systems genetics in many research disciplines (Ashbrook et al., 2019; Ohlemiller, 2019). Analysis of these isogenic but diverse cohorts allows control of both genetic and environmental factors and can be extended to multiple time points in development and aging; as such, it is possible to study gene-by-environment effects in manners that have high translational relevance to humans. While the mouse brain has less relative white matter than that of human, it contains a similar range of cell sizes and axonal diameters and likely provides an excellent translational model for imaging studies (Johnson et al., 2019).

Despite these advantages we currently do not known much about age-related changes in auditory system anatomy as a function of genotype. Conventional neuroanatomical methods rely on imaging of histological sections, and this poses difficulty in accurate estimation of the true volume and morphology of key components of the auditory system. Despite magnetic resonance imaging (MRI) of the human brain being a mainstay in clinical care and neuroscience research, technical difficulties of acquiring images in the mouse with sufficient resolution has limited research advances. Achieving sufficient power and precision for the quantitative analysis of structural variation to demonstrate relationships with behavior is difficult; however, it will ultimately be necessary to link neuroanatomical and molecular variation in brain to the key function and behavioral differences in audition.

In recent years, advances in technology have allowed systematic analysis of mouse central brain structures by structural and functional MRI (Wang et al., 2020). Johnson et al. (2022) have developed a process to efficiently generate magnetic resonance histology (MRH) images of the mouse brain with comprehensive 3D volumetric labeling (Johnson et al., 2022). Their results proved generalizable to different ages, sexes, and genotypes with spatial resolution more than 500,000 times that of comparable clinical protocols. This methodology generates 3 dimensional images without appreciable distortion and allows acquisition of hundreds of specimens a year. This is sufficiently high to target neurogenetic and genome-wide mapping studies and enable global analysis and genetic dissection of variation in CNS architecture with mice which require large numbers of specimens.

This process has been used in global brain analysis; however, analyzing an individual system utilizing this methodology has not been done (Wang et al., 2020). No three-dimensional mapping of the auditory pathway in mice is available. The objective of this study was to perform a volumetric analysis on the auditory pathway structures in mice and to evaluate possible influences of genetics and aging. We aim to do so by leveraging the MRH data set. Findings can potentially lay foundations for the neuroanatomical mechanistic basis in the findings observed in auditory research and provide novel avenues into future genetics research.



Materials and methods


Mice

Mouse experiments were completed in accordance with Duke University Institutional Animal Care and Use Committee. Here we have studied 12 members of the BXD family obtained from University of Tennessee Health Science Center: BXD24, BXD29, BXD34, BXD43, BXD44, BXD48a, BXD51, BXD60, BXD62, BXD65b, BXD89, and BXD101. Upon arrival, animals were housed for at least 10 days to allow adjustment to a new environment. Mice were housed in HEPA-filtered cages with standard, commercial lab bedding either individually or in pairs (Wang et al., 2018, Wang et al., 2020). They were fed a standard laboratory chow ad libitum diet and maintained a 12-h light/dark cycle and were subsequently aged. Two cohorts of mice were imaged. Mice of all 12 BXD strains were aged to either 3 months of age, categorized as young mice, or to fifteen months, categorized as old mice. Upon aging, the mice were sacrificed, and their brains fixed, imaged, and analyzed. Johnson et al. (2022) described the process of tissue preparation, imaging, analysis, and validation of accurately aligned multimodal 3D images of the mouse brain with the high-dimensional integrated volume with registration (HiDiver) suite of methods (Johnson et al., 2022). This is summarized in the following sections “Tissue preparation” and “Image acquisition and analysis.” For each mouse undergoing the imaging protocol, sex, age in days, and body weight in grams were also obtained.



Tissue preparation

Animals were anesthetized with Nembutal (75 mg/kg) and a catheter was inserted into the left ventricle of the heart. A mixture of 0.9% saline and ProHance (10:1) followed by a mixture of 10% buffered formalin and ProHance (10:1) were perfused with a peristaltic pump. ProHance is a chelated gadolinium compound (Gd, a transition metal with unpaired electrons) commonly used in clinical MRI as a contrast agent and reduces the spin lattice relaxation time (T1) (Johnson et al., 2007; Wang et al., 2020). Following this, the skull was removed and placed in 10% buffered formalin at 4°C for 24 h and the mandible was removed to enable use of a smaller radiofrequency coil. Following fixation, the brain was kept in 1% Prohance/saline solution for at least 3 weeks to allow for adequate rehydration. This allowed for a reduction of T1 to ∼ 100 ms and T2 to ∼ 25 ms. Fixation reduced the apparent diffusion coefficient by ∼ 4X and so b values were increased relative to in vivo studies. Specimens were mounted in a 12-mm-diameter plastic cylinder filled with fomblin, an inert fluorocarbon that reduces susceptibility artifacts (Wang et al., 2020).



Image acquisition and analysis

Specimens were mounted in a 12 mm diameter radiofrequency (rf) coil constructed from a single sheet of silver foil which yields a low resistance. To tune the coil, necessary capacitance is added by placing a layer of dielectric material at the juncture of the coil ends. The resulting unloaded Q is > 500. MRH images were acquired on a 9.4T vertical bore Oxford magnet with Resonance Research gradients providing peak gradients of 2,000 mT/m. The scanner was controlled by an Agilent Direct Drive console with VnmrJ 4.0 software. Three-dimensional (3D) diffusion weighted images were acquired with a Stejskal Tanner rf refocused spin echo sequence with TR/TE of 100/12.7 ms and b values of 4,000 s/mm2. Forty-six 3D volumes, each with a different gradient angle along with five baseline (b0) images distributed throughout the four-dimensional (4D) acquisition, were acquired. Sampling angles were uniformly distributed on the unit sphere. Compressed sensing was used with 8X acceleration to reduce the acquisition time to 11.7 h/specimen. This resulted in a 4D image array with isotropic spatial resolution of 45 μm (voxel volume of 91 pl) (Wang et al., 2020).

The 4D array (256 × 256 × 420 × 51) was created by first averaging the five b0 images. To correct for eddy current distortion, the diffusion-weighted 3D volumes were then registered to this template. The 4D array was processed with DSI Studio yielding the following scalar images: axial diffusivity (AD), radial diffusivity (RD), mean diffusivity (MD), fractional anisotropy (FA), and color fractional anisotropy (ClrFA) using the DTI model (Yeh et al., 2021). A Matlab script averaged the diffusion weighted images to yield a DWI volume.

A 3D label set consistent with the Allen Brain Atlas Common Coordinate Framework version 3 (CCFv3) was registered to all the scalar images (Johnson et al., 2022). The CCFv3 consists of 461 labels. A reduced but comprehensive subset of 180 ROIs (per hemisphere) that combine smaller adjacent sub-volumes was generated as many ROIs were too small to be reliably registered. A symmetric atlas was generated by reflecting the label set through the midline to minimize bias in lateral comparisons (Bowden et al., 2011). This label set of 180 total ROIs in each half of the brain was used to provide a full and isotropic parcellation of each brain (Johnson et al., 2010; Calabrese et al., 2015).



Auditory pathway region of interest selection

The central auditory system is comprised of a complex set of nuclei extending from the cochlear nuclei up to auditory cortical regions. The largest of these structures include, in ascending order, the cochlear nuclei, the superior olivary complex, tract and nuclei of the lateral lemniscus, the inferior colliculus, and the medial geniculate nuclei. The spatial mapping which originally defined a set of 180 regions of interest (ROIs) per side was pared down to a subset of 11 well defined ROIs that are part of the auditory system. The three subdivisions of the medial geniculate nucleus were summed and combined as a separate summation ROI which was included in addition to its individual subdivisions, totaling 12 ROIs included in analyses. These are, with abbreviations, as follows (Figure 1):


[image: image]

FIGURE 1
Magnetic resonance imaging of the auditory pathway. (A–C) 3D volume rendering of mouse auditory brain structures of the average old mouse structure size within the (A) sagittal, (B) axial, and (C) coronal planes. Colored structures represent specific central auditory structures: Blue; auditory cortex, Red; medial geniculate complex (dorsal, ventral and medial), Purple; inferior colliculus and its nucleus, Yellow; superior olivary complex, Orange; dorsal cochlear nucleus, Green; lateral lemniscus. (D) Representative axial, coronal, and sagittal plane magnetic resonance images of all structures in the auditory pathway of a young and an old BXD51 mouse. The images have an arrow aimed at the individual outlined structure. Within each image pair, the left image with a yellow arrow is the young mouse image and the right image with a pink arrow is the old mouse image. Scale bars in all planes is 2.5 mm. AUD, Auditory cortex; MGd, Medial geniculate nucleus, dorsal part; MGv, Medial geniculate nucleus, ventral part; MGm, Medial geniculate nucleus, medial part; IC, Inferior colliculus; LL, Lateral lemniscus; SOC, Superior olivary complex; DCO, Dorsal cochlear nucleus; VCO, Ventral cochlear nucleus.



1.Auditory cortex (AUD)

2.Medial geniculate nucleus (MGN)

3.Medial geniculate nucleus, dorsal part (MGd)

4.Medial geniculate nucleus, ventral part (MGv)

5.Medial geniculate nucleus, medial part (MGm)

6.Inferior colliculus (IC)

7.Inferior colliculus, central nucleus (Icc)

8.Lateral lemniscus (LL)

9.Lateral lemniscus, nucleus (NLL)

10.Superior olivary complex (SOC)

11.Dorsal cochlear nucleus (DCO)

12.Ventral cochlear nucleus (VCO)



Total brain volume (TBV) was also measured and used to determine the selective of effects on auditory ROIs.



Voxel-based volumetric analysis

Utilizing the 12 ROIs as described in section “Auditory pathway region of interest selection,” a voxel-based volumetric analysis was completed with the primary aim of understanding relationships in auditory pathway structure volume. The imaging protocol provided a voxel volume of 9.1 × 10–5 mm3 per voxel and, utilizing this factor, the voxel count of each ROI was converted to volume. The size of the two individual structures in each mouse brain from the left and right hemispheres was summed for an overall structure volume in the entire mouse brain. This volume was averaged in each age group and strain pairing for analysis of the aging and genetic basis in auditory structure size. We then calculated within-animal coefficient of variation for all structures to assess precision and segmentation repeatability of our measurements.

For quantitative analysis, we calculated percentage volumes relative to whole brain (or formally “whole brain volume minus ROI”) to factor out global or non-selective changes in brain volume. We also used a linear regression model to determine age-related structural changes controlling for body weight, sex and total brain volume and potential confounding factors. This statistical approach was adapted from Williams (2000), in which the rationale behind statistical treatment of phenotypic data and linear regression methods phenotypic is explained in greater detail (Williams, 2000). We first confirmed data assumptions to conduct linear regression, including linearity and normality. In the model, we regressed individual structural volume on various mice characteristics including age in months, weight in grams, sex, and total brain volume. Akaike information criterion was used for parsimonious model criteria selection. In the end, sex was not included in the model because this variable was not a significant covariate for any auditory system ROI. Associations were considered significant if the confidence intervals at an alpha = 0.05 threshold did not overlap with 0.



Statistical analysis

All data processing and statistical analysis were performed with the R 4.1.1 statistical computing software (R Core Team, 2021). We utilized the tidyverse collection of packages: in particular dplyr 1.0.7, tidyr 1.1.3, tibble 3.1.3 for data manipulation, including calculation of means and standard errors, and analysis, including calculation one-way paired analysis of variance with corresponding p-values as well as creation of linear regression models; and ggplot2 3.3.5 for creation of figures (Wickham et al., 2019). Due to the greater number of old mice data, pair analyses matched unpaired old mice with an already paired isogenic young mice that were similar in sex and weight.




Results

104 mice were imaged with the protocol in sections “Tissue preparation”-“Image acquisition and analysis.” Young mice (n = 45) had a median age of 98 days, ranging between 72 and 129 days, and a mean (SD) weight of 22.8 (4.7) grams. Old mice (n = 59) had a median age of 446 days, ranging between 341 and 687 days and a mean weight of 29.7 (6.1) grams. There was a slight female preponderance in sex distribution with 45 male mice and 59 female mice (43.3% male), within which there were 23 male and 27 female mice (46.0% male) in the young cohort and 22 male and 32 female mice (37.3% male) in the old cohort. Representative 3D volume rendering and magnetic resonance images of the structures in the auditory pathway are depicted in Figure 1. A summary of the mean volumes of all 12 ROIs as well as TBV is tabulated in Table 1. Raw data for all 104 mice is presented and available in Supplementary material.


TABLE 1    Summary volumes of region of interests.
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Volumetric differences arise between strains

We first evaluated the absolute volume of the 12 auditory ROIs and the effect of age, sex, and strain. We compiled mean absolute volume in all 12 evaluated auditory structures by BXD strains and mouse age cohort (Figure 2). Although isogenic mice overall had little to no variation in individual structure volume, mean individual structure volumes differed markedly across strains; analysis of variance supported that there are significant variations between groups of mouse strains and auditory structures independent of aging (p < 0.0001 for all individual structures). Visualization of these mean values between young and old cohorts do show differences in the effect of aging on volume not only among all structures but also between the various strains evaluated, supporting a genetic influence on the age-related effect on structure volume in the auditory pathway. Interestingly, we observed no intersex differences in both univariate and multivariate analyses between the entire cohort. Coefficient of variation within-animal between hemispheres were low in all structures, ranging between a minimum 1.64% ± 0.01% SEM in the inferior colliculus and a maximum 4.04% ± 0.04% SEM in the dorsal cochlear nucleus, supporting reproducibility of our imaging and parcellation methodology.
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FIGURE 2
Summary of individual structure volumes by strain. Mean individual structure volume with horizontal lines indicating standard error in all strains. A variety of strain-based differences in both absolute volume and age-related change is observed in all structures. A range of 4–6 mice were in each age cohort and strain pairing with the exception of BXD101, in which only one mouse was imaged in the young group. AUD, Auditory cortex; MGd, Medial geniculate nucleus, dorsal part; MGv, Medial geniculate nucleus, ventral part; MGm, Medial geniculate nucleus, medial part; MGN, Medial geniculate nucleus; IC, Inferior colliculus; Icc, Inferior colliculus, central nucleus; LL, Lateral lemniscus; NLL, Lateral lemniscus, nucleus; SOC, Superior olivary complex; DCO, Dorsal cochlear nucleus; VCO, Ventral cochlear nucleus.




Aging affects auditory pathway structure size heterogeneously

We then quantified the age- and strain-/genetic-based relationship and interaction with auditory structure volume. Among all strains, a significant change in absolute structure volume was observed in all individual structures evaluated as well as total brain volume (Table 1). Utilizing percentage change in the proportion of total brain volume occupied for each structure between young and old mice of the same strain, we observe that 97/144 (67.4%) of structure-strain pairings in the auditory pathway demonstrated an increase in size after aging, to varying degrees (Figure 3). Of the minority of structure-strain pairings that decreased in size with age, the auditory cortex (AUD) brain volume proportion decreased with age in all strains, to varying degrees. The remainder of the 35 pairings that demonstrated a decrease in structure volume with aging were heterogeneously distributed between all remainder structures and strains, except for the medial portion of the medial geniculate nucleus which displayed an increased in brain volume proportion with age.
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FIGURE 3
Brain proportion percentage change with aging. A heatmap matrix showing percentage change in individual structure brain proportion with age in every strain evaluated. Except for the auditory cortex in which there was an age-related decline in brain proportion, there were substantial strain-based variation in all structures with aging. A range of 4–6 mice were in each age cohort and strain pairing with the exception of BXD101, in which only one mouse was imaged in the young group. AUD, Auditory cortex; MGd, Medial geniculate nucleus, dorsal part; MGv, Medial geniculate nucleus, ventral part; MGm, Medial geniculate nucleus, medial part; MGN, Medial geniculate nucleus; IC, Inferior colliculus; Icc, Inferior colliculus, central nucleus; LL, Lateral lemniscus; NLL, Lateral lemniscus, nucleus; SOC, Superior olivary complex; DCO, Dorsal cochlear nucleus; VCO, Ventral cochlear nucleus.


While these initial findings do support genetic variation’s influence on structure volume, interpretation is limited as they do not account for possible confounders. We created a voxel-based multivariable linear regression model to control for such factors including total brain volume and mouse weight in the age and structure volume relationship (Figure 4). Six of the 12 ROIs evaluated in our multivariable analysis demonstrated a significant age-related effect independent of global brain volume or mouse weight changes. In ascending rate of volume change with age, these six structures were the auditory cortex [change in volume (95% confidence interval): –0.0274 (–0.0361, –0.0186) mm3/month], ventral cochlear nucleus [–0.0019 (–0.0035, –0.0004) mm3/month], medial division of the medial geniculate nucleus [0.0008 (0.0004, 0.0012) mm3/month], lateral lemniscus [0.0018 (0.0004, 0.0031) mm3/month], the nucleus of the lateral lemniscus [0.0031 (0.0016, 0.0046) mm3/month], and the inferior colliculus [0.0106 (0.0025, 0.0188) mm3/month].
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FIGURE 4
Multivariable analysis of the association of mouse age, weight, and total brain volume on auditory structure volume. Markers indicate degree of individual structure change per month mouse age (top), gram mouse weight (middle), and mm3 total brain volume (bottom), respectively. Horizontal lines indicate 95% confidence intervals. Raw coefficient values with their 95% confidence intervals were listed on the right with bolded values indicating significance. Structures were arranged from the lowest to greatest coefficient in each chart. AUD, Auditory cortex; MGd, Medial geniculate nucleus, dorsal part; MGv, Medial geniculate nucleus, ventral part; MGm; Medial geniculate nucleus, medial part; MGN, Medial geniculate nucleus; IC, Inferior colliculus; Icc, Inferior colliculus, central nucleus; LL, Lateral lemniscus; NLL, Lateral lemniscus, nucleus; SOC, Superior olivary complex; DCO, Dorsal cochlear nucleus; VCO, Ventral cochlear nucleus.


To evaluate the model, adjusted R2 values were utilized to estimate corrected goodness-of-fit. The model only accounted for a low amount of the variation of structure volume in three of the 12 structures: dorsal division of the medial geniculate nucleus (24.8%), ventral division of the medial geniculate nucleus (23.8%), and central nucleus of the inferior colliculus (14.6%). However, it did account for a high amount of variation for the remaining ROIs, ranging from 36.1% in the whole medial geniculate nucleus to 63.5% in the lateral lemniscus. A significant portion of the remaining variation is likely accounted for by genetic differences, which our model does not account for due to a relatively low number of mice in each strain and age pairing.



Mouse weight is negatively associated with auditory cortex volume

While our analysis focused on the effect of age on auditory structure volume, we did observe notable findings in the other covariates in our model (Figure 4). We observed that the auditory cortex is the sole ROI that displays a significant relationship with mouse weight that is age and total brain volume independent. For every gram increase in mouse weight, a corresponding 0.0142 mm3 decrease in auditory cortex volume is observed. Expectedly, all individual structure volumes evaluated do increase commensurately with increasing total brain volume (Figure 4). Unsurprisingly, the corresponding magnitude of the ratio between volume increases does align with the absolute size of the structure itself: for example, the large auditory cortex demonstrates a 0.0114 mm3 increase in size per 1 mm3 total brain volume, whereas the small dorsal cochlear nucleus, commensurate to its relatively smaller size, demonstrates a 0.0007 mm3 increase per 1 mm3 total brain volume.




Discussion

In this study, we leverage MRI data sets of a genetically diverse set of mouse strains in a comprehensive quantitative analysis of the mouse brain auditory pathway cytoarchitecture (Johnson et al., 2022). We observed strain-based volumetric differences in all individual structures of the auditory pathway as well as a heterogenous effect of aging in different strains upon structure size. Secondarily, we describe an independent negative effect of mice weight on auditory cortex volume. Our results support a genetic basis and influence in auditory structure volume and identify age-related volumetric changes in auditory structures. This study, to our knowledge, was the first attempt to utilize magnetic resonance histology for the volumetric analysis of a single functional pathway in the mouse model.


Imaging and parcellation of the auditory pathway

Current knowledge of the neuroanatomical basis of the auditory pathway is limited, and it is difficult to derive conclusive inferences from available work as with no single method is sufficient to provide a complete picture of the brain. The mouse brain is ∼ 3,000 times smaller than the human brain requiring a commensurate increase in spatial resolution for comparable anatomic measurement. Many advances in the molecular and neuroimaging techniques used in the study of fine structures have led to revelations in neurosciences research. Investigations into this area are becoming possible with technological advances and this field is becoming a nascent frontier for the future of research.

The high-resolution MRH and registration algorithm described in this study rely on extension of previous methods and merging of histological methods that allows collection and registration of key structures in whole individual brains in an efficient and systematic method. This process defines features accurately and without the registration issues that compromises many histological procedures. Utilizing this, we have successfully imaged, identified, and registered all individual structures of the auditory pathway. In addition, individual nuclei of the lateral lemniscus and inferior colliculus as well as the three subdivisions of the medial geniculate nucleus were able to be parcellated from the whole structure. The voxel volume at 9.1 × 10–5 mm3 per voxel is more than 21,000 times smaller than the voxels of the Human Connectome Project and nearly 90,000 times smaller than routine clinical exams (Uğurbil et al., 2013; Van Essen et al., 2013). While much of the previous work in small animal imaging research has been focused on achieving greater spatial resolution, this more recent work has focused on increasing throughput. This high throughput fulfills large power requirements needed for quantitively genetic dissection investigations targeted at neurogenetic and genome-wide mapping. Imaging studies have shown evidence of homology between human and mice (Keifer et al., 2015). There is great translational potential in these novel approaches for understanding genetic variation and environmental influence that underlie differences in hearing behaviors across species. Further advances in this technique toward artificial intelligence-driven workflows and algorithms can allow complex modeling and elucidation of the genetic and environmental influences of possible causal relationships between cellular and subcellular structure and functional behavior (Johnson et al., 2022).



Strain-based volumetric differences

Advanced neuroimaging efforts combined with classical genetics and genome-wide association studies such as the Human Connectome Project represent the frontier for in vivo understanding of the neural connections of individuals (Van Essen et al., 2013). However, there is little conclusive evidence in the neuroanatomical basis in hearing. Not only is the variability of the absolute and relative size of the individual brain regions highly diverse within populations, there is also wide heterogeneity in the brain alterations found in hearing loss (Andrews et al., 1997; Kral et al., 2016; Tarabichi et al., 2018). Studies are also regularly limited by high degrees of measurement inconsistency. With the progress of small animal neuroimaging as described, there is enormous potential for utilization in genetics-based research as it avoids many of these issues by virtue of a controlled environment. In our analysis, we observed significant strain-based differences in all auditory structures analyzed in both age cohorts, supporting a genetic disposition to both structure volume and the aging effect within the mouse (Table 1 and Figure 1). There is evidence currently supporting heritability in all imaging scalar metrics; however, mapping of the volumetric phenotypic trait requires the imaging data of significantly more strains than was analyzed in this study—approximately to the degree of 600 mice. The throughput of this imaging and processing methodology makes this a reality. Complex interactions between variants as well as complex environmental factors and confounders can very soon be evaluated and understood. More realistic and robust population models that incorporate levels of genetic variation comparable to human populations are now possible.



Mixed effects of aging on structure volume

Hearing is one of our main sensory senses and presbycusis is the most common sensory deficit in the elderly with severe social and health implications (Lin et al., 2011; Goman et al., 2017). Age-related hearing loss or presbycusis is the most prevalent sensory deficit in the elderly population (Huang and Tang, 2010). It is known that the aging process is associated with significant decrease in global and regional brain volumes, particularly in the temporal lobe and temporal gyri that comprise the human auditory cortex, and that hearing impairment is associated with acceleration of this brain volume decline (Scahill et al., 2003; Lin et al., 2014). These age-associated structural changes is a potential mechanism underlying the association between hearing impairment and cognitive decline and dementia and a better understanding of this process may help to elucidate expected age-related changes from neurodegenerative pathology (Lin and Albert, 2014). Our results are consistent with clinical findings in the auditory cortex and ventral cochlear nucleus, showing a decline in size with aging independent of global volume changes (Frisina and Walton, 2006). The most pronounced change with aging was observed in the auditory cortex, to a greater degree than that accounted for it being the largest structure in the pathway. The mechanistic basis for such findings has not been conclusive. In addition to gray matter loss and age-related atrophy of these areas, it has been proposed that a ventricle expansion effect contributes to changes in morphology (Eckert et al., 2019; Koops et al., 2020). The basis for the relationship between volume declines and behavior in hearing impairment is also not clear; hypotheses diverge as to whether auditory deprivation lead to declines in auditory area or if aging-caused changes in the peripheral and central auditory structures lead to subsequent hearing loss (Ren et al., 2018; Eckert et al., 2019).

In direct contrast, age-associated volume increases were observed in the medial division of the medial geniculate nucleus, the lateral lemniscus and its nucleus, and the inferior colliculus. While the age-associated changes reported in the cochlear nucleus and the auditory cortex have been a focus of research, these other structures in the auditory pathway are less studied (Tarabichi et al., 2018). A degree of increase in size is expected as the brains of some strains of mice grow in size as a function of age even in advanced age; however, our model does control for this factor (Peirce et al., 2003). While neurogenesis has been known in certain areas of the mouse brain even into late adulthood, such as the olfactory bulb via the rostral migratory stream, studies reflecting such a concept in the auditory system are few (Williams et al., 2001). Upregulation of parvalbumin expressing neurons in the inferior colliculus and medial geniculate body has been reported and is likely related to changes in frequency processing (Ouda et al., 2008; Gray et al., 2013; Engle et al., 2014). There have also been findings of age-related compensatory changes in certain auditory neuronal populations to maintain information fidelity; similarly, projections to the auditory cortex from the medial geniculate nucleus that remain specific with age have been found and likely have a gain control function (Engle et al., 2014; Gray et al., 2014; Chen et al., 2019). These support the hypothesis of a compensatory increase in auditory structure volume as a response to auditory cortex decline. Alternatively, the increase in size of these structures may be a result of recruitment by other systems after auditory deprivation; such an effect has been observed in humans and hypothesized to support speech perception by the visual system after hearing impairment (Slade et al., 2020; Manno et al., 2021).



Mouse weight displays negative association with auditory cortex volume

Beyond age and strain-based changes, we also observed a significant independent negative relationship between mouse weight and the auditory cortex. To the best of our knowledge, this volumetric relationship has not been reported in literature. There is a hypothesized relationship between obesity and hyperlipidemia with hearing degeneration via an oxidative stress-based inflammatory response in the peripheral neurons (Hwang et al., 2013). Our study suggests that these same factors may have an influence in the cortical structures. Additionally, the vascular implications of obesity may also play a role as it is known to have a vasoconstrictive effect on the vascularly sensitive inner ear that may subsequently influence higher order structures (Dhanda and Taheri, 2017).



Limitations

There are several limitations of this study. While we aimed to age mice to certain time points considered young and old, there was a significant age range in both cohorts of the study which we attempted to control via continuous modeling. The low number of strains evaluated in this study limited potential evaluation of genetic differences and modeling was not able to incorporate strain-based differences. Imaging of an expanded set of strains is ongoing and examination of volumetric differences using complex trait analysis will soon be possible with the aim to localize genetic factors modulating structural variation. Despite these limitations, our study remains one of the few to attempt structural quantitative analysis in the mouse model of a specific functional pathway. The great majority of studies have focused on behavioral variants with a rationalistic basis anchoring on an underlying mechanism in the brain; however, a thorough understanding of the neuroanatomical structural relationships and underpinnings is ultimately necessary.




Conclusion

We present a novel approach for the volumetric analysis of the auditory pathway in the mouse utilizing magnetic resonance histology. Our results support a genetic basis and influence in auditory structure volume and identify novel age-related volumetric changes in auditory structures. An understanding of the structural differences in auditory structures is crucial in unwinding the genetic groundworks and links of hearing and is ultimately foundational knowledge in the pursuit of understanding hearing physiology and impairment. Robust structural analyses within individual functional systems will allow novel means of translation integral in our understanding of the inner workings in the complex brain.
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SUPPLEMENTARY TABLE 1
Complete raw volumetric data using magnetic resonance imaging for 104 mice for 11 well defined regions of interests as well as total brain volume separated by hemisphere. Mice strain, sex, weight in grams, age in days, and age category (young/old) were included and the data set is currently sorted by strain and age category. Within analysis, the three subdivisions of the medial geniculate nucleus were summed and combined as a separate summation ROI not included in this raw data.
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Introduction: Research suggests that prenatal inflammatory exposure could accelerate age-related cognitive decline that may be resulted from neuroinflammation and synaptic dysfunction during aging. Environmental enrichment (EE) may mitigate the cognitive and synaptic deficits. Neurite growth-promoting factor 2 (NGPF2) and postsynaptic density protein 95 (PSD-95) play critical roles in neuroinflammation and synaptic function, respectively.

Methods: We examined whether this adversity and EE exposure can cause alterations in Ngpf2 and Psd-95 expression. In this study, CD-1 mice received intraperitoneal injection of lipopolysaccharide (50 μg/kg) or normal saline from gestational days 15–17. After weaning, half of the male offspring under each treatment were exposed to EE. The Morris water maze was used to assess spatial learning and memory at 3 and 15 months of age, whereas quantitative real-time polymerase chain reaction and Western blotting were used to measure hippocampal mRNA and protein levels of NGPF2 and PSD-95, respectively. Meanwhile, serum levels of IL-6, IL-1β, and TNF-α were determined by enzyme-linked immunosorbent assay.

Results: The results showed that aged mice exhibited poor spatial learning and memory ability, elevated NGPF2 mRNA and protein levels, and decreased PSD-95 mRNA and protein levels relative to their young counterparts during natural aging. Embryonic inflammatory exposure accelerated age-related changes in spatial cognition, and in Ngpf2 and Psd-95 expression. Additionally, the levels of Ngpf2 and Psd-95 products were significantly positively and negatively correlated with cognitive dysfunction, respectively, particularly in prenatal inflammation-exposed aged mice. Changes in serum levels of IL-6, IL-1β, and TNF-α reflective of systemic inflammation and their correlation with cognitive decline during accelerated aging were similar to those of hippocampal NGPF2. EE exposure could partially restore the accelerated decline in age-related cognitive function and in Psd-95 expression, especially in aged mice.

Discussion: Overall, the aggravated cognitive disabilities in aged mice may be related to the alterations in Ngpf2 and Psd-95 expression and in systemic state of inflammation due to prenatal inflammatory exposure, and long-term EE exposure may ameliorate this cognitive impairment by upregulating Psd-95 expression.

KEYWORDS
 aging, inflammation, learning and memory, environmental enrichment, NGPF2, PSD-95


Introduction

The risk of developing many pathological conditions, especially cognitive decline, increases rapidly with age. It is estimated that 40% of the population, aged 60 years or more, is affected by age-related cognitive decline (Vanguilder and Freeman, 2011). Age-related cognitive decline hampers quality of life, and, consequently, the financial cost of providing long-term care for current and future sufferers of this condition is overwhelming. Thus, there is a need to understand the mechanisms that contribute to this loss of cognitive function with normal aging. However, the aforementioned mechanisms remain largely unclear, and effective approaches to alleviate brain aging are still lacking.

Current evidence demonstrates that exposure to maternal immune activation (MIA) in utero in rodents causes cognitive abnormalities, such as spatial learning and memory impairments, in adult offspring (Batinić et al., 2016; Simões et al., 2018). These abnormalities are similar to those reported in human studies (Ross-Munro et al., 2020; Veerasammy et al., 2020). Lipopolysaccharide (LPS), a component of the Gram-negative bacterial cell wall, activates the immune system (Domínguez-Rivas et al., 2021). Administration of LPS in rodents leads to inflammatory responses in astrocytes and microglial cells, which subsequently produce multiple pro-inflammatory mediators, such as interleukin (IL)-6, IL-1β, and tumor necrosis factor-alpha (TNF-α; Colonna and Butovsky, 2017; Liang et al., 2019; Domínguez-Rivas et al., 2021). Pro-inflammatory mediators cross the dysfunctional placental and blood–brain barriers to enter the fetal blood circulation and brain, thereby elevating concentrations of cytokines in fetuses during and after LPS-induced MIA (Simões et al., 2018; Cadaret et al., 2019). In addition, fetuses in utero trigger their own inflammatory response and promote the production of inflammatory cytokines after MIA (Elovitz et al., 2011; Henrique et al., 2021). These changes have the capacity to modulate fetal neurodevelopmental trajectories, thereby impairing cognitive performance in adult offspring (Henrique et al., 2021; Guma et al., 2022). However, only a limited number of studies have investigated the age-associated cognitive consequences of prenatal MIA exposure in these offspring, especially after midlife. Our previous studies indicated that exposure to LPS-induced MIA during late embryogenesis accelerated age-related learning and memory impairment in mouse offspring, particularly at midlife to senectitude (Li et al., 2016; Wang et al., 2020; Zhang et al., 2020).

The hippocampus, a brain region critical for learning and memory, is vulnerable to the aging process (Geinisman et al., 1995). Neuroinflammation is thought to contribute to aging and age-related cognitive impairment by damaging hippocampal synaptic function (Vanguilder and Freeman, 2011; Bettio et al., 2017; Juan and Adlard, 2019). The neurite growth-promoting factor 2 (NGPF2; also referred to as midkine) is not only a cytokine but also a neurotrophic factor (Ross-Munro et al., 2020; Zhou et al., 2021). It is principally expressed in the developing central nervous system (CNS; Zhou et al., 2021) and is usually reduced to negligible level in adulthood (Yoshida et al., 2014). However, mounting evidence indicates that NGPF2 is markedly upregulated in many pathological conditions that are characterized by inflammatory injury. For example, NGPF2 was highly expressed in the cerebral peri-infarct area (Yoshida et al., 1995) and in senile plaques in the brain of Alzheimer’s disease (AD) patients (Yasuhara et al., 1993). Further investigations indicate that NGPF2 exhibits neuroprotective properties in the aforementioned diseases (Ishikawa et al., 2009; Herradón and Pérez-García, 2014), which may be beneficial for cognitive function. NGPF2 also exacerbates various pathological processes (Cai et al., 2020; Filippou et al., 2020; Ross-Munro et al., 2020). Interestingly, NGPF2 was found to specifically modulate neuroinflammation resulting from amphetamine injection and traumatic brain injury, thereby impairing cognitive and neurological consequences (Vicente-Rodríguez et al., 2016; Takada et al., 2020). Briefly, NGPF2 is also a regulator of cognitive impairment. Various research has revealed the “double-edged sword” effect of NGPF2, due to its ability to repair nerve damage or aggravate injury outcomes depending on different pathological factors, including age, brain region, disease state, and stimuli (such as amphetamine and LPS; Yoshida et al., 2014; Vicente-Rodríguez et al., 2016; Fernández-Calle et al., 2018). We hypothesized that the “double-edged sword” effect of NGPF2 may impair or protect cognition in specific conditions. Therefore, we aimed to investigate how inflammatory exposure during late embryogenesis changes Ngpf2 gene expression in the brain at different ages, and whether NGPF2 is associated with age-related impairment in spatial learning and memory that is caused by embryonic MIA exposure.

Additionally, studies have demonstrated chronic and systemic immune activation in offspring following prenatal exposure to MIA (Hsiao et al., 2012; Rose et al., 2017). Human and animal studies suggest that systemic inflammation reflected by peripheral inflammatory cytokines may be linked to the exacerbation of neurodegenerative diseases such as AD and cognitive decline in older adults (Walker et al., 2019; Ashraf-Ganjouei et al., 2020). However, it is unknown whether MIA exposure in utero increases systemic inflammation in aged offspring.

The disruption of hippocampal synaptic function contributes to age-related cognitive decline (Petralia et al., 2014; Juan and Adlard, 2019). Indeed, synaptic deficits observed in the hippocampus may be partially explained by alterations in the level of postsynaptic density protein 95 (PSD-95; Bettio et al., 2017; Juan and Adlard, 2019). PSD-95 is a critical synaptic protein that regulates synaptic plasticity (Dore et al., 2021) and supports the stability of hippocampus-dependent memory (Fitzgerald et al., 2015). PSD-95 is reduced in the hippocampus of an AD mouse model (Shao et al., 2011; Xiao et al., 2021), as well as in aged rats with cognitive impairment when compared to aged cognitively unimpaired or young rats (Savioz et al., 2014). Neuroinflammation and other pathologies could reduce hippocampal Psd-9 expression (Savioz et al., 2014). As mentioned, NGPF2 is induced after inflammatory injury and may also aggravate various pathologies. Although many studies have involved PSD-95, there are only limited reports on whether embryonic inflammatory exposure alters hippocampal Psd-95 expression in aged mice.

In contrast, studies in rodents suggest that environmental enrichment (EE) may increase PSD-95 level in the brain (Savioz et al., 2014; Griñán-Ferré et al., 2018). It is well-known that rodents exposed to EE, either sensory or social, and physical exercises (i.e., larger group and larger cage equipped with additional running wheels, tunnels, ladders, and toys) have higher levels of brain-derived neurotrophic factor and improved inflammation and synaptic plasticity in the hippocampus (Griñan-Ferré et al., 2016a,b; Bettio et al., 2017). Thus, EE has been proposed as a non-invasive mean to ameliorate spatial learning and memory deficits (Wang et al., 2018; Kubo et al., 2021). However, it remains elusive whether EE is sufficient to mitigate the detrimental effects of prenatal inflammatory exposure and normal aging on age-related learning and memory decline, as well as the possible concomitant changes in Psd-95 and Ngpf2 expression, or systematic inflammation.

In this study, the effects of prenatal inflammatory exposure and EE treatment after weaning on spatial learning and memory were investigated in young and aged CD-1 mice. Additionally, whether mRNA and protein levels of NGPF2 and PSD-95 in the hippocampus and the levels of serum inflammatory cytokines differed among the different treatment groups, including both young and old mice, were examined. Finally, correlations between measured neurobiological indicators and cognitive performance were determined.



Materials and methods


Animals and experimental protocol

CD-1 mice (4–6 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd. The animals were housed in standard plastic mouse cages (31.8 × 20.2 × 13.5 cm3) and maintained under standard laboratory conditions, with a constant temperature of 22°C–25°C and 55 ± 5% humidity on a 12-h light–dark cycle (lights on at 07:00). Food and water were available ad libitum. After 2 weeks of adaptive feeding, female mice were paired with males at a 2:1 ratio. On the next morning, the emergence of a vaginal plug was considered as gestational day (GD) 0. From GDs 15–17, the pregnant mice received a daily intraperitoneal injection (i.p.) of LPS (50 μg/kg) or the same volume of normal saline, as previously described (Wang et al., 2020; Zhang et al., 2020). The offspring were raised by their mother until weaning at postnatal day 21. The male pups were assigned to one of four groups: (1) the control (CON) group—whose mother received i.p. saline; (2) the LPS group—whose mother received i.p. LPS; (3) control exposed to EE treatment group (CON-EE); and (4) LPS exposed to EE treatment group (LPS-EE). Specifically, half of the male pups in each litter whose mothers received LPS ip were randomly assigned to the LPS group and the other half were assigned to the LPS-EE group, and this assignment rule was also followed for male pups whose mothers received saline ip. CON and LPS groups were assigned to the same mouse cages (4–5 mice per cage) as their mothers. The other two groups exposed to the EE were housed in larger cages (54.5 × 39.5 × 20 cm3, 8–10 mice per cage) equipped with additional toys, including running wheels, tunnels, ladders, bridges, and log cabins, which were used to trigger cognitive and physical activities and social interactions (Ismail et al., 2021). Mice were exposed to novelty stimulation by renewing toys daily, and the program cycled weekly. EE exposure (short-term EE: from weaning to 3 months of age; long-term EE: from weaning to 15 months of age) continued until the end of the behavioral experiment. When the mice reached 3 and 15 months of age, 6 mice from each group were randomly selected for the experiment. The experimental schedule is shown in Figure 1. All experimental procedures complied with the guidelines established by the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and were approved by the Experimental Animal Ethics Committee of Anhui Medical University (No. LLSC20160165).
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FIGURE 1
 Timeline of experimental events. Pregnant mice were intraperitoneally injected with LPS or normal saline daily on days 15–17 of gestation (GD). All male offspring were weaned at postnatal day (PND) 21 and were divided into four groups (CON, CON-EE, LPS, and LPS-EE). Morris water maze tests were performed at 3 and 15 months of age. Fourteen days after testing, mice were sacrificed for subsequent biochemical experiments. CON, untreated control group; LPS, lipopolysaccharide treatment group; EE, group of mice exposed to environmental enrichment; MWM, Morris water maze.




Morris water maze

The Morris water maze (MWM) is a widely used task for evaluating hippocampus-dependent spatial learning and memory (Domínguez-Rivas et al., 2021). Our apparatus consisted of a circular tank (150 cm diameter, 30 cm height) with a black inside wall and an escape platform (10 cm diameter, 24 cm height). The tank was placed on a secure steel frame with a height of 30 cm and was filled with water (20°C–22°C, depth of 25 cm). The pool was divided into four quadrants, and the escape platform was placed 1 cm below the water’s surface in the center of one of the quadrants. The periphery of the pool was surrounded by a white curtain, forming a cylindrical shape from the ceiling to the ground. Three clearly seen black geometric figures (circles, squares, and triangles) were equidistantly suspended inside the drapery, 150 cm above the ground, to serve as spatial cues. The mice to be tested were moved to the behavioral assessment room for acclimatization 3 days prior to testing. The day before the experiment, the mice were trained to find platforms placed in different positions, to assess mice for adequate vision and swimming ability. The platform had a flag and was 1 cm above the water’s surface. During training or acquisition trials (learning phase), the mice were tested four times per day, with 15-min intervals between trials, for 7 days. On day 1, the mice were placed on the escape platform for 30 s before the first trial began. Subsequently, mice were randomly placed into the water from different quadrants (except the platform quadrant) facing the pool wall. Mice were allowed to spend 60 s to reach a hidden escape platform and rest on the platform for 30 s in each trial. If they failed to find the platform within 60 s, they were gently guided to the platform for 30 s. On the last day, the mice underwent probe trials (memory phase) with the platform removed. Two hours after the last learning trial, the mice were placed in the quadrant opposite the platform position and allowed to swim for 60 s. All the parameters of the swimming velocity, distance, and time were recorded using Any-maze software (Stoelting, United States). Experiments were conducted by fixed experimenters at the same time of day.

The time that mice take to reach an escape platform (escape latency) is the most widely used measure of learning ability. However, escape latency can be affected by the swimming speed of mice. Because the swimming distance can better reflect the learning ability of aged mice in the learning phase (Zhang et al., 2020), the swimming distance was preferentially used as an indicator of learning performance of mice in the present study, and the percentage of swimming distance and time in the target quadrant was recorded to evaluate the level of memory consolidation, as per previous studies (Wu et al., 2020; Zhuang et al., 2021).



Tissue and serum preparation

To avoid the possible effects of previous experimental manipulations on mRNA or protein level, the mice were sacrificed by cervical dislocation and decapitated 2 weeks after the behavioral tests. Retro-orbital blood samples were collected, and serum was subsequently separated by centrifuging samples at 4,000 rpm for 6 min. Serum was stored at −80°C. The hippocampus was isolated and immediately stored at −80°C for quantitative real-time polymerase chain reaction (qRT-PCR) and Western blotting.



Serum inflammatory cytokine measurement

Serum concentrations of IL-6, IL-1β, and TNF-α were determined by enzyme-linked immunosorbent assay using IL-6, IL-1β, and TNF-α kits, respectively (Wuhan ColorfulGene Biological Technology Co., Ltd., China).



qRT-PCR

qRT-PCR was conducted as previously reported (Zhuang et al., 2021). Total RNA was extracted from the hippocampus using Trizol reagent according to the manufacturer’s instructions. The purity and content of total RNA were determined using a spectrophotometer. The PrimeScript™ RT reagent Kit (Takara, RR047A) was used for reverse transcription of total RNA to complementary DNA (cDNA). Transcripts were amplified by qRT-PCR using Novostart SYBR qPCR SuperMix Plus in a 10 μl total reaction mixture (5 μl of 2× SYBR Green mixture, 1 μl of each primer (10 μM), 1 μl of cDNA template, and 2 μl of RNase-free water). qRT-PCR was performed under the following conditions: one cycle of 95°C for 1 min, 40 cycles of 95°C for 20 s, and 60°C for 1 min. mRNA levels were quantified using the 2△△Ct method. Beta-actin was used as the endogenous control, and the primer sequences are listed in Table 1.



TABLE 1 Primer sequences used for qRT-PCR.
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Western blotting

Hippocampal tissue was lysed in RIPA lysis buffer (Beyotime, China) and centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was extracted and mixed with 5× sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) protein loading buffer and boiled for 15 min. An equal amount of total protein from each sample was separated by 10% SDS-PAGE and transferred onto polyvinylidene fluoride immunoblotting membranes (Millipore, United States). Membranes were blocked with nonfat powdered milk in Tris-buffered saline with Tween-20 (TBST) for 2 h at 25°C, and then incubated overnight with primary antibodies to rabbit NGPF2 (1:1,000; ab52637, Abcam), rabbit PSD-95 (1:2,000; ab238135, Abcam), and mouse GAPDH (1:1,000; TA-08; Zsbio, China) at 4°C. After washing three times with TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:12,000; ZB2301, ZB-2305; Zsbio, China) for 1.2 h at room temperature. After rinsing again, the immunoreactive bands for the protein of interest were visualized using an enhanced chemiluminescence reagent (Thermo, United States). Immunoreactive bands revealed positive expression at 16 kDa (NGPF2), 80 kDa (PSD-95), or 36 kDa (GAPDH, internal standard). The quantification of band density was analyzed using ImageJ. Duplicate samples were averaged for each subject. All quantitative analyses were normalized to the corresponding GAPDH control.



Statistical analysis

All data with normal distribution are presented as the mean ± standard error of the mean (SEM). For data with normal distribution and equal variance, Student’s t-test, one-way analysis of variance, or mixed-effects model with repeated measures and post hoc Tukey’s tests for multiple comparison were used as appropriate. Specifically, data reflecting performance in the MWM learning task were analyzed using mixed-effects model with repeated measures. To determine the main effects of treatment, the other data were analyzed by one-way analysis of variance. The student’s t-test was used to analyze the effect of age. Correlations between MWM performance and target mRNA or protein level in the hippocampus were analyzed using the Pearson’s correlation coefficient test. All analyses were performed using GraphPad Prism 8 Software, and p < 0.05 was considered to be statistically significant.




Results


Performances in the Morris water maze


Age effects

Results of swimming velocity in the CON mice (Figure 2A) indicated that age did not significantly alter motor performance of aged mice. The distance swam (Figure 2B) and escape latency (Figure 2C) of the CON group gradually decreased with the increase in training days. Furthermore, age significantly affected learning and memory functions. Compared to the 3-month-old CON mice, the15-month-old CON mice had longer distance swam (Figure 2B) and latency (Figure 2C) during the training phase and lower percentage of distance (Figure 2D) and time (Figure 2E) swam in the target quadrant during the memory phase.
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FIGURE 2
 Performances illustrating the age effects in the Morris water maze test. Swimming velocity (A), distance swam (B) and escape latency (C) during the training phase, and the percentage of distance (D) and time (E) swam in the target quadrant during the memory phase in the CON group at 3 months (3 M) and 15 months (15 M) of age. Data are presented as means ± SEM (n = 6 male mice/group). **p < 0.01, ***p < 0.001 compared with the CON group; CON, untreated control group.




Treatment effects


During the acquisition phase

The effects of treatment were significant for the distance swam (Figures 3A,B) but not the latency (Figures 3C,D) or swimming velocity (Figures 3E,F) in the different treatment groups at both 3 and 15 months of age. At 3 months of age, the LPS group exhibited a significant spatial learning disability, with a greater distance swam, as compared with the CON group (Figure 3A). However, the short-term EE exposure did not significantly affect learning ability (CON vs. CON-EE; LPS vs. LPS-EE; Figure 3A). At 15 months of age, prenatal MIA exposure significantly impaired spatial learning function in the LPS mice compared to the CON ones, measured by the distance swam (Figure 3B). The long-term EE treatment improved the spatial learning performance in the LPS-EE group (LPS vs. LPS-EE; Figure 3B).
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FIGURE 3
 Performances in the Morris water maze test with different treatments. Distance swam (A,B), escape latency (C,D), and swimming velocity (E,F) during the learning phase, and percentage of distance (G) and time (H) swam in the target quadrant during the memory phase in the different treatment groups at 3 months (3 M) and 15 months (15 M) of age. All data are shown as means ± SEM (n = 6 male mice/group). *p < 0.05, **p < 0.01, ***p < 0.001 compared with the CON group; $p < 0.05, $$p < 0.01, $$$p < 0.001 compared with the LPS group; CON, untreated control group; LPS, lipopolysaccharide treatment group; EE, group of mice exposed to environmental enrichment.




In the memory phase

At 3 months of age, the percentage of distance (Figure 3G) and time (Figure 3H) swam in the LPS group was significantly decreased compared to the CON group, indicating that the spatial memory was declined in the LPS mice. Moreover, short-term EE intervention reversed the memory deficit (LPS vs. LPS-EE; Figure 3G). At 15 months of age, the LPS group showed a decrease in memory consolidation compared to the CON group, as assessed by the percentage of distance and time swam (Figures 3G,H). Meanwhile, the long-term EE exposure restored the memory decline in the LPS-EE group (LPS vs. LPS-EE, Figures 3G,H) and the CON-EE group (CON vs. CON-EE, Figure 3G).





Serum inflammatory cytokine levels

Results obtained in the CON mice showed that the serum levels of IL-6, IL-1β, and TNF-α increased with age (Figures 4A–C).
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FIGURE 4
 Serum levels of IL-6, IL-1β and TNF-α in mice. Serum levels of IL-6 (A), IL-1β (B) and TNF-α (C) in the CON group at 3 months (3 M) and 15 months (15 M) of age depicted the effect of age on systematic inflammation. IL-6, IL-1β, and TNF-α levels in the different treatment groups at 3 M (D-F) and 15 M (G-I). All data are shown as means ± SEM (n = 6 male mice/group). Significance is as follows: *p < 0.05, **p < 0.01. CON, untreated control group; LPS, lipopolysaccharide treatment group; EE, group of mice exposed to environmental enrichment.


At 3 months of age, embryonic inflammatory exposure activated systemic immune responses accompanied by elevated serum inflammatory cytokine levels (Figures 4D–F). Exposure of mice to EE did not significantly alter serum cytokine concentrations (CON vs. CON-EE; LPS vs. LPS-EE; Figures 4D–F). At 15 months of age, the LPS mice showed a long-term increased inflammatory response compared to the CON ones (Figures 4G–I). Meanwhile, the long-term EE reduced IL-1β and TNF-α levels in the LPS-EE group (LPS vs. LPS-EE; Figures 4H,I).



Levels of NGPF2 and PSD-95 in the hippocampus


NGPF2 mRNA and protein levels

The levels of NGPF2 mRNA and protein were significantly increased in 15-month-old CON mice compared with 3-month-old mice with the same treatment (Figures 5A–C).
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FIGURE 5
 The hippocampal mRNA and protein levels of NGPF2 in CD-1 mice. (A) Representative immunoreactive bands for NGPF2 in the different treatment groups at 3 months (3 M) and 15 months (15 M) of age. NGPF2 mRNA and protein levels in the CON group (B,C), and in the CON, CON-EE, LPS and LPS-EE groups (D,E) at 3 M and 15 M. All data are provided as mean ± SEM (n = 6 male mice/group). *p < 0.05, **p < 0.01, ***p < 0.001 compared with the CON group; ##p < 0.01, ###p < 0.001 compared with the CON-EE group; CON, untreated control group; LPS, lipopolysaccharide treatment group; EE, group of mice exposed to environmental enrichment.


Besides, NGPF2 mRNA and protein levels in the LPS group were significantly higher than those in the CON group, regardless of age (Figures 5D,E). Meanwhile, no significant effects of short or long-term EE intervention were found on NGPF2 mRNA and protein levels (CON vs. CON-EE; LPS vs. LPS-EE).



PSD-95 mRNA and protein levels

In contrast to the mRNA and protein levels of NGPF in the CON group, the mRNA and protein levels of PSD-95 in 15-month-old mice were decreased (Figures 6A–C).
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FIGURE 6
 The hippocampal mRNA and protein levels of PSD-95 CD-1 mice. (A) Representative immunoblots of PSD-95 in the different groups at 3 months (3 M) and 15 months (15 M) of age. PSD-95 mRNA and protein levels in the CON group (B,C), and in the CON, CON-EE, LPS, and LPS-EE groups (D,E) at different ages. All data are shown as mean ± SEM (n = 6 male mice/group), *p < 0.05, **p < 0.01, ***p < 0.001 compared with the CON group; ##p < 0.01, ###p < 0.001 compared with the CON-EE group; $p < 0.05, $$$p < 0.001 compared with the LPS group; CON, untreated control group; LPS, lipopolysaccharide treatment group; EE, group of mice exposed to environmental enrichment.


At both 3 and 15 months of age, PSD-95 mRNA and protein levels were downregulated in the LPS group relative to the CON group (Figures 6D,E). Meanwhile, both short- and long-term EE exposure upregulated the levels of PSD-95 mRNA and protein (LPS vs. LPS-EE). In addition, long-term EE alleviated the reduction of Psd-95 mRNA expression in aged CON mice (CON vs. CON-EE; Figure 6D).




Correlations between cognitive performance and inflammatory cytokine, NGPF2, and PSD-95


Serum inflammatory cytokine

In 3-month-old mice, serum levels of IL-6, IL-1β, and TNF-α were positively correlated with the distance swam during the learning phase in the LPS and LPS-EE groups, and negatively correlated with the percentage of time swam in the target quadrant during the memory phase in the LPS group (Table 2).



TABLE 2 Correlations between performance in MWM trial and serum levels of inflammatory cytokines.
[image: Table2]

In 15-month-old mice, IL-6, IL-1β, and TNF-α levels positively correlated with the learning distance swam in the LPS and LPS-EE groups and negatively correlated with the memory percentage of distance and time swam in the LPS group (Table 2). Additionally, IL-6 and IL-1β levels showed a negative correction with the memory percentage of distance swam in the LPS-EE group (Table 2).



NGPF2

In 3-month-old mice, NGPF2 mRNA and protein levels showed a positive correlation with the learning distance swam in the LPS and LPS-EE groups and a negative correlation with the memory percentage of time swam in the LPS group (Table 3). Furthermore, NGPF2 protein level was negatively correlated with the memory percentage of time swam in the LPS-EE group.



TABLE 3 Correlations between performance in the MWM trial and mRNA/protein levels of NGPF2 and PSD-95.
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In 15-month-old mice, NGPF2 mRNA and protein levels in the LPS and LPS-EE groups positively correlated with learning distance swam and negatively correlated with the memory percentage of distance swam (Table 3). Besides, the memory percentage of time swam was negatively correlated with Ngpf2 mRNA in the LPS-EE group, as was NGPF2 protein in the LPS group.



PSD-95

In 3-month-old mice, PSD-95 mRNA and protein levels negatively correlated with the learning distance swam in the LPS and LPS-EE groups and positively correlated with the memory percentage of swimming time in the LPS group (Table 3). Psd-95 mRNA level showed a positive correlation with the memory percentage of distance swam in the LPS-EE group, and PSD-95 protein level was positively correlated with the memory percentage of swimming time in the LPS-EE group.

In 15-month-old mice, PSD-95 mRNA and protein levels in the LPS and LPS-EE groups exhibited a negative correlation with the learning distance swam and a positive correlation with the memory percentage of distance swam (Table 3). Furthermore, the memory percentage of time spent swimming positively correlated with Psd-95 mRNA expression in the LPS-EE group and with PSD-95 protein level in the LPS and LPS-EE groups.





Discussion

Pregnancy can be complicated by bacterial infections that lead to increases in immune responses in the offspring (Rose et al., 2017; Wang et al., 2020; Su et al., 2022), and bring the neural and behavioral sequelae throughout the lifespan of the offspring (Hambrick et al., 2019; Nelson and Gabard-Durnam, 2020; Van den Bergh et al., 2020). Several studies have shown that there is a gender-dependent effects of learning and memory during aging, while different research demonstrate conflicting results (Wang et al., 2010; Li et al., 2016). Our previous research showed that there were no significant sex differences in spatial learning and memory in normal mice or prenatal MIA-exposed mice at young and old ages (Xiong et al., 2018; Wu et al., 2019; Wang et al., 2020). So were hippocampal levels of inflammation, synaptic proteins, histones, and markers of AD pathology. In this study, we only selected male offspring for research. Here, the results suggested that the LPS mice have elevated levels of systemic inflammation. Meanwhile, prenatal inflammatory exposure accelerated age-associated cognitive dysfunction and changes in Ngpf2 and Psd-95 expression in aged mice, whereas EE treatment counteracts some of these influences. Exploration of this potential causal relationship may, to some extent, provide new insights into the mechanisms underlying age-related cognitive impairment.


Environmental enrichment improved spatial cognitive decline aggravated by embryonic inflammatory exposure

Aging fosters cognitive disabilities (Juan and Adlard, 2019). As described in this study, aging is accompanied by spatial learning and memory decline. Consistent with our results, previous studies had shown age-related decreases in learning and memory starting at 12 months of age in mice (Li et al., 2016; Wang et al., 2020). Moreover, converging lines of evidence indicate that prenatal MIA exposure exacerbates age-related cognitive decline (Wu et al., 2020; Zhang et al., 2020). In the present study, embryonic MIA exposure impaired learning and memory in young mice and accelerated aged-related cognitive deficits in aged mice.

In contrast, multiple studies have demonstrated that EE conveys beneficial effects on cognitive function in mice (Ohline and Abraham, 2019; Crawford et al., 2020; Ismail et al., 2021). Moreover, some detrimental effects of early adverse events can be counteracted by housing mice in cages with more favorable environments (Aghighi Bidgoli et al., 2020; Cordier et al., 2021). Adolescence also represents a critical and sensitive stage in brain development, making it susceptible to environmental stimuli (Wu et al., 2020; Cordier et al., 2021), and therefore, the EE intervention in our study was initiated during adolescence. However, our findings showed that short-term EE (from weaning to 3 months of age) had little effect on cognitive impairment (CON vs. CON-EE; LPS vs. LPS-EE). Notably, long-term EE (from weaning to 15 months of age) exerted a significantly restorative effect on impaired cognition in aged LPS-EE mice (LPS vs. LPS-EE), but not in aged CON-EE ones (CON vs. CON-EE). Other studies have shown that 13 or 14 months of EE exposure improves cognitive deficits in 18-month-old mouse dams exposed to LPS during pregnancy and in their 15-month-old offspring (Wu et al., 2020; Zhuang et al., 2021). These results are similar to ours. In short, our results suggested that long-term EE is necessary to alleviate age-related cognitive decline that is accelerated by embryonic inflammatory exposure.

Additionally, prenatal MIA exposure could also increase the risk of developing psychiatric disorders later in life, such as schizophrenia and autism spectrum disorder (Batinić et al., 2016; Simões et al., 2018). The development of these psychiatric disorders is often accompanied by memory loss during aging. (Roy et al., 2021), which may complicate the results of the measured memory. Our previous work showed that the LPS mice had similar anxieties compared to the same-aged controls at 1, 6, 9, and 14 months of age (Chen et al., 2011; Wang et al., 2020). At 18 months of age, MIA-exposed mice exhibited increased anxieties relative to the same-aged controls (Wang et al., 2020). Overall, these results suggest that prenatal MIA exposure induces an increase in anxiety in an age-dependent manner. In this study, the lack of evaluation of anxiety and depression that may affect memory in mice is a limitation.



The effects of environmental enrichment on changes in inflammatory cytokine, NGPF2, and PSD-95 accelerated by prenatal inflammatory exposure

Aging is a distinct pro-inflammatory fate (Baker and Petersen, 2018). As shown in this study, the serum inflammatory cytokine levels reflective of systemic inflammatory responses increased with age. In aged mice, the level of glial fibrillary acidic protein, an astrogliosis marker, was also significantly increased in the hippocampus (Rogers et al., 2017).

Several studies suggest that prenatal MIA exposure could alter the immune function in offspring (Hsiao et al., 2012; Rose et al., 2017; Wang et al., 2020). In a MIA model of rhesus monkeys, the offspring were followed until 4 years of age and exhibited increased levels of plasma inflammatory cytokines (Rose et al., 2017). However, little literature has reported whether exposure of embryos to LPS-induced MIA affects systemic immune responses in aged mice. Our data indicated that serum inflammatory cytokine levels were significantly elevated in the LPS group compared to the CON group at both young and old ages. MIA exposure in utero also altered neuroimmune modulations in the offspring from embryonic to old age in the mouse hippocampus (Simões et al., 2018; Wang et al., 2020; Guma et al., 2022; Su et al., 2022). For example, previous work from our group has shown that aged LPS mice have increased levels of glial fibrillary acidic protein in the hippocampus relative to age-matched controls (Wang et al., 2020). Briefly, the findings of our group suggested that prenatal MIA exposure enhances age-related increases in inflammatory responses in aged offspring.

NGPF2 has important pathophysiological roles in the CNS (Yoshida et al., 2014). However, there are currently no studies on age-related changes of NGPF2 in the hippocampus. In this study, the results, for the first time, showed an increase in Ngpf2 expression in the hippocampus of aged mice. Although NGPF2 is at a trivial level in healthy adult mice, it is often upregulated in neuroinflammatory conditions (Kadomatsu et al., 2013; Winkler and Yao, 2014; Ross-Munro et al., 2020). This age-related increase in NGPF2 may somewhat reflect changes in the hippocampal aging process.

The Ngpf2 gene promoter region contains a binding site for the nuclear factor kappa-B response element, which could be activated by LPS and inflammatory cytokines, such as TNF-α and IL-1β (Cai et al., 2020; Ross-Munro et al., 2020; Domínguez-Rivas et al., 2021). Thus, Ngpf2 expression is induced after inflammatory injury. For example, NGPF2 protein level was significantly increased after induction of experimental autoimmune encephalitis (Yoshida et al., 2014). Results of our group suggested that prenatal inflammatory exposure increased the inflammation in offspring. As expected, inflammatory exposure in utero significantly affected the hippocampal Ngpf2 expression in this research, with an increase in the LPS mice relative to the CON mice at both young and old ages. Hence, this indicated that prenatal inflammation exposure accelerates age-related upregulation of NGPF2 in aged mice.

Although some studies suggest that EE exposure may improve immune system responses, this possibility has not been widely explored (Keymoradzadeh et al., 2020; Domínguez-Rivas et al., 2021). In this experiment, the effect of EE exposure on serum inflammatory cytokine levels and hippocampal Ngpf2 expression was minimal (CON vs. CON-EE; LPS vs. LPS-EE).

PSD-95 is a major synaptic protein involved in aging (Savioz et al., 2014; Bustos et al., 2017). In this study, hippocampal Psd-95 expression decreased with aging, which has been confirmed in other experiments (Rogers et al., 2017; Cały et al., 2021).

Numerous studies have shown that PSD-95 level is reduced in neurodegenerative diseases, like AD (Savioz et al., 2014; Zarate et al., 2021). In young rodents, hippocampal PSD-95 levels have been found to be affected by AD-like pathology or early life stress (Jung and Kim, 2017; Shen et al., 2019; Xiao et al., 2021). Currently, the effects of embryonic inflammatory exposure on hippocampal Psd-95 expression in aged mice are rarely reported. Here, Psd-95 expression was significantly decreased in the LPS mice compared to the same-aged controls, especially at old age. In other words, this suggested that prenatal inflammatory exposure enhances age-related downregulation of hippocampal PSD-95. Growing evidence suggests that EE could improve loss of synaptic proteins and impaired synaptic plasticity (Aghighi Bidgoli et al., 2020; Wei et al., 2020; Cordier et al., 2021). PSD-95 is the most abundant scaffolding protein in excitatory postsynaptic density and potently regulates synaptic plasticity (Bustos et al., 2017). Indeed, loss of PSD-95 could cause synaptic dysfunction (Zarate et al., 2021). Our findings showed that both short- and long-term EE treatment significantly restored the decrease in Psd-95 expression in the mouse hippocampus (LPS vs. LPS-EE). Similarly, EE exposure significantly reversed chronic stress-induced reduction in PSD-95 in the hippocampus of young rats (Shen et al., 2019). Besides, reduced hippocampal PSD-95 was also restored by EE treatment in aged socially isolated mice (Wang et al., 2018). Interestingly, this therapeutic effect was virtually absent in CON-EE mice (CON vs. CON-EE). Thus, our results suggested that EE may serve as a potential intervention to improve impairments in Psd-95 expression and synaptic function in prenatal MIA-exposed mice.



Alterations in inflammatory cytokine, NGPF2, and PSD-95 are associated with cognitive dysfunction in aged mice with accelerated aging

Chronic systemic inflammation increases the risk of cognitive impairment (Ashraf-Ganjouei et al., 2020). Specifically, systemic inflammation ultimately activates microglia and astrocytes via different pathways, contributing to AD pathology and age-related cognitive decline (Walker et al., 2019). In current study, elevated levels of IL-6, IL-1β, and TNF-α were positively associated with poorer cognition, especially in aged LPS and LPS-EE mice, demonstrating that increased systemic inflammation is closely related to cognitive decline during the accelerated aging. Other studies have shown that patients with AD and mild cognitive deficits tend to have higher levels of peripheral inflammatory cytokines, which are similar to ours.

However, to date, no studies have reported whether Ngpf2 expression is associated with cognitive impairment in adult mice. Our results showed that cognitive performance was significantly associated with the hippocampal Ngpf2 expression. Specifically, Ngpf2 expression was positively correlated with spatial learning and memory impairment in MWM trials, particularly in aged LPS and LPS-EE mice. In traumatic brain injury mice, NGPF2 enhanced neuroinflammation in the brain lesions, leading to worse neurological consequences (Takada et al., 2020). Importantly, NGPF2 could specifically modulate neuroinflammation and influence cognitive changes (Vicente-Rodríguez et al., 2016; Fernández-Calle et al., 2018). In this study, the results demonstrated that an increase in hippocampal NGPF2 appears to be involved in spatial cognition impairment induced by embryonic MIA exposure, especially in aged mice.

As a member of the membrane-associated guanylate kinase family (Savioz et al., 2014), PSD-95 facilitates synaptic maturation by trafficking and anchoring ionotropic glutamate receptors to the postsynaptic membrane (Hambrick et al., 2019). Changes in the level of PSD-95 alter clustering and maintenance of glutamate receptors (Zarate et al., 2021). Thus, PSD-95 plays an essential role in regulating synaptic plasticity, which are fundamental mechanisms that contribute to hippocampal-dependent learning and memory (Savioz et al., 2014; Bustos et al., 2017; Zarate et al., 2021).

However, it is uncertain whether changes in hippocampal Psd-95 expression are associated with cognitive decline in mice during accelerated aging. As opposed to NGPF2, here, Psd-95 expression was negatively correlated with spatial learning and memory decline in the aged LPS and LPS-EE mice. Collectively, this suggests that reduced Psd-95 expression in the hippocampus is associated with cognitive deficits in the mice with accelerated aging. In a young rat model of AD, hippocampal PSD-95 were found to be reduced, with concomitant declines in learning and memory (Xiao et al., 2021). These changes were similar to our 3-month-old LPS mice. A study of natural aging showed that aged mice exhibited reduced hippocampal PSD-95. Interestingly, deficits in long-term potentiation, spatial learning and memory were not observed until 6 months later. This suggested that changes in PSD-95 level do not completely parallel the decline in cognitive and synaptic function during normal aging. In our study, there was also no statistically significant correlation between PSD-95 and cognition in normal aging mice. But when prenatal inflammatory exposure accelerated the decrease in PSD-95, the association was significant, especially in aged mice.

Finally, this study found that long-term EE exposure significantly improved age-related cognitive deficits in the LPS-EE mice. However, the mechanism of this cognitive-improving effect of EE has not yet been elucidated. EE exposure was found to induce an increase in PSD-95 protein level and synaptic plasticity in rodent’s hippocampus, with concomitant improvement in cognitive deficits (Jung and Kim, 2017; Shen et al., 2019). Moreover, Psd-95 expression is downregulated in hippocampus with aging, AD, and other pathologies (Savioz et al., 2014; Rogers et al., 2017; Xiao et al., 2021). Thus, Psd-95 expression may counteract aging or pathological processes (Savioz et al., 2014). Because the effects of EE intervention on Ngpf2 expression and serum inflammatory cytokine levels were minimal, we speculate that EE exposure repaired cognitive impairment by increasing Psd-95 expression and thereby improving synaptic plasticity. Indeed, our results confirmed that EE exposure significantly restored the decrease in hippocampal Psd-95 expression in the LPS-EE mice. Collectively, changes in hippocampal Ngpf2 and Psd-95 expression were associated with age-dependent cognitive decline in mice with accelerated aging, and long-term EE may ameliorate this cognitive decline by improving Psd-95 expression.

In summary, prenatal MIA exposure accelerates age-related declines in spatial learning and memory and exacerbates age-related changes in hippocampal Ngpf2 and Psd-95 expression and peripheral inflammatory cytokine levels in offspring mice. These biochemical changes were closely correlated with impaired spatial cognition, particularly during “pathological” aging. Furthermore, long-term EE exposure attenuated these cognitive declines, possibly by enhancing Psd-95 expression. Therefore, EE exposure and targeted modulation of neuroinflammation may represent a potential therapeutic strategy for age-related cognitive decline. Limitations in the present study include not investigating the level of hippocampal inflammation, treatment effects on Ngpf2 and Psd-95 expression in different subregions of the hippocampus, and sex differences. In the future, we will explore the effects of embryonic exposure to maternal inflammation on NGPF2-related signaling pathways, neuroinflammatory signaling pathways, and synaptic plasticity in mice.
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Background: Cordycepin is a nucleoside adenosine analog and an active ingredient isolated from the liquid fermentation of Cordyceps. This study sought to explore the mechanism underlying the therapeutic effect of Cordycepin against Alzheimer’s disease using network pharmacology and molecular docking technology.

Methods: TCMSP, SYMMAP, CTD, Super-pred, SEA, GeneCards, DisGeNET database, and STRING platform were used to screen and construct the target and protein interaction network of Cordycepin for Alzheimer’s disease. The results of Gene Ontology annotation and KEGG pathway enrichment analysis were obtained based on the DAVID database. The Omicshare database was also applied in GO and KEGG pathway enrichment analysis of the key targets. The protein–protein interaction network was constructed using the STRING database, and the potential effective targets for AD were screened based on the degree values. The correlation between the potential targets of Cordycepin in the treatment of AD and APP, MAPT, and PSEN2 was analyzed using (GEPIA) databases. We obtained potential targets related to aging using the Aging Altas database. Molecular docking analysis was performed by AutoDock Vina and Pymol software. Finally, we validated the significant therapeutic targets in the Gene Expression Omnibus (GEO) database.

Results: A total of 74 potential targets of Cordycepin for treating Alzheimer’s disease were identified. The potential targets of Cordycepin for the treatment of AD mainly focused on Lipid and atherosclerosis (hsa05417), Platinum drug resistance (hsa01524), Apoptosis (hsa04210), and Pathways in cancer (hsa05200). Our findings suggest that the therapeutic effect of Cordycepin on AD is primarily associated with these biological processes. We obtained 12 potential therapeutic targets for AD using the degree value in Cytoscape. Interestingly, AKT1, MAPK8, BCL2L1, FOXO3, and CTNNB1 were not only significantly associated with pathogenic genes (APP, MAPT, and PSEN2) but also with longevity in Alzheimer’s Disease. Thus we speculated that the five target genes were potential core targets mediating the therapeutic effect of Cordycepin against AD. Moreover, molecular docking results analysis showed good binding affinity between Cordycepin and the five core targets. Overall, MAPK8, FOXO3 and CTNNB1 may have significant clinical and treatment implications.

Conclusion: Network pharmacology demonstrated that Cordycepin exerts a therapeutic effect against Alzheimer’s disease via multiple targets and signaling pathways and has huge prospects for application in treating neurodegenerative diseases.
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 network pharmacology, molecular docking, Cordycepin, Alzheimer’s disease, target


Introduction

In recent years, the prevalence of geriatic diseases has significantly increased in China due to population aging. According to the latest Alzheimer’s disease (AD) International (ADI) data documented in the World Alzheimer’s Report 2021, there are about 55 million dementia patients in the world, and it is expected that by 2030, this number will reach 78 million (McGill University Alzheimer’s disease international, World Alzheimer Report 2021, Journey through the diagnosis of dementia, 2021).

Alzheimer’s disease is a progressive neurodegenerative disease related to aging (Holtzman and Ulrich, 2019). It is widely acknowledged that clinical characteristics of Alzheimer’s disease, including cognitive decline, memory disorders, aphasia, apraxia, and agnosia, severely affect patient lives (Zhang and Zheng, 2019). AD is a complex neurodegenerative disorder with various pathological factors. Although the past decade has witnessed unprecedented progress in understanding AD, more basic research is warranted. So far, there are still no related effective drugs to cure AD patients. Notwithstanding that many drugs have been developed for treating central nervous system diseases, they have significant limitations, including severe side effects and complications (Govindula et al., 2021). Currently available treatments, based on early findings of cholinergic deficit, have only provided limited improvement in cognitive functions in AD. It is widely thought that previous studies have been largely ineffective given that they only targeted a single aspect or mechanism of the disease, which is often caused by the interplay of different factors (Ju and Tam, 2020, 2021). Therefore, considering the complexity of AD pathogenesis, designing multifunctional drugs exhibiting multitarget potential may lead to better results in developing AD treatments (Ju and Tam, 2020).

Cordycepin is a nucleoside adenosine analog and an active ingredient isolated from the liquid fermentation of Cordyceps (a precious medicinal mushroom). Cordycepin exhibits a wide range of biological activities and has an enormous impact in many therapeutic research areas (Yang et al., 2019). Cordyceps Sinensis is one of the most widely used medicinal fungi and has various positive pharmacological effects (Elkhateeb et al., 2019). It exerts a protective effect against senescence, inhibits fatigue, and exerts antioxidant, anti-inflammatory, anticancer, antihepatotoxic, anti-fibrotic and neuroprotective effects (Qin et al., 2019). It has been reported that Cordycepin can treat neurodegenerative diseases by inhibiting the expression of iNOS, Akt, MAPKs, NF-κB, and COX-2 in microglial cells (Jeong et al., 2010). Besides, it has been found that Cordycepin can restore Lipopolysaccharide (LPS)-induced decrease of primary hippocampal neurons and enhance cell viability and neuronal differentiation (Peng et al., 2015). Indeed, it is challenging to study the anti-Alzheimer’s effect of Cordycepin based on traditional Chinese medicine pharmacology; however, studying pharmacological mechanisms using network pharmacology makes it feasible (Zhai et al., 2018). Importantly, network pharmacology analysis can elucidate the mechanism of drugs and provides an effective method for developing traditional Chinese medicine through the nodes and edges in the biological network. In this regard, network pharmacology can screen active ingredients and potential therapy targets, elucidate the complex mechanisms by which drugs and prescriptions treat diseases, and reveal medicinal properties. The combination of TCM database and computer software analysis not only expands TCM knowledge, but also greatly promotes the internationalization of TCM. In this study, the anti-Alzheimer disease targets of Cordycepin were retrieved by network pharmacology (Figure 1). PPI, gene ontology, and KEGG pathway analyses were carried out, the correlation between the potential target and disease-related genes was analyzed, and screening of potential targets related to aging was conducted using Aging Altas. Molecular docking verification of the core target was carried out, and the clinical significance of the core target was evaluated in the GEO database to elucidate the mechanisms underlying the therapeutic effect of Cordycepin against Alzheimer’s disease.



Materials and methods


Screening of Cordycepin targets

The biological targets of cordycepin were obtained from TCMSP,1 Pubmed,2 SYMMAP,3 CTD,4 Super-pred (prediction. Charite.de) (probability >80%), and SEA (https://sea.bkslab.org/; z score > 30). Cordycepin target information was generated by entering “Cordycepin” in these databases, searching for cordycepin targets, and selecting its default option in parameter settings. We merged the results of the six databases and removed duplicate targets to obtain targets of Cordycepin.



Determination of the targets of Cordycepin in Alzheimer’s disease

The targets of Alzheimer’s disease were obtained from Genecards,5 DisGeNT,6 and CTD7 databases. Similarly, we translated the AD target proteins ID into the corresponding gene symbol by UniProt ID mapping tools. Then, we obtained the intersection of gene targets of Cordycepin and Alzheimer’s disease using Venny8 online tools. The intersected targets were further analyzed to obtain candidate targets for AD treatment. The study was conducted in accordance with the tenets of the Declaration of Helsinki (as revised in 2013).



Enrichment analysis of the intersected genes

To better understand the functions of the intersected targets, gene ontology (GO) and KEGG enrichment analysis were carried out using the DAVID.9 For GO enrichment analysis and KEGG analysis, GO terms and KEGG pathways with p-values <0.05 were considered significantly enriched. The results of pathway enrichment analysis were plotted using the bioinformatics10 online platform.



Construction of the drug-ingredient-target network (including protein–protein interactions) and pathways

STRING11 is an online biological database that can predict protein–protein interaction (PPI) networks. We used common targets Cordycepin against Alzheimer’s disease as inputs to a STRING database, obtaining complete PPI networks and related data. To describe the mechanisms of Cordycepin against Alzheimer’s disease, a network of components-disease-targets-pathways was constructed using Cytoscape software (3.9.1) based on the active constituents, corresponding targets, and pathway information. Components, targets, pathways, and diseases are represented as nodes, and connections between proteins are represented as edges.



Correlation analysis between key targets and key genes of AD

To confirm the relationship between key genes and major causative gene amyloidprecursor protein (APP) or microtubule-associated protein tau (MAPT) and presenilin2 (PSEN2), gene correlation analysis was conducted using GEPIA. Key genes and APP, MAPT and PSEN2 were input into the search words in turn, and all brain tissues were selected from GTEx tissues for correlation analysis.AgingAtlas is a bioinformatics tool used for assessing the genetic correlation between Ageing and Longevity (Liu et al., 2020). It is well-established that AD is an aging-related disease. The aging-associated genes in this study were obtained from the Aging Altas. We selected genes that were not only aging-related but also significantly associated with AD.



Molecular docking

The screened key genes served as the key targets for receptors, and the information on receptor structures was obtained from PDB12 and the Uniprot database. The 2D structures of Cordycepin were obtained from TSCMP databases, and optimized ligands were used as starting points for docking. The protein-ligand molecular docking and docking calculations study was performed with AutoDock Vina. We obtained the conformation and the lowest binding energy of ligand-receptor interactions after the docking search was completed. Finally, the receptor-ligand binding image was visualized using Pymol software.



Clinical characteristics and tissue enrichment of key targets

To obtain clinical implications of potential key targets, we searched transcriptome data for normal control and AD patient brain tissues in the GEO database (http://www.ncbi.nlm.nih.gov/geo/). Differentially expression analysis of AD-related genes was conducted between control and AD patients using the GEO2R tool. Graphs were generated using GraphPad Prism 8. Then, the expression distribution of key targets in neural typical was analyzed using the Human eFP Browser (http://bar.utoronto.ca/efp_human/; Patel et al., 2016), and the distribution of key genes in the whole body was obtained. The distribution of key gene expression was researched in the whole body of mice using the mouse EFP browser.13
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FIGURE 1
 Network Pharmacology Workflow of Cordycepin in the treatment of Alzheimer’s Disease.





Result


The intersected targets of Cordycepin and Alzheimer’s disease

Based on TCMSP, Pubmed, SYMMAP, CTD, Super-pred and SEA, we obtained 136 putative targets of Cordycepin. After retrieval from the DisGeNet, CTD, and GeneCards databases, 2,848 AD-related targets were obtained based on an Inference Score > 30. The intersection of Cordycepin targets and the Alzheimer’s disease targets was visualized in a Venn plot, yielding 74 putative targets for treating AD (Figure 2D).

[image: Figure 2]

FIGURE 2
 Alzheimer’s disease target network diagram (A); Cordycepin related target network diagram (B); Cordycepin-anti-Alzheimer disease target PPI network diagram (C); Cordycepin-anti-Alzheimer disease Venn plot (D).




Go and KEGG pathway enrichment analysis

74 intersection genes were uploaded to DAVID for GO/KEGG analyses, and the significance level was set at p ≤ 0.001 (***). A total of 152 GO biological process (BP), 12 GO cellular component (CC), 30 GO molecular function (MF) and 96 KEGG pathways were significantly enriched. As shown in Figures 3A,B, significantly enriched biological processes mainly included positive and negative regulation of apoptosis, neuron apoptosis and drug response. Significantly enriched GO terms in the molecular function category included ‘enzyme activity’, ‘protease binding’ and ‘transcription factor binding’. Cellular components (CC) terms included nucleus, macromolecular complex and mitochondria. The enriched GO items were also associated with neuronal apoptosis, death-induced signal complex formation, and cysteine-type endopeptidase activity involved in the apoptotic process. Taken together, our results indicate that the effect of Cordycepin on AD is primarily associated with these biological processes.

[image: Figure 3]

FIGURE 3
 GO annotation of the Cordycepin-anti-Alzheimer disease targets (A,B); KEGG pathway analysis of Cordycepin-anti-Alzheimer disease targets (C,D); apoptosis pathway (E). The red mark represents enrichment of the target of Cordycepin in the apoptosis pathway.




KEGG pathway analysis

KEGG analysis yielded a total of 96 pathways, and the top 13 enriched pathways are shown in Figures 3C,D. The potential targets in Cordycepin treatment of AD disease mainly focused on lipids arteriosclerosis (hsa05417), Platinum drug resistance (hsa01524), Apoptosis (hsa04210), Pathways in Cancer (hsa05200). Taken together, these results imply that Cordycepin may exert anti-AD effects by binding to cysteine-type endopeptidase in mitochondria from the caspase family that plays an essential role in apoptosis, and then inhibiting the formation of the death-inducing signaling complex of endopeptidases via the death domain protein recruitment, which in turn affects the occurrence of apoptosis, slowing neuronal cell death.



Screening cordycepin-anti-Alzheimer disease key targets and target interaction network.

The names of cordycepin-target and Alzheimer’s disease-target genes were converted into gene ID based on the UniProt database. Subsequently, we selected the intersected target genes between cordycepin-targets and Alzheimer’s disease-related targets using Venn plots. The intersected target genes were analyzed with the STRING database14 and imported interactions with a confidence score ≥ 0.9 for visualization. Next, a topological analysis of gene–gene network graphs was performed; 12 genes were selected as the Cordycepin-anti-Alzheimer key targets according to the rank node degree scores. Then, a protein–protein interaction (PPI) network of the 12 enrichment genes was constructed by the STRING database, then core targets including TP53, AKT1, CASP3, BCL2L1, MAPK8, MAPK1, CASP8, CTNNB1, FOXO3, BAD, BCL2, and NFE2L2 were obtained (Figure 4).

[image: Figure 4]

FIGURE 4
 Cordycepin-Alzheimer disease-pathway target network (A); 12 key targets of Cordycepin-anti-Alzheimer PPI network (B,C).




Analysis of Core targets based on GEPIA

Missense mutation of APP gene changes A β Metabolize and regulate A β And cause A β Cognitive decline (Lan et al., 2014). To confirm the relationship between key genes and major causative gene APP, MAPT, or PSEN2, gene correlation analysis was conducted using GEPIA. Four indexes were significantly correlated with APP, 7 with PSEN2, and 8 with MAPT (Figures 5–7). It is well-established that aging accelerates and promotes cognitive disorders and is the most prominent risk factor for neurodegenerative diseases, including AD (Hou et al., 2019). We obtained 8 metrics correlated with age through analysis of the Aging Altas database (Table 1). The results showed that the five targets of AKT1, MAPK8, BCL2L1, FOXO3 and CTNNB1 were not only significantly related to APP, PSEN2 and MAPT but also related to age. Accordingly, we speculate that these five targets mediate the preventive and therapeutic effects of Cordycepin against AD (Figures 5–7).

[image: Figure 5]

FIGURE 5
 Analysis of the correlation between 12 key targets of Cordycepin and the pathogenic gene of Alzheimer’s disease APP.
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FIGURE 6
 Analysis of the correlation between 12 key targets of Cordycepin and the pathogenic gene of Alzheimer’s disease MAPT.


[image: Figure 7]

FIGURE 7
 Analysis of the correlation between 12 key targets of Cordycepin and the pathogenic gene of Alzheimer’s disease PSEN2.




TABLE 1 Core targets of Cordycepin-anti-Alzheimer and pathways related to aging.
[image: Table1]



Molecular docking

The docking energy associated with the binding of Cordycepin to the core target was calculated using the AutoDock Vina software. It has been established that the target possesses significant binding capacity with the compound when the docking energy is less than −1.2 kcal/mol or −5 kJ/mol. In our study, the binding energy between 5 core targets and Cordycepin were less than −5 kJ/mol, respectively (Table 2), which indicates that the ligand can spontaneously bind to the receptor molecule. These results suggested that these targets might play an important role in Cordycepin treatment of AD. The specific docking parameters are shown in Figure 8.



TABLE 2 Molecular docking parameters of cordycepin core targets.
[image: Table2]
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FIGURE 8
 Docking results of Cordycepin with the core target.




Analysis of core gene expression

The AD brain transcriptome GSE122063 dataset, which examined the expression of two different brain regions, frontal cortex (FC) and temporal cortex (TC) in AD (n = 12) and normal controls (n = 11), was used to evaluate the expression changes of 5 core targets in brain tissue of AD patients. Among AD patients, the mRNA expression of CTNNB1 was significantly increased in TC and FC tissues, while MAPK8 was significantly downregulated. In contrast, FOXO3 was significantly reduced only in TC tissues. There was no significant difference in BCL2L1 and AKT1 levels between TC and FC tissues (Figures 9A–F). The expression of MAPK8 and CTNNB1 in the normal nervous system was analyzed by the Human eFP Browser. As shown in Figures 9G–L, MAPK8 was expressed in the whole human nervous system in healthy subjects, with the highest expression in male testis and the colon, mandible and hindbrain of mice. The expression of CTNNB1 was the highest in the cerebellum of the nervous system and the highest in the human female ovary. It was mainly distributed in mouse colon, embryonic development and teeth.




Discussion

In this article, we analyzed the multi-level mechanism of Cordycepin in treating AD. The intersection of active component targets and disease-related targets yielded 74 common targets. Twelve targets were identified by PPI network analysis, while 5 targets AKT1, MAPK8, BCL2L1, FOXO3 and CTNNB1 were positively correlated with AD pathogenic genes APP, PSEN2 and MAPT, and associated with aging genes Our findings suggest that MAPK8, FOXO3 and CTNNB1 have clinical research value. GO annotation and KEGG pathway analysis were conducted. As shown in Figures 3A,B, significantly enriched BP terms mainly included positive and negative regulation of apoptosis, neuron apoptosis and drug response, MF terms included participation in enzyme activity, protease and transcription factor binding, and CC terms included nucleus, macromolecular complex and mitochondria. The enriched GO items were also associated with neuronal apoptosis, death-induced signal complex formation, cysteine endopeptidase activity, and so on.

AD is considered to be a continuous and gradual process, about 25 years from the onset of pathology to death. Amyloid initiates this process, which is followed by a variety of neurobiological processes, including tau pathology, brain atrophy and synaptic dysfunction, initially with a slight cognitive decline, followed by memory impairment, aphasia, visual–spatial skills impairment, executive dysfunction, personality and behavioral changes (Aisen et al., 2022). Two neuropathological features of AD are extracellular deposition ofβ-amyloid (Aβ) peptide and intracellular accumulation / deposition of hyperphosphorylated tau protein (Montine et al., 2011; Hyman et al., 2012). The study found that although amyloid protein levels were similar, people with strong resilience to AD had lower levels of hyperphosphorylated tau accumulation in synapses and neocortical regions (Van Rossum et al., 2012). There are many genetic changes in AD disease, and many genes are involved in the process of remission and aggravation of the disease (Hansen et al., 2017; Yu et al., 2020). Amyloid precursor protein (APP) is a kind of intramembrane protein expressed in various tissues, which is concentrated in the synapses of neurons. It can bind to death receptor 6 to initiate apoptosis and further induce neuronal death (Michaud et al., 2013; Xu et al., 2022).The hyperphosphorylation and accumulation of microtubule-associated protein tau (MAPT) forms the initial event before neurodegeneration (Lee et al., 2001). In humans, neuroinflammation is positively correlated with tau pathology and participates in tau hyperphosphorylation, accumulation and neurodegeneration (Zilka et al., 2009). Of the 12 core targets obtained in this study, 7 were significantly correlated with MAPT, indicating that they were more closely related to tau lesions.
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FIGURE 9
 AD mRNA Expression analysis using GEO Dataset (A,C,D,F). Composition-Target binding energy heat map (B,E). MAPK8 expression analysis in the regular human nervous system (G,H). MAPK8 expression analysis in tissues and organs of a normal mouse (I). CTNNB1 expression in the normal human nervous system (J,K). CTNNB1 expression analysis in tissues and organs of normal mouse (L). *p < 0.05, **p < 0.01.


The growing evidence that both Aβ and tau lesions are powerful causes of cell aging Senescent cells have been detected in the brains of patients with AD. (Gebicke-Haerter, 2001; Baker et al, 2018; Zhang et al, 2019; Han et al, 2020; SaezAtienzar et al, 2020). The removal of aging cells by drug and genetic methods can reduce the brain Aβ load and tau disease, and improve the memory (Bussian et al., 2018; Musi et al., 2018; Zhang et al., 2019; Tam and Ju, 2022) of these AD model mice, Not only that, the study found that people with strong resilience to AD showed a unique cytokine spectrum (McKay et al., 2019), including higher levels of anti-inflammatory cytokines and neurotrophins, as well as lower levels of chemokines (Perez-Nievas et al., 2013; Barroeta-Espar et al., 2019). Initial studies have identified neurotrophic factors including NRN1 and BDNF that may contribute to the recovery of AD pathology (Neuner et al., 2022). As neurotrophic factors, they play an important role in synaptic function and plasticity as well as in maintaining axonal morphology (Yao et al., 2018). It is worth noting that the five core targets of cordycepin in alleviating AD obtained in this study were significantly correlated with the expression of NRN1 and BDNF except AKT1 (Figure 10). This further indicates that cordycepin can increase the expression of neurotrophic factors.

[image: Figure 10]

FIGURE 10
 Correlation analysis between cordycepin key targets and neurotrophin NRN1 (A–F); correlation analysis between cordycepin key targets and neurotrophin BDNF (G–K).


We have identified five target genes which were potential core targets mediating the therapeutic effect of Cordycepin against AD in this study. There is compelling evidence that the activity of β-and γ-secretase can regulate MAPK signal pathway (Salminen et al., 2016; Sochocka et al., 2017; Benito-Cuesta et al., 2020), neuronal apoptosis and phosphorylation of APP and Tau participate in the pathogenesis of AD (Kim and Choi, 2010). The anti-apoptotic protein BCL2L1 regulates the death of β-apoptotic cells through Bcl-2 proteins. Interestingly, it has been shown that increased expression of BCL2L1 is related to the chemotherapy resistance of T-ALL (Broome et al., 2002). β-catenin signals encoded by CTNNB1 regulate a variety of different pathways in the pathogenesis of AD, such as synaptic plasticity, neuronal survival, inflammation and tau phosphorylation (Jia et al., 2019). AD is an age-related disease, and the activation of FOXO3 has been found to improve somatic cell maintenance and prolong life. As a transcription factor, FOXO3 plays a central role in cellular stress and contributes to redox regulation, autophagy, energy homeostasis, DNA repair, cell cycle arrest, telomere maintenance and stem cell homeostasis (Davy et al., 2018). Recent studies have shown that the PI3K-Akt signal pathway may be an important target for AD therapy. Moreover, the PI3K-Akt pathway regulates many biological processes such as cell proliferation, movement, growth, survival and metabolism and inhibits different neurotoxic mechanisms (Kumar and Bansal, 2022). In addition, PI3K/Akt facilitates the activation of neurons and neural stem cells (Razani et al., 2021).

[image: Figure 11]

FIGURE 11
 Key genes of cordycepin against AD involved in apoptosis.


Cordycepin is a metabolite with antiviral activity produced by fungal Cordyceps Militaris. It has a variety of pharmacological functions, including immunomodulatory, neuroprotective and anti-inflammatory activities, and even inhibits tumorigenesis and cancer development (Wang et al., 2019). Interestingly, we found that cordycepin was first extracted from fungi of Cordyceps, but not only present in Cordyceps, but some have also detected genes that synthesize pentostatin and cordycepin from Aspergillus (Xia et al., 2017). This perhaps suggests that similar mechanisms of active ingredient synthesis may exist for different fungi. In a Parkinson’s disease model, Cordycepin was found to relieve motor disorders and exert a neuroprotective role (Cheng and Zhu, 2019) by reducing inflammation and oxidative stress. Overwhelming evidence substantiates that Cordycepin can weaken the inflammatory response and the production of pro-apoptotic proteins, increase the expression of anti-apoptotic proteins, and inhibit the activation of the MAPK/NF- κB signaling pathway (Ding et al., 2022), consistent with the findings of this study (Figure 11). It has been established that Cordycepin can bind to the cysteine endopeptidase of the caspase family in mitochondria to inhibit the formation of the death-induced signal complex of endopeptidases recruited in the death domain and then affect the activation of apoptosis and slow down the death of neurons. Moreover, the five core targets of Cordycepin are significantly related to MAPT. Among these, AKT1, BCL2L1, and MAPK8 exhibit a high linear correlation with the expression of MAPT. Besides, AKT1, MAPK8, BCL2L1, FOXO3, and CTNNB1 exhibited a high linear correlation with PSEN2 expression, indicating that they were more closely related to tau lesions and PSEN2 expression. Finally, correlation analysis found that the five core targets were significantly correlated with the expression of neurotrophic factors NRN1 and BDNF. The above results suggest that Cordycepin can slow down neuronal apoptosis and inhibit inflammation. Moreover, Cordycepin can affect pathological tau formation and increase the expression of neurotrophic factors and maintain synaptic function.



Conclusion

Taken together, Cordycepin exhibits multitarget characteristics during AD therapy providing novel insights for developing an optimal treatment for this patient population. Importantly, in this work, we harnessed pharmacologic strategies to investigate the therapeutic mechanisms and potential disease therapeutic mechanisms of Cordycepin for the prevention and treatment of Alzheimer’s disease. Cordycepin is expected to be a potential active ingredient for treating AD. However, further studies are warranted to increase the robustness of our findings.
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Males and females show differential patterns in connectivity in resting-state networks (RSNs) during normal aging, from early adulthood to late middle age. Age-related differences in network integration (effectiveness of specialized communication at the global network level) and segregation (functional specialization at the local level of specific brain regions) may also differ by sex. These differences may be due at least in part to endogenous hormonal fluctuation, such as that which occurs in females during midlife with the transition to menopause when levels of estrogens and progesterone drop markedly. A limited number of studies that have investigated sex differences in the action of steroid hormones in brain networks. Here we investigated how sex steroid hormones relate to age-network relationships in both males and females, with a focus on network segregation. Females displayed a significant quadratic relationship between age and network segregation for the cerebellar-basal ganglia and salience networks. In both cases, segregation was still increasing through adulthood, highest in midlife, and with a downturn thereafter. However, there were no significant relationships between sex steroid hormone levels and network segregation levels in females, and they did not exhibit significant associations between progesterone or 17β-estradiol and network segregation. Patterns of connectivity between the cerebellum and basal ganglia have been associated with cognitive performance and self-reported balance confidence in older adults. Together, these findings suggest that network segregation patterns with age in females vary by network, and that sex steroid hormones are not associated with this measure of connectivity in this cross-sectional analysis. Though this is a null effect, it remains critical for understanding the extent to which hormones relate to brain network architecture.
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1. Introduction

Advanced age is associated with an overall decrease in the effectiveness of specialized communication at the global network level (i.e., integration) and loss of functional specialization at the local level of specific brain regions (i.e., segregation). That is, neuronal networks become less distinct with advanced age (Foo et al., 2021).

Age-related differences in the reorganization of functional connectivity and cognitive abilities may also differ by sex. In adulthood, sex differences in brain structure and function can be observed (Cosgrove et al., 2007) and, similarly, sex differences in resting state networks (RSNs) have been reported. For example, studies of age differences have observed that males show increasing connectivity between-networks when compared to females (Allen et al., 2011; Filippi et al., 2013; Goldstone et al., 2016). Males also exhibited more marked changes in default mode network (DMN) connectivity, especially in the posterior cingulate cortex (PCC), but showed smaller differences (and possibly increases) in connectivity to the lateral prefrontal regions of the fronto-parietal network (FPN) relative to females (Allen et al., 2011; Filippi et al., 2013). Females on the other hand showed smaller differences in DMN connectivity but showed greater decreases in FPN connectivity when compared to males.

Sex differences in network architecture have also been reported (Zhang et al., 2016). Zhang et al. (2016) observed that female functional networks have significantly more connected nodes than males suggest an increase in network homogeneity in female brains. They also observed that the cerebellar nodes have a higher clustering coefficient and local efficiency for females (Zhang et al., 2016). This adds evidence to their findings that the clustering coefficient and local efficiency in males are higher, while female connections are diffuse across lobes and the network is less modular. These results jointly support the notion that networks in female brains, compared to those in males, are more spatially distributed but with lower correlation strengths (Scheinost et al., 2015; Zhang et al., 2016). Overall, males and females showed differential patterns in connectivity in RSNs during normal aging, and from early adulthood to late middle age (Allen et al., 2011; Filippi et al., 2013; Scheinost et al., 2015). However, these differences vary between studies with respect to regions and networks that are impacted.

Just as there are mixed results regarding sex differences with age in brain networks, there are also disagreements in the literature regarding differences in resting-state functional connectivity in the context of hormonal differences between biological sexes. To this point, there have been a limited number of studies that have investigated sex steroid hormones on brain networks. Further, there is currently disagreement among the rapidly expanding number of studies on the possible neuroprotective effects of sex hormones on cognitive and brain function more generally (Moffat, 2005; Sundström Poromaa and Gingnell, 2014; Toffoletto et al., 2014). Given that RSNs appear to be differentially impacted in males in females in later life, further exploration of the impact of sex steroid hormone levels on network architecture across adulthood stands to improve our understanding of underlying factors contributing to these differences. Specifically, it may be that sex hormone levels are related to the integration and segregation of neuronal networks (Peper et al., 2011).

In the brain, hormone receptors can be found across several regions. Post-mortem studies have found estrogen receptors in the hippocampus, claustrum, cerebral cortex, amygdala, hypothalamus, subthalamic nucleus, and thalamus (Osterlund et al., 2000; Weiser et al., 2008; Syan et al., 2017). As for progesterone, a post-mortem study reported high concentrations of its receptors in the amygdala, hypothalamus, and cerebellum (Bixo et al., 1997; Syan et al., 2017). Testosterone exerts an early organizational effect on the development of the hypothalamus (Jacobson et al., 1981), the cerebral cortex (Diamond, 1991), and the hippocampus (Roof and Havens, 1992) in addition to other brain structures. With respect to testosterone, after conversion to estradiol, it can also interact with estrogen receptors (Moffat, 2005). The relationship between these two hormones (testosterone and estrogen) have been shown to affect vascular health directly (Aggarwal et al., 2018; Raparelli et al., 2022). The ratio of testosterone to estradiol is important for vascular function suggesting that these hormones may not act independently (van Koeverden et al., 2019; Raparelli et al., 2022). Therefore, it is also important to investigate the interactions that may occur between sex hormones and whether together they may be involved related to aging processes, as well as differences in neuronal networks (Syan et al., 2017). Testosterone, progesterone, and estrogens are present in both males and females, but their levels and production vary, mainly with respect to sex and age, though fluctuations in estrogens and progesterone occur across the female menstrual cycle as well (Sundström Poromaa and Gingnell, 2014).

The influence of sex hormones on functional networks is vital to our understanding of brain function and organization during periods of endogenous hormonal fluctuation, such as that which occurs in females during midlife with the transition to menopause when levels of estrogens and progesterone drop markedly (Toffoletto et al., 2014; Foo et al., 2021). Our study here aims to investigate how sex steroid hormones relate to age-network relationships in both males and females, with a focus on network segregation. As such, we predicted that there would be associations between network segregation and hormone levels, as well as interactions between hormones that may be affecting or enhancing the segregation of RSNs.



2. Materials and methods


2.1. Study sample

One hundred and fifty-seven participants (total n = 157) were enrolled as part of a larger study on aging. All participants underwent a battery of cognitive and motor tasks and during this assessment, the participants provided saliva samples for hormone quantification (for details about collection see Section “2.2 Hormone quantification”). After the behavioral visit the participants returned for a magnetic resonance imaging (MRI) session approximately 2 weeks later. However, due to unexpected delays related to the COVID-19 pandemic, the time between the two sessions (39.0 days ± 21.4 days) varied between participants. For our analyses here, we focused only on the hormone and brain imaging data.

Exclusion criteria were history of neurological disease, stroke, or formal diagnosis of psychiatric illness (e.g., depression or anxiety), contraindications for the brain imaging environment, and use of hormone therapy (HTh) or hormonal contraceptives [intrauterine device (IUD), possible use of continuous birth control (oral), and history of hysterectomy]. These latter exclusions were made to evaluate impacts of normative endocrine aging on healthy adult females. For our analyses here we focused only on those with available neuroimaging data and hormonal assays. Thus, our final sample included 121 participants [55 males (age 57 ± 14.76) and 66 females (age 57 ± 12.17)]. A flowchart showing the exclusions and determination of the final sample for analysis is presented below (Figure 1).


[image: image]

FIGURE 1
The initially collected number of participants and after following the exclusion criteria, the final number of our sample.


All study procedures were approved by the Institutional Review Board at Texas A&M University, and written informed consent was obtained from each participant prior to initiating any data collection.



2.2. Hormone quantification

For hormonal analyses, we followed the methodology used in recent work from our research group (Ballard et al., 2022a). For the sake of clarity and replicability, the methods reporting here matches what was reported in our recent work (Ballard et al., 2022a). Before collecting the saliva sample, participants were asked to refrain from consuming alcohol 24 h prior and eating or drinking 3 h prior to their first study session to avoid exogenous influences on hormone levels. Participants were also screened for oral disease or injury, use of substances such as nicotine or caffeine, and prescription medications that may impact the saliva pH and compromise samples. Participants were asked to rinse their mouth with water 10 min prior to providing a saliva sample to clear out any residue.

Samples were then collected in pre-labeled cryovials provided by Salimetrics1 using the passive drool technique. For our study, participants were asked to supply 1 mL of saliva, after which samples were immediately stored in a −80° Celsius bio-freezer for stabilization. Assays were completed by Salimetrics to quantify 17β-estradiol, progesterone, and testosterone levels for each participant. The amount of saliva collected was sufficient to detect 17β-estradiol at a high sensitivity threshold of 0.1 pg/mL (Salimetrics, 2022), along with 5.0 pg/mL and 1.0 pg/mL thresholds for progesterone and testosterone, respectively.

The protocol used by Salimetrics includes two repetitions of each assay; thus, the values used in our analyses represent an average of both repetitions. A few samples were insufficient in quantity and were unable to be properly assayed (n = 3; 2 progesterone, 1 testosterone). The intra-assay coefficient of variability for our hormone samples was 0.15 for 17β-estradiol, 0.11 for progesterone, and 0.07 for testosterone. This non-invasive method is adequate for precisely measuring reproductive hormones. Salivary measurements are strongly correlated with blood-derived measurements to index sex hormone levels (17β-estradiol: r = 0.80; progesterone: r = 0.80; testosterone: r = 0.96).2



2.3. Imaging acquisition

Participants underwent structural and resting-state MRI using a Siemens Magnetom Verio 3.0 Tesla scanner and a 32-channel head coil. For structural MRI, we collected a high-resolution T1-weighted 3D magnetization prepared rapid gradient multi-echo (MPRAGE) scan [repetition time (TR) = 2,400 ms; acquisition time = 7 min; voxel size = 0.8 mm3] and a high-resolution T2-weighted scan [TR = 3,200 ms; acquisition time = 5.5 min; voxel size = 0.8 mm3], each with a multiband acceleration factor of two. For resting-state imaging, we administered four blood-oxygen level dependent (BOLD) functional connectivity (fcMRI) scans with the following parameters: multiband factor of eight, 488 volumes, TR of 720 ms, and 2.5 mm3 voxels. Each fcMRI scan was 6 min in length for a total of 24 min of resting-state imaging, and scans were acquired with alternating phase encoding directions (i.e., two anterior to posterior scans and two posteriors to anterior scans). During the fcMRI scans, participants were asked to lie still with their eyes open while fixating on a central cross. In total, the acquisition of images takes about 45 min, including a 1.5-min localizer.

Scanning protocols were adapted from the multiband sequences developed by the Human Connectome Project (HCP) (Harms et al., 2018) and the Center for Magnetic Resonance Research at the University of Minnesota to facilitate future data sharing and reproducibility.


2.3.1. Imaging processing


2.3.1.1. Pre-processing

Images were converted from DICOM to NIFTI and organized into a Brain Imaging Data Structure (BIDS, version 1.6.0) format via the latest docker container version of bidskit (version 2021.6.14).3 Using the split tool distributed with the FMRIB Software Library (FSL) package (Jenkinson et al., 2012), a single volume was extracted from two oppositely encoded BOLD images to estimate B0 field maps. Next, fMRIPrep (version 20.2.3)4 was used to preprocess anatomical and functional images. The fMRIPrep preprocessing pipeline includes basic steps such as co-registration, normalization, unwarping, noise component extraction, segmentation, and skull-stripping.

While basic pre-processing was performed in the fMRI preparation, we also completed remaining steps in the Conn toolbox, version 21a (Whitfield-Gabrieli and Nieto-Castanon, 2012). We used the default preprocessing pipeline, which consists of realignment and unwarping with motion correction, centering to (0, 0, 0) coordinates, slice-timing correction, outlier detection using a 95th percentile threshold and the Artifact Rejection Toolbox (ART), segmentation of gray matter, white matter, and cerebrospinal fluid, normalization to Montreal Neurological Institute (MNI) space, and spatial smoothing with a 5 mm full width at half-maximum (FWHM) Gaussian kernel. A band-pass filter of 0.008–0.099 Hz was applied to denoise data. The threshold for global-signal z-values was set at three, while the motion correction threshold was set at 0.5 mm. After being de-spiked during denoising to adhere to the global mean, 6-axis motion data and frame-wise outliers were included as first-level covariates.



2.3.1.2. Region of interest selection

In our study, we used the same Region of Interest (ROIs) selection used by Ballard et al. (2022c), in work previously completed by our group. The MNI coordinates for each cortical node retrieved from Cassady et al. (2019) [originally derived from Power et al. (2011)] were selected by our group. Further, we included 20 subcortical nodes of the [extracted from Hausman et al. (2020)] for the cerebellar-basal ganglia network (Diedrichsen, 2006; Di Martino et al., 2008; Diedrichsen et al., 2009). Cerebellar seeds were determined via the SUIT atlas (Power et al., 2011; Cassady et al., 2019). Our final set of ROIs contained 234 nodes across 11 networks (10 cortical, 1 subcortical, see Table 1 for a list of included networks). MNI coordinates for each node were translated to voxel coordinates, which were subsequently used to create spherical seeds with 3.5 mm diameters in FSL (Jenkinson et al., 2012). These seeds were then treated as ROIs.


TABLE 1    Network abbreviation key.
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First-level ROI-to-ROI relationships were evaluated with a bivariate correlation approach; those correlations are needed to calculate the variables within and between the network for each subject which are then used in the network segregation equation. Correlation values were transformed into z-values via Fisher’s r-to-z conversion (Zar Jerrold, 1996). Corrections for multiple comparisons were applied during statistical analyses.



2.3.1.3. Network segregation equation

For the analysis of network segregation, we again followed our previous work reported by Ballard et al. (2022a,c) and based off analyses initially conducted by Chan et al. (2014). Network segregation values were determined using Equation 1 below. In the formula, [image: image] corresponds to the mean correlation between ROIs within an individual network, and [image: image] represents the mean correlation between ROIs of an individual network and all remaining ROIs of other networks. Group-level analyses were performed with a voxel threshold of p < 0.001 and cluster threshold, FDR-corrected, of p < 0.05.

Equation 1. Network segregation values were determined using this formula.
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2.4. Statistical analysis

We first sought to ascertain sex differences in hormone levels within our sample. Analyses of variance (ANOVAs) were conducted to determine sex differences in hormone levels (i.e., estradiol, progesterone, and testosterone separately). ANOVAs were completed using the ANOVA function from the default “stats” package in R (v4.0.5, R Core Team, 2021) which determined beta coefficients, degrees of freedom, F-values, and p-values; the sjstats and pwr packages were used to compute η2 and partial η2 values (v0.18.1, (Lüdecke, 2022)).

As our primary area of interest lies within the impact of fluctuating hormones on female brain network segregation, our main analyses investigated females only. However, exploratory analyses evaluated males and all participants combined which are included in the supplement.

To explore the unique associations between hormone levels (i.e., estradiol, progesterone, and testosterone separately) and each network of interest in females, linear regressions were performed in which hormone levels served as the predictor and network segregation as the outcome. These linear regressions were also conducted in exploratory analyses with males and all participants collapsing the two sexes (Supplementary Tables 1–6). The lm function from the default “stats” package in R (v4.0.5, R Core Team, 2021) determined beta coefficients, degrees of freedom, F-values, p-values, R2, and adjusted R2. False discovery rate (FDR) correction was applied to account for multiple comparisons (i.e., number of networks examined) using the FSA package in R exclusively on results with a p-value ≤ 0.05 (FSA v0.9.3, Ogle et al., 2022). Linear regressions with hormone level interactions (i.e., estradiol*progesterone, estradiol*testosterone, and progesterone*testosterone) as the predictor variables explored the relationship between combined hormone levels and network segregation in females. Exploratory analyses investigated the same hormone level interactions in males and all participants together (Supplementary Tables 12, 13). FDR correction was applied as previously described (FSA v0.9.3, Bernard et al., 2015). Our cross-sectional hormone level data is also visualized via locally weighted scatterplot smoothing (Supplementary Figure 1) to provide comparison to normal distributions of sex hormone levels by age.

Associations between network segregation and age were evaluated via linear regression with age as the predictor and network connectivity as the outcome in females; males and all participants together were run as exploratory analyses (Supplementary Tables 7, 8). We conducted similar regressions with quadratic age [Age + I (Age2)] as the predictor to investigate whether network segregation demonstrated better fit with a quadratic function rather than linear across middle-to advanced-age adults, given prior work suggesting non-linear relationships between brain system segregation (Chan et al., 2014) as well as brain volume (Bernard et al., 2015) and age. Quadratic regressions for males and all participants were run as exploratory analyses (Supplementary Tables 9, 10). Linear and quadratic regressions were performed using the lm function from the default “stats” package in R (v4.0.5, R Core Team, 2021) which determined beta coefficients, degrees of freedom, F-values, p-values, R2, and adjusted R2. FDR correction was applied as previously described to account for multiple comparisons (i.e., number of networks examined) (FSA v0.9.3, Chan et al., 2014). Akaike’s An Information Criterion (AIC) (Sakamoto et al., 1986) compared fit between linear and quadratic models with a requirement that model value must differ by 10 to be considered a superior fit (Burnham and Anderson, 2004; Bohon and Welch, 2021). AIC was calculated by the default “stats” package in R (v4.0.5, R Core Team, 2021).

The stargazer package (v5.2.2; Hlavac, 2018) was used to create Tables 2–7. The ggplot2 package was used to create linear and quadratic plots (Figures 1–5; v3.3.3; Wickham, 2016). All figures were created using a colorblind friendly palette via RColorBrewer (Neuwirth and Neuwirth, 2023).


TABLE 2    This table presents results from linear regressions for estradiol and network segregation in females.
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TABLE 3    This table presents results from linear regressions for progesterone and network segregation in females.
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TABLE 4    This table presents results from linear regressions for testosterone and network segregation in females.
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TABLE 5    This table exhibits results from linear regressions for hormone interactions and network segregation in females.
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TABLE 6    This table exhibits results from linear regressions for age and network segregation in females.
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TABLE 7    This table exhibits results from quadratic regressions for age and network segregation in females.
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3. Results


3.1. Hormone levels by sex

An ANOVA revealed significant sex differences in testosterone when accounting for age [F(1,111) = 79.496, p < 0.001; Figure 1], that is testosterone levels were significantly lower in females. ANOVAs did not reveal significant sex differences in estradiol or progesterone levels [F(1,105) = 3.318, p = 0.071, η2 = 0.031], and [F(1,109) = 3.270, p = 0.073, η2 = 0.029], respectively Figure 2.
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FIGURE 2
Linear scatter plots demonstrate estradiol levels in females and males across adulthood. The gray superimposed on each colored line depicts the 95% confidence interval in each sex. Estradiol levels (left) were not significantly different by sex when accounting for age (p = 0.071). Progesterone levels (middle) were not significantly different by sex when accounting for age (p = 0.073). Testosterone levels (right) were significantly different by sex when accounting for age (p < 0.001).




3.2. Network segregation and hormone levels in females

When examining females alone, network segregation was not significantly associated with progesterone, estradiol, or testosterone in females after FDR correction (see Tables 2–4). Similar exploratory analyses were conducted with hormone levels (i.e., estradiol, progesterone, and testosterone; respectively) across participants and in males and all participants (see Supplementary Tables 1–3).



3.3. Interactions between hormone levels and network segregation in females

Regressions evaluating combined effects (interactions) of hormone levels (i.e., Estradiol*Progesterone, Estradiol*Testosterone, and Progesterone*Testosterone) as the predictor and network segregation as the outcome were not significant (see Table 5). Similar analyses were conducted in males and all participants (see Supplementary Tables 12, 13). Notably, though the 17β-estradiol*testosterone interaction was associated with segregation in both the sensory somatomotor hand and mouth networks, these did not survive FDR correction.



3.4. Linear and quadratic associations between age and network segregation

Network segregation was evaluated in females across the adult lifespan with respect to age. Linear regressions with age as the predictor and network segregation as the outcome revealed no significant associations after corrections for multiple comparisons (see Table 6).

However, in females, regressions with quadratic age as the predictor and network segregation as the outcome, demonstrated significant associations in the cerebellar-basal ganglia (CBBG) [F(2, 63) = 10.020, raw p = 0.002, FDR adjusted p = 0.011] and salience (Sa) [F(2, 63) = 10.806, raw p < 0.001, FDR adjusted p = 0.011] networks (Figures 3, 4 and Table 7). There were no additional significant associations in network segregation and quadratic age for females or males as revealed in our exploratory analyses (detailed results are presented in Table 7).
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FIGURE 3
Scatter plots demonstrate the linear (left) and quadratic (right) relationship between Cerebellar-basal ganglia network connectivity and age. Parentheses next to quadratic values (right) indicate the approximate square root of the quadratic value for interpretative purposes. The gray superimposed on each colored line depicts the 95% confidence interval in each sex.
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FIGURE 4
Scatter plots demonstrate the linear (left) and quadratic (right) relationship between salience network connectivity and age. Parentheses next to quadratic values (right) indicate the approximate square root of the quadratic value for interpretative purposes. The gray superimposed on each colored line depicts the 95% confidence interval in each sex. The quadratic model demonstrated significantly better fit than the linear model for salience network segregation across adulthood (AIC difference = 11.11).


Comparisons of model fit between linear and quadratic regressions revealed that salience network segregation fits significantly better with a quadratic model as compared to linear in females (AIC difference = 11.11, Figure 3). However, all other comparisons of model fit between linear, and quadratic were not statistically significant (see Supplementary Table 11).




4. Discussion

This study investigated network segregation in aging females in the context of sex steroid hormones. Primarily, we were interested in network segregation in adult females, as sex steroid hormone levels—which undergo dramatic changes in females during mid and later life—may impact brain network properties. Understanding differences in network segregation in females in the context of aging and hormone levels stands to provide a greater understanding around factors contributing to functional differences in aging, particularly given that older females are at greater risk for negative outcomes in later life (Gao et al., 1998; Burger, 2008; Lahousse et al., 2014; Alzheimer’s Association, 2022). Somewhat surprisingly, we found no significant relationships between sex steroid hormone levels and network segregation levels in adult females. To our knowledge, this is the first study to directly investigate endogenous hormone levels with network segregation and patterns of aging.

In the context of both endogenous hormone levels and exogenous sex hormone treatments, sex hormones have displayed impacts on brain structure and function (e.g., cortical connectivity, subcortical connectivity, and within-network coherence) (Peper et al., 2011; Taylor et al., 2019; Pritschet et al., 2020). Given the notable vacillations in hormone levels during distinct reproductive stages (Diedrichsen, 2006) and cognitive inefficiencies associated with certain reproductive stages (Greendale et al., 2011; Epperson et al., 2013; Weber et al., 2014; Rentz et al., 2017; Taylor et al., 2019; Pritschet et al., 2020), we expected to find associations between network segregation and hormone levels. However, females did not exhibit significant associations between progesterone, 17β-estradiol, or testosterone and network segregation. These findings are inconsistent with a recent study of network segregation from our group (Ballard et al., 2022c) which demonstrated some differences with reproductive stage, suggesting hormones may play impact network segregation. That is, female reproductive aging is associated with declines in 17β-estradiol and progesterone (Burger, 2008; Harlow et al., 2012; Sundström Poromaa and Gingnell, 2014) and Ballard et al. (2022c) demonstrated significant differences between distinct reproductive stages and network segregation (i.e., COTC, DMN, DA, FPTC, and Sa) in females (Ballard et al., 2022c). Of note, Ballard et al.’s (2022c) findings may be driven by age as they also found linear relationships between age and network segregation in the aforementioned networks. Pritschet et al. (2020) demonstrated that estradiol is associated with increasing global efficiency in the DMN and DA networks, whereas progesterone was associated with reduced coherence throughout the brain (Pritschet et al., 2020). While Pritschet et al.’s (2020) findings suggested influences of estradiol and progesterone on network dynamics, it is difficult to directly compare their findings to ours as their study was based on dense sampling in a young female across a menstrual cycle and evaluated a different aspect of network function. However, it broadly demonstrates the purported relationship between brain network organization and sex steroid hormones in the female brain. Although we cannot directly compare our findings with this and other studies, network segregation is a proxy for measuring functional organization in the brain and may loosely be interpreted as such.

Lastly, the combined impact (interaction) of hormone levels (i.e., estradiol, progesterone, and testosterone) on network segregation did not reveal a relationship with network segregation in females. We found interactions between estradiol and testosterone in SSH and SSM networks for raw p-values, but these findings did not survive FDR correction. However, this finding agrees with the study by Moffat (2005), in which they note that testosterone can interact not only with androgen receptors, but also with estradiol receptors, and therefore, its administration can, in some cases, parallel the effects of estradiol on the entire nervous system. An important element in understanding the effects of testosterone on the nervous system is that many of its behavioral and anatomical effects occur after it has been converted to its metabolically active derivatives–estradiol or dihydrotestosterone (Moffat, 2005).

One consideration beyond the scope of the current study is how stages within a female menstrual cycle or menopausal stage could impact brain connectivity. Syan et al. (2017) examined endogenous estradiol, progesterone, and a neuroactive metabolite of progesterone (allopregnanolone) at different menstrual phases and demonstrated an impact of hormone levels in the late luteal phase on resting state connectivity in both cortical and subcortical regions for reproductive aged females (Syan et al., 2017). As mentioned earlier, Pritschet et al. (2020) exhibited an impact of sex hormones on network architecture in tandem with the cycle of a reproductive aged female. Thus, sex steroid hormones have shown a relationship with brain connectivity as it relates to regular menstrual cycle fluctuation. Individual variation exists both in a regular menstrual cycle and menopausal stages (Fehring et al., 2006; Harlow et al., 2012; Boker et al., 2014). Notably, hormone levels are not the sole indicator for identifying distinct reproductive stages. Seminal work in categorizing stages in reproductive aging described principal criteria for determining reproductive stage by changes in cycle regularity and days to years since last cycle (Harlow et al., 2012). Endocrine information such as follicle stimulating hormones, antimullerian hormone, and inhibin-B are used to support categorization by changes in cycle (Harlow et al., 2012). We did not examine menstrual cycle, the above specified endocrine information, menopausal stage, or within individual hormone variance in this investigation. As such, the nature of our analyses and scope of our study may not capture the complexity of female network segregation.

In the context of aging, females did display a significant quadratic relationship between age and network segregation for the CBBG and Sa networks. In both cases, segregation was still increasing through adulthood and highest in midlife with a downturn thereafter. Patterns of connectivity between the cerebellum and basal ganglia have been positively linked to cognitive performance and self-reported balance confidence in older adults (Power et al., 2011; Bernard and Seidler, 2013). Further, in their review Diedrichsen et al. (2009) (Diedrichsen, 2006) implicated the relationship between the cerebellum and basal ganglia as critical for modulating cortical functions such as cognition and relying on subcortical processes. We can see in Figure 3, that both females and males demonstrate an inverted “U-shaped” decline in CBBG network segregation across the span of aging adults. Functionally this pattern in females may be related to the drop in cognition and decreased balance that females experience above and beyond males in aging (Burger, 2008; Pritschet et al., 2020), though we should note that this is speculative as we did not include any behavioral analyses here.

The quadratic age relationship with Sa network segregation in females was somewhat consistent with work from Chan et al. (2014), where they showed a significant quadratic age relationship across female and male participants in “association systems” which included the Sa network, but was aggregated with DMN, FPTC, VA, COTC, and DA (Chan et al., 2014). The Sa network has been associated with “conscious integration of autonomic feedback and responses with internal goals and environmental demands” (Weis et al., 2008). This network has also been conceptualized as an “integral hub” for facilitating communication between the DMN and central executive networks in a triple network model (Van Goozen et al., 1995). Notably, dysfunction in the Sa network has been linked to reduced cognitive performance in older adults (Dimech et al., 2019) and increased connectivity in this network has been linked to Alzheimer’s disease (Morrison et al., 2006). The quadratic relationship seen in females, but not males (see Figure 3), could similarly be highlighting cognitive inefficiencies that have been demonstrated during advanced aging in females (Pritschet et al., 2020).

It is important to emphasize that we did not find significant quadratic age relationships in any additional networks for females, nor any networks in males in our exploratory analyses. These findings are consistent with Lee et al. (2016) study that examined rs-fMRI graph network analysis in the DMN, Sa, and Central Executive network and a quadratic age relationship in both groups of “good” and “poor” cognitive performers (Lee et al., 2016). While Lee et al. (2016) assessed components of both network segregation and network integration (i.e., global efficiency, local efficiency, betweenness centrality, connectivity strength, and nodal degree), their analyses notably varied from ours in that they controlled for gender (Lee et al., 2016). That is, the relationship between quadratic age and segregation in certain networks may be driven by inherent hormonal differences between sexes, but as gender was controlled for in their study that relationship was left unexplored (Lee et al., 2016). Thus, the methodological differences may explain the differences in outcomes relative to what we report here.

Comparisons of model fit demonstrated the quadratic model as a substantially better fit for Sa network segregation and age in females; however, no additional quadratic age models displayed a significantly better fit in our analyses. To our knowledge, associations between quadratic age and network segregation have not been otherwise evaluated or reported. We would suggest that this may be a useful area of investigation in future work. We did not, however, find linear relationships between age and network segregation when examining females or males after FDR correction. Similarly, Grady et al. (2016), did not see linear relationships with age and network segregation, although their examination was specific to the DMN, DA, and FPTC networks (Grady et al., 2016). As stated, earlier Chan et al. (2014) found a significant quadratic age relationship in association systems (Chan et al., 2014); however, these systems were also significantly linearly associated with age. The same study also revealed linear age relationships with network segregation in “sensory-motor systems” which aggregated Hand somato-motor, Visual, Mouth somato-motor, and Auditory within-network segregations (Hausmann, 2005). While we did not replicate Chan et al.’ (2014) findings, we also did not aggregate networks for analysis in the same fashion. Further there are also differences in the data used for analyses with respect to both sample size and length of scans. That is, their sample size was twice as large as our study and scan length was about 5 min per participant. Of note, our approach to data collection (guided by recent scientific advancement and literature) often produces more reliable data (Pannunzi et al., 2017) as we collected 24 total minutes of resting state scans, alternating from anterior to posterior slice collection. Thus, Chan et al.’ (2014) investigation of network segregation in sensory-motor systems may not be appropriate for drawing direct comparisons to our data given methodological advancements in recent years resulting in differences in data collection parameters. Additional studies evaluating linear and quadratic relationships by sex are warranted, particularly with larger samples that include longer resting state acquisition times such as that used here.

Overall, we found quadratic age relationships for females in CBBG and Sa network segregation. We did not find significant impacts of individual or combined hormone levels on within-network segregation in the networks of interest. Future research would benefit from examining inter-individual differences over time to gain more insight into subtle influences of endogenous hormones. Another relevant area of research would be examining individual differences of network segregation over time in those taking hormonal contraceptives or receiving hormone replacement therapy to better understand the dynamic interplay between sex steroid hormones and brain network organization.


4.1. Limitations

There are several limitations relevant to the present investigation. Namely, the variability and collection of hormone assays and the cross-sectional nature of these data. It is important to recognize that hormone levels can vary almost as much within a naturally cycling female as they can between naturally cycling females (Fehring et al., 2006; Bernard and Seidler, 2013). Furthermore, the hormone assay was collected on a different day than the scan as freezing the sample at a particular temperature is required immediately, and our study design incorporated a delay to allow for additional measures of activity and questionnaire completion (not related to the research questions presented here). The large variance of hormone levels within a cycle implies that levels could change in a matter of days for reproductive age females. Thus, given the age range of our female sample, the offset between the hormone sample and the scan may impact these relationships for those that still have regular menstrual cycles. While this is only a small subset of this sample, it is an important limitation, nonetheless. Hormone levels vary within and between naturally cycling females so examining sex hormone levels in the same participant over time would account for some individual variance in hormone fluctuations. Regarding menopause, our study did ask about participant start date of menopause (date of final menstrual period) with additional questions to help categorize menopausal stages. That is, all participants completed 6-month menstrual diaries after undergoing the brain imaging session. The impact of menopausal stage is a question of interest for us, and indeed we have studied this recently (Ballard et al., 2022b). However, sex hormone levels have been directly associated with menopausal stages (Burger et al., 2007) and we are interested in the variability in hormone levels more generally, as this also provides a quantitative measure, as opposed to self-report menstrual cycle information. Regarding obstetrics history, we do not have that information for this sample, although the literature suggests that parity has been positively related to brain volume in aging females (de Lange et al., 2019). Several females who had undergone hysterectomy were included in the study, but the surgeries were dated over 10 years prior to enrollment in the study. As such, it was assumed that hormones had reached a stable low. Another notable limitation is our sex hormone analyses did not account for age. This was intentional as preliminary analyses demonstrated age was significantly correlated with female estradiol and progesterone (p < 0.01) and testosterone maintains a relatively consistent level throughout for mid- to older- age females (Andersen et al., 2011). Thus, incorporating age into hormone-based analyses would account for very similar variance to sex hormone levels. Sleep patterns have also demonstrated a relationship with sex hormone levels (Li et al., 2015; Brown and Gervais, 2022). Indeed, we do find this aspect important to investigate and it has been explored by proxy with this sample in the context of reproductive stages (Ballard et al., 2022b). Lastly, our sample size was relatively small in relation to the number of analyses conducted. With this in mind, we were very targeted in our analyses and applied a correction for multiple comparisons (FDR correction). However, replication of this study in a larger sample is warranted.




5. Conclusion

This study demonstrated a quadratic relationship between aging and network segregation for the CBBG and Sa networks in females. In both cases, segregation was still increasing through adulthood and highest in midlife with a downturn thereafter. These networks are functionally related to cognitive performance, balance, and integrating autonomic feedback in response to environmental demands (Bernard and Seidler, 2013; Chan et al., 2014; Hausman et al., 2020).

Prior research has shown that the sex hormones can regulate neurogenesis, inflammatory processes, impact network segregation, and may also play a role in regulating cognitive and affective processes, mainly in the aging process (Syan et al., 2017; Foo et al., 2021). Furthermore, the notable variability in hormone levels in certain reproductive stages and cognitive deficits associated with specific reproductive stages did not have an impact on network segregation as was expected (Greendale et al., 2011; Epperson et al., 2013; Weber et al., 2014; Rentz et al., 2017; Taylor et al., 2019; Pritschet et al., 2020).

Future studies could focus on examining participants longitudinally and pairing these types of data with behavioral outcomes.
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1     https://salimetrics.com/saliva-collection-training-videos/
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Background: The development of mild cognitive impairment (MCI) and Alzheimer’s disease (AD) may be associated with an inflammatory process. Inflammatory cytokines may be a surrogate for systemic inflammation leading to worsening neurological function. We aim to investigate the association between cognitive impairment and inflammation by pooling and analyzing the data from previously published studies.

Methods: We performed a systematic literature search on MEDLINE, PubMed, Embase, Web of Science, and Scopus for prospective longitudinal and cross-sectional studies evaluating the relationship between inflammation and cognitive functions.

Results: A total of 79 articles were included in our systematic review and meta-analysis. Pooled estimates from cross-sectional studies have demonstrated an increased level of C-reactive protein (CRP) [Hedges’s g 0.35, 95% CI (0.16, 0.55), p < 0.05], IL-1β [0.94, 95% CI (−0.04, 1.92), p < 0.05], interleukin-6 (IL-6) [0.46, 95% CI (0.05, 0.88), p < 0.005], TNF alpha [0.22, 95% CI (−0.24, 0.68), p < 0.05], sTNFR-1 [0.74, 95% CI (0.46, 1.02), p < 0.05] in AD compared to controls. Similarly, higher levels of IL-1β [0.17, 95% CI (0.05, 0.28), p < 0.05], IL-6 [0.13, 95% CI (0.08, 0.18), p < 0.005], TNF alpha [0.28, 95% CI (0.07, 0.49), p < 0.05], sTNFR-1 [0.21, 95% CI (0.05, 0.48), p < 0.05] was also observed in MCI vs. control samples. The data from longitudinal studies suggested that levels of IL-6 significantly increased the risk of cognitive decline [OR = 1.34, 95% CI (1.13, 1.56)]. However, intermediate levels of IL-6 had no significant effect on the final clinical endpoint [OR = 1.06, 95% CI (0.8, 1.32)].

Conclusion: The data from cross-sectional studies suggest a higher level of inflammatory cytokines in AD and MCI as compared to controls. Moreover, data from longitudinal studies suggest that the risk of cognitive deterioration may increase by high IL-6 levels. According to our analysis, CRP, antichymotrypsin (ACT), Albumin, and tumor necrosis factor (TNF) alpha may not be good surrogates for neurological degeneration over time.

KEYWORDS
elderly, inflammation, cytokines, CRP, IL-6, cognition


1. Introduction

A variety of cell types can produce cytokines and non-antibody proteins. Interleukins (IL-1–24), tumor necrosis factors (TNFs), and transforming growth factors (TGFs Beta 1–3) are among the approximately 30 cytokines known. Cytokines are proteins that mediate cellular communication by autocrine, paracrine, or endocrine processes. Unique cytokine cell membrane receptors dictate the specificity of the cytokine response. The total response relies on its different components’ synergistic or antagonistic activities. Cytokine actions are the product of a complex network, frequently comprising feedback loops and cascades. The exact activities of different cytokines are hard to identify because of their pleiotropism (Papanicolaou et al., 1998; Wilson et al., 2002). IL-1, IL-6, and TNF are regarded as proinflammatory, but IL-4, IL-10, and IL-13 are typically considered anti-inflammatory in the periphery (Kronfol and Remick, 2000). The aging process is associated with a general decrease in immune function. Increasing age has been related to variations in blood levels of different cytokines (Wells et al., 2000). It has been extensively observed that serum IL-6 levels rise with aging in a variety of healthy groups (Wei et al., 1992; Ershler, 1993; Hager et al., 1994; Roubenoff et al., 1998). As a result, increases in IL-6 appear to be the normal outcome of aging, regardless of co-morbidity. Thymic atrophy and inhibition of thymopoiesis during aging may be linked to an increase in IL-6 with age (Sempowski et al., 2000).

It has been hypothesized that Alzheimer’s disease (AD) inflammation is linked and contributes to vascular dementia (Wilson et al., 2002). Central nervous system (CNS) levels of certain cytokines appear to increase as a function of age. Neurologically intact patients show a progressive increase in brain level of IL-1 and microglial activation with age (Sheng et al., 1998). Brain IL-6 levels in the mouse brain have been observed to rise with age, most likely as a result of increasing microglial output (Ye and Johnson, 1999). Cytokines’ impacts on cognition work in two ways, with systemic cytokines signaling the CNS inflammation and the behavioral effects of systemic cytokines producing systemic consequences that eventually negatively influence cognition. The cognitive manifestations of the abovementioned neural degeneration processes arise when acute and chronic excessive cytokine levels exceed a person’s homeostatic threshold, which may be measured by synaptic density or plasticity, and is termed a “cognitive reserve” (Wilson et al., 2002).

Beyond the conventional paradigms of cytokine-induced neurodegeneration and consequent cognitive impairment, processes affecting cognition in its broadest meaning must be investigated. The relationship between increased inflammatory markers in the serum and the occurrence and deterioration of cognitive degenerative diseases is still ambiguous. The correlation between inflammation and cognitive decline has been poorly studied. Older persons with no signs of dementia had higher levels of the inflammatory biomarkers interleukin-6 (IL-6) and C-reactive protein (CRP), according to a cross-sectional studies from the Netherlands (Schram et al., 2007) and the US (Yaffe et al., 2003). Consistently contradictory findings may be seen in longitudinal investigations of populations without dementia. Among older Finnish women, a higher CRP level at baseline was associated with worse cognitive performance 12 years later (Komulainen et al., 2007), while a cognitive decline was observed after 2 years in white and black elderly Americans (Yaffe et al., 2003). In white and black Americans, IL-6 predicted the cognitive decline after 2 years (Yaffe et al., 2003), while in Dutch older adults after 5 years (Weaver et al., 2002). Although, there are few systematic reviews and meta-analyses where authors have reviewed the level of biomarkers in cognitive decline (Swardfager et al., 2010; Holmes, 2013) but all of them have considered cross sectional studies only and mostly focused on AD vs. normal comparison in blood samples.

As a result, we aim to systematically review studies comparing cytokine levels between AD and mild cognitive impairment (MCI) vs. healthy controls from the cross-sectional as well as longitudinal studies to test the hypothesis of increased inflammatory levels associated with cognitive decline in this population.



2. Materials and methods

To conduct this systematic review and meta-analysis: we followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statements guidelines (Page et al., 2021), as well as the standards of the Cochrane Handbook for systematic review.


2.1. Literature search strategy

We searched the published literature in two electronic databases including MEDLINE, PubMed, Embase, and Web of Science and Scopus up to December 2021. Search terms were as follows:


(1)Cognition OR cognitive decline OR cognitive function OR cognitive impairment OR cognitive loss OR memory.

(2)Peripheral OR blood OR plasma OR plasm* OR serum OR sera.

(3)Inflammatory markers OR inflammation OR cytokine OR chemokine OR IFN OR interleukin OR TGF OR TNF OR CRP. Boolean operators (AND/OR) were used to combine the respective searches. We also manually searched the biography of the included studies for any additional relevant references cited within retrieved articles that were not retrieved during the literature search.





2.2. Eligibility criteria and study selection

Studies were included if they met the following criteria: (i) the study had a cross sectional or longitudinal prospective cohort design; (ii) the cross sectional studies should have reported data of AD, MCI with respect to controls, while in longitudinal studies, cognition performance was used at baseline and follow-up; in (iii) levels of cytokines were measured in blood; (iv) the longitudinal study measured the association of cytokine level and cognitive decline; (v) the article was available in English. Exclusion criteria included: (i) participants with dementia or cognitive impairment were included at baseline; (ii) the association between baseline cytokine level and cognitive decline was not reported; (iii) if the concentration of cytokine markers were measured in post-mortem samples. (iv) Small sample size less than 5 was used.



2.3. Quality assessment

The quality assessment was performed by two authors independently according to the Newcastle–Ottawa Scale, and disputes were resolved by discussion. The quality score was calculated based on three major components of cohort studies: quality of selection (zero to four stars), comparability (zero to two stars), and exposure and outcome of study participants (zero to three stars). A higher score represents better methodological quality. Studies were defined as high (greater than seven stars), medium (six to seven stars), or low quality (less than six stars).



2.4. Data extraction

Each type of dataset was extracted independently by two authors. Discrepancies were reconciled through full discussion and consensus among the reviewers. For longitudinal studies, the extracted data involved the following: (I) summary and baseline of patients included in our study including study ID (name of the author, year, and setting of the publication), study design, subjects at baseline, the proportion of females at baseline, mean age at baseline (years), mean follow up assessment of global cognition in months, and the conclusion of each study; (II) risk of bias (ROB) domains including three major components of cohort studies: quality of selection (zero to four stars), comparability (zero to two stars), and exposure and outcome of study participants (zero to three stars); and (III) the outcome measures. The outcome measures were extracted as odds ratio (OR) and 95% confidence intervals (CIs) for the adjusted model, and confounders were adjusted for in the regression analysis. For cross sectional studies, the sample sizes and mean (±SD) concentrations of markers were extracted and Hedge’s g was used for effect size (ES) for meta-analysis.



2.5. Data analysis

Statistical analyses were performed using Open Meta Analyst (AHRQ, CEBM; Brown University, Providence, RI, USA) and STATA version 16.0 (StataCorp LLC, College Station, TX, USA). We ultimately employed the random-effects model with the DerSimonian and Liard method (DerSimonian and Laird, 1986). From cross sectional studies, the sample sizes and mean (±SD) concentrations of markers were extracted and Hedges’s g was used for ES for meta-analysis. For longitudinal studies, all data were dichotomous (events and no events) and were pooled as weighted proportions and risk ratios (RRs) with 95% CI (Cumpston et al., 2019). Pooled rates of proportions were calculated through the Freeman–Tukey transformation meta-analysis of proportions using MedCalc (Version 15.0; MedCalc Software, Ostend, Belgium).

Heterogeneity between studies was examined visually and statistically through Chi-square and I2 tests: a Q statistic with P < 0.1 indicated heterogeneity, whereas I2 values of 0, 25, 50, and 75% represented no, low, moderate, and high heterogeneity, respectively (Higgins et al., 2003). When detecting considerable heterogeneity, we performed sensitivity analyses to ascertain the source of heterogeneity by excluding one study at a time in addition to and subgroup analyses. Publication bias was visually examined through funnel plot symmetry as well as mathematically through Egger’s regression test, Begg’s test, and Duval’s non-parametric trim-and-fill analysis (Begg and Mazumdar, 1994; Irwig et al., 1998; Duval and Tweedie, 2000).




3. Results


3.1. Search results and characteristics of included studies

Our search extracted 25,513 unique citations after searching electronic databases. Following title and abstract screening, 619 full-text articles were retrieved and screened for eligibility. Of them, 540 articles were excluded, and 79 studies were reviewed in detail and included in this meta-analysis (PRISMA flow diagram; Figure 1).
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FIGURE 1
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram.


The bibliography of the included randomized control trials (RCTs) was manually searched but added no further records. All studies were conducted between 2002 and 2021. Table 1 summarizes the characteristics of included patients and cross-sectional studies, while Table 2 represents longitudinal studies.


TABLE 1    Characteristics of included patients and cross-sectional studies.
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TABLE 2    Characteristics of included patients and longitudinal studies.
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3.2. The potential sources of bias

Following the Newcastle Ottawa Scale, the quality of the included studies ranged from moderate to high. The main concern was absent control groups. A summary of quality assessment domains with authors’ judgments is attached. Funnel plots of the inverse of the standard error vs. the ES demonstrated asymmetry. However, Egger’s test (P = 0.08) and Begg’s test (P = 0.13) indicated no small-study effects. Also, we employed the trim-and-fill approach to verify the robustness of the results, which exhibited no significant changes to the results when imputing three missing studies.



3.3. Comparisons between AD/control and MCI/control cross-sectional studies

A total of 46 studies were included in this analysis. Cross-sectional studies have demonstrated an increased level of CRP (Hedges’s g 0.35, p < 0.05) (Figure 2), IL-1β (0.94, p < 0.05) (Figure 3), IL-6 (0.46, p < 0.005) (Figure 4), TNF alpha (0.22, p < 0.05) (Figure 5), and sTNFR-1 (0.74, p < 0.05) (Figure 6) in AD compared to controls. Similarly, higher levels of IL-1β (0.17, p < 0.05) (Figure 7), IL-6 (0.13, p < 0.005) (Figure 8), TNF alpha (0.28, p < 0.05) (Figure 9), and CRP (0.21, p < 0.05) (Figure 10) was also observed in MCI vs. control samples.
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FIGURE 2
Forest plot of pooled Hedge’s g depicting high C-reactive protein (CRP) concentration in Alzheimer’s disease (AD) samples compared to controls.
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FIGURE 3
Forest plot of pooled Hedge’s g depicting high IL-1β concentration in Alzheimer’s disease (AD) samples compared to controls.
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FIGURE 4
Forest plot of pooled Hedge’s g depicting high IL-6 concentration in Alzheimer’s disease (AD) samples compared to controls.
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FIGURE 5
Forest plot of pooled Hedge’s g depicting high tumor necrosis factor (TNF)-alpha concentration in Alzheimer’s disease (AD) samples compared to controls.
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FIGURE 6
Forest plot of pooled Hedge’s g depicting high sTNFR-1 concentration in Alzheimer’s disease (AD) samples compared to controls.
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FIGURE 7
Forest plot of pooled Hedge’s g depicting high IL-1β concentration in mild cognitive impairment (MCI) samples compared to controls.
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FIGURE 8
Forest plot of pooled Hedge’s g depicting high IL-6 concentration in mild cognitive impairment (MCI) samples compared to controls.
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FIGURE 9
Forest plot of pooled Hedge’s g depicting high tumor necrosis factor (TNF)-alpha concentration in mild cognitive impairment (MCI) samples compared to controls.
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FIGURE 10
Forest plot of pooled Hedge’s g depicting high C-reactive protein (CRP) concentration in mild cognitive impairment (MCI) samples compared to controls.




3.4. Outcomes from longitudinal studies


3.4.1. IL-6

A total of 33 studies were included in this analysis and they followed subjects for an average of 58.35 months (min. 24 months and max. 144 months). High levels (>3.1 pg/ml) of IL-6 significantly increased the risk of cognitive decline [OR = 1.34, 95% CI (1.13, 1.56)]. However, intermediate levels (1.6–3.1 pg/ml) of IL-6 had no significant effect on the final endpoint [OR = 1.06, 95% CI (0.8, 1.32)]. The pooled analysis was homogeneous (I2 = 0%, p = 0.5) (Figures 11A, B).
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FIGURE 11
(A) Forest plot of pooled odds ratio (OR) for interleukin-6 (IL-6) high concentration and cognitive decline. (B) Forest plot of pooled odds ratio (OR) for IL-6 intermediate concentration and cognitive decline. (C) Forest plot of pooled odds ratio (OR) for C-reactive protein (CRP) high concentration and cognitive decline. (D) Forest plot of pooled odds ratio (OR) for CRP intermediate concentration and cognitive decline.




3.4.2. CRP

Interestingly, high and intermediate levels of CRP showed no significant impact on cognitive decline [OR = 1.08, 95% CI (0.74, 1.42)] and [OR = 1.05, 95% CI (0.64, 1.46)], respectively. The pooled analysis was moderately heterogeneous (I2 = 52.56%, p = 0.05), and heterogeneity did not resolve after further sensitivity analysis; thus, the random effect model was employed (Figures 11C, D).



3.4.3. ACT, Albumin, and TNF

Only two studies reported the effects of alpha1-antichymotrypsin (ACT), Albumin, and TNF alpha on cognitive outcomes. Neither ACT [OR = 1.6, 95% CI (0.9, 2.29)] Albumin [OR = 1.12, 95% CI (0.61, 1.63)] nor TNF [OR = 1.23, 95% CI (0.91, 1.55)] had a statistically significant effect on cognitive impairment. The pooled analysis was homogeneous (I2 = 0%, p = 0.5) (Figure 12A). Funnel plots of the inverse of the standard error vs. the ES demonstrated asymmetry (Figure 12B). However, Egger’s test (P = 0.08) and Begg’s test (P = 0.13) indicated no small-study effects.
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FIGURE 12
(A) Forest plot of pooled odds ratio (OR) for antichymotrypsin (ACT), albumin, tumor necrosis factor (TNF), and cognitive decline. (B) Funnel plot for the included longitudinal studies for interleukin-6 (IL-6) levels (intermediate and high).






4. Discussion

In this meta-analysis, we have compiled and analyzed the varied results from individual studies that looked at the relationship between AD and MCI and inflammatory markers in peripheral blood or cerebrospinal fluid. Different levels of inflammatory markers were found to be significantly different across the AD, MCI, and control groups. A total of 79 articles were included in our systematic review and meta-analysis which include cross-sectional and longitudinal cohort studies and case-control. Cross-sectional studies demonstrated several changes in the inflammatory marker levels in the comparisons between AD, MCI, and control groups.

Notably, IL-6 level was found to be significantly increased in patients with AD compared with controls and MCI vs. controls. This meta-analysis confirmed the elevated levels of interleukin family molecules including as IL-1, IL-6, and IL-8 in AD patients. These cytokines and chemokines connect with the existence and breakdown of amyloid-beta (Aβ) or tau proteins, which contribute to neurodegeneration pathways in AD (Teixeira et al., 2008). Specifically, IL-6 was revealed to have a potential characteristic that identifies the extent of cognitive decline in AD patients. Deposition of Aβ has been demonstrated to stimulate IL-6 production by microglia and astrocytes, which may speed the progression of AD’s degenerative cascade (Uslu et al., 2012). There are many common cytokines whose level were detected in AD and MCI conditions including CRP, IL1β, TNFα, IL6, and sTNFR1. However, their overall level was less in MCI compared to AD which suggest them as markers of neuroinflammation in AD and there may be an association between raised levels of cytokines in the blood and the development of AD.


4.1. Impact of systemic inflammation on cognitive performance

One hypothesis to explain the effects of increased cytokines in MCI and AD as compared to healthy controls is the impact of systemic inflammation on brain plasticity and function. Systemic inflammation raises pro-inflammatory cytokines such as IL-6, TNF-, and CRP, which may interact with the CNS in three ways: (1) pro-inflammatory cytokine transport proteins facilitate active trafficking across the blood brain barrier (BBB) for central activity (Dantzer et al., 2008; Fung et al., 2012). (2) Systemically generated cytokines may excite afferent nerves (e.g., the vagal nerve), which send inflammation to the brain stem. Vagal nerve projects to the solitary tract nucleus and higher brain areas (McCusker and Kelley, 2013). (3) Circulating cytokines reach outside-BBB organs. There, cells expressing toll-like receptors react to the increased inflammation by releasing pro-inflammatory cytokines, which may reach the brain by volume diffusion (Vitkovic et al., 2000b; McCusker and Kelley, 2013; Sankowski et al., 2015). When triggered peripherally, these three routes activate brain microglia and astrocytes to create pro-inflammatory cytokines, spreading the signal into the neuronal environment (Dantzer et al., 2008; Sankowski et al., 2015).

The blood-brain barrier, often known as the BBB, is an important component in both the preservation of the CNS’s highly specialized milieu and the facilitation of communication with the systemic compartment. Alterations to the BBB may be seen in a variety of CNS diseases, including AD. Some non-disruptive BBB alterations are mediated directly by cytokines (Ericsson et al., 1995). The cerebral endothelium expresses several cytokines, including IL-1, IL-6, and TNF- receptors. Activation of the endothelium is caused by IL-1 before that of neighboring brain regions, which suggests that activation of the BBB is an intermediary stage (Herkenham et al., 1998). It is interesting to note that IFN- decreases the transmigration of type 1 T helper lymphocytes without having any effect on the diffusibility of albumin. This suggests that the effect is not caused by a change in the tight junctions but rather by cytokine-induced non-disruptive changes that discourage neuroinflammation (Prat et al., 2005).

Systemic inflammation is also known to play an important role in altering the hormonal levels. There are a number of cytokines, including TNF-alpha, interleukin-1 beta (IL-1 beta), and IL-6 that work as feedback loops to inhibit the immunological response when the hypothalamic-pituitary-adrenal (HPA) axis is stimulated by the stress of trauma or exercise (Brenner et al., 1997; Licinio and Wong, 1997; Teblick et al., 2019). However, persistent increase of cytokines might potentially inhibit the HPA axis, which can lead to decreased levels of glucocorticoids, growth hormone, and adrenocorticotropic hormone (Teblick et al., 2019).



4.2. Increased cytokine levels as a marker of central nervous system inflammation

Preclinical and clinical research have demonstrated that infection-related peripheral inflammation contributes to the development and progression of CNS disorders such AD, personality disorders (PD), Multiple Sclerosis (MS), and stroke. Patients with AD have increased levels of Aβ in their brains due to peripheral inflammation (Le Page et al., 2018). In amyloid precursor protein (APP) transgenic mice, peripheral lipopolysaccharide (LPS) injection enhanced BBB permeability, enabling proinflammatory factors such as IL-6 and TNF- to infiltrate the brain and promote disease development (Jaeger et al., 2009; Takeda et al., 2013). The increased level of cytokines in included studies suggests that patients might have CNS inflammation.



4.3. Longitudinal studies and risk of IL-6

Results from longitudinal studies also showed high levels of IL-6 significantly increased the risk of cognitive decline. However, intermediate levels of IL-6 had no significant effect on the final endpoint. Likewise, neither CRP, ACT, Albumin, or TNF alpha showed a significant impact on cognitive decline.

The neuronal and glial cell function is modulated by a highly controlled network of cytokines and soluble cytokine receptors (Benveniste, 1998; Vitkovic et al., 2000a). This is related to their capacity to modulate neurotransmission. Increases in noradrenergic, dopaminergic, and serotonergic metabolism in the hypothalamus, hippocampus, and nucleus accumbens can be caused by both systemic and central cytokine administration (Mohankumar et al., 1991; Shintani et al., 1993; Linthorst et al., 1995; Merali et al., 1997). IFN- stimulates neuronal differentiation, while IL-1, IL-6, and TNF- have trophic effects on developing neurons and glia (Jonakait, 1997; Zhao and Schwartz, 1998). In the developing brain, IL-1 may also play a role in regulating the synaptic plasticity that underpins learning and memory (Zhao and Schwartz, 1998).

Jordanova et al. (2007), Singh-Manoux et al. (2014) reported that raised IL-6 but not CRP predicted cognitive decline in this population. Inflammatory changes associated with cognitive decline may be specific to particular causal pathways which is consistent with our findings. Weaver et al. (2002), Sasayama et al. (2012), Adriaensen et al. (2014) found a strong association between the level of IL-6 and short-term identification or evaluation of global functional status in the old. They reported that elevated IL-6 and soluble IL-6R levels in Ala carriers may have a negative impact on acquiring verbal cognitive ability requiring long-term memory. Mooijaart et al. (2011) found that plasma CRP concentrations associate with cognitive performance in part through pathways independent of cardiovascular disease. However, lifelong exposure to higher CRP levels does not associate with poorer cognitive performance in old age.

On the other hand, Yaffe et al. (2003), Chen et al. (2014) documented an association between CRP elevation and cognitive impairment which is inconsistent with our meta results. This may be because of the limited number of participants in these studies compared to our meta-analysis. Ashraf-Ganjouei et al. (2020) found that healthy subjects with higher levels of CRP exhibit poorer performance in verbal learning memory and general wakefulness domains of cognition.

Some other interleukins have a role in cognitive impairment other than IL-6. Goldstein et al. (2015) recorded strong relation between IL-8 and cognitive performance in African Americans than Caucasians. However, this relationship should be further examined in larger samples that are followed over time. Conversely, Shi et al. (2020) reported IL-35 polymorphisms were not associated with cognitive decline in coronary heart disease patients over 2 years.

Shen et al. (2019) reported that inflammatory marker levels were found to be significantly different in AD and control groups, supporting the idea that AD is accompanied by inflammatory responses in the peripheral and cerebro spinal fluid (CSF). In a previous review, Wilson et al. (2002) reported that cytokine-mediated inflammation in neurodegenerative disorders such as AD and vascular dementia is increasingly appreciated. Cytokines are an important part of stress activation in the hypothalamic-hypo physiologic-adrenal axis.

Our study is the first meta-analysis to our knowledge to differentiate between several inflammatory cytokines and their relation individually to cognitive impairment. In spite of the large sample size of our study and the strength of meta-analysis, these results are limited by the study design of included studies and the insufficient data about other inflammatory markers other than IL-6. Only two studies reported the effects of ACT, Albumin, and TNF alpha on cognitive outcomes. We need more controlled studies that have the least confounders to assure the strength of results.



4.4. Future perspectives: Inflammatory markers as a novel therapeutic target for AD

Although this meta-analysis only provides additional evidence for the association between some inflammatory markers and cognitive decline, it is worthwhile to discuss the potential impact for the development of novel treatments for AD. There has been an important debate on the current therapeutic target for AD, the amyloid β-protein. However, studies have not demonstrated that anti-amyloid therapies have induced significant therapeutic effects. In this context, some inflammatory markers, especially if targeted before the onset of cognitive deterioration, may be an interesting marker to target. For instance, it has been suggested that some diets, such as the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diets, can improve cognition and also have an anti-inflammatory effect (van den Brink et al., 2019). Also, non-invasive brain stimulation can also improve cognition (Martins et al., 2017) and reduce inflammation in animal models (Laste et al., 2012; de Oliveira et al., 2019; Toledo et al., 2021). One of the limitations of the current review is not including studies related to comorbid vascular dementia, which is connected with AD and MCI especially in elderly patients.




5. Conclusion

This review included inflammatory biomarkers in AD and MCI conditions supported from cross sectional and longitudinal studies. Cross sectional studies included in this review and meta-analysis demonstrated remarkable alterations in the peripheral levels of CRP, IL-1β, IL-6, sTNFR1, and TNF alpha. The findings from longitudinal studies indicated that the risk of cognitive deterioration has been substantially increased by high IL-6 levels. However, intermediate IL-6 levels did not affect the outcome significantly. Neither CRP, ACT, Albumin, or TNF alpha have had a major influence on cognitive degradation. These results provided further proof that AD and MCI are accompanied by inflammatory processes originating in the CNS.
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Background: Hypertension, sleep disorders, and depression are highly prevalent in the elderly population and are all associated with cognitive impairment, but the role that sleep quality and depression play in the association between hypertension and cognitive impairment is unclear. The aim of this study was to investigate whether sleep quality and depression have a mediating role in the association between hypertension and cognitive impairment.

Methods: A cross-sectional study was conducted to collect data from the Tongji Hospital Comprehensive Geriatric Assessment Database. Sleep quality, depression and cognitive function were measured by the Pittsburgh Sleep Quality Index (PSQI), the Geriatric Depression Scale (GDS-15) and the Mini-Mental State Examination (MMSE), respectively. Correlation analysis, regression analysis and Bootstrap analysis were used to examine correlations between key variables and mediating effects of sleep quality and depression. Adjustments for multiple comparisons were performed using Benjamini-Hochberg adjustment for multiple testing.

Results: A total of 827 participants were included, hypertension was present in 68.3% of the sample. After correcting for covariates, hypertensive patients aged 65 years or older had worse cognitive function, poorer-sleep quality and higher levels of depression. Sleep quality was significantly negatively associated with depression and cognitive function, while depression was negatively associated with cognitive function. Mediation analysis revealed that hypertension can affect cognitive function in older adults through a single mediating effect of sleep quality and depression and a chain mediating effect of sleep quality and depression.

Conclusion: This study found that sleep quality and depression can mediate the relationship between hypertension and cognitive function in elderly. Enhanced supervision of sleep quality and depression in elderly patients with hypertension may be beneficial in maintaining cognitive function.

KEYWORDS
 hypertension, sleep quality, depression, cognitive function, mediating effects


Introduction

Hypertension is a highly prevalent disease affecting two-thirds of adults over 65 years old (Mills et al., 2016). It is associated with a significantly increased risk of major adverse cardiovascular and cerebrovascular events and death, including heart disease, stroke, renal failure, and cognitive impairment (Oliveros et al., 2020; Heizhati et al., 2021). Numerous studies have found that hypertension is associated with increased incidence of cognitive decline, vascular cognitive impairment, and Alzheimer’s disease (Chudiak et al., 2018; Ungvari et al., 2021). But in a cohort study with an average age of 75 years, no association was found between hypertension and dementia (Shah et al., 2006). In addition, a protective effect of hypertension on cognitive function was found in a cohort study of participants over 90 years (Corrada et al., 2017).

In addition to increasing the incidence of cardiovascular events, hypertension is often associated with somatic symptoms, lower quality of life, and role impairment (He, 2016). The headache, chest pain, and dizziness of hypertension often cause poor sleep quality (Saccò et al., 2013; Rabner et al., 2018). A large population-based study conducted in China found that hypertensive patients had poorer sleep quality than healthy people (Liu et al., 2016). In addition to this, hypertension is also associated with psychological problems and depression (Cramer et al., 2020; Hamam et al., 2020), and the prevalence of depression in adults with hypertension was 37.8% (Asmare et al., 2022). Among them, older hypertensive patients (aged 50 years and above) have a higher chance of depression, roughly twice as much as younger hypertensive patients (aged 18–49 years; Boima et al., 2020). However, the sleep quality and emotional state of many patients with hypertension have not been paid enough attention by doctors and patients themselves.

One third of human life is spent in sleep, and too long or too short sleep duration increases the risk of cardiovascular events and death (Wang et al., 2019). The prevalence of sleep disorders increases with age, thereby affecting a variety of neurological functions including cognitive function (Bradley et al., 2020). Poor sleep quality is an important symptom of sleep disorders (Fabbri et al., 2021). Studies found that poor sleep quality would aggravate the decline of subjective cognitive ability and increase the risk of dementia (Li et al., 2021; Xu et al., 2021). There is also a relationship between sleep quality and depression, and the link may be bidirectional (Komada et al., 2011; Li et al., 2018). And the relationship between depression and cognitive impairment in the elderly has been reported in several studies (Camacho-Conde and Galán-López, 2020; Chow et al., 2022).

Therefore, we aimed to determine the relationship between hypertension and cognitive function in adults over 50 years of age, and specifically analyze different age groups, and assess whether sleep quality and depression are mediating factors. This may provide a reference for improving the cognitive dysfunction of patients with hypertension and poor sleep quality or depression.



Materials and methods


Study design and population

This cross-sectional study was conducted between October 2019 and August 2022. Data were collected from the Comprehensive Geriatric Assessment Database of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology, in China, whose ethics committee approved the study (TJ-IBR20220731). Inclusion criteria were as follows: (1) age 50 or older, (2) complete data on sleep quality, depression and cognitive function. Exclusion criteria were as follows: (1) brain tumors or mental illnesses including schizophrenia, organic psychosis and anxiety, (2) medical records were incomplete.



Hypertension assessment

Hypertension was previously diagnosed by a physician as high blood pressure or systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg (Jones et al., 2020). To measure blood pressure, participants remained seated and rested for at least 5 min, and then blood pressure was measured three times, each 2 min apart. The last measurement was recorded as the average of the second and third measurements (Lima-Costa et al., 2018).



Cognitive assessment

Cognitive function was assessed by Mini-Mental State Examination (MMSE). MMSE consists of 30 individual items in eight dimensions (time orientation, place orientation, concentration, attention and calculation, recall, naming, comprehension/executive function, visuospatial skills), with a total score ranging from 0 to 30 (Jia et al., 2021). A higher score indicates better cognitive function. The diagnosis of cognitive impairment based on MMSE are different for people with different education levels. MMSE ≤19 for illiterate individuals, ≤22 participants with primary education, and ≤26 for those with middle school education and above was considered to be mild cognition impairment (MCI; Jia et al., 2021). The diagnostic criteria for dementia are according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV; Creavin et al., 2016).



Sleep quality

The Pittsburgh Sleep Quality Index (PSQI) was used to assess the quality of sleep during the past month. PSQI consists of 19 individual items in seven dimensions (subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleep medication, and daytime dysfunction), each with a score of 0–3. The total score of PSQI is between 0 and 21, higher scores indicate poorer sleep quality (Xu et al., 2021). Mostly, scores >5 are considered as poor self-reported sleep quality (Buysse et al., 1989).



Depression

The Geriatric Depression Scale (GDS-15) was used to assess depression. The GDS-15 asks participants to answer 15 yes/no questions related to depressive symptoms. The total score ranges from 0 to 15, with a score of 5 or more being considered a symptom of depression, with higher scores representing more severe depressive symptoms (Chen et al., 2021).



Covariates

In the present study, we included as covariates confounding factors that may influence the relationship between hypertension and cognitive function. Among these, information on demographic and social characteristics included age, gender, and education level (primary school or below, middle school, high school, and college or above). Information on participants’ cases was also reviewed to collect information on whether participants had comorbid diabetes, stroke, coronary heart disease (CHD), and hyperlipidemia. Body Mass Index (BMI) = weight (in kg)/height2 (in m2). Smoking was defined as current smoking of at least one cigarette per day for 6 months or more. Drinking was defined as alcohol consumption at least once per week.



Statistical analysis

We used unpaired t-test for continuous variables and χ2 test for categorical variables to compare participants with and without hypertension. Given that age-specific effects of hypertension on cognitive function may differ, we stratified our analyses by two age groups (aged 50–64 years, aged 65 years or older). Pearson correlation analysis and Spearman correlation analysis were used to explore the associations between hypertension, sleep quality, depression, and cognitive function. Linear regression models were used to investigate the association between hypertension, sleep quality, depression and cognitive function. We showed the beta coefficients for three nested models: (1) unadjusted; (2) adjusted for sociodemographic factors (age, sex, and education); (3) fully adjusted, including sociodemographic factors, diabetes, stroke, CHD, hyperlipidemia, BMI, smoking, and drinking. Before analysis, PSQI, GDS-15 and MMSE were standardized (Z score). The false discovery rates were adjusted by Benjamini-Hochberg, where p < 0.05 was the cutoff value for significance of coefficients of independent variables. All statistical analyses were performed using IBM SPSS V24.0 software (SPSS Inc., Chicago, IL, United States), and all tests were two-sided with significance level set at 0.05 (two-tailed).

Based on the results of the correlation analysis, we specifically examined the mediating effect of sleep quality and depression on the association between hypertension and cognitive function. The bias-corrected Bootstrap method in the PROCESS 3.5 Procedure for SPSS was used to explore a multiple mediation model, which was developed by Hayes (2013).




Results

A total of 982 participants were searched in the database, and 827 participants were finally included for analysis according to the inclusion and exclusion criteria, as described in Figure 1. The sociodemographic, anthropometric, lifestyle factors, sleep quality, depression, and cognitive function of participants grouped by hypertension status were shown in Table 1. In the whole sample, the average age of the subjects was 77.18 ± 10.78 years old, and 45.0% of them were women. Hypertension was present in 68.3% of the sample. In both age groups, the prevalence of hypertension was higher in people aged 65 years or older (73.5% vs. 36.0%). The MMSE score of the total participants was 23.30 ± 7.09, PSQI score was 7.74 ± 4.50, and GDS-15 score was 5.01 ± 3.84. In these two age groups, patients with hypertension have poorer cognitive function, more smokers, higher BMI, and higher stroke prevalence. Compared with participants aged 50–64, among people aged 65 or older, patients with hypertension drank and smoked more, had higher BMI, lower education level, higher prevalence of diabetes, stroke, coronary heart disease, hyperlipidemia, poorer cognitive function, higher GDS-15 scores, and poorer sleep quality.

[image: Figure 1]

FIGURE 1
 Participant inclusion flow chart.




TABLE 1 Participant characteristics according to hypertension and stratified by age groups.
[image: Table1]

The correlation between key variables is shown in Table 2. Hypertension was positively associated with poor sleep quality and depression, but negatively associated with cognitive function. Depression was positively associated with poor sleep quality and significantly negatively associated with cognitive function. There was a significant negative association between poor sleep quality and cognitive function. The correlation was evident mainly among participants over 65 years or older. Table 3 shows the regression analysis of sleep quality and depression between hypertension and cognitive function. The total and direct effects of hypertension on cognitive function were significant in participants over 65 years of age. However, in people aged 50–64, there was no significant correlation between the above variables. The above conclusions were obtained after adjusting the covariates. The results of linear regression between the covariates and MMSE are in Supplementary Table 1.



TABLE 2 The correlation among key variables.
[image: Table2]



TABLE 3 Associations from multiple linear regression models of hypertension with sleep quality, depression and cognitive function.
[image: Table3]

Table 4 shows the mediating effect values of sleep quality and depression between hypertension and cognitive function in participants aged 65 years or older. Figure 2 shows the chain mediation model between hypertension and cognitive function in participants aged 65 years or older. Sleep quality and depression had a significant mediating effect between hypertension and cognitive function, and the total mediating effect was −0.026. Specifically, the mediating effect consisted of three indirect effects: path 1 hypertension → sleep quality → cognitive function (−0.012), path 2 hypertension → depression → cognitive function (−0.01), and path 3 hypertension → sleep quality → depression → cognitive function (−0.004). The proportion of the three indirect effects of path 1, path 2 and path 3 was 7.02, 5.85 and 2.34%, respectively, and the 95% confidence interval did not contain zero, indicating that the three indirect effects were all significant. There was no significant difference among the three indirect effects. These results suggest that hypertension affects cognitive function not only through a single mediating effect of sleep quality and depression, but also through a chain mediating effect of sleep quality and depression in the elderly aged 65 years or older.



TABLE 4 Sleep quality and depression in the mediation effect analysis.
[image: Table4]
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FIGURE 2
 The chain mediation model. The chain mediation model shows the effects of hypertension, sleep quality, and depression on the cognitive function.




Discussion

Hypertension, sleep disorders, depression, and cognitive impairment all have a high prevalence in older adults, and the prevalence all increases with age, and co-morbidity of these disorders is common (Ou et al., 2020; Vanek et al., 2020). Our study explored the association between hypertension and cognitive function in elderly and is the first time to analyze the role of sleep quality and depression in it. The findings suggest that hypertension was significantly negatively associated with cognitive function in participants aged 65 years or older and this association was partially mediated by sleep quality and depression.

In our study, the prevalence of hypertension in the elderly over 65 years or old was much higher than that in the middle-aged (50–64 years old), which has also been reported in previous studies (Tsimihodimos et al., 2018). We found that elderly with hypertension had worse cognitive function than those with normal blood pressure, which is consistent with previous findings. Vasilopoulos et al. (2012) reported no significant difference in cognitive function in hypertensive patients aged 51–60 years, while in the relationship between hypertension and cognitive function in the elderly, hypertension was found to have a negative effect on cognitive function in people aged 60–74 years (Qiu et al., 2005), and hypertension over 75 years patients showed a significant decrease in cognitive function (Streit et al., 2019). The possible mechanism for this is that as we age, the form of hypertension may change from systolic/diastolic hypertension to systolic hypertension and aortic atherosclerosis, which severely affects the blood supply to the brain and thus causes cognitive impairment (Boutouyrie et al., 2021).

The phenomenon of cognitive impairment in hypertensive patients can be partially explained by sleep disturbances and depressive symptoms. First, numerous studies have found a much higher prevalence of poor sleep quality in hypertensive patients than in non-hypertensive patients (Lo et al., 2018; Li et al., 2020). The prevalence of poor sleep quality in hypertensive patients was 35.5%, of which high diastolic blood pressure and lack of exercise were independent predictors of poor sleep quality (Birhanu et al., 2021). Sleep is essential for good health, and sleep benefits the consolidation of memory (Westermann et al., 2015), while sleep deprivation may cause brain dysfunction and lead to cognitive impairment (Porter et al., 2015). The formation of new memories in the hippocampus depends on undisturbed sleep, either before or after the initial encoding of potential memories (Mander et al., 2017). In a large cohort study of older Chinese adults, lower habitual sleep efficiency was associated with a higher risk of memory impairment and poorer cognitive function (Ma X. Q. et al., 2019). Hypertension can not only directly impair cognitive function in the elderly, but also indirectly by reducing sleep quality.

Several studies have reported that hypertensive patients are more likely to experience depressive symptoms (Li et al., 2015; Ademola et al., 2019). Hypertensive patients often suffer from psychological distress due to antihypertensive medication side effects, decreased quality of life, and health impairment (Song et al., 2018). Recurrent depressive symptoms can lead to progressive hippocampal atrophy, which impairs memory function (Sheline et al., 2019). Due to the excessive activation of astrocytes and microglia, the level of inflammation in the hippocampus of depression model mice increased, and the cognitive function was impaired (Santos et al., 2016; Zhang et al., 2020). In population studies, depressive symptoms predict poorer memory scores and may be an early indicator of declining situational memory in older adults (Zahodne et al., 2014). A prospective study found that increased depressive symptoms at each life stage were associated with cognitive outcomes, and that depressive symptoms in later life were negatively associated with cognitive function and associated with a more rapid rate of cognitive decline (Mirza et al., 2016). Therefore, depression may play an important role in the impairment of cognitive function caused by hypertension.

The correlation between depressive symptoms and poor sleep quality in the elderly has been reported several times (Hu et al., 2020; Hsu et al., 2021). In animal experiments, chronic sleep deprivation induced depression-like behaviors in rat (Ma W. et al., 2019). Sleep deprivation in mice induces hippocampal neuroinflammation, which is a risk factor for depression (Kang et al., 2021). Sleep deprivation over-activated microglia in the mouse brain and causes a decrease in the level of anti-inflammatory factors associated with the hippocampus, which may be a possible cause of its depression (Ahmed et al., 2021). Among college students, as sleep quality deteriorates, the level of depression also increases., and the risk of depressive symptoms in students with poor sleep quality was 3.28 times (Çelik et al., 2019). Similarly, adolescent females exposed to stress such as sleep disruption are prone to hypothalamic–pituitary–adrenal sensitization which contributes to the development of mood disorders, such as depression (Murack et al., 2021). Of the 162 sleep related functional connections found in the human connectome study, 39 were also associated with depression scores (Cheng et al., 2018), which may partially explain the association between depression and poor sleep quality.

This study found the relationship between hypertension and cognitive impairment in people over 65 years or older can be partially mediated by sleep quality and depression, which suggests that attention should be paid to screening for sleep quality and depressive symptoms in elderly hypertensive patients, strengthening the diagnosis and treatment of sleep disorders and depression in the elderly, and improving the perception of mood disorders in elderly hypertensive patients, which may help to reduce the cognitive impairment and cardiovascular burden in patients.

Our study also has some limitations. This study was a cross-sectional study and could not establish a causal relationship between hypertension and cognitive function. Therefore, the conclusion of this study is relatively less reliable than that of a cohort study. On the basis of this study, more in-depth cohort study should be conducted to further verify our conclusion after follow-up of the included patients. In terms of basic experiments, the specific mechanism of this mediating effect may be revealed by detecting depression and cognitive function in hypertensive model mice after sleep deprivation. Second, no specific classification of hypertension was made in this study, and also the small sample size may cause bias in the results.



Conclusion

In conclusion, the results of this study suggest that sleep quality and depression may partially mediate the relationship between hypertension and cognitive function in elderly over 65 years. Importantly, sleep quality and depression status can be reversed by intervention, which suggests that strengthening the supervision of sleep quality and depression in elderly hypertensive patients is of great significance for the prevention of cognitive dysfunction.
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Previous studies have mainly explored the effects of structural and functional aging of cortical regions on global motion sensitivity in older adults, but none have explored the structural white matter (WM) substrates underlying the age-related decrease in global motion perception (GMP). In this study, random dot kinematogram and diffusion tensor imaging were used to investigate the effects of age-related reductions in WM fiber integrity and connectivity across various regions on GMP. We recruited 106 younger adults and 94 older adults and utilized both tract-based spatial statistics analysis and graph theoretical analysis to comprehensively investigate group differences in WM microstructural and network connections between older and younger adults at the microscopic and macroscopic levels. Moreover, partial correlation analysis was used to explore the relationship between alterations in WM and the age-related decrease in GMP. The results showed that decreased GMP in older adults was related to decreased fractional anisotropy (FA) of the inferior frontal-occipital fasciculus, inferior longitudinal fasciculus, anterior thalamic radiation, superior longitudinal fasciculus, and cingulum cingulate gyrus. Decreased global efficiency of the WM structural network and increased characteristic path length were closely associated with decreased global motion sensitivity. These results suggest that the reduced GMP in older adults may stem from reduced WM integrity in specific regions of WM fiber tracts as well as decreased efficiency of information integration and communication between distant cortical regions, supporting the “disconnection hypothesis” of cognitive aging.

KEYWORDS
 global motion perception, aging, white matter, structural network, TBSS


1. Introduction

Global motion perception (GMP) is a fundamental visual process that refers to the ability to combine local motion signals within a visual scene into a global percept to obtain information about motion speed and direction (Narasimhan and Giaschi, 2012). For example, in a football scene, the trajectory of each player (a local moving element) constantly changes, but the audience can obtain a global precept of the entire scene by integrating the trajectory of all players (e.g., the players on the field advancing toward a team’s goal). This perceptual process plays an important role in navigation, judgment of motion speed, and avoidance of moving obstacles (Hoffman et al., 2015). One method extensively used to assess GMP is the random dot kinematogram (RDK), which consists of dots moving in various directions: signal dots move in a specific direction, while noise dots move in random directions (Pilz et al., 2017; Ward et al., 2018; Benassi et al., 2021; Joshi et al., 2021). The task is to identify the global direction of the moving dots. GMP is evaluated by measuring the individual motion coherence threshold (MCT): the minimum proportion of signal dots required to correctly identify the direction of global motion. A higher MCT indicates poorer performance and worse global motion sensitivity. Several studies have employed the RDK paradigm to study the effect of age on GMP. These studies found that older adults have reduced global motion sensitivity and significantly higher MCT than younger adults (Snowden and Kavanagh, 2006; Roudaia et al., 2010; Bower and Andersen, 2012). Several studies have shown that aging of the GMP is associated with a decreased ability to perceive hazards while driving (Wilkins et al., 2013; Lacherez et al., 2014). In addition, Yamasaki et al. (2016) reported that GMP aging may also be a predictor of cognitive decline in older adults. Thus, age-related declines in GMP are not only detrimental to the quality of life of older people, but also pose a serious threat to their safety as well.

Many studies have attempted to determine the neural mechanism underlying age-related decreases in GMP in older adults. Nevertheless, these studies have mainly focused on the effects of age-related structural and functional alterations in specific cerebral regions (Biehl et al., 2017; Ward et al., 2018; Jin et al., 2020, 2021). To date, little is known about the impact of white matter (WM) degeneration with age on GMP. WM fiber tracts are anatomical substrate underlying information transmission across various cerebral regions and are responsible for enabling information transfer between neurons and coordinating the fundamental functions of brain regions. According to the “disconnected brain” hypothesis of cognitive aging, decreases in structural and functional connectivity contribute to cognitive decline (Damoiseaux, 2017; Fjell et al., 2017; Coelho et al., 2021). More rapid higher-order cognitive functions require efficient communication across brain regions, but age-related alterations in the microstructural architecture of WM fiber tracts disrupt this communication, reducing cognitive function.

Diffusion tensor imaging (DTI) has been widely used to track alterations in WM underlying cognitive aging at a microstructural level. This method provides WM parameters that quantify and characterize the directionality and magnitude of water molecules in brain tissues and address WM integrity (Basser et al., 1994). Four parameters are commonly used to assess WM integrity: fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). FA reflects the anisotropy of water molecule diffusion; MD represents the mean diffusivity of water molecules; AD reflects the diffusivity of water molecules parallel to the axon fibers; and RD indicates the diffusivity of water molecules perpendicular to the axon fibers. Higher FA values and lower MD, AD, and RD values indicate better microstructural integrity of brain tissues (Bennett and Madden, 2014). Numerous DTI studies have found a link between decreased WM integrity and cognitive impairment with age (Bennett and Madden, 2014; de Lange et al., 2016; Merenstein et al., 2021). These studies primarily concentrated on executive function, information processing speed, memory, and general cognitive ability; their findings supported the “disconnected brain” hypothesis (Sullivan and Pfefferbaum, 2007; Davis et al., 2009; Borghesani et al., 2013; Bennett and Madden, 2014; de Lange et al., 2016; Coelho et al., 2021). For example, the longitudinal study by Coelho et al. (2021) showed that FA in the corpus callosum (CC) and superior longitudinal fasciculus (SLF) significantly decreased in older adults, and this reduction in WM integrity was significantly associated with decreases in memory, executive function, and general cognitive performance.

Many researchers have investigated the neural underpinnings of GMP in WM (Csete et al., 2014; Braddick et al., 2017; Pamir et al., 2021). Using diffusion magnetic resonance imaging (dMRI), Csete et al. (2014) investigated the WM microstructure during motion detection; they observed that the local FA in specific WM regions (e.g., the left optic radiation) of adults was significantly correlated with their motion detection threshold. Advanced probabilistic tractography revealed that the SLF may be the tract that is closely associated with the GMP. Subsequently, Braddick et al. (2017) found that global motion sensitivity in children was positively correlated with FA in the right SLF and negatively correlated with FA in the left SLF. Furthermore, Pamir et al. (2021) recruited patients with impairment in the visual cortex and observed that the higher the RD in the tracts that connect the right V1 and V5 was, the worse the GMP. These studies demonstrate that GMP has neural correlates, providing indirect evidence for the hypothesis that age-related decreases in GMP may be associated with WM degradation.

In addition, researchers have not only explored changes in WM integrity but have also applied graph theoretical analysis to construct a WM structural network at a macroscopic level to quantitatively assess individual information transmission efficiency, network integration, and functional differentiation by using DTI. Graph theoretical analysis offers a global perspective that overcomes the limitations of previous research, in which each brain region was viewed as a discrete anatomical neural structure. This method provides new insights into the neural activity patterns of the brain and the connectivity mechanisms of various cognitive functions. Moreover, the quantitative topological measures of the WM structural network are sensitive to individual aging. Gong et al. (2009) applied graph theoretical analysis and that the local efficiency and overall cortical connectivity of the WM network decreased with increasing age after maturity. Moreover, older adults’ cognitive function is impacted by this reduction in information integration. With 342 healthy older adults, Wen et al. (2011) explored the relationship between the WM network and multidimensional cognition and found that discrete neuroanatomical networks were highly associated with cognitive performance in specific domains, such as processing speed and visuospatial and executive function. Thus, exploration of GMP-related WM substrates can enhance understanding of neurological changes associated with age-related decreases in GMP from the perspective of information integration and transmission efficiency.

The aim of the present study was to investigate the effects of age-related reduction in WM integrity and connectivity on GMP at WM microscopic and macroscopic levels using RDK and DTI. Previous studies have revealed that GMP mainly depends on regions of the dorsal visual stream and the parietal lobe (Biehl et al., 2017; Chaplin et al., 2017; Sousa et al., 2018; Ward et al., 2018). Our hypotheses were as follows: (1) Changes in the integrity of WM fiber tracts connecting the visual cortex to other cortical regions would be significantly correlated with changes in GMP in older adults. For example, the SLF provides bidirectional connections among the parietal, frontal, occipital, and temporal lobes and may thus play an important role in transmitting motion information from the occipital lobe to the parietal and prefrontal areas (Kamali et al., 2014); we predicted that its changes in the integrity would be correlated with changes in GMP. (2) Older adults would exhibit a reduced ability to integrate information in the WM network, as indicated by significant changes in topological properties (e.g., a significant increase in characteristic path length) that affect GMP.



2. Methods


2.1. Participants

We recruited 118 older and 113 younger adults for this study through an advertisement. The older adults were locals aged 60 years or older from Tianjin, China, and the younger adults were healthy university students. Before the formal experiment, all participants underwent screening for visual function and MRI contraindications. Vision screening was designed to assess the participants’ eye health, i.e., whether there were physiological or pathological abnormalities of the visual system such as myopia, hyperopia, amblyopia, glaucoma, cataracts and age-related macular degeneration. The younger adults completed this assessment by self-reported questionnaires, while the older adults completed it with the help of two clinicians. In addition, the mental health of older adults was assessed using the Mini-Mental State Examination (MMSE), and their brain aging and pathological abnormalities were examined by two imaging clinicians.

Twenty-one older participants were excluded from the study because of the following structural abnormalities: brain tumors, atrophy, leukoaraiosis, infarcts, and cystic lesions. A total of 3 older and 7 younger participants were additionally excluded due to head movement artifacts (ring) in structural images or geometric distortions in DTI. Finally, 106 younger adults aged 18–27 years (23.04 ± 5.17 years old, 66 female) and 94 older adults aged 60–84 years (65.74 ± 4.50 years old, 55 female) were included in this study. The final participants met the following criteria: (1) normal or corrected-to-normal vision; (2) no significant history of neurological or psychiatric disease, serious physical illness, or substance abuse; (3) no contraindications to MRI or structural brain abnormalities; and (4) older adults scored more than 24 points on the MMSE (scores range: 26 ~ 30; M ± SD: 28.80 ± 1.18) (Porter et al., 2017). All participants provided written informed consent and received payment for their participation. The study was approved by the Ethics Committees of Tianjin First Central Hospital and Tianjin Normal University.



2.2. RDK

The stimuli were created in MATLAB 2015a (MathWorks Inc. Natick, MA, United States), generated using a 17-inch HP Zbook17 G3 workstation, and displayed at a resolution of 1920 × 1,080 pixels (refresh rate of 60 Hz) and a mean luminance of 180 cd/m2. A horizontally oriented RDK paradigm was used to assess individual GMP. The stimulus was presented in a circular aperture with a diameter of 11° at the center of the black screen, and it contained 1,00 white dots. The dot diameter was 2.16 arcmin, and the dot density was 0.88 dots/cm2. All dots had a limited lifetime of 500 ms (equivalent to 10 frames). The position of each dot was randomly allocated at the beginning of each trial. Some of these dots (signal dots) moved horizontally to the left or right in a coherent manner. Once the dot moved out of the stimulus region, it was placed at a random position within the aperture, and set to move in the same direction as before. The other parts of dots (noise dots) are plotted in new locations, randomly selected within the display area, on each frame of the sequence. The global motion direction of each trial was randomly assigned, but the numbers of leftward and rightward trials were equal overall. The speed of the dots was set at 1°/s, 1.4°/s, or 1.8°/s to prevent potential anticipation or adaptation effects (Berry et al., 1999; Anton-Erxleben et al., 2013).

We employed a three-down/one-up (79.37% correct) adaptation staircase procedure to control the coherence level of moving dots. In other words, if three consecutive accurate responses were given, the coherence level was reduced by one step; if one incorrect response was given, it was increased by one step. For each session, there were eight reversals in coherence. The starting coherence level of the dots was 100%; the decrements had a step size of 10% (for the first two reversals) and 5% (for the third to eighth reversals). We calculated the average coherence level for the third to eighth reversals and regarded it as the global MCT for each participant. The MCT is the ratio of the minimum number of signal dots to the total number of dots required for an individual to identify the global motion direction of an RDK.

Participants sat in front of the center of the screen with a viewing distance of 60 cm. At the beginning of the sequence, a red fixation point was presented, followed by an RDK. Then, the participants were instructed to complete a two-alternative forced-choice task indicating whether the global direction of the RDK was to the left or to the right as quickly and accurately as possible. After participants responded, a white dot appeared, indicating the beginning of the next trial (Figure 1). The test consisted of six blocks, each block containing 60 trials, and was conducted in two sessions. Before the formal test, participants were given 20 practice trials to familiarize themselves with the procedure. The participants were able to control the rest time between blocks. The entire test took approximately 30 min to complete.
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FIGURE 1
 The random dot kinematogram paradigm (RDK). The stimuli contained some white luminance dots moved horizontally to the left or right coherently (signal dots) and other dots moved randomly (noise dots).




2.3. MRI data acquisition

Both older and younger adults were scanned using a 3.0 T Prisma (Siemens Healthcare, Germany) MRI scanner with a standard 64-channel head coil at the Brain Imaging Research Centers of Tianjin First Central Hospital and Tianjin Normal University, respectively. During the scan, the participants lay flat in the scanner with their heads immobilized by cushions to reduce head movement and wore earplugs to reduce noise and enhance comfort. For each participant, whole-brain anatomical data were collected using a T1-weighted 3-D MPRAGE sequence with the following parameters: echo Time (TE) = 2.98 ms, field of view (FOV) = 256 × 256 mm2, acquisition matrix size = 256 × 256, and voxel size = 3.5 mm, 176 layers, slice thickness = 1 mm, repetition time (TR) = 2,300 ms (older adults) or 2,530 ms (younger adults), and duration of approximately 8 min. DTI was performed using an echo planar imaging (EPI) sequence with the following parameters: TR = 8,500 ms, TE = 63 ms, FOV = 224 mm × 224 mm, acquisition matrix size = 112 × 112, 75 layers, slice thickness = 2 mm, b value = 1,000 s/mm2, 64 diffusion gradient coding directions, and duration of 10 min and 56 s. Older adults underwent two routine scans to exclude individuals with structural brain alterations: tse2d1_15: TR = 3,500 ms, TE = 89 ms, TA = 68 s, FA = 150°, slice thickness = 5 mm, FOV = 195 mm × 240 mm, matrix = 250 × 384, slices = 22. *fl2d1: TR = 250 ms, TE = 2.43 ms, TA = 70 s, FA = 85°, slice thickness = 5 mm, FOV = 195 mm × 240 mm, matrix = 250 × 384, 22 slices.



2.4. Data analysis


2.4.1. DTI data preprocessing and tract-based spatial statistics analysis

DTI data preprocessing was performed using PANDA (Pipeline for Analyzing Brain Diffusion) software,1 which is an automated toolbox for dMRI analysis. In brief, the preprocessing included the following steps: (1) conversion of DICON files to NIfTI images; (2) brain tissue extraction; and (3) correction for head motion artifacts and eddy current distortions. To avoid image distortion, each image was coregistered to the b0 image. Additionally, (4) gradient orientation correction was performed based on the deformation field to estimate the tensor and fiber direction more accurately, and (5) four dMRI measures (FA, MD, AD, and RD) were calculated by fitting a diffusion tensor model.

Tract-based spatial statistics (TBSS) in FSL2 software was performed to enable voxelwise comparison between the groups. In brief, the analysis steps were as follows: (1) individual FA images were aligned to the mean FA standard template (FMRIB58_FA) in Montreal Neurological Institute (MNI) space using the nonlinear registration algorithms of FNIRT; (2) the mean of all aligned FA images was calculated and skeletonized to generate a WM FA skeleton, with analysis limited to major WM tracts using a threshold of FA > 0.2; and (3) individual FA values (obtained by finding the maximum value perpendicular to the local skeletal structure from the nearest skeletal center) were projected onto the mean FA skeleton. These steps were repeated to calculate individual MD, AD, and RD and project these maps onto the mean FA skeleton.



2.4.2. WM network construction

After preprocessing, a WM structural network, consisting of a collection of nodes connected by edges, was constructed using PANDA. In the present study, the automated anatomical labeling 90 atlas (AAL 90) was used to define the nodes of the WM network, which included a total of 90 cortical and subcortical regions (45 for each hemisphere). To transform the AAL template in MNI space to the DTI space, where the subject data were located, we first coregistered the individual T1 structural images to b0 images with transformations. Then, a nonlinear transformation to register the aligned T1 images in MNI space to the AAL template was applied. Finally, the AAL template in MNI space was transformed into the individual DTI space using the inverse transform to locate the 90 nodes for each participant.

The edges represent the WM connectivity or features of the brain between two nodes. We used the Fiber Assignment by continuous tracking algorithm (FACT) for deterministic tractography to define the connectivity between nodes. Fiber tracking was performed using each voxel with FA greater than 0.2 as a seed point, and tracking was stopped when the turning angle exceeded 35°. Each pair of nodes was considered structurally connected if there was at least one streamline whose end points were located in the pair. The mean FA of the streamline linking the two nodes was defined as the edge and used to construct an FA-weighted matrix. Finally, the FA-weighted structural network was obtained for each participant from their DTI data, which was represented as a 90 × 90 symmetric matrix.



2.4.3. Graph theoretical analysis

To characterize the topological organization of WM structural connections, topological properties were calculated by the GRETNA toolkit.3 The following four global topological properties were used in this study: the global clustering coefficient (Cp), characteristic path length (Lp), global efficiency (Eg), and local efficiency (Eloc). Cp is mainly used to measure the extent of local clusters or cliquishness of the network. Lp indicates the length of the shortest path of information from one node to another in the network and reflects the extent of the overall routing efficiency of a network. E.g., measures the global information propagation of the network. Eloc represents the local efficiency of the network. We focused on these global network properties to examine the efficiency of global integration and segregation of information flow. We also assessed small-world properties (λ, σ, and γ). Briefly, normalized path length (λ) is a measure that reflects the global integration of the brain, while the normalized clustering coefficient (γ) represents global segregation. Detailed calculations and interpretations of the topological properties are seen in Table 1 and Rubinov and Sporns (2010). We calculated these two properties at each sparsity threshold (0.05 ~ 0.5, step 0.05) and computed the respective area under the curve (AUC) over the range of sparsity thresholds. The ratio between segregation and integration is the small-worldness (σ) of a network. In a network, λ ≈ 1 and γ ≫ 1 suggest an optimal balance between functional segregation and integration.



TABLE 1 The mathematical definitions and descriptions of global and small-world parameters.
[image: Table1]



2.4.4. Data analysis

The mean MCT at the three dot speeds for each participant was calculated as the individual GMP. Independent-sample t tests were used to analyze group differences in age, body mass index (BMI), and the MCT. The chi-square test was used to analyze sex differences between the two groups.

To investigate age-related alterations in WM microstructure, a permutation-based nonparametric inference was performed in Randomise4 to compare voxelwise differences in the FA skeleton between the younger and older groups. The number of random permutations was set to 5,000, and the threshold-free cluster enhancement (TFCE) method was used to correct for multiple comparisons. Subsequently, to explore the relationship between age-related decreases in GMP and changes in WM integrity, we applied masks to WM regions that differed significantly between groups, and partial correlation analyses between the MCT and FA in these masks were performed separately for the older and younger groups. As sex and BMI may affect individual WM integrity and the present study was not concerned with the effects of these factors, these variables were controlled as covariates (Daoust et al., 2021). The significance threshold of the partial correlation coefficient was set at p < 0.05, and the same TFCE method was used to correct for multiple comparisons.

We segmented the correlated regions according to the “JHU White-Matter Tractography Atlas” to visualize the location of WM fiber tracts associated with age-related decreases in GMP. We focused on only the tracts that contained at least one cluster with a voxel number greater than 100. The mean FA was extracted from the significant clusters of each tract, and a partial correlation analysis was performed between the mean FA and MCT to determine the strength of their correlation. Finally, we also extracted the AD and RD of older and younger adults in the same significant regions of tracts to investigate whether FA alterations associated with age-related decreases in GMP were impacted by changes in RD or AD. For this analysis, we first used independent-sample t tests to compare RD and AD between the older and younger groups and then performed partial correlation analyses of the MCT with RD and AD in the older and younger groups.

To examine the changes in the topological organization of the WM network with age, we first examined the group differences in small-world properties (λ, σ, and γ) and global topological properties (Cp, Lp, Eg, and Eloc) between older and younger groups using independent-sample t tests. Second, partial correlations between topological properties and the MCT were determined, with sex and BMI as covariates, in the older and younger groups to explore the relationship between alterations in network topology and age-related decreases in GMP. Multiple comparisons were corrected using the Bonferroni method.





3. Results


3.1. Behavioral results

The demographic information and GMP of the participants are shown in Table 2. The results showed statistically significant differences in age and BMI between the older and younger groups but no significant difference in the sex ratio. Since BMI may affect individual white matter integrity, this variable was controlled as a covariate in subsequent analyses (Daoust et al., 2021). Independent-sample t tests showed that the MCT of the older group was significantly higher than that of the younger group, indicating a decline in GMP and a decrease in global motion sensitivity with age.



TABLE 2 Demographic information and motion coherence threshold (M ± SD).
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3.2. TBSS results

The older group exhibited significantly lower FA in most regions of the WM skeleton than the younger group, suggesting that integrity in most WM regions decreases with age. In addition, a small fraction of voxels exhibited a significant increase in FA in older adults (Figure 2).

[image: Figure 2]

FIGURE 2
 Results of the tract-based spatial statistics of fractional anisotropy between the older and younger adults. (A) the older adults showed lower FA than the younger adults in a large portion of the WM skeleton, including IFOF, ILF, SLF, ATR, CCG, Fmaj, and Fmin. (B) the older adults showed higher FA than the younger adults in a small fraction of voxels (e.g., brainstem). IFOF, inferior frontal-occipital fasciculus; ILF, inferior longitudinal fasciculus; ATR, anterior thalamic radiation; SLF, superior longitudinal fasciculus; CCG, cingulum cingulate gyrus.


For older adults, partial correlation analysis showed that the MCT was significantly negatively correlated with FA in four main clusters (Table 3). The effects were spread over large portions of the WM skeleton, including the bilateral CC forceps major (Fmaj) and minor (Fmin), inferior frontal-occipital fasciculus (IFOF), inferior longitudinal fasciculus (ILF), anterior thalamic radiation (ATR), SLF, and cingulum cingulate gyrus (CCG). We located the significant regions using the “JHU White-Matter Tractography Atlas,” and the voxel size of each fiber tract is shown in Table 4. We did not find any significant positive correlation between the MCT and FA in the WM regions that differed significantly between groups. We extracted the average FA in the regions of each WM tract that showed significant negative correlations with MCT and plotted the correlation between FA and the MCT to visualize the correlation strength. With sex and BMI included as covariates, the MCT was significantly negatively correlated with FA in the Fmin (r = −0.32, p = 0.002), Fmaj (r = −0.21, p = 0.044), left ATR (r = −0.32, p = 0.002), right ATR (r = −0.34, p = 0.034), left CCG (r = −0.26, p = 0.011), right CCG (r = −0.31, p = 0.003), left IFOF (r = −0.23, p = 0.027), right IFOF (r = −0.22, p = 0.033), and left SLF (r = −0.27, p = 0.010). The FA in the right SLF (r = −0.20, p = 0.058) and left ILF (r = −0.20, p = 0.055) was marginally significantly correlated with the MCT (Figure 3). In the young adults, there was no significant correlation between the MCT and FA in the WM regions that differed significantly between groups.



TABLE 3 The regions in the WM skeleton that negatively related to motion coherence threshold in older adults.
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TABLE 4 The tracts that positively corelated to motion coherence threshold.
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[image: Figure 3]

FIGURE 3
 Results of the partial correlation analyses between FA and MCT in older adults. All correlations were significant at p < 0.05 (threshold-free cluster enhancement corrected). Decreased fractional anisotropy in the bilateral SLF, IFOF, ATR, CCG, and left ILF was associated with worse GMP.


To explore the underlying causes of FA alterations leading to GMP decline, we additionally extracted the mean AD and RD in the relevant regions of each tract. The results showed that both the AD and RD in each tract in older adults were significantly greater than those in younger adults. The results of partial correlation analysis with sex and BMI as covariates showed that, except for the Fmaj and right SLF, the mean RD in most tracts was positively correlated with the MCT in older adults (Figure 4). However, the MCT was only positively correlated with the AD in the left ATR (r = 0.30, p = 0.003).
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FIGURE 4
 Results of the partial correlation analysis between RD and MCT in older adults. Except for Fmaj and right SLF, mean RD in most tracts showed a positive correlation with MCT of the older adults.




3.3. Results of the graph theoretical analysis

The results showed that the WM networks of both the older and younger adults exhibited “small-world” properties (𝜆≈1, γ> > 1) (Figure 5A). Small-world networks have high local and global efficiency, requiring minimal connectivity costs and resulting in a balance between local processing and global integration (Watts and Strogatz, 1998). In addition, both global efficiency and the characteristic path length were found significantly decreased in older adults compared to younger adults, as shown in Table 5 and Figure 5B. Therefore, these results confirm that significant network changes occur in older adults. The results of partial correlation analyses revealed that the MCT was significantly negatively correlated with global efficiency (r = −0.29, p = 0.005) and significantly positively correlated with characteristic path length (r = 0.32, p = 0.002) in older adults, and these results survived correction for multiple comparisons. However, we did not find any significant correlations between the MCT and topological properties in younger adults.
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FIGURE 5
 Group differences between small-world properties (λ, σ, γ) and global topological properties (Lp, Cp, Eloc, and Eg) of the WM network. 𝜆≈1 and γ> > 1 indicated both the older and younger adults exhibited economic “small-world” properties (A). The older adults showed increased Lp and decreased Eg compared to younger adults. There was no significant difference in Cp and Eloc between the two groups (B). Cp, the global clustering coefficient; Lp, characteristic path length; Eg, global efficiency; Eloc, local efficiency; λ, normalized path length; γ, normalized clustering coefficient; σ, small-worldness, ***p < 0.001.




TABLE 5 Comparisons of global topological properties between groups (×10−1).
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4. Discussion

In the present study, we attempted to explain the age-related decline in GMP according to age-related WM changes in the brain. TBSS analysis and graph theoretical analysis of dMRI data were used to assess WM integrity and construct structural networks that represented the anatomical connectivity of the cerebral cortex at the microscopic and regional levels. The behavioral findings, with the older group exhibiting significantly higher MCT values than the younger group (indicating a decrease in GMP with age), are consistent with previous literature (Biehl et al., 2017; Conlon et al., 2017; Meier et al., 2018; Mikellidou et al., 2018). According to the correlation analyses, the decreased GMP in older adults was associated with decreased WM integrity in specific tracts as well as alterations in characteristic path length and global efficiency in the WM network. The findings support the “disconnection hypothesis” of the aging brain with data on the transmission efficiency of the WM network.


4.1. Microstructural changes in WM associated with age-related decreases in GMP

Older adults showed decreased FA in the majority of WM compared to younger adults, indicating that WM integrity decreased with age; this finding is consistent with the literature (Benitez et al., 2018; Molloy et al., 2021; Dhiman et al., 2022). More importantly, the results revealed correlations between the decrease in global motion sensitivity and decreased WM integrity in the IFOF, ILF, SLF, ATR, CCG, Fmaj, and Fmin. The CC is the largest commissural fiber, and the main WM tract connects the two hemispheres of the brain. This tract is crucial for the transmission of sensory, motor, and cognitive information between the brain hemispheres (Aboitiz et al., 1992; Gazzaniga, 2000). The Fmaj is the callosal tract that connects the bilateral occipital lobes through the splenium. In motion processing, the Fmaj is associated with visuomotor integration between the two hemispheres (Miller, 1991; Mordkoff and Yantis, 1991; Tamura et al., 2007). In particular, the Fmaj directly connects the right and left V5 (Strong et al., 2019), a crucial area for global motion processing that is responsible for integrating dynamic local visual information into a global percept (Newsome and Pare, 1988; Britten et al., 1993; Rust et al., 2006; Chakraborty et al., 2017). The Fmin refers to the callosal tract that passes through the rostrum and genu of the CC and bends forward to connect the right and left frontal lobes. The dorsolateral prefrontal cortex of the frontal lobe participates in top-down motor control (Kim and Shadlen, 1999), while the medial prefrontal cortex may be associated with spatial working memory in self-navigation (Sherrill et al., 2015). These results suggest that decreased efficiency of information transmission between the right and left frontal and occipital lobes, especially between the right and left V5, may contribute to the reduction in GMP in older adults.

The SLF, ILF, and IFOF are association fibers. The SLF is a bundle that connects the frontal, occipital, parietal, and occipital lobes on the ipsilateral side; the ILF connects the visual areas in the temporal and occipital areas to the amygdala and hippocampus; and the IFOF is the longest association fiber in the brain, linking the frontal and occipital lobes. These tracts connect the occipital lobe to ipsilateral cortical areas and are thought to be associated with spatial information processing (Vaessen et al., 2016). For example, long-term sports training (e.g., table tennis, gymnastics) can increase the structural integrity of these three tracts (Huang et al., 2015; Qi et al., 2021), while brain injuries to these tracts affect visuospatial processing (Chechlacz et al., 2012; McGrath et al., 2013; Hattori et al., 2018). In the present study, we found that decreased WM integrity in the SLF, ILF, and IFOF leads to a decline in GMP (in terms of behavioral performance) in older adults, consistent with previous findings in region of interest (ROI) analyses that GMP is strongly related to the SLF in adults and children (Csete et al., 2014; Braddick et al., 2017). We suggest that the correlation between association fiber integrity and GMP may be due to GMP requirements. The GMP involves processing of local movement across the visual field and integrating local moving elements into a global percept; these two processes depend on the primary visual cortex, located in the occipital lobe, and the middle temporal gyrus, located in the temporal lobe, respectively (Britten et al., 1993; Rust et al., 2006). In the RDK task, participants need to make decisions about the direction of motion; these decisions mainly depend on the intraparietal sulcus, located in the parietal lobe (Kayser et al., 2010). Lack of structural connections between the occipital lobe and other cortices may cause a decrease in motion sensitivity in older adults, explaining why alterations in the SLF, ILF, and IFOF lead to impaired GMP.

Decreased FA in the ATR and CCG was also associated with decreased GMP. The CCG plays a critical role in cognitive control, conflict monitoring in response selection, and spatial attentional control (Morecraft et al., 1993, 2012; Nieuwenhuis et al., 2003). The reduced WM integrity in the CCG of older adults may thus affect spatial attentional control and decision-making processes involving motion direction in GMP. Additionally, thalamic neurons receive sensory and motion information from the external environment and transmit information to the cerebral cortex through the ATR (Perani et al., 2021). The reduced WM integrity of the ATR may have a negative influence on the transmission of visuomotor information to the cerebral cortex, leading to a reduction in GMP.

In addition, we found that most RD values of GMP-related tracts were significantly correlated with the MCT, which further indicated that the decrease in WM integrity may be caused by the increased RD of tracts in older adults. Different patterns of WM changes have been examined to elucidate aging processes in different tracts and their underlying biological profiles. Molloy et al. (2021) identified five main patterns of overlap between diffusion measures in WM areas that showed age-related negative correlations with FA. Consistent with the results reported by Molly et al., we also found decreased FA and increased RD in the Fmaj, Fmin, SLF, ILF, IFOF, and CCG, consistent with the “FA and RD only” pattern. This pattern may reflect age-related demyelination of WM tracts (Sullivan and Pfefferbaum, 2007; Molloy et al., 2021).



4.2. Changes in topological properties of WM networks associated with age-related decreases in GMP

In the WM structural network, global efficiency and the characteristic path length are commonly used measures of functional integration, which refers to the ability to rapidly combine specialized information from distributed cortical regions. The shorter the path length and the higher global efficiency of a network the higher the efficiency of information transmission across network nodes (Watts and Strogatz, 1998). Local efficiency and the global clustering coefficient are considered indicators of network segregation in the brain. Network segregation is the ability of densely interconnected groups of brain regions to perform specialized processing and is thought to reflect the local information transmission of the network (Latora and Marchiori, 2001; Rubinov and Sporns, 2010). Thus, our findings showed that the global efficiency of older adults was significantly lower than that of younger adults, while the characteristic path length of older adults was significantly higher; however, we found no significant difference in local efficiency or the global clustering coefficient between the two groups, indicating that the changes in the connectivity of older adults may reduce parallel information processing and the speed and efficiency of information transmission across brain regions (Achard et al., 2012). Moreover, the age-related decrease in global efficiency and the increase in characteristic path length were closely related to the reduction in global motion sensitivity in older adults, suggesting that the reduction in global motion sensitivity in older adults may be affected by the decrease in information integration and communication efficiency between distant cortical regions. Long-range connectivity (e.g., between the frontal and occipital lobes) is thought to play an important role in visuospatial attention, which is a prerequisite for global motion processing (Barceló et al., 2000; Ruff et al., 2006). Therefore, reduced efficiency of information integration and communication between distant cortical regions in older adults may lead to decreased GMP by affecting individual visuospatial attention.

This study has some limitations. First, aging is a lifelong process, but we selected participants with two discrete age ranges; thus, we were unable to explore the relationship of alterations in WM microstructure and network properties with perceptual changes caused by aging along a continuum. Second, this study mainly examined the alterations in WM integrity in 20 main tracts; we did not assess changes in structural connectivity along the dorsal visual stream (such as the connections between V1 and V5). In previous studies, patients with cortical visual impairments exhibited worse GMP, suggesting that structural disconnection along the dorsal visual stream may also cause a decrease in motion sensitivity in older adults (Pamir et al., 2021). In the future, we plan to explore the effects of structural disconnection along the dorsal visual stream on global motion sensitivity in older adults.




5. Conclusion

In this study, we used RDK and DTI to study the effects of age-related reductions in WM fiber integrity and connectivity on the decrease in GMP at the microscopic and macroscopic levels. We found that reduced WM integrity in specific fiber tracts, such as the Fmaj, Fmin, ILF, SLF, ATR, IFOF, and CCG, may underlie age-related decreases in GMP in older adults. Moreover, age-related decreases in GMP may also be associated with reduced information integration and communication efficiency between distant cortical areas. This study demonstrated, for the first time, that age-related reductions in WM integrity and connectivity in older adults affect the efficiency of information transfer between brain regions, leading to a decrease in global motion sensitivity. Our results thus support the “disconnection hypothesis” of cognitive aging.
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1   http://www.nitrc.org/projects/panda

2   http://www.fmrib.ox.ac.uk/fsl/tbss/index.html
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COTC —0.002 0.391 0.430 0.073 0.044 3.925 2.482
DA —0.0001 0.071 0.112 0.066 0.036 0.104 2.23
DM —0.0002 0.043 0.095 0.09 0.061 0.142 3.109
FPTC —0.0002 0.058 0.106 0.113 0.085 0.124 4.011
Sa —0.0003 0.0005 0.011% 0255 0.232 0.129 10.806
SSH —0.0002 0.035 0.095 0.086 0.057 0.11 2.977
SSM —0.0001 0.16 0.210 0.082 0.053 0.077 2.808
Vi —0.0001 0.172 0.210 0.042 0.012 0.129 1.393
VA —0.0001 0.578 0.578 0.025 —0.006 0.242 0.820

Raw p-values and FDR corrected p-values are included. Asterisks indicate significance at p < 0.05* for FDR corrected values. Only FDR corrected values are interpreted as significant.
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Female linear age associations with network segregation

Age B Raw FDR corrected R? Adjusted Residual std. F statistic

coefficient P-value P-value R? error (df = 64) (df = 1; 64)
Au —0.002 0.024 0.088 0.078 0.064 0.105 5.414
CBBG —0.005 0.01 0.077 0.099 0.085 0.168 7.061
CcoTC —0.082 0.044 0.103 0.062 0.047 3918 4231
DA —0.001 0311 0.342 0.016 0.001 0.106 1.043
DM —0.002 0.18 0.283 0.028 0.013 0.146 1.843
FPTC —0.003 0.047 0.103 0.06 0.046 0.126 4114
Sa —0.004 0.014 0.077 0.092 0.078 0.141 6.466
SSH —0.001 0.276 0.337 0.019 0.003 0.113 1.210
SSM —0.001 0.065 0.119 0.052 0.037 0.077 3.529
Vi —0.001 0.357 0.357 0.013 —0.002 0.13 0.862
VA —0.003 0.252 0.337 0.021 0.005 0.241 1.341

Raw p-values and FDR corrected p-values are included. There were no significant findings after FDR correction.
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Gene

p-actin
NGPF2
PSD-95

Forward primer (5'—3)
AGTGTGAC( [GACATCCGT
CTGAGACATCGGTTCCAAGT
CCCAGGATATGTGAACGGAA

Reverse primer (5" 3')
TGCTAGGAGCCAGAGCAGTA
ATCTTGTCCCACTTTCCAGG
CCTGAGTTACCCCTTTCCAA
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Structure

TBV
AUD
MGd
MGv
MGm
MGN
(¢}
Icc
LL
NLL
SOC
DCO
vCO

Mean volume, mm? (SD)

Young (n = 45)

416 (21)
467 (0.35)
0.142 (0.018)
0.247 (0.025)
0211 (0.014)
0.600 (0.054)
328 (0.28)
0.964 (0.077)
0.724 (0.055)
0.669 (0.062)
0.654 (0.061)
0.482 (0.037)
0.737 (0.058)

0ld (1 =59)

433 (23)
443 (0.31)
0.148 (0.017)
0253 (0.024)
0.226 (0.016)
0.627 (0.052)
3,54 (0.33)
1.03 (0.21)
0.782 (0.055)
0.744 (0.055)
0.699 (0.067)
0507 (0.042)
0.755 (0.058)

P-value

<0.001
<0.001
0.003
0.002
<0.001
<0.001
<0.001
0.005
<0.001
<0.001
<0.001
<0.001
0.004

Mean volume of all regions of interest in the auditory pathway investigated. A significant

difference was noted between young and old mice in every structure analyzed through

paired Student’s t-test. The higher number of old mice were paired with a matched
isogenic young mouse by sex. TBV, Total brian volume; AUD, Auditory cortex; MGd,

Medial geniculate nucleus, dorsal part; MGv, Medial geniculate nucleus, ventral part;
MGm, Medial geniculate nucleus, medial part; MGN, Medial geniculate nucleus; IC,
Inferior colliculus; Icc, Medial geniculate nucleus, medial part; LL, Lateral lemniscus;

NLL, Lateral lemniscus, nucleus; SOC, Superior olivary complex; DCO, Dorsal cochlear

nucleus; VCO, Ventral cochlear nucleus.
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Female hormone level interactions with network segregation

Estradiol Raw E*P Estradiol Raw E*T | Progesterone | Raw P*T FDR Adjusted | Residual std. F
0} P-value 0} P-value by P-value corrected R? error (df = 48) statistic
progesterone testosterone testosterone P-value for (df = 6; 48)
(E*P) (E*T) (P*T) estradiol by
B coefficient B coefficient B coefficient testosterone
(E*T)
Au 0.0003 0.669 —0.003 0.072 0.00001 0.360 0.264 0.096 —0.017 0.103 0.851
CBBG 0.001 0.131 —0.003 0.167 0.00001 0.760 0.359 0.133 0.024 0.155 1.225
CoTE —0.029 0.245 —0.056 0315 0.001 0.111 0.429 0.182 0.079 4.087 1.776
DA —0.0005 0.489 —0.001 0.511 0.00001 0507 0.511 0.05 —0.069 0.111 0422
DM 0.0002 0.792 —0.002 0333 0 0.856 0.429 0.085 —0.029 0.148 0.747
FPTC —0.0002 0.786 —0.002 0.196 0.00001 0.496 0359 0.135 0.027 0.126 1.248
Sa 0.0001 0.940 —0.002 0359 0.00002 0363 0.429 0.072 —0.044 0.14 0619
SSH 0.0002 0.755 —0.003 0.035 0.00003 0.088 0.193 0.133 0.025 0.111 1.23
SSM 0.0001 0.766 —0.002 0.028 0.00002 0.137 0.193 0.157 0.051 0.076 1.485
Vi —0.001 0.125 0.002 0.390 0.00001 0711 0.429 0.059 —0.059 0.142 0497
VA 0.002 0.307 —0.005 0.127 0.00001 0.691 0.349 0.072 —0.044 026 0617

Raw p-values and FDR corrected p-values are included. FDR correction was only performed if raw p-value was < 0.05. There were no significant findings after FDR correction.





OPS/images/fnhum-17-1059091/fnhum-17-1059091-t004.jpg
Female testosterone linear associations with network segregation

Testosterone Raw R? Adjusted Residual std. F statistic
coefficient P-value R? error (df = 60) (df = 1; 60)

Raw p-values are listed, and FDR correction was only performed if raw p-value was < 0.05.
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Female progesterone linear associations with network segregation

Progesterone Raw FDR R? Adjusted | Residual std. F statistic
B coefficient P-value corrected R? error (df = 59) (df = 1; 59)
P-value
DA 0.0001 0.674 0.926 0.003 —0.014 0.107 0.179
DM 0.0002 0.255 0.561 0.022 0.005 0.143 1.323
FPTC 0.0004 0.049 0.270 0.064 0.049 0.123 4.067
Sa 0.0003 0.102 0.374 0.045 0.029 0.134 2.764
SSH 0.0001 0.711 0.926 0.002 —0.015 0.116 0.139
SSM 0.00001 0.926 0.926 0.0002 —0.017 0.082 0.009
Vi 0.00004 0.850 0.926 0.001 —0.016 0.133 0.036
VA —0.0001 0.881 0.926 0.0004 —0.017 0.246 0.023

Raw p-values and FDR corrected p-values are included. There were no significant findings after FDR correction.
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Female estradiol linear associations with network segregation

Estradiol § Raw P-value R? Adjusted R? Residual std. F statistic
coefficient error (df = 55) (df = 1; 55)

VA —0.022 0.731 0.002

Raw p-values are listed, and FDR correction was only performed if raw p-value was < 0.05.
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Abbreviation Network

Au Auditory

CBBG Cerebellar-basal ganglia
COTC Cingulo-opercular task control
DA Dorsal attention

DM Default mode

FPTC Fronto-parietal task control
Sa Salience

SSH Sensory somatomotor hand
SSM Sensory somatomotor mouth
Vi Visual

VA Ventral attention






OPS/images/fnhum-17-1059091/fnhum-17-1059091-i001.jpg





OPS/images/fnhum-17-1059091/fnhum-17-1059091-i000.jpg





OPS/images/fnhum-17-1059091/fnhum-17-1059091-g004.jpg
Salience Network

Salience Network Across Adulthood by Sex

1.0
0.8-
061
L ] Y L ] L]
8
L=}
° L J

0.4- .

L ]

40 50 60 70 80

Age

Sex

Female
Male

Salience Network

0.8

0.6 1

0.4

Salience Network Segregation by Quadratic Age

Sex

Female
Male

2000 (~45 years)  4000(~63 years)  6000(~77 years)
Quadratic Age





OPS/images/fnhum-17-1059091/fnhum-17-1059091-g003.jpg
0.81

0.6 1

Cerebellar-basal ganglia Network

Cerebellar-basal ganglia Network Across Adulthood by Sex

60 70 80

Age

40 50

0.81

0.6

Cerebellar-basal ganglia Network

Cerebellar-basal ganglia Network by Quadratic Age

Sex

Female
Male

0.2

4000(~63 years) 6000 (~77 years)

Quadratic Age

2000 (~45 years)





OPS/images/fnhum-17-1059091/fnhum-17-1059091-g002.jpg
Estradiol

Estradiol Levels Across Adulthood by Sex

40

Progesterone Levels Across Adulthood by Sex

400 A

3001

200 1

Progesterone

100

40

50

60
Age

70

80

Testosterone

Testosterone Levels Across Adulthood by Sex

2001

100 1

°

40 50 60 70 80

Sex

Female
Male





OPS/images/fnhum-16-814204/fnhum-16-814204-g004.jpg
Number of Chunks

Number of Chunks

— YA Right PFC
—8— YA Sham
—— OA Right PFC
—&— 0OA Sham

Trial Number

—YA M1
—8— YA Sham
— OA M1
—&— (0A Sham

Trial Number

Number of Chunks

Number of Chunks

—YA Left PFC
—8— YA Sham
—— OA Left PFC
—&— 0OA Sham

Trial Number

——YA SMC
—8— YA Sham
— OA SMC
—&— 0OA Sham

Trial Number





OPS/images/fnhum-16-814204/fnhum-16-814204-g005.jpg
(o]
o
O

(©)]
o
O

Reaction Time (ms)
N H
(=) o
O O

o

(@] (o]
o o
O (=)

Reaction Time (ms)
N N
o (@)
O O

o

Reaction Time (ms)
N H (@] (0]
(@) (& © o
O O O ©

o

ull al wl af

Right PFC

mll ol al ol

Session 1

Left PFC

Right PFC

Session 2

Left PFC

Right PFC

Session 3

I N

Left PFC

tDCS Group

Sham

Sham

Sham

Il Young Adult
[T Older Adult






OPS/images/fnhum-16-814204/fnhum-16-814204-t001.jpg
YA group OA group

(N =64) (N =63)
MoCA 28.42 (1.51) 27.16 (1.92)
VAC capacity 4.67 (1.0) 3.00 (1.1)*
Purdue right 16.11 (1.73) 13.0 (1.76)
Purdue left 14.84 (1.62) 12.37 (1.67)*

MoCA, Montreal cognitive assessment; OA, older adults; VAC, visual array
capacity; YA, young adults. *p < 0.05.
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Covariates Chronological age Chronological age

Sex Sex
BPAD

BPAD —-0.317* N/A Z Value
Overall MBA Score 0.541* 0.493** 0.34 (p =0.734)
6MWT 0.585"* 0.537** 0.36 (p =0.72)
FSST —0.367* —0.306* -0.36 (p=0.72)
SCP 0.130 0.122 N/A
5CR —0.491* —0.434** -0.38 (0 =0.70)
CFT —0.489"* —0.467** -0.15 (0 =0.88)

BPAD, brain-predicted age difference; MBA, mobility battery assessment; 6MWT,
six-minute walk test; FSST, four square step test; SCR, stair climb power; 5CR, five
times chair rise; CFT, complex functional task. *Statistical significance (p < 0.05).
**Statistical significance (p < 0.001).
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Covariates Chronological age Chronological age
Sex Sex
Average leg extensor strength

Average leg extensor strength —-0.317* N/A

Overall MBA Score —0.302* —0.163
6MWT —0.326 —0.183
FSST 0.278" 0.183
SCP —0.046 —0.005
5CR 0.316" 0.159
CFT 0.162 0.009

MBA, mobility battery assessment; 6MWT, six-minute walk test; FSST, four
square step test; SCR stair climb power; 5CR, five times chair rise; CFI,
complex functional task. *Statistical significance (p < 0.05). **Statistical significance
(p < 0.001).
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Model characteristics

s-pr? VIF p-value
Model 1
R? = 0.46; p-value < 0.001*
Sex —0.307 1.001 0.003*
Age —0.611 1.001 <0.001*
Model 2
R? = 0.63; p-value < 0.001*
Sex -0.118 1.215 0.168
Age —0.449 1173 <0.001*
Isokinetic strength/BW 0.345 1.484 <0.001*
BPAD —0.101 1.128 0.238

BW, Body weight.
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Cognitive phase Age Group IL-6 IL-1p TNF-a

r(p) r(p) r(p)
Learning distance swam 3months CON 0.687 (0.132) 0,544 (0.265) 0.794 (0.060)
CON-EE 0,566 (0.242) 0.799 (0.056) 0.808 (0.052)
LPS 0.862 (0.027)* 0.846 (0.034)* 0.818 (0.047)%
LPS-EE 0.887 (0.019)% 0.849 (0.032)* 0.824 (0.044)%
15months CON 0784 (0.065) 0.793 (0.060) 0.783 (0.065)
CON-EE 0.803(0054) 0.687 (0.132) 0.789 (0.062)
ps 0.876 (0.022)* 0.868 (0.025)" 0826 (0.043)%
LPS-EE 0891 (0.017)* 0.8198 (0.046)* 0849 (0.032)*
Percentage of distance swamin  3months CON ~0.793 (0.060) 0508 (0.303) 0752 (0.085)
the target quadrant CON-EE ~0714(0.111) 0698 (0.123) 0752 (0.085)
Lps 0616 (0.193) 0752 (0.085) ~0764(0077)
LPS-EE 0775 (0.070) 0664 0.150) ~0655 (0.158)
15 months CoN ~0810(0.051) 0657 (0.156) 0775 0071)
CON-EE ~0.694(0.126) ~0.754 (0.084) ~0758 (0.081)
Lps —0.831 (0.040)* —0.852 (0.031)* —0.864 (0.026)"
LPS-EE —0.879 (0.021)* —0.824 (0.044)* ~0.6969 (0.124)
Percentage of time spent 3months CON ~0.750 (0.086) ~0.348 (0.499) ~0.675 (0.141)
swimming in the target quadrant CON-EE ~0.274 (0.600) ~0.629 (0.181) ~0.463 (0355)
LPS —0.832 (0.040)* —0.821 (0.045)* —0.860 (0.028)*
LPS-EE. ~0.725(0.103) ~0.603 (0.205) ~0.645 (0.167)
15months CON ~0.664 (0.151) ~0.254(0.628) ~0.808 (0.052)
CON-EE ~0.331 (0520 ~0.608 (0.200) ~0.472 (0345)
Lps —0.838 (0.037)* —0.867 (0.026)* —0.846 (0.034)"
LPS-EE ~0810(0.051) 0810 (0.051) ~0.634 (0.176)

“Denotes significant correlation coeffcients (*p<0.05);Significant p-values are marked in bold. CON, untreated control groups LPS, lipopolysaccharide treatment group: EE, group of
mice exposed to environmental enrichment.
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Cognitive phase  Age Group Ngpf2mRNA  NGPE2protein  Psd-95mRNA  PSD-95 protein

r(p) r(p) r(p) r(p)
Learning distance swam  3months 0.268 (0.608) 0.189 (0.720) ~0.736 (0.095) ~0.669 (0.146)
0.214 (0.683) 0.789 (0.062) ~0.519 (0.291) ~0.611 (0.194)
0.874 (0.023)* 0.916 (0.010)* —0.874 (0.023)* —0.871 (0.024)%
0.841 (0.036)* 0.859 (0.028)* ~0.900 (0.014)* —0.855 (0.030)*
15months CON 0.101 (0.850) 0.785 (0.064) ~0.738 (0.094) ~0.567 (0.241)
CON-EE 0,809 (0.051) 0.797 (0.058) ~0.560 (0.247) ~0.450 (0.370)
ps 0.860 (0.028)" 0.886 (0.019)" —0.834(0.039) —0.830 (0.041)*
LPS-EE 0.867 (0.025)" 0.890 (0.018)" —0.885 (0.019)* —0.827 (0.042)"
Percentage of distance  3months CON -0331(0522) 0636 (0.175) 0.706 (0.117) 0.441 (0.381)
swam in the target CON-EE -0772(0.072) -0772(0072) 0,664 (0.150) 0,698 (0.123)
quadrant ps 0558 (0.250) 0557 (0.250) 0.773 (0.071) 0.236 (0.653)
LPS-EE 0663 (0.152) 0396 (0437) 0.889 (0.018)" 3(0.260)
15months CoN 0734 (0.097) ~0674(0.143) 0.300 (0.563) 0.684(0.134)
0617 (0.192) 0782 (0.066) 0.79¢8 (0.057) 0.497 (0316)
—0.840(0.036)  —0.852(0.031)* 0.878 0.021)* 0.898 (0.015)*
—0.828(0.042)°  —0.908 (0.012)* 0.877 (0.022)* 0.936 (0.006)"*
Percentage of time spent 3 months CON ~0396 (0.437) ~0.273 (0.600) 0,542 (0.266) 0,645 (0.167)
swimming in the target ~0.293(0.573) ~0.793 (0.060) 0.803(0.055) 0,652 (0.161)
quadrant LPS ~0.835 (0.038)* —0.885 (0.019)% 0.833 (0.040)* 0.870 (0.024)%
3 ~0.702(0.120) —0.824 (0.044)° 0.681(0.136) 0.901 (0.014)*
15months CON ~0.564 (0.244) ~0.800 (0.056) 0.761 (0.079) 0,653 (0.160)
CON-EE ~0561(0.247) ~0.742 (0.092) 0,612 0.197) 0.666 (0.149)
LPS ~0.747 (0.088) ~0.879 (0.021)* 0.766 (0.076) 0.904 (0.013)%
LPS-EE —0.864 (0.027)* ~0.636(0.174) 0.862 (0.027)* 0911 (0.012)*

*Denotes significant correlation coefficients (% <0.05, **p<0.01);
group of mice exposed to environmental enrichment

ficant p-values are marked in bold. CON, untreated control groups; LPS, lipopolysaccharide treatment group;
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Relative

Indirect effects Boot SE Boot LLCI Boot ULCI i EE TR e e
Total indirect effect ~0026 0.009 ~0.044 ~0011 15.20%
Indirect effect 1 ~0012 0.006 ~0.025 ~0.003 7.02%
Indirect effect 2 ~001 0.006 ~0.023 ~0.001 585%
Indirect effect 3 ~0.004 0002 ~0.008 ~0.001 234%
Compare | ~0.002 0.008 ~0018 0015
Compare 2 ~0.009 0.006 ~0021 0.001
Compare 3 ~0.006 0,005 ~0018 0.002

The direct and indirect effects of hypertension on cognitve function are shown in thi table. Boot SE, Boot LLCI, and Boot ULCI refer, respectively o the standard error and the lower and upper
imits of the 95% confidence interval of the indirect efects estimated by the percentile bootstrap method with deviation correction. Indirect efect1: hypertension— sleep quality— cognitive
function; indirect effect 2: hypertension— depression— cognitive function; indirect effect 3: hypertension— sleep quality— depression— cognitive function,
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Result Predictor Unadjusted Model 1 Model 2

variable  variable B(95% CI) B (95% CI) $(95% CI)
Whole sample | MMSE Hypertension 031 (-0.37,-020) <0001 021 (-027,-014) <0001 0.4 (-0.19,-008) <0001
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Adulis Aged | MMSE Hypertension 028 (-0.38,-025) <000t 023 (-032,-0.18) <00 016 (-024,-0.11) <000
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Estimates were calculated using linear regression analysis. Model 1 =adjusted for sociodemographic factors (age, sex and education). Model 2 =adjusted for sociodemographic factors + diabetes,
troke, coronary heart discase; hyperlipidemia, BMI, smoking and drinking, CI, credibility interval. A Benjamini-Hochberg adjustment was applied to the false discovery rate, where p<0.05 was
considered a statistically significant coefficient of the independent variable.
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‘Women, n (%) 128 (48.9) 244 (43.2) 0.13 41(56.2) 18(43.9) 0.21 87 (46.0) 226 (43.1) 049
Drinking, 7 (%) 19(7.3) 88(15.6) 0.001 8(11.0) 4(9.8) 0.84 11(58) 84(16.0) <0.001
Smoking, n (%) 39(14.9) 155 (27.4) <0.001 11 (15.1) 13(31.7) 0.04 28(14.8) 142 (27.1) 0.001
BMI, mean (SD) 2208331 23.17£3.47 <0.001 22.12+£334 24.35£3.98 0.002 22.06+3.31 23.08+3.42 <0.001
Education, n (%) 0.001 0.06 0.008
Primary school or below 50(19.0) 106 (18.8) 2(27) 4(9.8) 48(25.4) 102 (19.5)
Middle school 44(16.7) 165 (29.3) 12(16.4) 12(29.3) 32(169) 153(29.2)
school 65(24.7) 100 (17.7) 23(31.5) 6(14.6) 2222 94(17.9)
University or over 104 (39.5) 193 (34.2) 36 (49.3) 19 (46.3) 67 (35.4) 175 (33.4)
Diabetes, n (%) 32(122) 125 (22.1) 0.001 8(11.0) 7017.1) 0.35 24(127) 118(22.5) 0.004
Stroke, n (%) 30(11.5) 164 (29.0) <0.001 4(5.5) 13(31.7) <0.001 26(13.8) 151 (28.8) <0.001
Coronary heart disease, 1 (%) 12(4.6) 121 (21.4) <0.001 3(41) 3(7.3) 0.46 9(4.8) 118 (22.5) <0.001
Hyperlipidemia, n (%) 34(13.0) 128 (22.7) 0.001 7(9.6) 8(19.5) 013 27(14.3) 120 (22.9) 0.01
PSQI, mean (SD) 6.78+£3.92 8.19£4.68 <0.001 6.23£3.16 7.54£4.69 012 6.99£4.16 8.24+4.68 0.001
GDS-15, mean (SD) 4.2243.76 5.38+3.83 <0.001 4.1943.17 S17&3T 0.14 4.2343.97 540+3.84 <0.001

p compare participants with and without hypertension using the independent-samples t-test for continuous variables and the 7 test for categorical variables.
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INCLUSION

Age 60+ years (older adults) with no significant health issues or conditions that, in the investigator’s opinion, would limit the subject’s ability to complete the study
per protocol or that would impact the capability to get an accurate measurement of study endpoints.

Body mass index between 18 and 40 kg/m?.

Willingness to undergo all testing procedures.

Able to read, understand, and complete study-related questionnaires.

Able to read and understand, and willing to sign the informed consent form (ICF).
EXCLUSION

Failure to provide informed consent.

Known neuromuscular or neurological conditions affecting somatosensory or motor function or control (e.g., hemiplegia, multiple sclerosis, peripheral neuropathy,
Parkinson’s disease, Myasthenia Gravis, Ataxia, Apraxia, mitochondrial myopathy, etc.).

Unable to communicate because of severe hearing loss or speech disorder.

Severe visual impairment, which would preclude completion of the assessments.

Cancer requiring treatment currently or in the past 2 years (except primary non-melanoma skin cancer or in situ cervical cancer).
Any ADL disability.

Recent unexplained weight loss (>10 pounds in past month).

Hospitalization (medical confinement for 24 h), or immobilization, or major surgical procedure requiring general anesthesia within 12 weeks prior to screening, or any
planned surgical procedures during the study period.

Chronic or relapsing/remitting gastrointestinal disorders such as inflammatory bowel disease and irritable bowel syndrome.
Known history of human immunodeficiency virus (HIV) antibody at screening.

Use of systemic glucocorticoids.

Severe pulmonary disease, requiring either steroid pills or injections or the use of supplemental oxygen.

Severe cardiac disease, including NYHA Class lll or IV congestive heart failure, clinically significant aortic stenosis, recent history of cardiac arrest (within 6-months),
use of a cardiac defibrillator, or uncontrolled angina.

Renal failure on hemodialysis.

Psychiatric conditions that warrant acute or chronic therapeutic intervention (e.g., major depressive disorder, bipolar disorder, panic disorder, schizophrenia) that in
the investigator’s opinion interfered with the conduct of study procedures.

Unable to undergo Magnetic Resonance Imaging (MRI), Transcranial Magnetic Stimulation (TMS), or DEXA (e. g. body containing any metallic medical devices or
equipment, including heart pacemakers, metal prostheses, implants or surgical clips, any prior injury from shrapnel or grinding metal, exposure to metallic dusts,
metallic shavings or having tattoos containing metallic dyes, body dimensions exceeding capacity of MRI or DEXA). Note: This manuscript is an analysis from a
larger study and the MRI and brain stimulation exclusion criteria, which are not presented here, were part of this larger study.

Unable to reliably undergo exercise or strength tests described for this study.

Participation in any clinical trial within 12 weeks prior to screening.

Limb amputation (except for toes) and/or any fracture within 24 weeks of study screening.

Conditions (such as myasthenia gravis, myositis, muscular dystrophy, or myopathy, including drug-induced myopathy) leading to muscle loss, muscle weakness,
muscle cramps, or myalgia.

Acute viral or bacterial upper or lower respiratory infection at screening.

Abnormal or uncontrolled blood pressure at the screening visit defined as BP > 170/100 mmHg. If taking anti-hypertensive medication, had to have been on stable
doses of medication for more than 3 months.
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Chronological age (yrs)

Brain-predicted age difference (yrs)

Height (cm)

Weight (kg)

Body mass index (kg/cm?)

Body fat (%)

Appendicular lean mass/height? (kg/cm?)

Relative leg extensor strength (N-m/kg body weight)
Accelerometry min/wk of moderate-vigorous activity
Overall mobility battery assessment score

6-minute walk test (m/sec)

Four square step test (sec)

Stair climb power (watts)

5x chair rise (sec)

Complex functional task (sec)

74.70 £6.93
0.801 £6.29
164.07 £10.26
72.06 &+ 15.66
26.71 £5.14
35.04 £8.09
6.70+£1.19
86.16 &+ 32.54
84.41 £ 566.23
0.045+0.972
1.34 £0.31
9.80 £3.87
291.49 4 106.51
10.85 £ 3.62
10.01 £8.65

yrs, years; cm, centimeters; kg, kilograms; N, Newtons; m, meters; wk, week; sec,

seconds.
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Variable Mean (SD)/range Percentage (%)

Age 56.14 (6.95)/44-69 -
Sex - Female: 46.0
Education level - Primary: 5.1

Secondary: 27.7
Superiors: 67.2
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Cognitive domain

Neuropsychological test Mean (SD)

Executive fcuntions

Episodic memory

Visuo spatial
searching/attention

Set shifting

Digit span forward

Digit span dackward
Letter-number sequencing
Corsi tap test

WAIS-IV logical matrices
RAVLT immediate recall
RAVLT delayed recall
RAVLT recognizing
WAIS-IV block design

Digit symbol substitution
WAIS-IV cancelation
TMT A

TMTB

TMT B-A

620 (1.20)
501 (1.22)
572 (1.31)
664 (1.21)
20.09 (3.56)
55.78 (9.34)
12.30 (2.56)
14.55 (1.01)
46.72 (10.25)

77.20 (13.84)
4178 (8.82)
26.23 (7.70)
79.44 (28.76)
53.20 (26.19)
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Cohort Mean Conclusion
follow up

(years)

References

Setting

Subjects at Female
baseline (n) (%)

Mean age at
baseline
(years)

Dik et al., 2005 Longitudinal aging The Netherlands 1,284 51 754+ 6.6 3 Serum inflammatory protein _1-antichymotrypsin (ACT) is associated with cognitive decline in
study Amsterdam older persons, whereas C-reactive protein (CRP), interleukin-6 (IL-6), and albumin are not.
Jordanova et al., 2007 N/A Britain 290 57 655455 3 Raised IL-6 but not CRP predicted cognitive decline in this population inflammatory changes
associated with cognitive decline may be specific to particular causal pathways.
Rafnsson et al., 2007 Edinburgh artery study Britain 452 50 73.1 £ 50 4 Systemic markers of inflammation and hemostasis are associated with a progressive decline in
general and specific cognitive abilities in older people, independent of major vascular comorbidity.
Schram et al., 2007 Rotterdam cohort The Netherlands 3,874 58 721 269 4.6 Systemic markers of inflammation are only moderately associated with cognitive function and
(Rotterdam study) decline and tend to be stronger in carriers of the APOE e4 allele. Systemic markers of inflammation
are not suitable for risk stratification.
Schram et al., 2007 Leiden 85-Plus cohort | The Netherlands 491 65 85 5 Systemic markers of inflammation are only moderately associated with cognitive function and
(Leiden 85-plus Study) decline and tend to be stronger in carriers of the APOE e4 allele. Systemic markers of inflammation
are not suitable for risk stratification.
Singh-Manoux et al,, The Whitehall IT Study Britain 5217 28 55.7+6.0 5 Elevated IL-6 but not CRP in midlife predicts cognitive decline; the combined cross sectional and
2014 longitudinal effects over the 10-year observation period corresponded to an age effect of 3.9 years.
Weaver etal., 2002 The MacArthur study America 1,189 55 743 +2.7 @ There is a relationship between elevated baseline plasma IL-6 and risk for subsequent decline in
of successful aging cognitive function. These findings are consistent with the hypothesized relationship between brain
inflammation, as measured here by elevated plasma IL-6, and neuropathologic disorders.
Yaffe et al., 2003 The health ABC study America 3,031 52 73.6+2.9 2 Serum markers of inflammation, especially IL-6 and CRP, are prospectively associated with cognitive
decline in well-functioning elders. These findings support the hypothesis that inflammation
contributes to cognitive decline in the elderly.
Alley et al., 2008 MacArthur study of United States 533 51.8 74.4 7 Although high levels of inflammation are associated with incident cognitive impairment, these
successful aging results do not generalize to the full range of cognitive changes, where the role of inflammation
appears to be marginal.
Chen et al., 2014 Prospective, China 109 NA 74.1 £ 6.0 NA Increased CRP was associated with cognitive impairment, and additive effects of increased CRP with
observational, cohort hypertriglyceridemia and hyperglycemia on cognitive impairment were observed among elderly
study individuals.
Tilvis et al., 2004 Prospective cohort Finland 650 73 75 5 Five-year decline was predicted by the presence of atrial fibrillation [relative risk (RR) 2.8], APOE4
(RR 2.4), elevated CRP (RR 2.3), diabetes mellitus (RR 2.2), and heart failure (RR 1.8). They also
ended to increase 5-year all-cause mortality.
Adriaensen et al,, 2014 Prospective, Belgium 303 373 843434 NA Simple serum levels of IL-6 may be very useful in short-term identification or evaluation of global
observational, cohort functional status in the oldest old.
study
Ashraf-Ganjouei et al., Longitudinal study Iran 216 36.1 3912+ 20.19 NA Healthy subjects with higher levels of CRP exhibit poorer performance in verbal learning memory
2020 and general wakefulness domains of cognition.
Baierle et al., 2015 Prospective cohort Brazi 57 64.9 75 NA Individuals with lower antioxidant status are more vulnerable to oxidative stress, which is associated
with cognitive function, leading to reduced life quality and expectancy.
Beydoun et al.,, 2018 Prospective cohort United States 2,574 55 46.9 4.64 Strong associations between systemic inflammation and longitudinal cognitive performance were
detected, largely among older individuals (>50y) and African-Americans. Randomized trials
targeting inflammation are warranted.
Beydoun et al., 2019 Prospective cohort United States 195 65 46.90 + 1.00 4.64 Cytokines were shown to be associated with age-related cognitive decline among middle-aged and
older urban adults in an age group and race-specific manner.
Boots et al., 2020 Longitudinal United States 86 50 69.03 + 6.65 NA Peripheral inflammation is inversely associated with select cognitive domains and white matter
secondary analysis integrity (but not WMHs), particularly in older Black adults. It is important to consider race when
investigating inflammatory associates of brain and behavior.
Chi et al,, 2017 Longitudinal study United States 1,182 45 789+34 8 Inflammation is associated with memory and psychomotor speed. In particular, systemic
inflammation, vascular inflammation, and altered endothelial function may play roles in
domain-specific cognitive decline of non-demented individuals.
Giudici etal., 2019 Prospective France 1,516 64.5 754+45 5 Low-grade inflammation and hyperhomocysteinemia were both related with impairment on the
observational study combined IC levels among older adults after a 5-year follow-up. Identifying biomarkers that
strongly associate with IC may help to settle strategies aiming to prevent the incidence and slow
down the evolution of age-related functional decline and care dependency.
Goldstein et al., 2015 Longitudinal study United States 278 63.7 574+54 NA There is strong association between IL-8 and cognitive performance in African Americans than
Caucasians. This relationship should be further examined in larger samples that are followed over
time.
Gunathilake etal, 2016 | Longitudinal study Australia 3,293 53 668+7.8 NA There is a weak positive association between obesity and cognitive performance in older persons,
which is partially antagonized by inflammation and elevated fasting plasma glucose, but not
hypertriglyceridemia.
Hajjar et al,, 2018 Longitudinal cohort United States 511 68 49.1 4 Increased oxidative stress reflected by decreased glutathione was associated with a decline in
study executive function in a healthy population. In contrast, inflammation was not linked to cognitive
decline. Oxidative stress may be an earlier biomarker that precedes the inflammatory phase of
executive decline with aging.
Jung etal., 2019 Longitudinal cohort | Republic of Korea 70 44.2 25.68 & 3.89 NA Cytokines, stress, and emotional and cognitive intelligence are closely connected one another related
study to brain structure and functions. Also, the pro-inflammatory cytokines tumor necrosis factor
(TNF)-alpha and IL-6 had negative effects, whereas the anti-inflammatory cytokines [e.g., IL-10 and
interferon (IFN)-gamma] showed beneficial effects, on stress levels, and multiple dimensions of
emotional and cognitive intelligence.
Komulainen et al,, Longitudinal cohort Finland 97 100 63.8 12 High serum hs-CRP concentration predicts poorer memory 12 years later in elderly women.
2007 study Hs-CRP may be a useful biomarker to identify individuals at an increased risk for cognitive decline.
Marioni et al,, 2009 Longitudinal cohort United Kingdom 3,350 72 619+6.7 5 Increased circulating levels of CRP, fibrinogen, and elevated plasma viscosity predicted poorer
study subsequent cognitive ability and were associated with age-related cognitive decline in several
domains, including general ability.
McHugh Power et al., Longitudinal cohort United Kingdom 116 66 65.81 +6.63 2 Inflammatory markers, cognitive function, social support, and psychosocial wellbeing were
2019 study evaluated. A structural equation modelling approach was used to analyse the data. The model was a
good fit (_108 2 =256.13, p < 0.001).
Mooijaart et al., 2011 Prospective Scotland, Ireland, 5,680 52 753 32 Plasma CRP concentrations associate with cognitive performance in part through pathways
observational study and the independent of cardiovascular disease. However, lifelong exposure to higher CRP levels does not
Netherlands associate with poorer cognitive performance in old age.
Sénchez-Rodriguez Longitudinal cohort Mexico 189 75 66.8 NA The elderly in urban areas have more oxidative stress and a higher risk of developing confidence
etal, 2006 study interval (CI) compared with elderly individuals in a rural environment.
Sasayama et al., 2012 Longitudinal cohort Japan 576 75 45.1+£15.0 NA Elevated IL-6 and soluble IL-6R levels in Ala carriers may have negative impact on acquiring verbal
study cognitive ability requiring long-term memory.
Sharma et al., 2016 Longitudinal United States 1,298 45 79.0+34 6 This study did not find strong evidence of the utility of the biomarkers evaluated for identifying
case-cohort study individuals at risk of cognitive decline.
Shi et al., 2020 Prospective China 372 31.5 60.58 +7.86 2 IL-35 polymorphisms were not associated with cognitive decline in CHD patients over a 2-year
observational study period yet.
Sochocka et al., 2017 Longitudinal Poland 128 64.8 55-90 NA The comorbidity of the periodontal health status may deepen the cognitive impairment and
case-cohort study neurodegenerative lesions and advance to dementia and Alzheimer’s disease (AD).
Yang et al,, 2020 Longitudinal cohort China 122 49.18 NA NA T2DM patients have more cognitive impairment than T1IDM patients. Changes in brain function
study connections and metabolites may be the structural basis of the differences in cognitive functional
impairment. Inflammation is related to cognitive impairment in diabetes patients, especially in
T2DM patients.
Yirmiya et al,, 2020 Longitudinal cohort Israel 33 60.6 NA NA Sleep impairments in individuals with 22q11.2 deletion syndrome, which might negatively affect
study their cognitive functioning, and corroborate a potential role of immunological pathways in the
22q11.2 deletion syndrome neuro-phenotype.
Zheng et al., 2019 Case-control study China 126 50 74.06 NA Serum IL-6 and hs-CRP were associated with the risk of mild cognitive impairment (MCI) in
Chinese patients with T2D. Serum folate might modify the association between serum hs-CRP and
MCI in T2D patients.
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Sr. No References Samples Age (mean % SD) Female (%) Diagnosis Sample type Assay type
AD MCI Cl AD MCI MCI CT
1 Teunissen et al., 2003 34 61 73.0 £10.0 68.0+6.7 59 43 DSM-IV; NINCDS-ADRDA Serum ELISA
2 Ciabattoni et al., 2007 44 44 73.0 £ 8.0 75.0 £ 7.0 56.8 61.4 NINCDS-ADRDA Plasma ELISA, Bio-Plex cytokine
assay

3 Kassner et al., 2008 5 5 752 3.5 71.0 £3.2 40 40 NINCDS-ADRDA Serum ELISA

4 Porcellini et al., 2008 195 69 830 792 8.3 78.0 £8.0 73.0+6.0 69.7 53.6 54.2 DSM-IV; NINCDS-ADRDA Plasma ELISA,
Immunonephelometry

5 Davis et al., 2009 18 51 NA NA NINCDS-ADRDA; DSM-IVR Serum Immunoturbidimetric assay

6 Yarchoan et al., 2013 203 58 117 745+7.7 71.6 £ 8.4 69.9 £10.1 58 52 68 NA Plasma ELISA

7 Bozluolcay et al., 2016 145 25 73.24+10.2 73.1 +£10.6 50 48 NINCDS-ADRDA Serum ELISA,
Immunonephelometry

8 Villarreal et al., 2016 28 30 77 81,94 9.2 8124738 76.5+6.7 78.6 66.7 64.9 NINCDS-ADRDA Serum Multiplex assay

9 Dukic et al,, 2016 70 48 50 740+7.6 720+6.1 673+7.6 61 65 60 NINCDS-ADRDA; the Petersen Serum Complex

rating criteria

10 King et al., 2018 20 21 20 7594 6.7 785+ 6.4 759.:£7.3 25 66.7 20 NINCDS-ADRDA; NIA-AA Plasma Mixed

11 Choi et al., 2008 11 1.3 735440 685172 81.8 61.5 NINCDS-ADRDA Serum, CSF Immunoassay

12 Llano etal,, 2012 15 7 702+7.4 65.0+5.2 20 28.6 NINCDS-ADRDA Plasma MSD

13 Leungetal., 2013 117 122 112 762 6.1 739 5.6 723 +£6.7 66.7 49.2 53.6 MMSE; CDR; CERAD; ADAS-Cog Plasma Multiplex, ELISA

14 Rubio-Perez and 48 52 7654 3.5 79.0 £ 4.0 72.9 76.9 NINCDS-ADRDA Serum Immunoassay

Morillas-Ruiz, 2013

15 Licastro et al., 2000 145 51 750 £12.0 78.0 £14.3 62.8 60.8 NINCDS-ADRDA; DSM-IIT R Plasma ELISA

16 De Luigi et al., 2002 58 47 NA NA NINCDS-ADRDA Plasma ELISA

17 Zuliani et al., 2007 60 42 785+7.6 72.3:£5.8 65 46 NINCDS-ADRDA Plasma ELISA

18 Forlenza et al., 2009 58 74 21 763 £ 6.5 70.7 £10.3 699 +6.7 82.8 743 64.5 NINCDS-ADRDA Serum ELISA

19 Kamer et al., 2009 18 16 NA 78 94 DSM-IV; NINCDS-ADRDA Plasma Immunoassay

20 Richardson et al., 2013 24 35 79.0 +6.3 756 £ 7.6 63.8 61.8 NINCDS-ADRDA Serum ELISA

21 Bozluolcay et al., 2016 145 25 7324102 7314106 50 48 NINCDS-ADRDA Serum Immunoassay

22 Dursun et al., 2015 53 30 32 74.0 £3.9 744 +£2.9 721 +3.4 NA DSM-1V Serum ELISA

23 D’Anna et al., 2017 27 18 74.3 + 8.0 70.7 £ 5.0 51.9 44.4 NINCDS-ADRDA Serum Pro human cytokine 10-Plex

24 Zhao et al., 2012 150 150 70.7 +£4.3 699452 47.3 41.3 Peterson et al’s clinical criteria Serum ELISA

25 Wang et al,, 2014 97 54 122 737+94 76.6+£9.1 737 £ 8.4 44.3 57.4 54.0 DSM-1V; NINCDS-ADRDA Plasma ELISA

26 Villarreal et al., 2016 28 30 il 819:+92 8124738 76.5+6.7 78.6 66.7 64.9 NINCDS-ADRDA Serum Multiplex assay

27 Kimetal,, 2017 35 29 28 777k 8:1 75,0175 72.0:£:7.3 714 61.5 571 NINCDS-ADRDA; IWG criteria Serum ELISA

28 Zhu etal,, 2017 96 140 79 7734+73 712 4+8.1 68.3+6.0 62.5 47.9 51.9 NINCDS-ADRDA Serum Luminex assays

29 Bonotis et al., 2008 49 21 75.0 £ 6.0 712+ 4.4 57.1 52.4 INCDS-ADRDA Blood ELISA

30 Bozluolcay et al., 2016 145 25 73.24+10.2 73.1 £10.6 50 48 NINCDS-ADRDA Serum ELISA, immunoassays

31 Eriksson et al., 2011 71 205 81.6+5.3 813456 733 62 NINCDS-ADRDA; DSM-III R, IV Serum Immunoassays

32 Kamer et al., 2009 18 16 NA 78 94 DSM-IV; NINCDS-ADRDA Plasma Immunoassays

33 Kong et al., 2002 70 52 71.8 £9.7 69.0 £4.0 51.4 51.9 DSM-IV R, MMSE, ADL Serum ELISA

34 O’Bryant et al., 2016 79 65 76.1 +8.6 712492 70 68 NINCDS-ADRDA Serum Multiplex biomarker assay

35 Richartz et al., 2005 20 21 72.0 68.0 80 33 3 NINCDS-ADRDA Serum ELISA

(60.0-88.0) | (59.0-82.0)
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Effect Size
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Schram et al. 2007 (Rotterdam cohort) -® 1.07[ 0.63, 1.52] 0.000 1.13
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Yaffe et al. 2003 * 1.18[ 0.93, 1.43] 0.000 1.23
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Weaver et al. 2002 ° 0.90[ 0.55, 1.25] 0.000 1.18

Singh-Manoux et al. 2014’ ° 1.00[ 0.71, 1.29] 0.000 1.24

Schram et al. 2007 (Leiden 85-plus cohort)' ® 1.06 [ 0.80, 1.32] 0.000 1.31
0 5 : 1.5
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Effect Size
C Study with 95% CI P-value or
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Overall = T -0.04[ -0.30, 0.21]

Heterogeneity: 7° = 0.05, I” = 57.86%, H* = 2.37
Testof 8i=6;: Q(4)=9.41, p=0.05
Testof8=0:z=-0.33,p=0.74

Random-effects REML model
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Study with 95% CI (%)
Alvarez (2007) 0.59[ 0.14, 1.03] 14.96
Kim (2017) Lo 0.47[ -0.05, 0.99] 12.08
Villareal (2016) 0.43[ 0.01, 0.85] 16.19
Zhao (2012) 0.05[ -0.18, 0.27] 30.62
Zhu (2017) 0.19[ -0.08, 0.47] 26.14
Overall 0.28[ 0.07, 0.49]

Heterogeneity: 1° = 0.02, I’ = 43.67%, H* = 1.78
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Random-effects REML model
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Dursun (2015) B 0.13[ 0.00, 0.26] 14.74
Kim (2017) L] 0.12[ -0.00, 0.25] 15.69
Leung (2013) L] 0.13[ -0.01, 0.27] 12.35
Villareal (2016) I 0.12[ -0.01, 0.25] 15.33
Wang (2014) B 0.11[ -0.02, 0.23] 16.47
Zhao (2012) [ 0.13[ -0.01, 0.28] 11.76
Zhu (2017) O 0.15[ 0.01, 0.28] 13.66
Overall ~l— 0.13[ 0.08, 0.18]
Heterogeneity: I° = 0.00%, H’ = 0.04
Test of 6 = 6;: Q(6) = 0.25, p = 1.00
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Fixed-effects inverse-variance model
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Zhao (2012) —— 0.13[ -0.10, 0.35] 26.43
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Test of 8 =0;: Q(7) = 3.44, p = 0.84
Testof 8 =0:z=2.80, p=0.01

Random-effects REML model





OPS/images/fnagi-14-1034073/fnagi-14-1034073-g003.jpg
BXD89

BXD65b

BXD62

BXD60

BXDS51

BXD43

BXD34

BXD29

BXD24

BXD101

Change (%)

20

=1
—

AUD MGd MGv MGm MGN IC lcc LL NLL SOC DCO VCO
Structure





OPS/images/fnagi-14-987891/umath_9.gif
Raw Score — [12.062 +
5457

0.781 * sex)]






OPS/images/fnagi-14-1034073/cross.jpg
@ Check for updates.





OPS/images/fnagi-14-1034073/fnagi-14-1034073-g001.jpg
=
£
MGd

-

T
-

\ £ N\ 4
| .

AUD






OPS/images/fnagi-14-1034073/fnagi-14-1034073-g002.jpg
Strain

AUD

BXD89
BXD65b
BXD62
BXD60
BXD51 -
BXD48a o -
BXD44
BXD43
BXD34
BXD29
BXD24 e
BXD101

4.0 44 48 5.2

MGv

BXD89 —@— —@—
BXD65b o 9
BXD62
BXD60
BXDS51
BXD48a o ©
BXD44
BXD43
BXD34
BXD29
BXD24 ——o-
BXD101 @ P
0.200 0.250

Icc

2

0.225 0.275

BXD89

BXD65b ® o
BXD62
BXD60 & @
BXD51

BXD48a K J
BXD44
BXD43
BXD34
BXD29
BXD24

BXD101 @ P

BXD89

BXD65b o o
BXD62
BXD60 A 4
BXDS1 @ .

BXD48a
BXD44
BXD43 ® -
BXD34
BXD29 &
BXD24

BXD101 @ @

0.5 0.6 0.7 0.8

0.300

MGN
o o
* o
e
Bl =
»

® 9
Al o
g -
055 060 065 070

MGm

L S 2
- e
® o —
Bl —o—
- o
L 2
—0—=9-
- .
o _o
- e
-9
® -
0.20 0.22 0.24
LL
* @
o o
A
& .
* -
[ .
-9
® -
o 9
® o
- @
o o]
0.6 0.7 0.8
DCO
- —o—
&
o
- .
* o
e
—&p-
- -
—e—g
R
oy
[ —_—

040 045 050 055
Volume (mm?)

MGd

0.12 0.14 0.16 0.18

3.0 3.5 4.0

0.6 0.7 0.8

VCO

L] o
060 065 070 075 0.80





OPS/images/fnagi-14-987891/umath_5.gif
Raw Score — [12.020 + (—0.103 % Age) + ( —1.010 * sex) + (1.009 % Education)]
EYT0)






OPS/images/fnagi-14-987891/umath_6.gif
Raw Score —[67.884 4 (—0.246 * Age) + (—0.163 * sex) + (—1.240 * Education)]
11604






OPS/images/fnagi-14-987891/umath_7.gif
Raw Score — [93.934 +
1288

0.042 x Age)]






OPS/images/fnagi-14-987891/umath_8.gif
Raw Score —[0.343 4 (—0.006 * Age) + (0.032 * sex)]
0.000






OPS/images/fnagi-14-987891/umath_4.gif
Raw Score — [16.573 + (—0.035 % Age) + (0628 * sex) + (0587 * Education)]
1707






OPS/images/fnagi-14-914049/fnagi-14-914049-g005.gif
Right anterior
thalamic
projections





OPS/images/fnagi-14-914049/fnagi-14-914049-t001.jpg
References

Wang etal.
(2020)

Shan et al.
(2018)

Jiaetal. 2015)

uetal.
(2014)

Wang etal.
(@o12)

Jiang etal.

(2012)

Houetal.
(2010)

EA, electroacupuncture; MA, manual acupuncture; RA, real acupuncture; MMSE, Mini-mental State Examination; MoCA, Montreal Cogniive Assessment; AVLT, auditory verbal learning test; CDR, Clinical Dementia Rating; SA, sham acupunctu
HC, healthy controls; RCT, randomized controlled trial; Min, minutes; DU20, Baihui; KI3, T
shenmen; BG13, Benshen;

H

Study
design

Longitudinal

study

Cross sectional

Cross sectional

Cross sectional

Cross sectional

RCT

Cross sectional

36,

Groups (n,

Treatments

male/female) (n)

MCI (36,
16/20)

MCI (14, 6/8);
HC(14,6/8)

MCI (8, 2/6);
HC (15,8/7)

MCI (12,
1/11); HC(12,
418)

MCI (8, 3/5)
HC (14, 6/8)

MCI (24,
1212)

MCI (10 HC
(13)

usanli.

MA (36)

RA: MCI(8),
HC(14); SA:
MCI(6)

RA: MCI (8);
SA:MCI(8):
HC(15)

MA: MCI (12),
HC(12)

MA: MCI (8);
HC (14)

RA: MCI (12);
SA: MCI (12)

EA: MCI (10);
HC: 13

Age (years)

MA: 64.96 %
322

RA:66.38 %
10.97: SA:
67.83£601;
HC: 66.07 £
578

MCL:74.1 £
7.8 HC: 70.2
+7.1

MCI:59.3 £
3.3;HC: 60.6
+58

MCI: 66.37
10.9; HC;
66.07 £ 578

MA: 63.83 &
4.90; SA: 67.08
+5.26

50-80

Education
(years)

RA: 1063 %
3545 SA: 11.00
+3.16; HC:
11.00 £ 4.52

MCL 125+ 3;
HC: 114£42

aixi; GV20, Baihui; RN4, Guanyuan; LR3, Taichong; LI4, Hegu; SPG, Sanyinjiao; G|

Symptom severity
(baseline)

Main acupoints
(placement, number)
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in the upper and lower 2-3 mm, 30 min;

SA: The midpoint of the line between
the right KI3 point and the Achilles
tendon.

EA: Needle diameter of 0.30 mm, 40mm
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Main conclusions
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Acu vs. Sham: left supramarginal gyrus, left
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Acu vs. Shai
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I: Montreal Neurological Institute.
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Right insula, BA 48 40 ~18 Hl 3362 0000386775 1,342 Rightinsula, BA 48 (315); Right superior 101%
temporal gyrus, BA 21,22, 42, 48 (360); Right
rolandic operculum, BA 48 (148)
Corpus callosum (119)
Right heschl gyrus, BA 48 (106)
Right middle temporal gyrus, BA 21, 22 (130)
Right lenticular nucleus, putamen, BA 48 (50)
Right fronto-insular tract 5 (23)
Right supramarginal gyrus, BA 48 (13)
Left anterior 0 14 2% 3482 0000248611 748 Left median cingulate/paracingulate gyri, BA 0.95%
cingulate/paracingulate 24 (164)
gyri Right median cingulate/paracingulate gyri,
BA 24,32 (179)
Right median network, cingulum (121)
Right anterior cingulate/paracingulate gyri,
BA 24 (141)
Left anterior cingulate/paracingulate gyri( 64)
Corpus callosum (53)
Left superior frontal gyrus, medial, BA
32(18)
Right thalamus 4 —18 4 3967 0000036418 349 Right thalamus (130) 0.64%
Left thalamus (60)
Right anterior thalamic projections (27)
Right middle frontal 12 43 18 2544 0005474687 138 Right middle frontal gyrus, BA 46 (78) 17.23%
gyrus, BA 46 Right middle frontal gyrus, BA 45 (51)
Right median 4 —2 3 2185 0014458418 83 Right median cingulate/paracingulate gyri, 134%
cingulate/paracingulate BA 23 (42)
gyri, BA23 Left median cingulate/paracingulate gyri, BA
23(32)
Right middle temporal 64 -26 -12 233 0009853780 45 Right middle temporal gyrus, BA 21 (31) 5.90%
gyrus, BA 21 Right middle temporal gyrus, BA 20 (12)

Peak height threshold: z > 1. Voxel probability threshold: P < 0.005 uncorrected and remained after correc
BA, Brodmann area; I2, he

of P < 0.05.
igned differential mapy

“luster extent threshold: number > 10

g threshold (T
ight; ReHo, regional homogeneity; S|

12; MNI, Montreal Neurological Institute
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Vi
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Normalized path length 4= L5 / L5

Small-worldness o=/ 4
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1is the shortest absolute path length between nodes iand j. N'is the total
number of nodes and G s the set of all nodes. Paths are sequences of distinct
nodes and links in the network to represent potential routes of information
flow between pairs of brain regions.

D, i) is the degree of node , E;is the number of edges in the subgraph of

node i and N is the number of nodes in the network.

% is computed on disconnected networks. Paths between disconnected

nodes are defined to have infinite length and correspondingly zero effciency.

G, denotes the subgraph composed of the nearest neighbors of node i

creal crand
is the clustering coefficient of the real networkand ~ © is the

mean clustering coefficient of 100 matched random network.
real rand

is the characteristic path length of the real networkand 7 is
the mean characteristic path length of 100 matched random network.
network is said to be small-world if it satisfies k.~ 1 and y >> 1, or §=y/h
>> 1. Small-world organization reflects an optimal balance of functional

integration and segregation.
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PDB ID
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Coordinate

X=29.817; y=43243;

2=15.125

X=87.133; y=—4.627;

2=136.989
X=21284 y=16.240;

2=

29.260

X=14.088;

¥

~19.100; 2=39.088

Binding energy (kJ/mol) Cordycepin docking amino acid residues

-78

-68

Chain A: ASN53 ASNS4 PHES5 SERS6 VALS7 ALAS8 GLN59 CYS60 CYS77
LEU78 GLN79 TRPS0 VAL270

Chain A: GLU7 VAL10 ASP11 SER14 TYRI5 SERIS TYR22 SER23 TRP24 SER25
METS3 ALA84 ALAS5 LYSS7 GLNS8 ARG91; Chain B: ASP11 LYS87 ARG91
Chain A: ILE32 GLY33 SER34 GLY35 VAL40 ALAS3 ILES6 MET108 GLU109
LEU110 MET111 ASP112 ASN114 SERI55 ASN156 VAL158 LEU168

Chain C: SER1181 TYR1184 GLU1185 VAL1188 PHE1194 LYS1195 ASP1196
LYS1197 GLY1198 ASP1199 SER1202 SER1203 ALA1204 TRP1206 LYS1207
Chain A: LEU160 ASN161 ASP162 GLN165 VAL168 ALA197 ARG200 THR201
ASN204 THR205 ASN206 ASP207
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Symbol

AKTI

P53

MAPKS

BCL2LL

FOXO3

BCL2

CTNNB1

NEE2L2

Description
v-akt murine thymoma viral

oncogene homolog |

tumor protein ps3

‘mitogen-activated protein kinase §

BCL2 like 1

forkhead box 03

B-cell CLL/lymphoma 2

catenin (cadherin-associated

protein), beta 1, 88kDa

nuclear factor, erythroid 2-like 2

Function

AKTL is one of 3 closely related serine/ threonine-protein kinases

(AKTI, AKT2 and AKT3) called the AKT

nase that regulates
many processes, including metabolism, proliferation, cell survival,
growth and angiogenesis.

™3

a5 a tumor suppressor in many tumor types; induces
growth arrest or apoptosis depending on the physiological
circumstances and cell type. TP53 is involved in cell cycle regulation
as a trans-activator that acts to negatively regulate cell division by
controlling a set of genes required for this process.

MAPKS, also known as JNKI, encodes many transcripts and is an
important player in stress response. Overexpression of INK in

roundworms also increases lifespan.

Potent inhibitor of cell death. Inhibits activation of caspases.
Appears to regulate cell death by blocking the voltage-dependent
anion channel (VDAC) by binding to it and preventing the release

of the caspase activator, CYCL, from the mitochondrial membrane.

A transcription factor of the Fox family, FOXO3, is crucial in
development

Suppresses apoptosis in various cell systems, including factor-
dependent lymphohematopoietic and neural clls. Regulates cell

death by controlling the mitochondrial membrane permeabi

CTNNB1, also known as beta-catenin, is a member of the adherens
junctions proteins, involved in epithelial layers that mediate
adhesion between cells, cell communication, growth,
embryogenesis, and wound healing.

NFE2L2 s a transcription factor that plays a key role in the
response to oxidative stress: The NFE2L2/NRE2 pathway is also
activated in response to selective autophagy: autophagy promotes
interaction between KEAP1 and SQSTM1/p62 and subsequent
inactivation of the BCR(KEAP1) complex, leading to NFE2L2/

NRE2 nuclear accumulation and expression of cytoprotective genes.

Gene_Set

cellular senescence

others

deregulated nutrient sensing

NE-kB related gene

others

others

altered intercellular communication

genomic instability

Literature_Name
Akt negatively regulates the in vitro
lifespan of human endothelial cels via

aps53/p21-dependent pathway

Variation in the human TP53 gene
affects old age survival and cancer

mortality

JNK Extends Life Span and Limits
Growth by Antagon

g Cellular and
Organism-Wide Responses to Insulin
Signaling

Human exceptional longevity:
transcriptome from centenarians is
distinet from septuagenarians and
reveals arole of Bel-xL in successful
aging

Fox's in Development and Disease

Regulation of apoptosis resistance and

ontogeny of age-dependent discases

beta-Catenin Controls Hair Follicle
Morphogenesis and Stem Cell

Differentiation in the Skin

P62/SQSTM1 Is a Target Gene for
Transcription Factor NRE2 and Creates
a Positive Feedback Loop by Inducing
Antioxidant Response Element-Driven

Gene Transcription

KEGG

Longevity regulating pathway

Longevity regulating pathway

Insulin signaling pathway

NF-kappa B signaling pathway

Longevity regulating pathway

g pathway

‘Wt signaling pathway

Unknown
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OA tDCS group

Right PFC  Left PFC Left M1 SMC Sham

(n=13) (n=12) (n=12) (n=12) (n=12)
Age 69.2(6.1) 708(4.7) 7289 71.0(6.1) 685(4.5
MoCA 26.7 (2.3) 26.7(1.3) 276(0.9 272((4) 275(.0
Sex 7F/6M 7F/5M 6F/6M 6 F/6M 7TF/BM

VAC capacity 2.9(1.1)  82(1.1) 27(12  382(1.3 3107
Pudueright 132(1.6) 13.1(1.3) 125(1.9) 132(.1) 131 (2.0)
Puduelsft  12.6(20) 12.8(1.4) 11.8(1.6) 11.8(1.7) 128(1.7)

There were no group differences between any of the real tDCS groups and sham for
any of the demographic data (p’s > 0.36). MoCA, Montreal cognitive assessment;
OA, older adults; VAC, visual array capacity.
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Adjusted

Reaction time B Std Err. z p-value 95% conf. interval Cohen’sd
Session

Session 2 vs. Session 1 0.597 0.030 20.160 <0.001 0.524 0.669 —0.607
Session 3 vs. Session 2 —0.968 0.114 —8.500 <0.001 —1.25 —0.689 —0.050
Stimulation by session

Sham vs. R PFC, session 1 —0.388 0.065 —5.980 0.001 —0.705 —0.072 —0.333
Sham vs. L PFC, session 1 —0.296 0.066 —4.460 0.133 —0.619 0.027

Sham vs. M1, session 1 0.188 0.067 2.830 0.888 —0.135 0.512

Sham vs. SMC, session 1 —0.431 0.066 —6.490 <0.001 —0.755 —0.108 —0.704
Sham vs. R PFC, session 2 0.033 0.067 0.490 1.000 —0.292 0.358

Sham vs. L PFC, session 2 —0.095 0.066 —1.440 1.000 —0.416 0.227

Sham vs. M1, session 2 —0.078 0.065 —1.190 1.000 —0.395 0.239

Sham vs. SMC, session 2 —0.205 0.065 —3.160 0.765 —0.521 0.111

Sham vs. R PFC, session 3 —0.473 0.354 —1.340 1.000 —2.198 1.251

Sham vs. L PFC, session 3 —0.409 0.347 —-1.180 1.000 —2.100 1.282

Sham vs. M1, session 3 —0.468 0.351 —1.330 1.000 —2.178 1.242

Sham vs. SMC, session 3 -0.212 0.344 —0.610 1.000 —1.886 1.463

All p-values and confidence intervals have been Scheff adjusted. B, beta; conf., confidence. Std Err., standard error. Significant p-values are in bold.
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Reaction time

Number of chunks

Session 1 YA OA YA OA
Right PFC 290.20 (77.77) 532.60 (135.65)  3.47 (0.69)  3.62 (0.49)
Left PFC 282.66 (111.75) 477.99 (140.47) 3.10 (0.61) 3.48 (0.64)
M1 269.08 (87.04) 447.38 (152.53)  3.17 (0.40)  3.27 (0.50)
SMC 249.61 (95.72) 513.33(199.43)  3.05(0.78)  3.27 (0.50)
Sham 271.92 (117.35)  477.71(116.69)  3.08(0.56)  3.41 (0.63)
Session 2

Right PFC 191.28 (60.19) 421.68 (133.84) 2.58 (0.57) 3.02 (0.84)
Left PFC 187.99 (85.12) 375.23(126.90)  2.65(0.80)  2.94 (0.75)
M1 166.93 (56.36) 332.96 (173.74)  2.12(0.66)  2.33 (0.46)
SMC 159.53 (56.87) 437.43(219.75)  2.33(0.68)  2.33 (0.46)
Sham 177.12 (97.24) 357.27 (114.34) 2.25(0.77) 2.73(0.83)
Session 3

Right PFC 176.10 (563.85) 404.05 (156.47)  2.31(0.99)  3.11(0.98)
Left PFC 156.17 (563.30) 393.93(155.65) 2.38(0.86) 3.18 (1.52)
M1 154.74 (48.08) 331.46 (186.53) 1.80 (0.62) 2.25(0.76)
SMC 151.39 (42.43) 413.74 (213.31) 2.14 (0.83) 2.25(0.76)
Sham 162.54 (90.45)  345.48(119.28) 2.13(0.88)  2.84 (1.11)

M1, primary motor cortex; OA, older adults; PFC, prefrontal cortex; SMC, supple-
mentary motor complex; YA, young adults.
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Adjusted

Chunking B Std Err. z p-value 95% conf. interval Cohen’s d
Session

Session 2 vs. Session 1 —0.005 <0.001 —14.06 <0.001 —0.006 —0.004 —-0.613
Session 3 vs. Session 2 —0.010 0.001 —-7.11 <0.001 —0.014 —0.007 0.029
Stimulation

Right PFC vs. Sham 0.004 0.001 2.60 0.150 —0.001 0.001

Left PFC vs. Sham 0.006 0.002 417 0.002 0.002 0.012 0.190
M1 vs. Sham 0.005 0.001 -3.37 0.023 —0.010 <—0.001 —0.232
SMC vs. Sham 0.003 0.002 15 0.546 —0.002 0.007

Stimulation by session

Right PFC vs. Sham, session 1 0.004 0.001 5.36 0.011 <0.001 0.008 0.222
Left PFC vs. Sham, session 1 0.002 0.001 2.84 0.885 —0.002 0.007

M1 vs. Sham, session 1 <0.001 0.001 0.56 1.000 —0.004 0.004

SMC vs. Sham, session 1 0.002 0.001 214 0.991 —0.002 0.006

Right PFC vs. Sham, session 2 —0.001 0.001 —0.95 1.000 —0.005 0.003

Left PFC vs. Sham, session 2 0.005 0.001 5.39 0.010 <0.001 0.009 0.201
M1 vs. Sham, session 2 0.002 0.001 238 0.975 —0.006 0.002

SMC vs. Sham, session 2 0.001 0.001 0.78 1.000 —0.003 0.005

Right PFC vs. Sham, session 3 0.008 0.004 1.85 0.998 —0.013 0.028

Left PFC vs. Sham, session 3 0.012 0.004 2.74 0.912 —0.009 0.033

M1 vs. Sham, session 3 0.013 0.004 —2.94 0.853 —0.034 0.008

SMC vs. Sham, session 3 —0.005 0.004 1.25 1.000 —0.016 0.027

All p-values and confidence intervals have been Scheffé adjusted. B, beta; conf., confidence. Std Err., standard error. Significant p-values are in bold.
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Predictors Estimates (SE)
DTeost of gait speed
Intercept 7.47 (22.01)
L precentral gyrus 2.65 (0.86)
suical depth
L superior ~57084.67 (15931.84)
longitudinal
fasciculus ADt
Sex ~4.20 (1.24)
DTeost of step time variabilty
Intercept 406,64 (97.23)
R superior temporal 134,61 (36.17)
gyrus cortical
thickness

0.34
3.09

-3.58

-3.46

4.18
372

0.738
0.007**

0.002**

0.003**

0.001**
0.001**

R2

073

0.42

Here we report the results of the stepwise multiple linear regressions testing for the best
models of the DTcost of gait speed and step time variabilty, for the older adits only. In
each full model, we included as predictors sex, as well as the top result coordinate for any
significant voxelwise analyses, and values for any ROl models which retumed a significant
age group by DTcost of gait interaction. As diffusion-weighted results were included in
these models, n = 21 older adults, as this was the number of olcer adits who completed
a diffusion-weighted scan. L, left; R, right. *'p < 0.01. Significant p values are bolded.
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TFCE Level

Region Overlap ofatlas  Extent (ke)  PFwE—corr
region (%)
DTcost of gait speed
L precentral gyrus 31 3573 0.012*
L posteentral gyrus 25 - -
L supramarginal gyrus 19 - -
L superior frontal gyrus 15 - -
L superior parietal lobule 100 196 0.048*
DTcost of step time variablity
L precentral gyrus 25 5,720 0008
L posteentral gyrus 20 - -
L supramarginal gyrus 17 - -
Linsula 8 - -
L pars opercularis 7 - -
L pars triangularis 6 - -
L superior parietal lobule 5 - -
L superior frontal gyrus 5 - -

Here we fst all atles regions from the Desikan-Killany DK4O atlas (Desikan et al., 2006)
that overlapped by 5% or more with each resulting cluster. The clusters were sorted by
PP —corr value (from smallest to largest), then by cluster size (irom largest to smallest).
We do not fist volumetric (e.g., MNI space) coordinates in this table because volumetric
coordinates cannot be mapped directly onto cortical surfaces. L, left. "Dpwe—cor < 0.05,
e —corr < 0.01. Significant p values are bolded.
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TFCE Level MNI Coordinates (mm)

Region Extent (ke) prwe—cor X Y z

ADt

L corona radiata 204 0026* 24 -7 34
(superior)/
superior long. fasciculus
L corona radiata - 0027 26 15 31
(superior)/
corticospinal tract
L corona radiata - 0.045* 26 1 27
(superior)/
superior long. fasciculus

RDt

L corona radiata 126 0034 24 -7 34
(superior)/

superior long. fasciculus

L corona radiata - 003" 26 -15 30
(superior)/

corticospinal tract

Here we list up to three local mexima seperated by more than 8 mm per cluster for all
clusters with size k > 10 voxels. The clusters were labeled using two atlases: the Johns
Hopkins University (JHU) ICBM-DTI-82 White Matter Labels (isted frst, to the left side of
the slash), and the JHU White Matter Tractography aties within FSL (isted second, to the
right sice of the slash) (Wakena et al,, 2007; Hua et al,, 2008). The clusters were sorted by
PAVE—cor value (from smallest to largest), then by cluster size (from largest to smalls).
Long, longitudinal. “prye—corr < 0.05. Significant p values are bolded.
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Predictors Estimates £ FDR
(SE) cor.
P
Ventricular volume (% TIV)
Lateral ventricle  DTcost speedage goup ~ -0.03 323 0.030*
0.01)
GM volume (% TIV)
Procentral gyus  Dlcostspeedagegroup 0001 0.46  0.782
(0.002)
Postoentral gyrus  DTcost speediage group 0002 096 0.782
0.002)
Thalamus DTcost speed'age group 0002 231 0172
(0.001)
Striatum DTcost speed'age group ~ -0.002  ~1.16 0.782
(0.001)
Globus palidus ~ DTcost speedage group ~ -0.0001 057  0.782
(0.0002)
FW (mean intensity)
Procentral gyrus  Dlcost speediage group ~ 0.0008  0.76  0.782
(0.0004)
Postoentral gyrus  DTcost speediage group ~ 0.0002  0.82  0.782
(0.0008)
Thalamus DTcost speedage group 00001 023 0,820
(0.0004)
Striatum DTeost speed'age group ~ -0.0002  -0.43  0.782
(0.0005)
Globus palidus ~ DTcost speedagegroup ~ 0.0002  0.28  0.820
(0.001)
Hippocampal volume (% TIV)
Ant. hippocampus ~ DTcost speed‘age group ~ 0.001 098 0782
(0.001)
Post. hippocampus  Dcost speed‘age group ~ 0.0004  0.60  0.782
(0.001)
Parahippo. cortex  DTcost speed‘age group ~ 0.001 206 0208
(0.001)

Here we report the results of near mods testing for age dilferences in the DTcost of gait
speed, controlling for sex. For conciseness, we report only the estimates (standerd error,
SE), t, and p values for the statistical test of interest: the interaction of age group with the
DTeost of gait speed. P values for the interaction term were FDR-corrected (Benjamini and
Hochberg, 1995). TN, totalintracranial volume; Ant, anterior; Post, posterior; Parahippo,
parahippocampal. *Prpa-cor < 0.05. Significant p values are bolded.
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TFCE Level

Region Overlap of atlas ~ Extent (ke)  prwe—corr
region (%)

DTcost of step time variability

R superior temporal gyrus 68 790 0.032*
R middle temporal gyrus 22 - -
R transverse temporal gyrus 8 - -

Here we list all atlas regions from the Desikan-Killany DKA0 atlas (Desikan et al, 2006)
that overlapped by 5% or more with the resulting cluster. We do not list volumetric (e.g.,
MNI space) coordinates in this table because volumetric coordinates cannot be mapped
directly onto cortical surfaces. R, right. *pryg—corr < 0.05. Significant p values are bolded.
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Variables Youngadult Olderadult Worx? FDR  Effect

median median comp  size®
(IGR) (1QR)
Demographics
Sample size 37 23
Age (years) 2178(2.45) 72.82(0.94)
Sex 19F;18M  12F11M 0004 0951

Physical characteristics and fitness
Handedness 86.71(25.00) 100.00 35100 0373 -0.156

laterality score® (22.43)
Footedness 100.00 10000 47900 0522 -0.12
laterality score® (2222) (133.93)

Body mass index 22.71(5.57) 26.86(3.72) 200.50 0.009** -0.44
(kg/m?)
Leisure-time  46.00(38.00) 26.00(22.00) 57850 0.020° 035
physical activity®
Balance and fear of fallng
Balance 97.81(375) 94.38(485) 62450 0014 -0.39
confidence?
Fearoffaling  17.00(3.00) 19.00(2.00) 28300 0.014* -038
Education and cognition

Years of 15.00(3.00) 16.00(4.00) 24300 0.018* -0.36
education

MoCA score 2800(3.00) 27.00(250) 56350 0079 -0.27
Alcohol use

AUDIT score® 200(3.00) 1.00(4.00) 50950 0347 -0.47
Hours of sleep

Behavioral 7.00(150)  7.50(1.38) 36500 0.647 -0.09
session

MRI session 700(200) 7.00(1.25 33900 0347 -0.17
Testing timeline’

Behav.vs.MRI  400(7.00 500(4.50) 39200 0716 -007
(days)

Behav. vs. MRI 1.33(1.45) 1.25(1.01) 43250 0.951 -0.01
start (hours)

In the second and third columns, we report the median = interquartil range (IQF) for each
age group in a cases except for sex. For sex, we report the number of males and females
in each age group. In the fourth and fifth columns, for all variables except sex, we report
the resuit of a nonparametric two-sample, two-sided Wilcoxon rank-sum test. For sex, we
report the resuit of a Pearson’s chi-square test for differences in the sex distribution within
each age group. All participants with T-weighted scans are included in the comparisons
in this table. However, we excluced several individuals from the diffusion-weighted image
analyses (see Section 2.1). P values were FDR-corrected (Benjamini and Hochberg, 1995)
across all models included in this table. "ProR~cor < 0.05, **ProR—cor < 0.01. Significant
p values are bolded.

2In the sixth column, we report the nonparametric effect size as described by (Rosenthal
et al, 1994; Field et al, 2012).

We calculated handedness and footedness lateralty scores using two seff-report
surveys: the Edinburgh Handedness Inventory (Olcfield, 1971) and the Waterioo
Footedness Questionnaire (Elias et al, 1998). Higher positive scores indicate stronger
preference for using the right hand and foot, respectively

We assessed self-reported physical activity using the Godin Leisure-Time Exercise
Questionnaire (Godiin and Shephard, 1985). Higher scores indicate more frequent self-
reported physical activity.

9Participants self reported Activities-Specific Balance Confidence scores (Powell and
Myers, 1995) and fear of falling using the Falls Efficacy Scale (Tietti et al, 1990). Higher
scores indicate greater confidence in one's abilty to maintain balance in various scenarios,
and greater fear of fallng, respectively.

®Participants sef-reported alcohol use on the Alcohol Use Disorders Identification Test
(AUDIT) (Piccineli, 1998). Higher scores indicate more alcohol use.

"Here we report the days between the testing sessions and the hours between the start
time of the testing sessions.
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Mean (SD)

Gait speed (m/s)
Young: 1.02 (0.17)
Single: 1.06 (0.16)

Step time variabiity (SD)
Young: 0.02 (0.01)
Single: 0,02 (0.01)

Old: 0.97 (0.20)
Dual: 0.95 (0.19)

Old: 0.02 (0.01)
Dual: 0.02 (0.01)

Subtraction acouracy (% correct)

Young: 93.53 (8.34)
Single: 89.72 (91.63)

Old: 85.87 (11.15)
Dual: 91.63 (9.11)

Total # of subtractions attempted

Young: 33.97 (16.52)
Single: 33.36 (17.82)

Old: 28.14 (15.08)
Dual: 30.24 (14.34)

Predictors

Fixed effects
(Intercept)

Age group (0Id)
Condition (Dua)

Age group (0Id)"
Condtion (Dua)

Randon effects

o2

To0Participant

Fixed effects
(intercept)

Age group (Old)
Condition (Dual)

Age group (0Id)*
Condition (Dua))
Rando effects

2

TooParticipant

Fixed effects

(intercept)

Age group (Old)

Condition (Dual)

Age group (Old)*
Condition (Dual)

Randon effects

o2

TooParticipant

Fixed effects

(intercept)

Age group (Old)

Condition (Dua)

Age group (Ol
Condition (Dua))

Rando effects

o?

TooPwticipant

Estimates (SE)

1.08 (0.03)
-0.05(0.05)
-0.12(0.02)
001(0.03)

0.00
0.03

0.02(0.002)

0.0004 (0.003)
0,01 (0.002)
0,003 (0.009)

0.00
0.03

92.93(1.56)

862 (2.56)
1.20 (1.36)
1.92 (2.28)

34.34
55.92

35,62 (2.64)
-6.08 (4.32)
-330(1.19)
0.48 (1.95)

26.33
231,65

cl

1.02-1.14

-0.14-0.04
-0.15-(-0.09)

-0.05-0.06

0.01-0.02
0.00-0.01
0.00-0.01
0.00-0.01

89.80-96.06
~18.75-(-3.50)

-153-398

-2.55-6.30

30.33-40.91

~14.74-258

-5.69-(-091)
-3.43-4.39

37.90
-1.12
-7.41
024

9.91
0.16
3.23
1.15

59.50
-3.37
0.88
0.86

13.49
-1.41
-2.76
0.25

FDR corr.p R?

0.358
<0.001***
0810

0.12

0.870
0.004**
0.787

0.1

0.005**
0.381
0.787

0.30

0.331
0.010%
0810

0.29

On the left, we report the mean (standard deviation) for each outcome variable, split by age group and by conditon (ie., single or cua). On the right, we report the results of a linear mixed
effects mod testing for age group, condition, and interaction effects for each variable. P values were FDR-corrected based on each predictor of interest (e.g., age group; Benjamini
and Hochberg, 1995). We report marginal R values, which consider only the variance of the fixed effects. SD, standerd deviation; SE, standerd error; Cl, 95% confidence intervel.

“OkpR—corr < 0.05, *Drprcor < 0.0, **Drpg—con < 0.001. Significant p values are bolded.
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