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Research is increasingly focusing on promoting healthy aging and the related extension of the health span by targeting crucial biological processes responsible for age-related conditions. While age-related gradual changes in steroid hormones such as testosterone, estradiol, or cortisol are well described in men, their interactions among each other or with genetic markers have not been sufficiently investigated with regard to physical health or psychological well-being. More specifically, the examination of age-related alterations in hormone interactions and the androgen receptor polymorphism, which modulates androgen action on target cells, in relation to physical health and psychological well-being represents a promising avenue for research on healthy aging in men. A total of 97 healthy aging men provided complete data on psychometric health measures as well as hormonal and genetic parameters at baseline and a 4-year follow-up assessment. Fasting saliva samples were taken at 8:00 am under standardized laboratory conditions, while the androgen receptor gene polymorphism was analyzed from dried blood spots. Longitudinal analyses revealed that psychological well-being and physical health remained stable over time. Analyses indicated that E2 moderated the course of psychological well-being, while the androgen receptor gene polymorphism moderated the course of physical health. Further, T was a strong predictor of physical health. These results suggest that the hypothalamic-pituitary-gonadal (HPG) axis might be important for the maintenance of psychological well-being in men, while physical health depends more on interindividual differences in the androgen receptor gene and T.
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INTRODUCTION

Research is increasingly focusing on promoting healthy aging and the associated extension of the health span by targeting crucial biological processes responsible for age-related health conditions (Barzilai et al., 2018). Healthy aging has become one of the leading health care goals of our time, with the World Health Organization (WHO) recently declaring a “Decade of Action on Healthy Aging” (World Health Organization, 2017). Generally speaking, healthy aging can be defined as the “process of developing and maintaining the functional ability that enables well-being in older age” (World Health Organization, 2015b, p. 28). Overall, life expectancy has increased dramatically over the last 150 years, rising even more sharply in the last few decades (World Health Organization, 2015a). At the same time, due to a slower increase in birth rates, the world population is facing a growing proportion of older individuals (Beard et al., 2016). Living the gained years of life in good health is a prioritized aim not only for each individual, but also for society in general, in order to reduce the large economic burden of chronic diseases in the elderly (Beard and Bloom, 2015; World Health Organization, 2017). To achieve this, it is crucial to investigate biological influences (e.g., hormone secretion and genetic markers) on physical health and well-being, comprising both physical and psychological aspects.

Psychological well-being changes throughout the lifespan. It is mostly measured based on the individual’s subjective perception and comprises three essential components: life satisfaction, presence of positive affect and absence of negative affect (Diener and Lucas, 1999). Subjective well-being has been found to be relatively stable until very old age, whereupon it declines due to health constraints. This stability despite age-related physical health decline has been called the well-being paradox (Kunzmann et al., 2000; Hansen and Slagsvold, 2012). The individual psychological well-being can be influenced by various biological factors such as hormone secretion, with the mood-altering properties of testosterone (T) being especially crucial for aging males (Walther and Ehlert, 2015). Furthermore, genetics plays an important role, not only in physiology but also in subjective well-being (Weiss et al., 2008). More specifically, the androgen receptor gene polymorphism has been linked to personality factors that are closely associated with well-being (Weiss et al., 2008; Westberg et al., 2009). While another study with three distinct samples did not replicate the finding that the androgen receptor gene polymorphism functions as a predictor of well-being in the general population sample, it was a predictor in the two patient samples (Schneider et al., 2010). However, the aforementioned study assessed general well-being rather than specifically psychological well-being.

In most individuals, physical health deteriorates with higher age and often results in frailty and multimorbidity (Huisman et al., 2011; Lowsky et al., 2013; Guthrie and Boyd, 2018; Rockwood, 2019). However, a general population study found that even in a group of 8,059 individuals aged 85 years and older, 56% of participants reported that they did not experience any health-related limitations (Lowsky et al., 2013). Thus, one important marker of healthy aging is the subjective physical health status (Han et al., 2015). Previous research has described multiple potential biological influences, such as age-related changes in hormone secretion patterns or genetic markers (Feldman et al., 2002; Tirabassi et al., 2015; Walther et al., 2016).

Steroid hormones show distinct trajectories of stability, decrease or increase throughout the aging process. With regard to the hypothalamic-pituitary-gonadal (HPG) axis, the primary male sex steroid T significantly decreases with age, whereas estradiol (E2) shows stability or a slight decline (Vermeulen et al., 2002; Fiacco et al., 2018). For example, the effect size of the T decrease has been shown to be r = 0.46 in an influential population-based study with 1156 individuals (Feldman et al., 2002). These changes can mainly be attributed to the decreased function or attrition of the Leydig cells in the testes. In addition, increased concentrations of circulating sex hormone-binding globulin (SHBG) and a higher conversion rate of T to E2 by the enzyme aromatase within the body’s fat cells further lead to markedly reduced testosterone levels (Vermeulen, 2000; Samaras et al., 2012). The hypothalamic-pituitary-adrenal (HPA) axis also undergoes distinct changes throughout the aging process, leading to increased cortisol secretion (Karlamangla et al., 2013). The increase in C is a consequence of age-related changes in glucocorticoid and mineralocorticoid receptor quantities, increased corticotropin-releasing hormone secretion from the hypothalamus and decreased sensitivity of the feedback mechanisms of the HPA axis (Zhou and Swaab, 1999; Gupta and Morley, 2014). Following the principle of homeostasis (Cannon, 1929; Joseph and Whirledge, 2017), mutual adaptations between the HPA and HPG axes aiming for an endocrine balance, and also within the HPG axis itself, have been suggested as important factors determining an individual’s health (Sollberger and Ehlert, 2016). Thus, it is important to respect the interaction between the different hormones of the two main endocrine axes.

Investigating the interaction between different steroid hormones can be a promising and insightful strategy to investigate the interplay of different hormonal axes and the interplay of hormonal end products within a single endocrine axis (Sollberger and Ehlert, 2016). A prospective cohort study on over 2,500 men, investigating the hormone ratio and coronary heart disease, found positive associations of the T and C ratio with the risk of cardiovascular events (Smith et al., 2005). The same study further linked the T and C ratio to physical health factors such as BMI or blood pressure. Moreover, emotion regulation, which is closely related to psychological well-being, was positively associated with the T and C ratio in 19 participants of an fMRI study in healthy men (Denson et al., 2013). For another prominent hormone ratio, the T and E2 ratio (TE2r), results indicated a positive association with disease risk (Schneider et al., 2010; Gong et al., 2013). To the best of our knowledge, there are not yet any studies investigating the TE2r with respect to psychological well-being. Since hormone ratios can be criticized, obscuring the influence of each hormone on the effect, it is important to additionally respect literature on hormone interactions without the calculation of ratios (Sollberger and Ehlert, 2016). In a recent review, T has been described as influencing physical health factors such as frailty in elderly men (Gordon and Hubbard, 2018). T has also been found to have a positive influence on psychological well-being, while a rather low C secretion can have the same effect. Studies investigating E2 need to be done, yet (Rector and Friedman, 2018). In general, since the field of positive psychology is very young, studies specifically investigating the association between hormones and psychological well-being or their interaction are very scarce (Rector and Friedman, 2018).

Genetic differences in the androgen receptor gene influence androgen action on target cells and modulate the association between androgens and physical health and well-being. The androgen receptor gene is located on the X chromosome at the location q11-q12 and comprises eight exons. The first exon of the androgen receptor gene contains a distinct cytosine-adenine-guanine (CAG) repeat sequence, which varies in repeat length between 10 and 36 for healthy individuals (Tirabassi et al., 2015). This variation has been suggested to modulate the androgen receptor binding affinity, affecting the androgen receptor action in response to receptor binding (Chamberlain et al., 1994; Rajender et al., 2008). This could lead to altered availability and function of androgens and, since the endocrine system is dynamic in nature, the HPA axis is influenced in its’ function by this as well (Terburg et al., 2009). Previous research on the CAG repeat length and endocrine secretion has yielded mixed results, with one population-based longitudinal study reporting negative associations with T levels (Krithivas et al., 1999) and a more recent study failing to confirm this association (Eendebak et al., 2016). Another study suggested that higher CAG repeat length is not associated with altered T secretion, but is associated with increased E2 action (Huhtaniemi et al., 2009). Furthermore, associations with psychological traits have been found. More specifically, the CAG repeat length was negatively associated with aggression (r = −0.365) in a study of 645 convicted criminals, showing a moderate effect size (Rajender et al., 2008). Furthermore, individuals in the shorter CAG repeats group showed higher values on extraversion and neuroticism in a study of 141 individuals (Westberg et al., 2009). All of the above-mentioned traits can influence psychological well-being (Strickhouser et al., 2017). Finally, the CAG repeat length has previously been associated with health conditions. A low CAG repeat was associated with a greater risk of prostate cancer, with odds ratios of up to 3.7, in an influential review article (Nelson and Witte, 2002), while a higher CAG repeat was associated with infertility in a study comparing 37 infertile with 50 fertile individuals (Wallerand et al., 2001).

The biopsychosocial model (Engel, 1980; Wade and Halligan, 2017) postulates interactions between psychosocial and biological markers. However, to date, no study has investigated the interplay between the influence of hormonal axes and the androgen receptor gene on changes in psychological well-being and subjective physical health specifically in healthy aging men. We hypothesize that physical health decreases, psychological well-being remains stable and both, the TCr and TE2r decrease. Furthermore, we hypothesize that the interactions between the assessed steroid hormones, through their rather short-term secretory nature, influence the change in psychological well-being, while the CAG repeat length moderates the change in physical function.



MATERIALS AND METHODS


Participants

For the current study, we longitudinally investigated 97 healthy aging men from the Men’s Health 40+ study at two timepoints (Walther et al., 2016). All men were between 40 and 75 years of age at the time of the baseline measurement. To ensure the investigation of healthy aging men at both time points, participants were screened before inclusion in the study. First, all participants were asked “How would you describe your current health?,” which is the first item of the Short Form 36 Health Survey (Bullinger and Kirchberger, 1998). This item is rated on a scale encompassing very bad, bad, good, very good and excellent. To be eligible for study inclusion, participants had to be fluent in the German language and had to describe their health as at least good at both time points, suggesting that participants perceived a continuously high level of subjective health during the time of study. Participants who reported acute or chronic medical conditions, psychiatric disorders, psychopharmacological treatment (including T supplementation) or psychotherapy were excluded. The study was approved by the local ethics committee and all participants accepted the terms of the study and gave their written informed consent.



Procedure

The study comprised two timepoints spanning 4 years. At each time point, the study was divided into two parts. The first part consisted of three consecutive questionnaire batteries, each lasting for 1 h, including questionnaires measuring subjective health and physical health. For the second part of the study, participants underwent a laboratory assessment at the laboratory facilities of the psychological institute. During this assessment, participants provided saliva samples and blood samples and underwent various other physiological measures such as bioelectrical impedance analysis to investigate the body composition. Detailed information on the study procedure is reported elsewhere (Walther et al., 2016).



Questionnaire

For the investigation of psychological well-being and physical health, the German version of the Short Form 36 Health Survey (SF-36) questionnaire was used (Bullinger and Kirchberger, 1998). The SF-36 is a widely used, well-validated self-report questionnaire consisting of eight subscales, of which the psychological well-being and physical health subscales were used for the current study. The internal consistency for the scales used was in line with the originally reported values, being mostly over α = 0.70. For the physical health scale, the internal consistency was α = 0.66 at baseline and α = 0.70 at follow-up. For the psychological well-being scale, the internal consistency was α = 0.80 at baseline and α = 0.73 at follow-up.



Hormone Analyses

All hormone samples were taken between 8:00 and 8:15 a.m. during the laboratory assessment. Participants provided fasting saliva samples (SaliCaps, IBL International GmbH, Hamburg, Germany) under the supervision of trained study personnel. After collection, samples were stored at −20°C until analysis. T and E2 were analyzed using a luminescence immunoassay (Goncharov et al., 2006). The intra- and inter-assay variation for T and E2 was below 10%, with sensitivities of 1.8 pg/ml for T and 0.3 pg/ml for E2. C was measured using an enzyme-linked immunosorbent assay, with an intra- and inter-assay variation below 10% and a sensitivity of 30 pg/ml (Chiappin et al., 2007). To standardize the units, C was transformed from nmol/L to pg/ml. Afterward, hormone ratios were calculated. After calculation, both ratios were log-transformed to smooth the distribution and therefore were then normally distributed (Sollberger and Ehlert, 2016).



Genetic Analyses

Blood samples were assessed using the dried blood spot method (Fischer et al., 2019b), in which participants provided four drops of blood on a filter paper consisting of pure cellulose (Protein Saver Snap Apart, Forest Farm Industrial Estate, Cardiff, UK). Analysis of DNA with dried blood spots has been shown to be a reliable and valid procedure to analyze polymorphisms (Demirev, 2013). The sample collection took place under standardized laboratory conditions immediately after saliva samples were taken. After drying the samples for at least 4 h, they were frozen and stored at −20°C until analysis. During analysis, genomic DNA was extracted from three filter paper punches of 3 mm diameter each, using the QIAGEN QIAamp DNA Investigator Kit (Qiagen, Hombrechtikon, Switzerland). The genetic analyses themselves were conducted applying the capillary electrophoresis method, using the Applied Biosystems 3730XL Sequencer (Thermo Fisher Scientific, Waltham, MA, USA) with protocols and primers according to Westberg et al. (2001). For the determination of the fragment lengths, the GeneMapper Software v3.7 (Thermo Fisher Scientific, Waltham, MA, USA) was used.



Statistical Analysis

To investigate the association of steroid hormone and their interactions and the androgen receptor gene polymorphism with the change in psychological well-being and physical health over time, two different sets of analyses were conducted. All analyses were performed in R (v 3.4.3), using the “lme4” package (Bates et al., 2015). The normality of the residuals was tested visually by inspecting the QQ-plots. Hormone variables were log-transformed to facilitate normality of the residuals. No crude violations of the normality of the residuals were detected. The first step of the analyses investigated the longitudinal linear mixed model change in psychological well-being, self-reported physical health and the hormone ratios. In a subsequent step, two separate moderation analyses were conducted to investigate whether the hormones and their interactions or the androgen receptor gene polymorphism influence the change in psychological well-being or physical health over time. It is important to note that for all analyses with dynamic parameters (except for the androgen receptor), we used longitudinal data instead of only baseline values, in order to incorporate the dynamic nature into the analyses. Moderation analyses with both hormone ratios were conducted in individual models for each ratio, with subsequent individual interaction analyses of the single hormones. Models for the hormonal interactions included both interaction terms for T and E2, or T and C, respectively, in the same model. The two-step analysis was conducted to enable a broader analysis of steroid hormone interactions, followed by a detailed, statistical interaction term analysis to determine which of the hormones exhibits a stronger impact on the effect. Taken together there were seven separate models. Two individual models for the hormone ratios*time, three separate models for all single hormones as predictors and one model for the T*time and C*time and one for the T*time and E2*time interaction terms. All analyses were controlled for physical activity, educational level, income, medication intake, and fat mass. To control for differing trajectories between different age groups, age was also used as a covariate. Furthermore, for all analyses with the hormones and their interactions, the androgen receptor gene polymorphism was added as a covariate. For the androgen receptor gene polymorphism moderations (i.e., CAG repeat length), (longitudinal) T values were added as a covariate to account for the potential interdependence of the androgen receptor and T.




RESULTS


Sample Characteristics

At baseline, 271 participants were included in the study. However, only 130 participants completed the screening for the follow-up and 97 participants completed the whole study at the second time point. The participants were invited at the T1 for a cross-sectional study and were then re-invited for a follow-up approximately 4 years after initial testing. Due to the initial cross-sectional design of the study, most participants who refused participation for the second wave did so because they did not expect a follow-up. After completion of the screening, participants who dropped out reported that they did not have sufficient time for the study or they were no longer eligible (i.e., no longer reported at least good self-rated health). Detailed information on the dropout rate is described elsewhere (Lacker et al., 2019).

The sample characteristics are described in Table 1. Participants were on average 61.26 (SD = 10.02) years old at baseline and 65.18 (SD = 9.98) years old at follow-up. The BMI was approximately 25 at both time points, with only minor changes. The majority of participants were in a relationship or married at both time points. Over 40% of participants held a university degree, while 24% of participants reported having completed secondary school as their highest educational attainment. Most participants earned between 50,000 and 1,50,000 CHF (50,000–1,50,000 USD) annually. At both time points, over 80% of participants reported being non-smokers. Around 60% of participants at baseline and 53% at follow-up did not take any regular medication. Of the participants taking medication, almost half took antihypertensive medication or vitamins and minerals, and a further 50% took “other” medication, which included mostly cholesterol and bowel-regulating medications. With regard to physical activity, baseline results indicated that 66% of participants were physically active for 4–6 h or more per week, while this proportion increased by 12%, to a total of 78%, at follow-up.

TABLE 1. Sample characteristics.
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Mixed Model Analyses and Descriptive Data

The mean CAG repeat length was 17.8 (SD = 3.07) and approximately normally distributed (data not shown). Participants had a raw mean C level of 1,424.3 (SD = 1,396.5) pg/ml at baseline, which increased to 2169.9 (SD = 1,597.5) pg/ml at follow-up. For raw T, the results indicated a mean T level of 42.53 (SD = 18.44) pg/ml at baseline and a decreased T level of 37.88 (SD = 26.28) at follow-up. Raw E2, however, remained rather stable, with a slight increase from 1.46 (SD = 1.06) pg/ml at baseline to 1.63 (SD = 0.17) at follow-up. For the hormone ratios, the raw Testosterone/Cortisol ratio decreased from 0.06 (SD = 0.05) pg/ml to 0.03 (SD = 0.03) pg/ml, while the raw Testosterone/Estradiol ratio decreased from 43.35 (SD = 30.02) pg/ml to 38.52 (SD = 41.95) pg/ml. Mixed model analyses for the change in single hormones can be derived from Lacker et al. (2019). The self-reported physical health remained stable, with values of 65.47 (SD = 3.93) at baseline and 65.36 (SD = 4.09) at follow-up. Psychological well-being remained similarly stable, with a mean of 25.58 (SD = 2.87) at baseline and 25.67 (SD = 2.87) at follow-up. The mixed model analyses with random intercepts (detailed information shown in Table 2) yielded no significant results for the change in physical health and psychological well-being, while both hormone ratios decreased significantly (TCr: b = −0.756, SE = 0.134, p < 0.001; TE2r: b = −0.347, SE = 0.098, p < 0.001).

TABLE 2. Results of the linear mixed model analyses.
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The results of the moderation analyses are described in Table 2. Moderation analyses for the longitudinal change in physical health did not yield significant results for the interaction of T and E2, T and C and the hormone ratios. However, T was a significant predictor of physical health, meaning that it significantly influenced the intercept for physical health (b = 1.34, SE = 0.40, p < 0.001). Additionally, when using the CAG repeat length (b = −0.27, SE = 0.12, p = 0.023) as moderator (CAG repeat*time) a significant moderation effect on the change in physical health was found, showing an increase for lower CAG repeats. For the longitudinal change in psychological well-being, on the other hand, the results indicated a significant moderation effect of E2 (b = −1.01, SE = 0.40, p = 0.013), but only a trend for T (b = 1.17, SE = 0.64, p = 0.073), on the changes over time, whereas the CAG repeat and the interaction of T and C were not significant moderators of the change in psychological well-being. Furthermore, there was a significant moderation effect of the TE2r on psychological well-being (b = 1.076, SE = 0.374, p = 0.005).

Figure 1 graphically depicts the three significant moderation effects; however, it is important to note that the grouping was conducted for reasons of simplicity, and all moderation analyses used continuous variables as moderators.
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FIGURE 1. Graph showing moderation effects for all significant interactions. Panel (A) showing the influence of the androgen receptor polymorphism cytosine-adenine-guanine (CAG repeat) on the course of physical health, Panel (B) showing the influence of E2 on the course of psychological well-being. High is 1SD above the sample mean, Medium the sample mean and Low is 1SD below the sample mean.



Additionally, the supplementary material shows a correlation matrix for all variables that were used in the study. Supplementary Tables S1, S2 show bootstrapped zero-order two-tailed correlations and two-tailed partial correlations, controlling for age, education, income, fat mass, and physical activity.




DISCUSSION

In this longitudinal study on healthy aging men, we found that both hormone ratios decreased over time, while self-reported physical health and psychological well-being remained stable. Moreover, E2 moderated the course of psychological well-being, insofar as the change in psychological well-being differs between individuals in relation to the (longitudinal) E2 values, if T values are taken into account. None of the other assessed hormones moderated psychological well-being or physical health. T was, however, found to be a significant predictor of physical health. Additionally, the androgen receptor gene polymorphism had an impact on the course of physical health: the trajectory of physical health changes with the number of CAG repeats.

In general, the literature on age-related hormone alterations in men reports a decrease in sex hormones, with the exception of E2, and an increase in glucocorticoid levels is also well documented (Fiacco et al., 2018). Our findings support this, showing a decrease in T, an increase in C, and stable E2 levels (Lacker et al., 2019).

The finding that physical health and psychological well-being remained stable in our sample is highly interesting considering that in the general population, a continuous age-related decline in both health dimensions has been reported (Murphy et al., 2017). A multi-national study conducted over a similar time span in a large general population sample revealed a stronger decrease in physical health compared to our sample, but an equally low decrease in psychological well-being (Bourassa et al., 2017). The findings from another study suggest that psychological well-being, and especially dimensions such as life satisfaction or negative affect, might decline in advanced age only (Hansen and Slagsvold, 2012). However, with the present sample of middle-aged and older men, we cannot draw definitive conclusions in this regard.

E2 seems to positively influence the course of psychological well-being in specifically healthy aging men, as shown in the present analyses. Interestingly, while a recent meta-analysis showed increased E2 levels for depressed men (Fischer et al., 2019a), previous research suggested that E2 alone did not have an impact on markers of well-being such as mood (Beer et al., 2006). The latter finding was supported in our result, where the interaction of E2 was only significant after adding the interaction with T. Also in line with the latter finding, the TE2r was found to be associated with depressive symptoms in a very specific population of obese men (Monteagudo et al., 2016). The high-fat mass in these men presumably led to high aromatase activity and consequently to a parallel increase in E2 and a decrease in T (Vermeulen, 2000; Samaras et al., 2012). Concluding from these findings in obese men, we argue that it is generally not higher E2 alone that is responsible for reduced psychological well-being in aging men, but rather the interaction with reduced T levels. This ultimately results in an imbalance in the endpoints of the HPG axis, with effects on psychological well-being, where E2 is the main reason for this effect. This aspect also enables the integration with the recent meta-analysis by Fischer et al. (2019a).

The balance between the hormonal endpoints of the HPG and HPA axes may have an influence on psychological well-being. Previous research suggested functional connectivity between these two axes, through the existence of sex and adrenal steroid receptors in brain regions such as the hippocampus, amygdala or nuclei of the hypothalamus (Viau, 2002). In accordance with this, meta-analyses found T and C to be associated with mental health, which is closely related to psychological well-being (Adam et al., 2017; Walther et al., 2019). This implies that the balance between the two can also play a role in mental health maintenance. At first glance, it is thus surprising that we were unable to replicate this effect in the current sample. However, the present finding is in line with a previous report from our group in the same sample, in which we showed that psychosocial markers and biological markers change independently of each other (Lacker et al., 2019). Therefore, the lack of a relationship between the interaction of T and C and psychological well-being might be a phenomenon of healthy aging.

While the interplay between the endpoints of the HPG and HPA axes does not seem to explain changes in psychological well-being, T alone seems to be a predictor of physical health. This finding is in line with the literature. For example, a previous study with 407 participants revealed a low TCr to be an indicator of poor physical health, where T, but not C, differed significantly between a healthy and a non-healthy group (Wang et al., 2013). A recent review also supports the impact of T on physical health (Fiacco et al., 2018). In general, T shows anabolic effects, while C exhibits catabolic effects, with the former improving aspects of physical health (e.g., bone density) and the latter decreasing physical health (Dennison et al., 1999; Snyder et al., 2017). This might explain why T, but not C, was a significant predictor of physical health in our healthy aging sample. Similarly to psychological well-being, the lack of influence of the T and C interaction on physical health might reflect a healthy aging phenomenon, due to increased physical health in the investigated sample and thus adequate T and C values.

The interaction between the endpoints of the HPG axis does not seem to influence physical health in healthy aging men, as the T and E2 interactions did not have an impact on physical health in our sample. A previous general population study, however, concluded that the TE2r can be important for longevity (Menke et al., 2010). More specifically, low E2, as well as low T secretion, were associated with a higher cardiovascular risk. The same was found in another study for all-cause mortality (Hsu et al., 2016). In our study, T was a predictor of physical health only when the interaction with E2 was not included in the model. However, participants with higher T exhibited higher physical health, which is in line with the previously mentioned studies.

The androgen receptor gene polymorphism was suggested to potentially alter the course of physical health. According to our results, the androgen receptor gene polymorphism does appear to influence the course of subjectively experienced physical health even after controlling for longitudinal T secretion. Surprisingly, however, previous findings emphasized the role of the androgen receptor gene polymorphism in physical health in the patient samples, but not in a general population sample (Schneider et al., 2010). Furthermore, it has been shown that the androgen receptor gene polymorphism can modulate androgen action in the target cells (Eendebak et al., 2016), thus suggesting a potential mechanism to explain its influence on physical health. This is relevant, for example, in the patient samples with potentially altered endocrine secretion patterns. In the present study, we were able to replicate the association with subjective physical health, thus further strengthening the link between the androgen receptor gene polymorphism and physical health.

The mean length for the androgen receptor gene polymorphism in the present study was 17.8, and thus below the generally reported mean of approximately 21. This can be explained by the applied capillary electrophoresis method. Other studies using the same method also reported lower repeats of approximately three base-pairs for the androgen receptor gene polymorphism (Mansfield et al., 1996; Westberg et al., 2001; Boorman et al., 2002). Capillary electrophoresis can potentially include a systematic error. Due to an extensive pairing in the CAG region, the probability that this region will melt completely during the analyses is decreased (Mansfield et al., 1996; Boorman et al., 2002). This can lead to an underestimation of the true repeat length when comparing fragment peaks with standard curves (Boorman et al., 2002).

Some limitations of the present study need to be mentioned. The first refers to the high dropout rate, which was mostly due to the post hoc planning of the follow-up. Second, potential conclusions that are drawn from this study only refer to healthy aging men. The additional investigation of a non-healthy group could be beneficial. Third, the methodological issues of the genetic analyses hinder comparisons of the androgen receptor gene polymorphism length with other study findings, although the sample itself was very homogeneous. Fourth, the internal consistency for the physical health questionnaire scale was rather low in the current sample. This may point to the need to validate the questionnaire in a healthy aging population. Finally, there are also some statistical constraints within the study: we used a two-time-point design, which could only incorporate random intercepts, whereas more time points would enable detailed random slope analyses (Curran et al., 2010).

Besides this, our study has several distinct strengths. The longitudinal design enabled the detailed investigation of intraindividual changes over time. Moreover, we used validated questionnaires and protocols for data collection. Applying strict inclusion criteria, we specifically investigated healthy aging men. Furthermore, we applied sophisticated statistical methods, respecting interindividual differences while focusing on intraindividual changes.

To sum up, we found that E2 influenced the course of psychological well-being, while T was a predictor of physical health. Furthermore, the androgen receptor gene polymorphism was associated with the course of self-reported physical health but not the course of psychological well-being. Since self-reported perceived health and actual health are closely related (Dainese et al., 2011), these results provide new insights into the role of distinct endocrine and genetic parameters for the maintenance of health throughout the aging process in men. However, the interactions of biological and psychological aspects in healthy aging men remain poorly understood and require further study.
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The retrieval of autobiographical memories is an integral part of everyday social interactions. Prior laboratory research has revealed that older age is associated with a reduction in the retrieval of autobiographical episodic memories, and the ability to elaborate these memories with episodic details. However, how age-related reductions in episodic specificity unfold in everyday social contexts remains largely unknown. Also, constraints of the laboratory-based approach have limited our understanding of how autobiographical semantic memory is linked to older age. To address these gaps in knowledge, we used a smartphone application known as the Electronically Activated Recorder, or “EAR,” to unobtrusively capture real-world conversations over 4 days. In a sample of 102 cognitively normal older adults, we extracted instances where memories and future thoughts were shared by the participants, and we scored the shared episodic memories and future thoughts for their make-up of episodic and semantic detail. We found that older age was associated with a reduction in real-world sharing of autobiographical episodic and semantic memories. We also found that older age was linked to less episodically and semantically detailed descriptions of autobiographical episodic memories. Frequency and level of detail of shared future thoughts yielded weaker relationships with age, which may be related to the low frequency of future thoughts in general. Similar to laboratory research, there was no correlation between autobiographical episodic detail sharing and a standard episodic memory test. However, in contrast to laboratory studies, episodic detail production while sharing autobiographical episodic memories was weakly related to episodic detail production while describing future events, unrelated to working memory, and not different between men and women. Overall, our findings provide novel evidence of how older age relates to episodic specificity when autobiographical memories are assessed unobtrusively and objectively “in the wild.”

Keywords: episodic specificity, autobiographical memory, episodic memory, semantic memory, cognitive aging, naturalistic observation


INTRODUCTION

Remembering experiences from our personal history, or autobiographical memories, is thought to aid in the development and maintenance of the self, facilitate social communication, and guide behavior (Pillemer, 1992; Bluck and Alea, 2002; Pasupathi et al., 2002; Bluck, 2003; Bluck et al., 2005). Importantly, the act of recalling and sharing autobiographical memories allows us to communicate a wealth of information with others, from general knowledge to details of a one-time event (Conway and Pleydell-Pearce, 2000), with each form serving distinct purposes (Waters et al., 2014). Such disclosures of personal information in conversation are thought to increase intimacy and empathy within relationships, provide opportunities to teach others, and aid decision making (Alea and Bluck, 2003, 2007). In this sense, autobiographical memory sharing helps us navigate our social interactions.

In prior research, much attention has been given to understanding the relationship between older age and the way autobiographical memories are shared. One reliable finding is that normal cognitive aging is linked to a reduction in the episodic specificity, or the frequency of episodic retrieval and/or the vivid elaboration, of autobiographical memories. For instance, prior research has found that, when asked to reflect on the past, older adults retrieve fewer unique life events in comparison to young adults, and in counterbalance recall more events that are extended over time or are repeated events (Piolino et al., 2006; Ros et al., 2009, 2017; Ford et al., 2014). When asked to elaborate these episodic memories, older adults also tend to incorporate fewer episodic details relative to young adults, replacing them with semantic details, or factual knowledge about one’s life story and the broader context of the event (Levine et al., 2002; Addis et al., 2008; Gaesser et al., 2011; Devitt et al., 2017). Critically, some work has further shown that reductions in episodic specificity are evident when comparing young-old to old-old adults (e.g., ages 65–75 vs. +75 or ages 60–69 vs. 70–79), indicating that this effect continues in advanced normal cognitive aging (Piolino et al., 2002; De Beni et al., 2013). The age-related reduction in episodic specificity, broadly reflecting a move away from episodic retrieval, has been interpreted in a few ways. One explanation is that older age is associated with a compensatory shift towards conceptual retrieval that is due to reduced executive resources (Piolino et al., 2010) and stronger coupling of two large-scale brain networks (Turner and Spreng, 2015; Spreng et al., 2018), resulting in a tendency to view things in a semantic light. Alternatively, a natural alteration in narrative style, perhaps related to new perspectives on a lifetime of experiences or changes in language use, could contribute to reduced episodic specificity with age (James et al., 1998; Trunk and Abrams, 2009; Gaesser et al., 2011). Both of these explanations can account for why prior work has commonly found that reduced episodic retrieval is accompanied by increased semantic retrieval. Regardless of the reason(s), these findings and theories suggest that in everyday life, increased age may be linked to less sharing of one’s episodic past.

Despite the vast evidence for age-related reductions in episodic specificity and its potential importance to how memories are shared in everyday social life, this quality of memory retrieval has been largely studied in an analog of the real-world, namely through laboratory interviews (Williams and Broadbent, 1986; Levine et al., 2002; St. Jacques and Levine, 2007; Addis et al., 2008; Barnabe et al., 2012). In one approach, participants generate memories in response to positive and negative cue words, and they are subsequently scored as “episodic” or as more general memories of the past (Williams and Broadbent, 1986). Other laboratory interviews instruct individuals to retrieve episodic memories from a particular time or period and to focus on describing episodic details (Levine et al., 2002). Often, participants are provided cues, such as neutral words (e.g., “tree”), and once a natural ending point is reached, the experimenter may probe for additional information. These reports are then parsed into individual details, with each one scored according to whether it is episodic or “internal” to an event or more generic or “external,” providing a fine-grained, objective picture of recollection (Levine et al., 2002).

Although, there are practical and psychometric benefits to this structured approach, the laboratory interview departs from the contexts encountered naturally in everyday life in several ways, including how autobiographical memories are likely cued and with whom they are commonly shared. Diary studies and other naturalistic thought sampling methods, which require individuals to record events or report on them, have revealed commonalities between laboratory-derived and real-world memories (Levine et al., 2002; Berntsen and Hall, 2004; Schlagman and Kvavilashvili, 2008; D’Argembeau et al., 2011). Yet, by their nature, these methods do not capture in-the-moment, naturalistic outward sharing of autobiographical memories with others, and these studies have not focused on assessing episodic specificity at the level of detail commonly done in the laboratory. Therefore, it remains unclear how age-related alterations in episodic specificity unfold in real-world social contexts.

One way to address this gap in knowledge is to utilize ambulatory assessment technologies that allow for the unobtrusive recording of everyday conversation as it happens (Mehl, 2017). The Electronically Activated Recorder or EAR (Mehl et al., 2001; Mehl, 2017) is one method for such an approach (see Robbins, 2017). The EAR is a mobile smartphone application that periodically samples blocks of ambient sounds, including conversation, from one’s moment-to-moment environment, providing what amounts to an acoustic log of one’s day. Recently, the EAR has been applied to assess autobiographical sharing in natural, everyday social life, revealing outcomes that replicate and go beyond findings from the laboratory. For instance, prior work using the EAR has shown that in everyday social interactions, older adults tend to be past-oriented (Demiray et al., 2018) and share fewer future thoughts than young adults (Brianza and Demiray, 2019). Older adults also appear to share autobiographical memories in their natural social relationships for specific motives (Demiray et al., 2019). The EAR, therefore, presents a unique opportunity to ask whether, in everyday conversation, older age is associated with a reduction in sharing episodic memories and/or episodic detail.

New technologies that unobtrusively capture many memories over time can also be used to further investigate the influence of older age on autobiographical semantic memory. The relationship between older age and autobiographical semantic memory has been difficult to fully appreciate based on laboratory studies for a few reasons, chiefly that participants are typically required to recall a certain number of memories, and the amount of time given to memory sharing is controlled. As such, it remains unclear if older adults, under less constrained conditions, would retrieve autobiographical semantic memories or details at the rates commonly reported in laboratory-based studies. Concerning the real-world, according to both executive coupling (Turner and Spreng, 2015; Spreng et al., 2018) and narrative style accounts (James et al., 1998; Trunk and Abrams, 2009; Gaesser et al., 2011), older age may not alter the tendency to share autobiographical memories but rather reduced episodic retrieval may be counterbalanced by spared or increased sharing of semantic memories and semantic details (Devitt et al., 2017). However, to counter this position, prior research has revealed that broad structural and functional decline in the default network of the brain seems to emerge in older age and continue to unfold with advancing decades of life (Andrews-Hanna et al., 2007, 2019; Fjell et al., 2009), including in regions implicated in semantic memories and social concepts (Lambon Ralph et al., 2012; Andrews-Hanna et al., 2014). According to the integrity hypothesis of default network functioning (Andrews-Hanna et al., 2014, 2019), these findings suggest that while older adults may turn to autobiographical semantic memories and details if retrieval is evoked externally, older age may be connected to a global reduction in the retrieval of autobiographical memories—both episodic and semantic.

To address these questions about the relationship between older age and autobiographical memory sharing in natural social contexts, we conducted a secondary data analysis from a sample of 102 cognitively healthy older adults who, as part of a study on everyday cognition, completed laboratory-based cognitive testing, and for 4 days, wore the EAR (Polsinelli et al., 2020). In the present sample, The EAR recorded for 30 s every 6–18 min except during a 6-h overnight period starting 30 min after participants’ bedtime (M = 10:54 pm; range = 9:00 pm–12:30 am). From the EAR recordings, we extracted autobiographical memories and future thoughts being shared by the participants in social situations (Demiray et al., 2018) to understand the sharing frequency of different forms of personal knowledge (i.e., episodic vs. semantic, past and future). We then scored for detailed composition within each instance of autobiographical episodic sharing using the well-established Autobiographical Interview (AI) protocol (Levine et al., 2002).

Based on research previously conducted on autobiographical memory retrieval in the laboratory, we hypothesized that older age would be associated with reduced episodic retrieval in everyday conversation in two ways. First, we expected older age to be linked to a reduction in autobiographical episodic memory sharing. Second, we predicted that older age would be associated with lower generation of episodic details while describing autobiographical episodic memories. Regarding autobiographical semantic memories, according to the executive coupling (Turner and Spreng, 2015; Spreng et al., 2018) and narrative style accounts (James et al., 1998; Trunk and Abrams, 2009; Gaesser et al., 2011) of autobiographical memory and normal cognitive aging, increased age among older adults may be positively associated with the generation of semantic memories and semantic details while describing episodic memories. However, according to the integrity hypothesis of default network functioning (Andrews-Hanna et al., 2014, 2019) increased age among older adults may be associated with a general reduction in autobiographical memory retrieval in social contexts, including semantic memories, which may be revealed through both frequency and semantic elaborateness (i.e., detail generation). Finally, in light of evidence that age-related cognitive differences in autobiographical memory are also reflected in future thinking (Addis et al., 2008; Madore et al., 2014; De Brigard et al., 2016), we expected that findings in the memory domain (e.g., older age linked to reduced episodic memory retrieval) would also be reflected in future thought sharing (e.g., older age associated with less sharing of future episodic thoughts).

To complement these age-related analyses and provide a clearer picture of the degree to which real-world memory sharing mirrors that of laboratory-based findings in older adults, we also examined a few additional features. First, we investigated whether, as shown in laboratory research, episodic specificity of one’s memories is related to how detailed individuals are when they describe future episodic thoughts (Addis et al., 2008; Hill and Emery, 2013). Second, we examined whether two laboratory-based cognitive testing findings are found while sharing memories in the real-world, namely whether greater episodic specificity is associated with better working memory (Addis et al., 2008; Ros et al., 2009, 2017; Piolino et al., 2010), but weakly related to impersonal, laboratory-based measures of episodic learning and memory (Palombo et al., 2015; Grilli et al., 2018a). Third, similar to laboratory findings, we assessed whether episodic specificity is higher in women relative to men when memory sharing is assessed in real-world social contexts (Davis, 1999; MacDonald et al., 2000; Niedźwieńska, 2003; Pillemer et al., 2003; Andreano and Cahill, 2009; Wang et al., 2011; Fuentes and Desrocher, 2013; Grysman and Hudson, 2013; Wang, 2013).



MATERIALS AND METHODS


Participants

The present study utilized data from a previously conducted study on cognitive aging using the EAR technology (Polsinelli et al., 2020). Participants (46 males/56 females) were between the ages of 65 and 90 (M = 76.12, SD = 6.00) and had, on average, 16.60 years of education (SD = 2.32, range = 12–22)1. All participants scored ≥25 on the Mini-Mental Status Examination, which indicated that their cognition was within normal limits2. Participants provided written informed consent following the Institutional Review Board of the University of Arizona.



Materials and Procedure

As mentioned, the present study was a secondary data analysis of the study conducted by Polsinelli et al. (2020). Polsinelli and colleagues adhered to the standard EAR protocol (Mehl, 2017), under which the participants are trained on how to use the EAR device before the study period (e.g., how to charge the EAR at night, how to wear the EAR to maximize recording quality). Participants wear the EAR while going about their days, unaware when exactly the device is recording. Through its sampling, the EAR protects privacy (i.e., takes snippets out of their larger conversational context) and enables at-scale empirical studies. Wearing the EAR is minimally bothersome and it has been successfully used, with good acceptance and compliance, in age groups ranging from childhood to old age (3 years to 93 years) and with both healthy and clinical populations. In the present study, compliance with the EAR procedures was high, with only 10 participants experiencing any notable technical difficulties at any point in the study period (i.e., failing to recharge overnight properly). When participants returned their EAR device, they completed a standard EAR evaluation measure (Mehl and Holleran, 2007). On average, participants’ reported low obtrusiveness for themselves (e.g., “To what extent did the EAR impede your daily activities?”; M = 1.87, SD = 0.64; 1 = “not at all” through 5 = “a great deal”) and bystanders (e.g., “To what extent did the EAR influence the behavior of people around you?,” M = 1.94, SD = 0.83). Participants wore the EAR for approximately 4 days (a weekend and two weekdays) and gathered, on average, 310 30-s sound file samples (SD = 62, range = 91–405). The total number of sound files included only those during which participants were awake and deemed (i.e., coded as) wearing the EAR. The recorded sound files were transcribed as part of the original data analysis plan. For our secondary data analysis, we first determined whether each sound file contained speech by the participant and then whether the files captured any form of autobiographical memories or future thoughts being verbally shared with another person. We then separated this set into four categories, namely autobiographical episodic memories, semantic memories, future episodic thoughts, and future semantic thoughts. Consistent with prior descriptions, we scored autobiographical memories and future thoughts as episodic if they pertained to a specific event occurring at a particular time and place. Memories and future thoughts that lacked such specificity were scored as semantic.

We used the AI scoring protocol (Levine et al., 2002) to analyze the content of a subset of these autobiographical sound files. We selected the AI protocol because of its well-validated status as a measure of episodic specificity (Levine et al., 2002; St. Jacques and Levine, 2007; Devitt et al., 2017; Grilli et al., 2018a), its adaptability for scoring future event episodic specificity (Addis et al., 2008; Madore et al., 2014), and neural evidence linking episodic and semantic details to distinct regions/pathways of the default network (Hodgetts et al., 2017; Palombo et al., 2018; Memel et al., 2020). Consistent with the standard AI scoring, all sound files we tagged as containing episodic memories and future episodic thoughts were segmented into individual details and each detail was scored as episodic or semantic. Details were scored as episodic if they described the event content or sequencing, timing, location, perceptual quality, or thoughts or emotions of an event. Details that described facts about the self or world knowledge and details that were personal, non-specific events (e.g., extended or repeated events) were scored as semantic. Each detail was further scored as past or future-oriented based on the temporal nature of the event to which the detail was attached. The original AI protocol includes three additional detail types, namely repetitions, meta-comments, and descriptions of events external to the main event being described in the autobiographical interview. In our application of the AI protocol to EAR sound files, we did not attempt to score these categories. For repetitions and meta-comments, in the absence of insight into the social context, it was often difficult to reliably determine whether someone was absentmindedly thinking aloud, repeating oneself, or sharing information with someone who may not have heard or been present for the initial sharing of that detail. Notably, we did not repeatedly score the same information (e.g., we did not “double score” the re-sharing of the same episodic detail), but we also did not count these details as repetitions. We did not use the external detail category, because we did not assume that a single sound file must capture no more than one episodic memory. Relatedly, although future episodic thoughts might be scored as external details in the laboratory-based application of the AI, we simply scored them as episodic details if attached to episodic memory. To be consistent, we also included future-oriented semantic details attached to episodic memories as semantic details. We want to emphasize that while we slightly departed from the original AI scoring protocol, studies of healthy populations, both young and older, commonly find that semantic details capture the vast majority of “external” contents (Levine et al., 2002; Murphy et al., 2008; Bastin et al., 2013). Figure 1 shows examples of scored sound files.


[image: image]

FIGURE 1. One 30-s sound file that contained a past episodic memory and one 30-s file that contained a future episodic thought. Details at the beginning and end of the past sound file example were not scored because they extended beyond the 30-s recording. In the future sound file example, the second detail was not scored because it was a repetition of the first detail.



Two standard cognitive tests that were administered to a subgroup of participants in the original studies were included in this secondary data analysis. One was a test of working memory, measured using the Digit Span Backward subtest raw score from the Wechsler Adult Intelligence Scale, Third Edition (WAIS-III DSB; Wechsler, 1997), and the other was a test of episodic memory, measured with the California Verbal Learning Test, First or Second Edition long delay cued recall raw score (CVLT LDC; Delis et al., 1987, 2000). We selected these two cognitive tests because they have been used in laboratory-based studies that have found relationships between episodic detail generation and working memory (Addis et al., 2008) or have suggested no relationship between episodic detail generation and verbal episodic memory (Grilli et al., 2018a). Only a subset of participants received these tests because, in the original study (Polsinelli et al., 2020), the cognitive battery evolved across two dissertation projects (Polsinelli, 2017; Moseley, 2018), and therefore the entire study sample did not receive the same cognitive tests. Approximately two-thirds of the sample received WAIS-III DSB (n = 72, M = 7.47, SD = 2.26). Twenty-three participants received the first edition of the CVLT LDC, recalling 12.78 words on average (SD = 2.56), and 46 received the second edition (M = 10.28, SD = 2.99). In total, 69 participants had CVLT LDC data from either the first or second edition (M = 11.12, SD = 3.07)3.



Statistical Procedures

Consistent with established procedures to determine interrater reliability, one primary rater scored all participants and a secondary rater independently scored approximately 20%, or 21 participants (Verfaellie et al., 2014; Grilli et al., 2018b). Cronbach’s alpha was calculated to determine how reliably we could identify the sound files that contained autobiographical memories or future thoughts and the episodic and semantic scoring of the details within the episodic memories and future episodic thoughts.

Two sets of analyses examined the relationship between age and autobiographical memory and future thought sharing. First, to investigate whether age was related to a reduction in the sharing of episodic or semantic memories, we conducted non-parametric (Spearman) partial correlations to examine the relationship between age and sound files that contained autobiographical memories—overall, and both episodic and semantic memories separately (Kim, 2015). Non-parametric analyses were selected given that some data were not normally distributed. The number of sound files that contained any speech from the participant was used as the covariate in these analyses to control for the wide variation of speech production across participants. These analyses were repeated to examine the correlation between age and future thought sharing. Second, to investigate whether age was associated with lower detail generation while describing episodic memories, we conducted Spearman correlations between age and the average number of total details, as well as episodic and semantic details separately, captured per autobiographical episodic memory. A test of correlations from dependent samples with overlapping variables was used to compare the magnitudes of statistically significant partial correlations when appropriate (Steiger, 1980; Diedenhofen and Musch, 2015). This second set of analyses also were conducted on details generated during future episodic thought sharing.

To investigate additional features regarding the quality of social sharing of autobiographical memory, Spearman correlations were conducted to determine if the average frequency of episodic details per future episodic thought description correlated with autobiographical episodic memory description. We also used Spearman correlations to examine the association of the average number of episodic details produced in sound files that contained autobiographical episodic memories with working memory (i.e., WAIS-III DSB) and with a standardized cognitive test of verbal episodic memory (i.e., CVLT LDC). To contextualize our autobiographical memory findings more broadly, we also examined the relationship between age and our laboratory-based measures of working memory and verbal episodic memory. Finally, we conducted an independent samples t-test, to investigate gender effects on average episodic detail production (Fox and Weisberg, 2019). All analyses were two-tailed. We did not conduct an a priori power analysis and none of the analyses were pre-registered. All analyses and graphs were conducted in or created with RStudio (Wickham, 2007, 2016; Kim, 2015; Auguie, 2017; Fox and Weisberg, 2019; R Core Team, 2019).




RESULTS


Interrater Reliability

Good to excellent reliability was achieved for the total number of sound files that contained either an autobiographical memory or future thought, and for episodic and semantic subtypes separately (Cronbach’s alpha range 0.86–0.99). Excellent reliability was also achieved for the total number of details produced across sound files that contained an autobiographical episodic memory or future thought, whether analyzed together or separately (Cronbach’s alpha range 0.91–0.995).



Sample Included in Autobiographical Memory Analyses

To ensure that individual scores were reliable, we identified four participants who provided fewer than five sound files with an autobiographical memory or autobiographical future thought and an average of 7.50 (SD = 3.11) total details. In comparison, the remaining 98 participants produced an average of 27.16 (SD = 18.43) sound files with autobiographical memories or autobiographical future thoughts and approximately 84.98 (SD = 70.36) total details. Thus, these four participants were excluded based on having too few memories/thoughts and details to likely be reliable. Notably, they were removed before any further analyses of the data. In the remaining sample, the average age was 76.07 (SD = 5.94), with 44 men (age: M = 75.98, SD = 6.49) and 54 women (age: M = 76.15, SD = 5.51). There was an average of 81.84 sound files (SD = 44.04) that captured speech and 23.65 sound files (SD = 15.77) that included past autobiographical sharing. Of these sound files, an average of 11.17 (SD = 8.95) contained an autobiographical episodic memory, and participants generated an average of 44.24 (SD = 42.85) total details for these memories. Also, on average, 2.93 (SD = 2.99) focused on future episodic thoughts, with participants generating an average of 6.07 (SD = 6.88) total details for these thoughts.



Relationships Between Age and Autobiographical Sharing


Age and the Frequency of Autobiographical Memory and Future Thought Sharing

When controlling for the amount of conversation captured by the EAR, age was negatively correlated with overall autobiographical memory sharing, rs(95) = −0.32, p = 0.001 (Figure 2). Age was significantly and negatively related to sharing episodic memories, rs(95) = −0.24, p = 0.02, and to sharing semantic memories, rs(95) = −0.29, p = 0.004 (both including amount of conversation as a covariate). A comparison of the magnitude of these two effects revealed that they were not significantly different, z = 0.45, p = 0.65.
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FIGURE 2. Correlations between age and (A) sound files with autobiographical memories (AMs), (B) sound files with episodic memories (EMs), and (C) sound files with semantic memories (SMs). Raw data and correlation coefficients of the bivariate Spearman correlations are represented in the larger plots. The partial Spearman correlations are shown in the small plots with regression lines. For all three partial correlations, we used a covariate of the number of sound files where participants were engaged in conversation.



Alternately, age and autobiographical future thought sharing, covaried for amount of conversation, were not significantly correlated, rs(95) = −0.09, p = 0.38 (Figure 3). However, whereas the correlation between production of future episodic thoughts and age was not significant, rs(95) = −0.03, p = 0.80, the correlation between future semantic thoughts and age was significant and negative, rs(95) = −0.21, p = 0.04 (both including amount of conversation as a covariate).


[image: image]

FIGURE 3. Correlations between age and (A) sound files with autobiographical future thoughts (AFTs), (B) sound files with future episodic thoughts (FETs), and (C) sound files with future semantic thoughts (FSTs). Raw data and correlation coefficients of the bivariate Spearman correlations are represented in the larger plots. The partial Spearman correlations are shown in the small plots with regression lines. For all three partial correlations, we used a covariate of the number of sound files where participants were engaged in conversation.





Age and Autobiographical Memory and Future Thought Detail Sharing

In regard to past memory detail generation, age was negatively related to the average number of total details produced while describing autobiographical episodic memories, rs(94) = −0.30, p = 0.003 (Figure 4). Age was significantly and negatively related to average episodic, rs(94) = −0.23, p = 0.02, and semantic details, rs(94) = −0.30, p = 0.003, separately. The magnitude of these two relationships did not significantly differ, z = 0.57, p = 0.57.
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FIGURE 4. Bivariate Spearman correlations between average (avg) (A) total, (B) episodic, and (C) semantic details produced in sound files containing autobiographical episodic memories (EM) and age.



For future episodic thought sharing, age and the average total details produced was not significant, rs(80) = 0.01, p = 0.90. Similarly, there was no significant correlation between age and average episodic details, rs(80) = −0.02, p = 0.88, or age and average semantic details, rs(80) = 0.04, p = 0.72. Figure 5 depicts these three relationships.
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FIGURE 5. Bivariate Spearman correlations between average (avg) (A) total, (B) episodic, and (C) semantic details produced in sound files containing future episodic thoughts (FET) and age.




Episodic Detail Sharing in Daily Conversation


Episodic Detail Generation During Past Episodic Event and Future Episodic Thought Sharing

The correlation between the average number of episodic details produced during autobiographical episodic memory sharing and future episodic thought sharing, while positive, was not significant, rs(80) = 0.18, p = 0.10 (Figure 6).
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FIGURE 6. Bivariate Spearman correlation between average (avg) past episodic details and future episodic details generated in sound files with episodic memories (EM) and future episodic thoughts (FET), respectively.





Laboratory-Based Cognitive Tests of Working Memory and Episodic Memory

Contrary to laboratory-based findings, our measure of working memory, DSB, was not significantly correlated with the average number of episodic details produced when participants shared autobiographical episodic memories in daily conversation, rs(68) = −0.01, p = 0.96. However, consistent with laboratory-based findings, the association between a laboratory measure of episodic memory (i.e., CVLT LDC) and episodic detail provided while sharing autobiographical episodic memories was also not significant, rs(65) = 0.05, p = 0.66. See Figure 7 for both correlations. Interestingly, age was not significantly correlated with our laboratory-based cognitive measure of working memory, rs(68) = −0.08, p = 0.49, or verbal episodic memory, rs(65) = −0.12, p = 0.32.
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FIGURE 7. Bivariate Spearman correlations between average (avg) episodic detail generation in sound files that contained episodic memories (EM) and (A) measures of working memory (i.e., Digit Span Backward raw score) and (B) episodic memory (i.e., California Verbal Learning Test [CVLT] long delay cued recall raw score). The jitter of data points was used to ensure minimal overlap, which pushed some CVLT scores of 16 (maximum score) above that value.





Gender Comparison of Episodic Detail Generation

Contrary to some laboratory-based findings, men (M = 2.95, SD = 1.00) and women (M = 2.81, SD = 0.85) produced comparable averages of the number of episodic details when describing episodic memories, t(94) = 0.73, p = 0.47, 95% CI (−0.24, 0.51; Figure 8). Co-varying for age did not alter these outcomes, p = 0.50.
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FIGURE 8. Average (avg) episodic details per episodic memory (EM) in males and females.









DISCUSSION

Individuals share autobiographical memories to juggle a wide range of everyday social situations, including navigating social bonds, teaching others, and solving problems (Pillemer, 1992; Bluck and Alea, 2002; Pasupathi et al., 2002; Bluck, 2003; Bluck et al., 2005). Prior laboratory-based research has extensively studied how the sharing of autobiographical memories appears to change with older age, with one key finding being that there is a robust age-related reduction in episodic memories that is evident in both the frequency at which such memories are retrieved (Piolino et al., 2006; Ros et al., 2009, 2017; Ford et al., 2014) and how much episodic detail is shared to describe unique life events (Levine et al., 2002; Addis et al., 2008; Gaesser et al., 2011; Devitt et al., 2017). The present study utilized the EAR, a method that has recently been applied to capture memories being shared in everyday conversations as they happen (Demiray et al., 2018, 2019; Brianza and Demiray, 2019), to extend the assessment of episodic specificity out of the laboratory and shed light on how older age and episodic specificity are related in the real-world.

By tracking the frequency with which autobiographical memories were generated in social conversations over 4 days, we found that, in an older adult sample, older participants shared fewer autobiographical episodic memories than younger participants. Interestingly, older age also was associated with reduced autobiographical semantic memory sharing in daily conversation. Notably, the magnitude of the effects of age on episodic memory and semantic memory sharing were similar, and not significantly different when directly compared. Together, these findings suggest that older age was linked to a global reduction in the social sharing of autobiographical memories, independent of how often individuals conversed. These results extend our knowledge of the relationship between age and episodic memory by showing that a reduction in the retrieval of episodic memories is not only evident in the laboratory (Piolino et al., 2006; Ros et al., 2009, 2017; Ford et al., 2014), but also during memory sharing in daily conversations. Our findings further suggest that age-related reductions in memory retrieval may not be specific to episodic reflections, at least when autobiographical memory is assessed in daily conversations in the context of increased age among older adults. We interpret these findings as consistent with the integrity hypothesis of default network functioning (Andrews-Hanna et al., 2014, 2019), which predicts that age-related decline in the functionality of the default network should result in a broad reduction in the frequency at which one’s thoughts drift towards the personal past.

Regarding details attached to autobiographical episodic memories, we found a significant negative relationship between age and overall detail generation. Interestingly, older age was not exclusively linked to less episodic detail production, as there was a significant negative relationship between age and semantic detail as well, consistent with the integrity hypothesis of default network functioning (Andrews-Hanna et al., 2014, 2019). The relationship between age and episodic detail did not differ statistically from the magnitude of the age and semantic detail relationship. Thus, similar to our analyses of overall memory sharing, our findings likely suggest that older age has a global, negative effect on memory detail generation while sharing episodic memories. While prior work indicates that reductions in episodic detail may be relevant to social cognitive behavior, including social problem-solving (Vandermorris et al., 2013; Madore and Schacter, 2014) and empathy or intentions to help others (Gaesser, 2013; Gaesser and Schacter, 2014), future research can investigate the broader implications of less semantic detail retrieval in social recollection.

Relative to the autobiographical memory findings, our naturalistic observation of autobiographical future thought-sharing produced weaker relationships with older age. These outcomes are surprising, considering the theoretical and empirical link between remembering and imagining (Schacter and Addis, 2007; Addis et al., 2008; Madore et al., 2014; Addis, 2018). Interestingly, whereas the negative correlation between older age and episodic future thought sharing was not significant, there was a significant, negative association between older age and future semantic thought sharing. Therefore, for both remembering and imagining in daily conversation, older age was linked to less outward retrieval of semantic information. On the one hand, these findings are difficult to reconcile with an executive coupling framework (Piolino et al., 2010; Turner and Spreng, 2015; Spreng et al., 2018) or narrative style differences (James et al., 1998; Trunk and Abrams, 2009; Gaesser et al., 2011), and seem more consistent with the integrity hypothesis of default network functioning (Andrews-Hanna et al., 2014, 2019). On the other hand, the low number of future thoughts captured for many participants raises some concerns about the stability of these findings. Similarly, the low frequency of future thought sampling may have compromised the reliability of our estimates of individual differences in details attached to future thoughts, which may explain why we did not find a significant association between age and episodic or semantic detail generation while describing future episodic thoughts. The low frequency of future thought sampling also may be relevant to understanding why we did not find that individual differences in episodic detail generation while remembering were reflected in future event sharing in daily conversation. Therefore, future studies will need to examine whether, with a greater sampling of shared future thoughts in daily conversation, stronger associations to older age are detectable.

In addition to investigating the frequency and detail make-up of autobiographical memory and future thought sharing, we also examined the degree to which a few laboratory-based outcomes on episodic detail generation were evident in the sharing of episodes in daily conversation. Similar to laboratory-based research (Palombo et al., 2015; Grilli et al., 2018a), we did not find a correlation between a list learning task and episodic detail generation while sharing autobiographical memories. Therefore, findings from both laboratory and naturalistic methods suggest that traditional verbal learning and memory tests may not provide much insight into the nature of real-world episodic specificity. More broadly, these results highlight the clinical importance of assessing episodic specificity of autobiographical memory sharing.

There were also two notable differences between laboratory-based work and our study of naturalistic autobiographical memory sharing. In our study, working memory was not associated with episodic specificity, a correlation that laboratory research has found in older adults. It is possible that our naturalistic sampling of autobiographical episodic memory sharing was not related to working memory because the memories captured were often shorter than what is reported in laboratory studies. We noticed that in their natural conversations, individuals often completed their description of a memory in less than the 30-s window of the EAR recording. Thus, it may be that working memory, perhaps in particular feature binding (i.e., episodic buffer; Baddeley, 2000; Piolino et al., 2010), is less important for the telling of shorter memories, and instead crucial for integrating and maintaining content over extended sharing. Another possibility is that our ability to capture a relationship was obscured given that only memory fragments were often captured. Future research using the EAR for this purpose could increase the recording time to better capture verbalized autobiographical memory sharing and examine different aspects of working memory more fully.

In addition to working memory, in contrast to laboratory-based work, we did not reveal gender differences in autobiographical memory sharing, as men and women were equally specific in their daily lives while conversing with others about past episodes. Although the current study did not directly address an underlying mechanism for the discrepancy between the findings of our naturalistic assessment and those of laboratory-bases studies, one possibility is that social and contextual interactions may modulate episodic specificity. In other words, men and women may express various degrees of autobiographical memory specificity depending on context (e.g., other individuals involved in the conversation; Aukett et al., 1988; Grysman and Hudson, 2013) and on the purpose that sharing serves (e.g., social bonding, teaching; Bluck, 2003). These factors may be critical to whether gender differences emerge. An alternative, and not mutually exclusive, explanation could be related to differences in available cues provided in naturalistic and laboratory environments. There is evidence that men may be more sensitive to visual/spatial cuing than women such that particular brain regions associated with greater detail, reliving, and richness showed greater activation to visuospatial compared to verbal cues in an autobiographical memory task (St. Jacques et al., 2011). These results might mean that the level of episodic specificity in men and women depends on the environmental cues of the experiment (i.e., visual/spatial cues in naturalistic studies and verbal cues in laboratory studies). Finally, many of the studies examining gender differences in autobiographical memory specificity were conducted in younger individuals (Wang et al., 2011; Fuentes and Desrocher, 2013; Wang, 2013). These findings have been extended to older individuals (Pillemer et al., 2003), but more research should be done to fully investigate possible gender differences in the specificity of socially shared personal episodes in older individuals.

The present study has a few main limitations that are worth considering. First, although episodic specificity differences have been found in laboratory-based studies of older adult cohorts (Piolino et al., 2002; De Beni et al., 2013), more often, an older adult group is compared to a young adult group. Thus, it may be that older adults, as a cohort, tend to generate more semantic memories in everyday life and provide more semantic details than young individuals, as would be predicted by executive coupling (Piolino et al., 2010; Turner and Spreng, 2015; Spreng et al., 2018) and narrative style theoretical models (James et al., 1998; Trunk and Abrams, 2009; Gaesser et al., 2011), but there is a relative decline in these features across older adulthood. A future study could address this possibility by evaluating autobiographical memory sharing across the adult age spectrum. A young vs. older adult comparison could further evaluate the degree to which other laboratory-based findings related to aging and autobiographical memory translate to real-world remembering in daily conversations, such as a relationship to working memory. Second, as is the case for studies of real-world behavior, our naturalistic recording approach inherently provides decreased experimental control over study conditions when compared to laboratory-based studies. Future research will need to examine whether real-world contextual features, such as with whom and where one is speaking, influence the relationship between older age and autobiographical memory. Such social and environmental differences could have contributed to the divergence between laboratory and real-world autobiographical memory assessment reported in the present study. In some respects, variability in environmental and social features can be an advantage, revealing contexts that prominently affect performance among older adults. We suggest that by pairing both in- and out-of-laboratory designs, one could strike a balance between the generalizability that naturalistic observation affords and the high level of experimental control of the laboratory. A third limitation is that the EAR can only capture verbalized memories and future thoughts, leaving in the dark memories and simulations that are part of internal cognition. This may be particularly noteworthy for the naturalistic assessment of future thinking, given that we captured fewer instances of sharing future thoughts (thus replicating Demiray et al., 2018). Other everyday assessment methods, such as diary studies or other thought sampling designs of self-reported vividness and content of future thoughts, may be better suited for capturing and assessing the quality of future thoughts. Fourth, with longer EAR snippets, we would be in a better position to examine the dynamic relationship between episodic and semantic detail use (Devitt et al., 2017). Relatedly, collecting EAR data over more than 4 days would likely boost the frequency of captured future thought-sharing in daily conversation, which may improve our ability to reliably evaluate the relationships between real-world autobiographical future thinking and older age. More days of EAR data collection would also presumably boost the frequency of autobiographical memories captured and variety of environmental contexts, which would allow for further investigation of how contextual features of daily conversation (e.g., with whom or where one is engaged in a conversation) relate to autobiographical memory sharing. Finally, while the selection of the two standard cognitive tests used in the present study was based on data from prior studies (Addis et al., 2008; Grilli et al., 2018a), not all participants received them and there was only one test per domain. A future study could administer a larger battery to more participants that includes a greater range of assessments for each cognitive construct.

Despite these limitations, the present study sheds new light on how older individuals share autobiographical memories in real-world contexts, and in the process, lays the foundation for future research using new technologies to further investigate a host of clinical and functional implications of memory sharing. On the clinical side, reduced episodic specificity has been documented in a range of neurologic conditions (e.g., dementia and amnesia, Irish et al., 2011, 2012; Palombo et al., 2018) and psychiatric conditions (e.g., schizophrenia and depression; Potheegadoo et al., 2014; Söderlund et al., 2014; MacDougall et al., 2015). Both in-laboratory and unobtrusive naturalistic acquisition of autobiographical memory could be useful clinical tools for tracking changes in episodic specificity in these populations. For example, evaluating baseline episodic specificity in-clinic or in-laboratory could indicate a need for follow-up assessments of specificity using naturalistic methods such as the EAR. Furthermore, including real-world observation of autobiographical memory could provide increased coherence in clinicians’ understanding of subjective patient complaints with observed deficits. Given that our standard working memory and verbal episodic memory tests were not significantly related to age, real-world memory assessment may be more sensitive to age-related cognitive changes than many laboratory-based cognitive tests, which tend to be socially decontextualized. However, we acknowledge that in future work, other standard cognitive tests will need to be compared to naturalistic assessment. On the functional side, autobiographical memory has been linked to performance on problem-solving tasks (Vandermorris et al., 2013; Madore and Schacter, 2014; McFarland et al., 2017), creative thinking (Madore et al., 2015), and emotion regulation (Jing et al., 2016). Therefore, naturalistic assessment of daily conversation using new technologies such as the EAR has the potential to be another important method for understanding the degree to which autobiographical memories are being adaptively applied to a variety of cognitive processes that are critical for wellbeing (Seifert et al., 2018).

In sum, in the present study, we used a new technology that has been recently applied to study memory sharing in natural social contexts (Demiray et al., 2018, 2019; Brianza and Demiray, 2019) and found that cross-sectionally, older individuals in the sample demonstrated lower frequencies of autobiographical memory sharing in everyday conversations, a relationship that affected both episodic and semantic memories. For episodic memories, older age was also linked to a reduction in the level of detail at which events were described. In terms of future autobiographical thought sharing, age was neither related to sharing of future episodic thoughts nor sharing of all details in future episodic thoughts. Interestingly, age was negatively correlated with future semantic thought sharing. Additional analyses revealed a commonality with findings from laboratory research (i.e., a lack of a relationship between specificity and a cognitive test of episodic memory) and differences (i.e., lack of a relationship between episodic detail in memories and future thoughts, lack of a relationship between episodic specificity and working memory, and gender differences). Overall, our findings align with recent research showing that the EAR and similar new technologies for unobtrusively capturing cognition “in the wild” can complement laboratory-based approaches and provide new insights into the actual use of autobiographical memory in everyday life.
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FOOTNOTES

1^Education was not significantly related to age, gender, or any of the variables reported in the “Results” section.

2^Mini-Mental Status Examination scores for two participants were not available.

3^Because 23 participants only had long delay cued recall scores from the first edition of the CVLT, we ran the correlation with EAR episodic specificity separately for those with first edition CVLT scores and those with second edition CVLT scores. In both cases, we obtained the same results (i.e., no correlation between episodic memory and past episodic specificity).
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Background: A shift towards the dynamic measurement of physiologic resilience and improved technology incorporated into experimental paradigms in aging research is producing high-resolution data. Identifying the most appropriate analysis method for this type of data is a challenge. In this work, the functional principal component analysis (fPCA) was employed to demonstrate a data-driven approach to the analysis of high-resolution data in aging research.

Methods: Cerebral oxygenation during standing was measured in a large cohort [The Irish Longitudinal Study on Aging (TILDA)]. FPCA was performed on tissue saturation index (TSI) data. A regression analysis was then conducted with the functional principal component (fPC) scores as the explanatory variables and transition time as the response.

Results: The mean ± SD age of the analysis sample was 64 ± 8 years. Females made up 54% of the sample and overall, 43% had tertiary education. The first PC explained 96% of the variance in cerebral oxygenation upon standing and was related to a baseline shift. Subsequent components described the recovery to before-stand levels (fPC2), drop magnitude and initial recovery (fPC3 and fPC4) as well as a temporal shift in the location of the minimum TSI value (fPC5). Transition time was associated with components describing the magnitude and timing of the nadir.

Conclusions: Application of fPCA showed utility in reducing a large amount of data to a small number of parameters which summarize the inter-participant variation in TSI upon standing. A demonstration of principal component regression was provided to allow for continued use and development of data-driven approaches to high-resolution data analysis in aging research.

Keywords: data-driven analysis, functional principal component analysis, near infrared spectroscopy, cerebral oxygenation, ageing, orthostatic hypotension


INTRODUCTION

Measures of physiologic resilience are of increasing interest to the field of aging as they can identify an older person’s vulnerability to negative outcomes when faced with a stressor (Hadley et al., 2017; Varadhan et al., 2018; Kuchel, 2018). Assessment of resilience requires the tracking of a response to a stressor such as monitoring of the recovery of the cardiovascular system to standing from a supine position (Kim et al., 2011; Romero-Ortuno et al., 2011; McCrory et al., 2016; O’Connell et al., 2018). Improved technology in aging research can record stressor response at high spatial and temporal resolution. While this provides an opportunity to investigate physiological phenomena occurring in shorter timeframes and at smaller scales, it also presents a technical challenge for researchers in identifying the most appropriate methods to analyze the data. Recent publications are showing a growing interest in applying robust analysis methods for collinear, high-resolution data (Odden and Melzer, 2019; Wallace et al., 2019). An example of this type of data is generated in the study of orthostatic hypotension (OH) through monitoring of the neurovascular reaction to standing. Upon standing, both blood pressure and cerebral oxygenation show a rapid decline within 10–20 s after initiation (Finucane et al., 2017; O’Connor et al., 2020). This is followed by rapid recovery, with both signals returning to near baseline by 40 s after standing on average (Finucane et al., 2017; O’Connor et al., 2020). This is generally followed by a slower recovery over the next few minutes (Finucane et al., 2017; O’Connor et al., 2020).

An important risk factor for falls and other health outcomes, OH is assessed by measuring blood pressure recovery after standing (active stand protocol) or passive tilting (head-up tilt test; Kenny et al., 1986; Romero-Ortuno et al., 2013). The consensus definition for OH is a drop in systolic blood pressure (SBP) of ≥20 mmHg and/or a drop of ≥10 mmHg in diastolic blood pressure (DBP) within 3 min of standing (Kaufmann, 1996; Freeman et al., 2011). Traditionally, this was measured at discrete time points using a sphygmomanometer and more recently acquired continuously at high temporal resolution via beat-to-beat monitoring. The continuous monitoring of BP upon standing allows for an individual’s response profile to be examined in much greater detail. For example, assessment of the initial reaction to standing can reveal impairment; when SBP drops by ≥40 mmHg in the first 15 s this is referred to as initial orthostatic hypotension (Finucane et al., 2014, 2017; McCrory et al., 2016; O’Connell et al., 2018).

The effect of insufficiency in peripheral blood pressure may not translate to cerebral hypoperfusion due to the brain’s intrinsic mechanisms for maintaining sufficient cerebral tissue perfusion (i.e., cerebral autoregulation; CAR; Xing et al., 2017). Assessment of dynamic CAR, occurring in response to rapid changes in BP, has been described using Transcranial Doppler Ultrasound (TCD) to quantify cerebral blood flow (CBF) with quick deflation of a leg cuff driving changes in BP (Aaslid et al., 1989). A sit-to-stand maneuver can also be performed to invoke changes in systemic BP which allow the tracking of CAR (van Beek et al., 2008). Whereas TCD measures the CBF in the basal arteries of the brain, near-infrared spectroscopy (NIRS) may be used to measure cerebral oxygenation levels (Colier et al., 1997; Mehagnoul-Schipper et al., 2000; Kawaguchi et al., 2001; Kim et al., 2018; Mol et al., 2019). Although sit-to-stand or supine-to-stand tests are suitable for older adults, the speed of postural transition is heterogeneous and the hemeodynamic response is influenced by standing speed (de Bruïne et al., 2017; Mol et al., 2019; O’Connor et al., 2020). This is not unexpected given that much of the physiological response to standing is driven by muscle activation in the lower limbs (van Wijnen et al., 2017). In addition to the magnitude of central and peripheral hemeodynamic changes following orthostasis, the timing of nadir is of interest. Particularly when the speed of transition has been shown to vary from 2 to 27 s in older adults (O’Connor et al., 2020). Evaluation of CAR with aging may be confounded by the time taken to complete the postural transition. Commercial NIRS devices acquire data at a high temporal resolution, methodologies for analyzing these data have, however, focused on discrete time-points and feature identification with little consideration of timing differences (Briggs et al., 2018, 2019).

Functional principal component analysis (fPCA) is an established method for time-series analysis and data dimensionality reduction which can be used to identify complex trends in data including temporal changes. This work aimed to describe an application of fPCA to assess the association between transition speed during a supine-to-stand challenge and cerebral oxygenation in a large sample of older adults.



METHODS


Cohort

The Irish Longitudinal Study on Aging (TILDA) began data collection in 2009, following a cohort (n = 8,504) of adults aged 50 and over as well as a small number of partners under the age of 50. Data is collected on health, social and financial circumstances (Donoghue et al., 2018). Trinity College Dublin granted ethical approval for the study, the design was compliant with the principles set out in the Declaration of Helsinki and participants provided informed, written consent. This work focuses on data collected from participants who completed TILDA’s health assessment center during the third wave of data collection (2014–2015). Since the primary aim of the article was to describe the implementation and interpretation of FPCA, all those with sufficient data were included in the analysis with a preference for adjusting for covariates as opposed to exclusion. Sample characteristics which have previously been associated with cerebral oxygenation such as depression and blood pressure are presented in Table 1 (Lucas et al., 2010; Briggs et al., 2019).

TABLE 1. Characteristics of the sample.
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Active Stand Protocol

Cerebral oxygenation measurements in TILDA were acquired in a quiet room with a controlled temperature of between 21°C and 23°C. During the active stand, a NIRS device (Portalite; Artinis Medical Systems, Zetten, Netherlands) was fixed to the forehead (3 cm lateral and 3.5 cm superior to the nasion) in approximately in the FP1 position of the ten-twenty electrode system (Klem et al., 1999). The Oxysoft (V3.0.53, Artemis Medical Systems, Zetten, Netherlands) software facilitated data collection and allowed manual signal marking at the beginning of a rest period. A digital photoplethysmography device (Finometer MIDI device, Finapres Medical Systems BV, Amsterdam, The Netherlands) was attached to each participant and used for measuring continuous blood pressure and identifying the timing of postural transitions via a built-in height correction unit. Data were acquired continuously while participants lay supine for 10 min before transitioning to a standing position and remaining standing for a further 3 min. The sampling frequency of the NIRS device was 50 Hz.



Signal Processing and Analysis

Data from the NIRS files were extracted and processed using MATLAB (R2018a, TheMathWorks, Inc., MA, USA). The device recorded both HbO2 (μM) and HHb (μM), from which the summary measure of tissue saturation index (TSI) was calculated using Equation 1.
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Participants were removed from the analysis for missing/erroneous height sensor data or rest markers, as the time of their stand could not be reliably identified. After visual inspection of the signals, exclusions were applied for data suspected to be a measurement error—TSI falling below 10%, absolute HbO2 or HHb of less than 0.1 μM in over a quarter of data points, TSI change of over 45% overall, TSI change of less than 0.1% over first 30 s of stand and participants with a variation of more than 10% in the TSI baseline. Based on the manufacturer’s manual, those with an average fit factor (a measure of agreement between sensors on the NIRS device) of less than 98% were also removed. The time when the stand occurred was identified from the height sensor data, and the NIRS response profiles were subsequently aligned such that the zero second time-point corresponded to the point where the participant had started standing. Data was retained from 1 min before stand to 3 min after meaning each participant’s signal had 12,001 samples (i.e., 4 min of 50 Hz data).



Functional Principal Component Analysis


Overview and Motivation

The fPCA was performed using a freely available MATLAB toolbox (Ramsay and Silverman, 2005; Ramsay et al., 2009). The purpose of applying fPCA, in this context, was to describe each participant’s response using a series of independent functions (i.e., functional principal components). These are defined by a functional loading across time for the NIRS recording which describes the influence of the signal at that time on the component. The functional principal component (fPC) score can then be calculated and is an estimation of the contribution of a component to an individual’s response. These scores may be standardized to Z-scores for interpretability where, for instance, a participant may have a score of +2SD on a specific fPC meaning their response was +2SD above the mean response for that component. This can then be interpreted graphically by plotting the mean ± 2SD of each of the components and is referred to in previous work as single component reconstruction (Brandon et al., 2013). To aid interpretation of the principal components, raw data were averaged over 10 s periods and a correlation matrix with the scores was produced. This enables the reader to assess which regions of the response are correlated with the components. Along with the graphical interpretation, scores can also be leveraged for statistical inference by using them as independent variables in regression (i.e., principal component regression).



Basis Functions, Knots and Smoothing

The first step of performing fPCA is fitting functions to the data. These functions are commonly defined by a linear combination of basis functions (e.g., Fourier, B-spline or wavelet bases). The choice of basis is dependent on the data input, Fourier bases are often used for periodic variation (e.g., seasonal weather changes or biomechanical phenomena repeating over a gait cycle) whereas B-splines may be used to model non-periodic processes such as the active stand (Ramsay and Silverman, 2005; Donoghue et al., 2008). The location of knots for B-splines is user-defined, they can be placed uniformly over the measuring window or located more densely at areas of the signal expected to show more variation (e.g., shortly after/before the stand in the data here). The smoothness of the function is often a subjective choice based on visual inspection of the fit of the function to individual participant data. Automated methods for choosing a smoothing parameter, such as cross-validation, exist but are recommended only for initial guidance (Ramsay and Silverman, 2002).

The NIRS data from the active stand is non-periodic and therefore B-splines were chosen as a suitable set of basis functions to describe the data. Knots were placed at 2-s intervals from 10 s before the stand to 40 s after with additional knots located at the beginning/end, 30 s before stand and 110 s after (Figure 1). This was based on the shape of the mean response and previous literature on cardiovascular responses to standing (Finucane et al., 2014; O’Connell et al., 2018). A smoothing parameter of 1e-8 was chosen based on the appropriate fit to the data and generalized cross-validation results (Ramsay and Silverman, 2005).
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FIGURE 1. Placement of knots located preferentially around the area of the signal expected to show variation based on the mean response and previous works.





Functional Principal Components Regression

Regression analyses may be performed using the scores calculated from fPCA. It is important to decipher how many principal components to retain for analyses of this type. Common methods for achieving this are the scree plot (a graphical representation of the cumulative variance explained by fPCs), choosing components describing a defined proportion of the variance (e.g., 90%) or generalized cross-validation. Transition time (i.e., the amount of time taken to assume a standing position from supine) was used as an outcome variable in this demonstration and linear regression was performed with five fPCs as the explanatory variables. Covariates included in the model were: age, sex, use of antihypertensive or antidepressant medication, BMI and resting mean arterial pressure (MAP). The number of fPCs to use was chosen here by identification of the “elbow” in the scree plot.

In addition to analysis of data from TILDA, a demonstration is provided in Appendix 1 using simulated data to allow for easier implementation by other researchers (i.e., code may be used by replacing simulated data with experimental data). A MATLAB script for generating and analyzing the data is provided. The example of stand data includes a simulated trough magnitude as well as hypothetical timing of minimum, start and end of the nadir. A scree plot and single component reconstructions are presented for the simulated data (Appendix 1, Figures 5 and 6). A principal component regression (using the fPC scores in linear regression) is also performed for demonstration purposes on the simulated data with a theoretical dependent variable that is related to the simulated trough features.
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FIGURE 2. Correlation between 10-s averages of original tissue saturation index (TSI) data and principal component scores.
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FIGURE 3. Scree plot for assessing cumulative variance explained by additional functional principal components (fPCs).
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FIGURE 4. Graphical representations of the first five principal components for TSI (±2 standard deviations).







RESULTS

A total of 2,756 participants’ NIRS data were available for analysis (further detail provided in Appendix 2, Figure 7). Sample characteristics are detailed in Table 1. The mean (SD) age of the analysis sample was 64 (8) years. Females made up 54% and overall 43% had tertiary education. Levels of hypertension and antihypertensive use were similar at 35% and 37% respectively. The sample had a mean (SD) Centre for Epidemiological Studies Depression scale score of 2.9 (3.5) with 7% taking at least one antidepressant medication. Past smokers constituted 43% of the sample compared to 10% current and 48% never smokers. Body mass index was, on average, in the overweight range at 28 (5) kg/m2.

The mean TSI response for the full sample according to the 10 s averaged data consists of a sharp drop on standing followed by an initial recovery and stabilization throughout the rest of the stand (Figure 2). The correlation between the original data and the fPC scores is also shown in Figure 2 (this is analogous to loadings). Similar to previous studies, the “elbow” of the scree plot (Figure 3) was visually identified and 5 modes were chosen for retention (Woods and Edwards, 2007; Wilcox, 2012). The first principal component explained the majority of the variation in the TSI signal throughout the 4 min of rest and standing, accounting for 95.9% of the variation (Figure 3). As expected, the variance explained increased with the inclusion of more principal components with five modes explaining 99.2%.

The first component describes a baseline difference which shifts the entire trace up or down, this is evident in the component reconstruction for fPC1 (Figure 4) and the high correlations with all 10-s averages (Figure 2). The second principal component may be interpreted to represent the offset between baseline and recovery, i.e., how far above or below baseline the recovery stabilizes (Figure 4). This interpretation is supported by the changing sign in the correlation matrix during the transition from drop to recovery (Figure 2) as well as the difference between the baseline and final value on the single component reconstruction for fPC2 (Figure 4). Graphically, the third and fourth mode described the depth of the nadir/peak and the initial recovery (Figures 2, 4). Scores for the third, fourth and fifth components for TSI were linked to the difference between the nadir depth at around 10 s and initial overshoot at around 20 s as well as the temporal shift in where the minimum TSI occurred (Figures 2, 4). In particular, a low score for principal component five appeared to indicate a shifted minimum TSI value i.e., minimum TSI occurred after a longer duration following the transition to stand (Figures 2, 4). Linear regression analysis of the fPCs with the response variable of transition time showed associations between all but the first component (Table 2). The largest regression coefficients were for fPC4 and fPC5, suggesting that transition time is linked to the timing and depth of the nadir. When covariates were added to the model, the adjusted R2 value increased from 0.05 to 0.12 suggesting some of the variances in standing speed is driven by participant factors (Table 3). However, there remained significant relationships between the FPC4 and FPC5 and standing speed after adjusting for these factors (Table 3). Standing speed was associated with age, sex, BMI and antidepressant medication (Table 3).

TABLE 2. Results from linear regression with transition time as the dependent variable and functional principal components as the explanatory variables.
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TABLE 3. Results from linear regression with principal component scores and covariates of age, sex, body mass index (BMI), antidepressants, antihypertensives and mean arterial pressure (MAP).
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The first three components, resulting from fPCA on the simulated data (Figure 5 in Appendix 1), characterized the simulated features of baseline, trough depth and timing. The scree plot also shows that three components are the appropriate choice of fPCs to retain using the “elbow” identification method. Regression analysis showed significant relationships between the scores and simulated features.



DISCUSSION

The purpose of this work was to demonstrate a data-driven approach to the analysis of high resolution and collinear data as generated from dynamic physiological tasks in older adults. This was achieved using cerebral oxygenation data from an active stand protocol and fPCA.

The number of parameters needed to characterize an individual’s TSI response profile was reduced from several thousand time-points to five fPC scores which explained a large proportion of variance in the sample. The study demonstrates how component scores can be interpreted for use in further statistical analysis. In particular, the main interests of the active stand protocol were well characterized by the fPCs. Other aspects of the response such as the depth of the initial drop or the timing of the peak drop were also well described by subsequent components. Transition time demonstrated an association with several fPC scores related to the timing and magnitude of the nadir after standing. This is notable as identification of timing differences may be difficult to detect with traditional analysis methods.

The study of the orthostatic response to standing from supine is of interest in older adults given its relationship with falls, depression and mortality (McCrory et al., 2016; Finucane et al., 2017; Briggs et al., 2019). Given the range in older adult mobility, the speed at which the transition is completed is an important source of variation that is associated with both timing and magnitude of hemeodynamic parameters (de Bruïne et al., 2017; Mol et al., 2019; O’Connor et al., 2020). The musculoskeletal effort of standing causes vasodilation in the lower limbs (as evidenced by larger changes during active vs. passive stand; van Wijnen et al., 2017). A faster transition may lead to quicker dilation of the vasculature and has shown larger changes from baseline in TSI and blood pressure (O’Connor et al., 2020). A slower transition can lead to a delayed nadir in orthostatic measures and the identification of temporal differences (FPC4 and FPC5) in this work are important for the interpretation of previous studies which assume minimum values occur at the same time after stand (e.g., 10 s after stand). The time taken to transition is related to aging, sex, BMI, and antidepressant medication use; therefore, adjustments should be made for analysis of cerebrovascular function in aging using supine-to-stand tests.

The data sampling rate has been increasing in many areas of aging research including during continuous monitoring of blood pressure and cerebral oxygenation (Kawaguchi et al., 2001; Briggs et al., 2018, 2019; O’Connell et al., 2018). Commonly, data reduction is achieved via time point averaging (e.g., 10-s averages), however, given the relatively high sampling frequency capabilities of commercially available devices this leads to most of the collected data being discarded. As such, complex trends may be difficult, if not impossible to identify with this type of analysis; fPCA can reveal such trends in the data (e.g., temporal trends such as shifting peak/drop associated with fPC5). Principal component regression also addresses the issue of collinearity, with the ability to provide a small number of continuous independent parameters which characterize the entire response profile. The analysis pipeline demonstrated in this work may prove useful to researchers wishing to investigate links between high-resolution, collinear data collected in research into aging and outcome measures. This type of analysis, with additional development, may ultimately prove useful in a clinical setting for automated analysis of NIRS data, identifying subtle trends in the active stand response which may be associated with poor or desirable outcomes. Starting to address limitations in modeling methods for physiologic resilience tests can facilitate the development of improved prediction for important outcomes such as falls, cognition or mortality (Wallace et al., 2019).

A large proportion of the variance between individuals was explained by the first component (96%) suggesting that the differences in baseline dominated. This is similar to trends in other hemeodynamic measures during standing such as heart rate and blood pressure. However, the proportion of variance explained by the baseline shift is larger in the case of TSI given the stand elicits an attenuated reaction compared to that of BP (i.e., TSI changes of 1–2% whereas BP changes by around 25%; O’Connor et al., 2020). This smaller change of TSI is expected given the action of cerebral autoregulation and changes of this magnitude have shown an association with outcomes, such as depression, in TILDA (Briggs et al., 2019). The remaining components (FPC2–FPC5) cover a small proportion of the variance (3.2%) but represent the changes in cerebral oxygenation brought about by standing. These components were useful in predicting standing time in the study and previous works have shown that components with low variance explained can still be crucially important (Jolliffe, 1982).

Notwithstanding these advantages, the analysis of NIRS data in this manner does have some limitations. Firstly, the selection of the number of components to use to adequately represent the data can be challenging, although objective criteria do exist to assist in making this selection (Jolliffe, 1982). Additional methods such as cross-validation or parallel analysis may be required for robust identification of the number of components needed for identifying relationships with specific outcomes. Secondly, the direct effect of NIRS measurements at a specific time-point on the dependent variable may be difficult to decipher given that several components (which are influenced by the same time point) can be related to the outcome measure simultaneously. Clinicians may find it difficult to identify modes of variation in the data by eye; however, this can be facilitated by the development of a software package to fit the fPCA model described herein to a particular individual’s measured response profile. The principal components presented here are generated from those who attended TILDA’s health center and had valid data for NIRS. To ensure population representativeness, considering sample loss and non-attendance, weighting should be considered when the method is applied to specific outcome measures. Systems using NIRS can produce reliable estimates of CAR during orthostasis and have shown utility in clinical studies using head-up tilt testing (Bachus et al., 2018; Mol et al., 2020). There is a high correlation between CAR assessed using either TCD or NIRS (Zweifel et al., 2010). The NIRS system in this study has an estimated penetration depth of 20 mm into the prefrontal cortex, future work assessing the correlation between oxygenation in this area and other regions of the brain is of interest.



CONCLUSION

In conclusion, fPC regression shows utility in identifying independent parameters which characterize the cerebral oxygenation reaction to standing. A demonstration of principal component regression was provided to allow for continued use and development of data-driven approaches to high-resolution data analysis in aging research.
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APPENDIX


Appendix 1

This section includes a Github link (https://github.com/JohnDOConnor/TILDA_bioengineering) to code for performing principal component regression. Simulated data is used here for demonstration. Each simulated signal has a random trough time, magnitude and baseline. The component reconstructions demonstrate the ability to identify these trends in the first 3 components, the scree point also shows little benefit from including more than 3 components.


[image: image]

FIGURE 5. Single component reconstructions for the first five functional principal modes from simulated data.
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FIGURE 6. Scree plot showing the cumulative variance explained by each additional principal component in the simulated data.





Appendix 2
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FIGURE 7. Exclusions for cerebral oxygenation data.
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Describing the trajectories of age-related change for different brain structures has been of interest in many recent studies. However, our knowledge regarding these trajectories and their associations is still limited due to small sample sizes and low numbers of repeated measures. For the present study, we used a large longitudinal dataset (four measurements over 4 years) comprising anatomical data from a sample of healthy older adults (N = 231 at baseline). This dataset enables us to gain new insights about volumetric cortical and subcortical changes and their associations in the context of healthy aging. Brain structure volumes were derived from T1-weighted MRI scans using FreeSurfer segmentation tools. Brain structure trajectories were fitted using mixed models and latent growth curve models to gain information about the mean extent and variability of decline trajectories for different brain structures as well as the associations between individual trajectories. On the group level, our analyses indicate similar linear changes for frontal and parietal brain regions, while medial temporal regions showed an accelerated decline with advancing age. Regarding subcortical regions, some structures showed strong declines (e.g., hippocampus), others showed little decline (e.g., pallidum). Our data provide little evidence for sex differences regarding the aforementioned trajectories. Between-person variability of the person-specific slopes (random slopes) was largest in subcortical and medial temporal brain structures. When looking at the associations between the random slopes from each brain structure, we found that the decline is largely homogenous across the majority of cortical brain structures. In subcortical and medial temporal brain structures, however, more heterogeneity of the decline was observed, meaning that the extent of the decline in one structure is less predictive of the decline in another structure. Taken together, our study contributes to enhancing our understanding of structural brain aging by demonstrating (1) that average volumetric change differs across the brain and (2) that there are regional differences with respect to between-person variability in the slopes. Moreover, our data suggest (3) that random slopes are highly correlated across large parts of the cerebral cortex but (4) that some brain regions (i.e., medial temporal regions) deviate from this homogeneity.

Keywords: aging, structural MRI, latent growth curve model, longitudinal data analysis, cortical and subcortical brain structure trajectories


INTRODUCTION

Growing old is accompanied by physical and cognitive declines. It is of great importance to know how these declines can be kept at a minimum so that the quality of life can remain high. By using brain imaging techniques like magnetic resonance imaging (MRI), one can observe that the brain does undergo pronounced changes with aging (Oschwald et al., 2019). Many recent studies have described aging-related change for different brain structures (Du et al., 2006; Leonard et al., 2008; Driscoll et al., 2009; Fjell and Walhovd, 2010; Raz et al., 2010, 2005; Walhovd et al., 2011; Ziegler et al., 2012; Fjell et al., 2013, 2009; Pfefferbaum et al., 2013; Storsve et al., 2014; Fraser et al., 2015; Jäncke et al., 2015; Potvin et al., 2016; Coupé et al., 2017; Narvacan et al., 2017; Vinke et al., 2018). For most brain structures investigated in these studies, an average annual volumetric decline ranging between 0.2 and 0.8% has been reported. This volumetric decline comes with some regional variability, meaning that some brain structures are more sensitive to age decline than others, with no clear consensus about which brain region or cortical lobe shows the largest volumetric losses. Furthermore, the results of these studies were heterogeneous, whether the aging-related changes differ between men and women. Besides the extent of decline, many of the aforementioned studies were also interested in whether the trajectories of volumetric decline follow linear or non-linear shapes. Accelerated decline with advancing age has repeatedly been reported in some subcortical and medial temporal lobe structures, while the decline of total gray matter volume has been reported to follow a more linear shape (e.g., Walhovd et al., 2011; Ziegler et al., 2012; Vinke et al., 2018). In general, however, the decline patterns of subcortical structures in the last decades of life seem to be rather diverse (e.g., Walhovd et al., 2011; Ziegler et al., 2012). Generally, estimates of average trajectories seem to be quite noisy because information about average annual decline rates often comes from suboptimal sources, such as (a) cross-sectional studies (e.g., Fjell and Walhovd, 2010; Walhovd et al., 2011; Ziegler et al., 2012), (b) longitudinal studies with only two repeated measures (e.g., Raz et al., 2005; Fjell et al., 2009; Storsve et al., 2014; Narvacan et al., 2017), or (3) longitudinal studies that did not separate the between-subject from the within-subject effects by using between-subject information in estimation of average trajectories (e.g., Driscoll et al., 2009; Narvacan et al., 2017; Vinke et al., 2018). Estimation of average trajectories from cross-sectional data is very noisy because there is a lot of between-subject variance in these brain structures. In addition, the estimates may be more easily biased by other factors (e.g., cohort effects). Secondly, because longitudinal MRI studies are resource-intensive, the number of repeated measures usually falls short. This is problematic because three repeated measures are minimally required to properly estimate a linear slope model with random intercepts and random slopes, while four or more repeated measures are preferred (Muthén and Curran, 1997; Curran et al., 2010). Although there was already a body of research dedicated to structural brain changes in aging, data from longitudinal studies with more than three repeated measures would be beneficial for more accurate estimation. Lastly, by separating between-subject from within-subject variances, longitudinal studies result in more precise estimates for longitudinal changes.

Most of the previous studies (Du et al., 2006; Leonard et al., 2008; Driscoll et al., 2009; Fjell and Walhovd, 2010; Walhovd et al., 2011; Ziegler et al., 2012; Fjell et al., 2013, 2009; Pfefferbaum et al., 2013; Storsve et al., 2014; Fraser et al., 2015; Jäncke et al., 2015; Potvin et al., 2016; Coupé et al., 2017; Narvacan et al., 2017; Vinke et al., 2018) focused on population average annual structural brain changes. While these average structural changes surely are of interest, they provide only a part of the characterization of aging-related change because aging affects people differently. Consequently, we would expect that the changes in brain structure also vary between individuals, even in healthy aging people. There may be brain structures that show high variability in the amount of decline between individuals, while others may show only marginal variability. Brain structures that show high between-person variability are of special interest because these structures may be more vulnerable to environmental factors and lifestyle choices (Raz et al., 2005). In addition, estimating the associations between the person-specific brain structure trajectories would provide important information about the heterogeneity of the aging process in the brain. By this, we could investigate if a person with a faster-than-average decline in brain structure A also has a faster-than-average decline in brain structure B. Associations between the trajectories of two brain structures can be classified into level-level, level-change, change-change associations (Oschwald et al., 2019). A level-level association represents the covariance parameter between random intercepts, level-change represents the covariance between random intercepts and random slopes, and change-change represents the covariance between random slopes. So far, slope variability of different brain structures and slope associations between brain structures have only been described in the study by Raz et al. (2005). The authors reported similar random slope variability for almost all of the brain structures they studied. Evidence for an association, however, was only observed for about one-quarter of the studied slope-to-slope associations (Raz et al., 2005). In a later study, Raz et al. (2010) confirmed their previous results regarding slope variability but did not report any associations between the trajectories (Raz et al., 2010, 2005). Due to the limited number of repeated measures, small sample sizes in combination with wide age ranges in these two studies, the resulting estimates should be taken with caution.

Using a longitudinal dataset with four measurement occasions over the span of 4 years, our main goal therefore was (1) to provide more information on the average volumetric decline of lobular and subcortical structures as well as its shape (acceleration of decline with advancing age) and predictors (e.g., potential sex differences) and, most importantly, (2) to gain new insights about the variations of and the associations between person-specific brain structure trajectories in healthy aging.



MATERIALS AND METHODS


Sample Description

Structural MRI data were taken from the Longitudinal Healthy Aging Brain Database Project (LHAB; Switzerland) – an ongoing project conducted at the University of Zurich (Zöllig et al., 2011). We used data from the first four measurement occasions (baseline, 1-year follow-up, 2-year follow-up, 4-year follow-up). For 24 subjects, additional 3-year follow-up data were collected. The baseline LHAB dataset included 232 participants, of which 231 had MRI data and were therefore included in the current analysis (age at baseline: M = 70.8, range = 64–87; females: 113). At each measurement occasion, participants completed an extensive battery of neuropsychological and psychometric cognitive tests and underwent brain imaging. The brain imaging data was usually acquired in the same week as the behavioral assessments. Inclusion criteria for study participation at baseline were age ≥64, right-handedness, fluent German language proficiency, a score of ≥26 on the Mini Mental State Examination (MMSE; Folstein et al., 1975), no self-reported neurological disease of the central nervous system and no contraindications to MRI. Participation was voluntary and all participants gave written informed consent in accordance with the declaration of Helsinki. Self-reported physical and mental health of the sample at baseline, as measured by the SF-12 (Ware et al., 1996), were 50.9 ± 7.4 (M ± SD) and 54.8 ± 6.3, respectively, which indicates above-average health compared to a norm population (Ware et al., 1995). As expected, sample means for these general health indicators slightly declined over time, but still indicated above-average health at 4-year follow-up (physical health score: 50.5 ± 6.9, mental health score: 53.1 ± 8.0, MMSE = 28.3 ± 1.3). At 4-year follow-up, the structural MRI dataset still comprised 72% of the baseline sample (N = 166). The exact attrition pattern is shown in Supplementary Table S1. We were assuming that the missing mechanism was missing at random, meaning that - given the covariates and observed values – missingness should not depend on unobserved values (Bhaskaran and Smeeth, 2014). By using the normalization of the age category of 70–90 years for the entire sample, the mean IQ of the sample was 120.6 (SD = 6.7) at baseline. In follow-up measurements, the participants achieved on average similar IQ scores (Jäncke et al., 2019). Finally, acquisition and processing of MRI data is prone to unwanted influences and errors. We excluded subjects who had rather large influence on parameter estimation as indicated by the Cook’s distance and the loglikelihood contribution of observations (Cook and Weisberg, 1982; Cook, 1986). These Influence measures were obtained with latent growth curve models using the time window approach for the time intervals. Subjects having a Cook’s distance > 0.5 and a likelihood contribution of < −7.5 or a Cook’s distance > 1 and a likelihood contribution of < −4 were excluded. These values were chosen based on visual inspection of the excluded subjects. Depending on the brain structure, 0 to 4 subjects were excluded. The LHAB sample has been used in previous publications of our group (e.g., Jäncke et al., 2019; Oschwald et al., 2019).



Image Acquisition

Magnetic resonance imaging scanning was carried out at the University Hospital of Zurich on a 3.0T Philips Ingenia scanner (Philips Medical Systems, Best, Netherlands). T1-weighted images were recorded with a gradient echo sequence (3D turbo field echo, 160 sagittal slices, slice thickness = 1 mm, in-plane resolution = 1 × 1 mm, FOV = 240 × 240 mm, repetition time = 8.18 ms, echo time = 3.80 ms, flip angle = 8).



Image Processing

FreeSurfer (v5.3, Fischl, 2012) as implemented in the FreeSurfer BIDS-App (Gorgolewski et al., 2017) was used to obtain volumetric measurements of cortical and subcortical structures using the Desikan-Killiany parcellation scheme (Desikan et al., 2006). As part of our data processing pipeline, the structural MR images were visually inspected for good SNR and obvious artifacts (such as motion). In addition, the surfaces, created by the FreeSurfer software, were carefully visually checked for gross deviations. Only very few images (N = 24) had to be excluded from the sample due to insufficient data quality. In addition, for some images (chosen at random), the surfaces, created by the FreeSurfer software, were visually checked for gross deviations.

We deliberately refrained from applying manual correction of the reconstructed surfaces given that previous research showed limited applicability of manual corrections (McCarthy et al., 2015). Furthermore, we believe that manual corrections, particularly in case of longitudinal structural MRI data, can bias the images, not only through between-rater discrepancies but also through inconsistencies in applying corrections across time points.

The sum of the left and the right hemisphere volumes were used for each brain structure. We used the sum of the left and the right hemisphere volumes because we think that the noise in volumetric MRI data is rather high to quantify more fine-grained changes between the hemispheres. Over the chosen brain parcellation, we expect the slopes between the hemispheres to be highly correlated. Furthermore, by using bi-lateral sums over both hemispheres, we could reduce the number of variables. Fewer variables facilitates visualization and pattern detection. Likewise, to keep the number of variables low, we decided to focus on volumetric changes, as one of the most important and widely used structural measures. Additionally, the sole focus on volumetric changes in cortical regions facilitates the comparison with changes seen in subcortical regions.



Statistical Modeling

The trajectories of the brain structures were fitted with linear random slope models, allowing for person-specific intercepts and slopes. To separate the between-subject variance from the within-subject variance, the age predictor was separated in the age-at-study-entry predictor (entry-age) and in the time-difference-between-the-baseline-and-the-subsequent-measurements predictor (slope) (Grimm et al., 2016). Because there were some small deviations from the planned time interval between measures for some subjects, we used the exact follow-up time in the mixed model framework and used a time-window approach in the latent growth curve framework (Grimm et al., 2016). The models were slightly modified depending on the predictors and parameters of interest as described below.

Average population trajectories were fitted with linear random slope models, which included as predictors: slope, intracranial volume (ICV), entry-age, (entry-age)2, slope × entry-age, and slope × ICV interaction. Main parameters of interest were the slope and the slope × entry-age interaction. These two parameters determine the average volumetric decline. The slope × entry-age interaction indicates whether a larger decline with advancing age at study entry is expected. The expected volumetric loss over the span of 20 years (starting at age 65 with an updated slope every 4 years until age 85) was extrapolated from the linear combination of the slope and the slope × entry-age interaction parameter. Bootstrap was used to gain information about the variability of these estimates, as well as about fastest declining brain structures by comparing the extrapolated volumetric declines between each brain structure to each other brain structure in a pairwise fashion. A bootstrapped mass of Region A > Region B was obtained by calculating the percent of bootstrap samples where the decline in region A was estimated to be larger than the decline in region B.

To investigate the effect of sex, average trajectories were fitted for men and women using the same basic model as described above with additional predictors for sex, sex × entry-age, (sex × entry-age)2, sex × slope, and sex × slope × entry-age interactions. Main parameters of interest were the sex × slope and sex × slope × entry-age interactions, as well as the random slope variance parameter. The sex × slope and sex × slope × entry-age interactions quantify the difference between the slopes of men and the slopes of women. The sex × slope × entry-age interaction parameter provides information whether one of the sexes declines faster with advancing age. The random slope variance parameter quantifies how much individuals deviate from the average slopes and therefore shows how heterogenous the decline is in the population.

To evaluate how the decline of brain structures is related to changes in other brain structures, we fitted associations between the trajectories of the different brain structures with bivariate growth models. We applied basically the same (univariate) model as described in the last paragraph but allowing for associations between random intercepts, random slopes, and within-subject errors (at the same time point) between the models. In this analysis, we were mainly interested in the correlation between random slopes. Consequently, only these correlations are reported in the corresponding results section. The results of other analyzed types of associations are provided in the Supplementary Figures S8, S9.

We used a time window approach to approximate the exact time difference between measurements. The number of time bins and the distances were chosen with a k-median algorithm implemented in the R package Ckmeans.1d.dp (Wang and Song, 2011). This resulted in eleven time-bins (0, 1.0, 1.1, 2.0, 2.1, 2.2, 3.0, 4.0, 4.1, 4.2, 4.5 years). Models were estimated using Bayesian estimation with the default priors implemented in Mplus [prior for variance-covariance matrices of size p ∼ Inverse-Wishart (0, -p-1), priors for intercepts and slopes ∼ Normal (0,1010)]. This default covariance prior corresponds to a uniform prior on (-infinity to infinity) for all elements of the covariance matrix (Asparouhov and Muthén, 2010a). A graphical representation of the fitted bivariate models is shown in Figure 1. Bayesian estimation was used (instead of maximum likelihood) because the estimated random slope variance parameters were very small (compared to the within-subject error) for some brain structures. The small random slope parameters may have led to estimation difficulties in the maximum likelihood framework.


[image: image]

FIGURE 1. Simplified illustration of the used bivariate growth model for two brain structures A and B. i_ = random intercept. s_ = random slope. Not shown are the included covariates on the intercept and slopes. Also, the separation of the time intervals into eleven time bins from 0 to 4.5 years is not illustrated. The main interest in our study was on the change-change associations between brain structures. t1: baseline, t2 = 1-year follow-up, t3 = 2-year follow-up, 5 = 4-year follow-up.


To obtain a simple estimate of the multivariate correlation structure on which it was possible to do principal component analysis (PCA), we sampled the plausible values (Asparouhov and Muthén, 2010b) of the random slopes from each of the bivariate models, connecting each structure to each other structure. To obtain just one random slope estimate per person for each structure, we used the mean of the means from the distributions of the plausible values of the bivariate models. The random slope estimates were adjusted for the covariates ICV, sex, and entry-age using regression. Note that this simple estimate will be biased and may underestimate or overestimate the correlations. However, the general covariance pattern should be retained. Visualizing the principal components may reveal some patterns that might not be apparent by looking at the bivariate correlations.



Data Scaling

The various brain regions differ in their total size. To put the amount of volumetric loss on comparable scales between the different brain structures, each brain structure was divided by its intercept multiplied by 100 (at an age of 65 years estimated with linear random slope models including as covariates on the intercept: ICV (grand mean-centered), entry-age, (entry-age)2. Using this scaling, the slope parameter corresponds to the annual percent change of the intercept (at age 65).



Software

The mixed models were fitted with the R package lme4 (v. 1.1-21, Bates et al., 2015). Univariate (for influence measures) and bivariate latent growth curve models were fitted in Mplus (v. 8.4, Muthén and Muthén, 1998–2017)1. The R package MplusAutomation (v. 0.7-3, Hallquist and Wiley, 2018) was used to fit the bivariate models in a loop. Principle components were plotted with the R package factorextra (v. 1.0.5)2.



RESULTS

The raw data trajectories of the different brain structures are shown Figure 2. Excluded subjects are shown in Supplementary Figure S1.
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FIGURE 2. Volumetric brain structure trajectories (sum of left and right hemisphere) colored by sex.



Average Volumetric Declines

The expected volumetric declines over the span of 20 years are shown in Figure 3. The expected slopes were extrapolated from the linear combination of the slope and the slope × entry-age interaction parameter, starting at age 65 with an updated slope every 4 years.
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FIGURE 3. Expected structural slopes. The expected volumetric loss (of the average volumes at age 65) over the span of 20 years (starting at age 65 with an updated slope every 4 years until age 85) was extrapolated from the linear combination of the slope and the slope × entry-age interaction parameters.


We observed some variability in the average volumetric decline of brain structures belonging to the frontal, temporal, and parietal lobe. However, generally, the expected declines from age 65 to age 85 of these regions seem to be in similar ranges (ranging from about 12 to 15% for the majority of structures belonging to the frontal, temporal or parietal lobe). Slightly smaller volumetric declines were estimated for the lateral orbitofrontal cortex and medial orbitofrontal cortex (10%), and the paracentral lobule, rostral middle frontal gyrus and superior frontal gyrus (∼11%). Slightly larger declines were estimated for the fusiform gyrus, entorhinal cortex, temporal pole, and transverse temporal gyrus (∼16 to 22%). Of the occipital regions, the peri-calcarine cortex showed the smallest decline (8%), followed by the cuneus and lingual gyrus (∼11%). The lateral occipital cortex showed a similar decline (14%) as structures of other lobes. Parameter estimates are shown in Table 1. Pairwise comparisons using bootstrap are shown in Supplementary Figure S2.


TABLE 1. Volumetric changes in % of brain structures average volumes (at age 65) with 95% confidence intervals.

[image: Table 1]In most of the temporal, frontal, and parietal regions, an accelerating decline with advancing age was estimated (slope × entry-age parameter in Table 1). This effect was particularly large in the medial temporal lobe regions (fusiform gyrus, temporal pole, entorhinal cortex, and parahippocampal gyrus). In frontal and parietal regions, the acceleration was less pronounced. In these regions, zero was included in all of the 95% confidence intervals of the slope × entry-age parameter. In occipital regions, the decline seemed more steady (lateral occipital cortex, lingual gyrus) or even decelerating with advancing age (peri-calcarine cortex, cuneus). The slope × entry-age parameter estimates are plotted in Supplementary Figure S3.

Volumetric declines of the subcortical regions were heterogeneous. The pallidum showed almost no decline (1%), the putamen and the caudate showed small declines (∼8%), the amygdala and the insula showed a moderate decline (11%), the thalamus a slightly larger decline (15%), and the hippocampus (22%) and the nucleus accumbens (28%) showed a rather large decline in comparison to other regions. The nucleus accumbens showed the largest decline of all the observed brain structures, with a steady decline of about 1.4% per year. The declines of the hippocampus and the amygdala were clearly accelerating with advancing age, while the decline of the putamen and caudate was decelerating with advancing age.



Sex Differences in Trajectories

Given that the estimated total ICV was already included (Table 1, the x-axis of Supplementary Figure S4), allowing for different slopes and different slope × entry-age interactions for men and women did not substantially improve the model fit for most of the brain structures. We would like to emphasize that using ICV as covariate usually eliminates most of the sex influences on brain volume measures (Jäncke et al., 2015, 2019). As expected, the estimated influence of sex were small in comparison with the general slopes at age 70 (slope parameter of the y-axis of Supplementary Figure S4 and Supplementary Table S2). In sum, the data provide little (or even no) evidence that one of the sexes declines faster than the other in the examined age range considering the sample size, the number of comparisons, the observational nature of the study, and the freedom in modeling such trajectories.



Random Slope Variances

The estimated random slope variance parameters from the random slope models (with the following covariates for the slope parameter: entry-age, total-ICV, sex and sex × entry-age) are shown in Table 1 and in Supplementary Figure S5. Reliable (p < 0.05, Table 1) random slope variability was observed in subcortical regions (amygdala, caudate, hippocampus, putamen, thalamus, insula), in medial temporal lobe structures and temporal pole, and in lingual gyrus and peri-calcarine cortex with random slope standard deviations typically ranging between 0.2 and 0.5%. The largest variability was observed in the entorhinal cortex (0.8%), followed by the temporal pole (0.6%), followed by the amygdala, caudate, and hippocampus (∼0.5%). Model fit (evaluated with the likelihood ratio test) clearly improved in these regions when including the random slope parameter. Large variability was further observed in the peri-calcarine cortex, frontal pole, and nucleus accumbens (∼0.5%). However, the model fit did not improve clearly for these regions due to large uncertainty in the estimated random slopes. In most regions of the frontal lobe, the parietal lobe, and the cingulum the random slope standard deviation estimate ranged from 0 to 0.2%. Allowing for random slopes did not substantially improve the model fit in these regions. To illustrate the random slope variation in the expected annual changes, the estimated random slopes are plotted alongside the average slopes at an age of 70 years in Figure 4. In frontal and parietal regions, some subjects were expected to have little decline (∼1%) while others seem to be clearly declining (∼4%) over the span of 4 years. In regions with reliable random slope differences (e.g., hippocampus), some subjects showed almost no decline while others were declining about twice as fast as the average slope.
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FIGURE 4. Estimated person-specific slopes in comparison to the average slope at an age of 70 years. Y-axis represents the% of average volume (at age 65) change. The random slopes were added to the average slope at an age of 70 years.




Associations Between Random Slopes

Associations between the random slopes were estimated in bivariate models using Bayesian estimation with the default priors as provided by Mplus. Figure 5 shows the medians of the posterior distributions of the correlation parameter between random slopes from the bivariate models. The exact numbers are shown in Supplementary Figure S6.
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FIGURE 5. Medians of posterior distributions of correlations between the random slopes of different brain structures. The variance of the posteriors are quite large for many brain structures (as can indirectly be seen when the median is rather far away from zero, but a substantial mass of the posterior distribution is on the other side of zero; * indicates a posterior mass on the other side of zero < 0.05, ** corresponds to < 0.005, *** corresponds to < 0.0005).


In general, there are strong associations between the random slopes within and between the frontal, temporal, parietal and to a lesser extent occipital lobe with estimated correlations typically ranging between 0.5 and 0.9. However, many estimates are not reliable because associations between the slopes estimated for brain structures with little estimated random slope variance (compared to the within-subject error term) resulted in posterior distributions with a large variance under the assumed model. As can be seen in Figure 5, this was the case for a lot of structures.

There are a few exceptions to this homogenous correlation pattern. While the entorhinal cortex, parahippocampal gyrus and temporal pole showed strong and reliable associations with each other, with the hippocampus, and the amygdala, and strong but less reliable associations with other regions (the insula, lateral orbitofrontal and medial orbitofrontal cortex), they were only weakly correlated with most of the other brain structures. Regions from the lateral medial orbital and lateral orbitofrontal cortex showed rather strong but unreliable correlations with each other and further regions (with the temporal pole, with the entorhinal cortex, with the amygdala and with the hippocampus), but weak correlations with most other brain structures. The peri-calcarine cortex showed moderate correlations with other occipital structures and rather weak correlations to other lobe structures.

The correlation pattern involving subcortical structures was in general more diverse. Amygdala, hippocampus, and to a slightly lesser extent insula and thalamus, were strongly and reliably correlated with each other and with temporal lobe structures, but also quite strongly with most other brain structures. The pallidum showed weak correlations with other structures. Putamen and caudate showed strong and reliable correlations with each other but weak or unreliable correlations with other structures. Nucleus accumbens stands out of the pattern because it was negatively correlated with most brain structures. Positive correlations for the nucleus accumbens were limited to the putamen, caudate and ventral DC (diencephalon). However, the estimates involving the nucleus accumbens were unreliable.

To obtain a simple estimate of the multivariate correlation structure on which it was possible to do PCA, we used the mean of the means from the plausible values distributions of the bivariate models. The estimated multivariate correlation matrix of these random slope estimates is shown in Supplementary Figure S7. In general, the correlations were slightly smaller than the ones estimated in the bivariate models but the pattern looked similar. This suggests that the explained variance in PCA may be underestimated, but that the direction of the principle components was reasonably approximated.

Because the data were on similar scales already through the scaling by the intercept in each region, we applied the PCA on the unscaled person-specific slope estimates. The first principle component explained about 35% of the between-person variance of the random slopes and can be seen as a weighted average of most brain regions. It loads strongly on the entorhinal cortex, temporal pole, hippocampus, and amygdala because these regions had large random slope variances. The second principle component (explaining 12% of the slope variances), separates the entorhinal cortex, the temporal pole and the nucleus accumbens from most other structures, indicating that after the general decline has been accounted for, there is still a lot of variability in our sample in these regions (Figure 6 and Supplementary Table S3). The third principle component loads strongly on caudate, and nucleus accumbens, but also on putamen, entorhinal cortex, peri-calcarine cortex, and lingual gyrus, and separates these regions from most other regions (especially amygdala). The fourth component separates the nucleus accumbens, amygdala, and hippocampus from caudate, frontal pole, and temporal pole. The first 10 principal components explained already 85% of the 44 (brain structure) random slope variances.
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FIGURE 6. Biplots of the first eight principal components. PCA was applied to the covariance matrix of the expected random slopes.




DISCUSSION

Our study extends the current knowledge about brain structure trajectories by providing information about healthy aging from a longitudinal study with four repeated measurements and large sample size. In addition to describing the average brain volume trajectories, we put particular emphasis on the variation of the person-specific trajectories and the associations between the person-specific trajectories.


Brain Regions With Largest Decline

Previous research presents a heterogeneous picture about which brain structures are most affected by the volumetric decline in aging. Frontal and temporal lobes were reported to show the largest decline in a large sample size study by Vinke et al. (2018). Other studies report some regional variability in the average volumetric decline but not a clear preference regarding largest volumetric losses for one lobe or lobular region, whereby regions of the occipital lobe were often found to show the smallest decline of the lobular regions (Driscoll et al., 2009; Fjell et al., 2009; Raz et al., 2010, 2005; Pfefferbaum et al., 2013; Storsve et al., 2014). This is in accordance with our data that showed some variability in the average decline in regions of the frontal, temporal and parietal lobes, but in general, these brain regions showed similar volumetric reductions. Entorhinal cortex, temporal pole and transverse temporal gyrus showed slightly larger declines, while half of the regions belonging to the frontal lobe (lateral and medial orbitofrontal cortex, paracentral lobule, rostral middle frontal gyrus and superior frontal gyrus) and regions belonging to the occipital lobe (peri-calcarine gyrus, cuneus, lingual gyrus) showed slightly smaller volumetric reductions than other brain structures.

Subcortical brain structures seem to differ most with respect to their estimated decline trajectories over 20 years. The hippocampus has often been reported to be one of the brain regions with the largest decline and with an accelerating decline with increasing age (Raz et al., 2010, 2005; Fjell et al., 2013, 2009; Narvacan et al., 2017; Vinke et al., 2018). In our data, the hippocampus showed one of the largest volumetric reductions of all the observed brain regions, and the decline was clearly accelerating with advancing age. Further, the amygdala has often been reported to show an accelerated decline with increasing age (Fjell et al., 2013, 2009; Narvacan et al., 2017), which is also consistent with our data.

In our analyses, the nucleus accumbens showed the steepest decline of all the observed brain structures with no acceleration with age. While this is in line with the studies by Coupé et al. (2017) and Fjell et al. (2013), at least one other study proposed an alternative trajectory shape (U-shaped curve; Vinke et al., 2018). The putamen and the caudate have been reported to show slight increases in very old age (Fjell et al., 2013; Coupé et al., 2017). In our data, the slopes of these two regions (especially of the putamen) were decelerating with increasing age. The pallidum showed almost no decline in our study, which was similarly reported in Narvacan et al. (2017), but which is in contrast to the large study by Vinke et al. (2018).

Of note, studies differ in their ways of data scaling. We scaled our data by the average volume at age 65. The percent of volumetric decline depends on data scaling and on the studied age range. This complicates direct comparison to other studies. Another important aspect is that we did not observe subjects over the span of 20 years but estimated the expected decline over 20 years based on the slope and the slope × entry-age parameters. The estimates should be less noisy than in cross-sectional studies, but there is still more noise in these estimates than it would be the case if subjects had been observed over the span of 20 years.



Sex Differences

Previous studies yielded mixed results regarding the question of whether men differ from women in their aging trajectories. Vinke et al. (2018) report statistically significant age × sex interactions in all studied brain regions. Coupé et al. (2017) found sex differences in individuals beyond age 70 when using brain volumes normalized by the ICV. The few studies that separated the between-subject from the within-subject effects generally found no or only little evidence for sex differences in the studied regions (Raz et al., 2010, 2005; Pfefferbaum et al., 2013; Narvacan et al., 2017). Our analyses, in which ICV was included as an additional covariate, do not provide convincing evidence for sex differences in the slopes in almost all studied brain regions. Based on our data and on previous studies, it seems that the sex differences in the expected trajectories are rather small. The estimates, however, may depend on the assumed model e.g., whether we assume a linear and additive model including the covariates ICV and sex or whether the brain regions submitted to the models are normalized by ICV (e.g., Narvacan et al., 2017 used both measures). Nevertheless, there may be other factors, such as different lifestyle choices, which have a bigger influence on the trajectories (Raz et al., 2010, 2005). We included the sex covariate in the models that were used to estimate the correlation parameters based on theoretical considerations, even though they had little or almost no impact on the estimated correlations.



Random Slope Variances

Quantifying random slope variances of the different brain structures has not been of major interest in most studies to date, except for two studies by Raz et al. (2010, 2005). Reliable random slope variances have been reported in almost all of their studied regions (except the primary occipital and the orbital-frontal cortex). However, the random slope variances in the studies by Raz et al. might have been overestimated given that a clean separation of the within-person error from the random slope term is difficult in case of only two repeated measures (Grimm et al., 2017). Our data, with four measurement occasions, allow to more precisely disentangle the within-person error from the random slope and, thus, lead to more accurate estimates of the random slope variances.

Evaluating our data, reliable random slope variability was observed in subcortical regions, in medial temporal structures and temporal pole, and in lingual gyrus and peri-calcarine cortex. Because the within-subject error is quite large compared to the annual volumetric changes and the person-specific variations thereof, the person-specific slopes and the random slope variance term were estimated with large uncertainty in a lot of regions. Therefore, the conclusion that some regions have little random slope variability and other regions have large variability needs to be taken with caution. Nevertheless, regions belonging to the medial temporal cortex (hippocampus, entorhinal cortex, parahippocampal gyrus), temporal pole, amygdala, and caudate showed reliable random slope variability, and in the population, the random slope variance may be rather large. In these regions, some subjects showed almost no decline while other subjects were declining twice as fast as the average person. However, such a variation of the decline rate may be present in most other brain structures as well, including those with unreliably estimated random slope variances.



Associations Between Random Slopes

One of the main objectives of this study was to investigate the associations of the slopes of different brain structures – an important aspect that was analyzed by Raz et al. (2005), but that has not been of much interest since then. In their study, estimates were mostly positive but also rather small in magnitude. Reliable associations were only found for 13 of 55 studied slope-to-slope associations. However, we think that these correlations were probably underestimated because the correlation estimates are influenced by the noise of the within-subject error term. Our data suggest that the slope-to-slope correlation pattern is, in general, quite homogenous, especially within but also between most regions of the frontal, temporal and parietal lobe and, to a lesser extent, of the occipital lobe, while the correlation pattern of subcortical regions was more diverse. Besides subcortical structures, there are a few lobular structures that divert this homogenous correlation pattern. Of special interest are the entorhinal cortex and the temporal pole, which were strongly and reliably associated with each other, with the amygdala, with the hippocampus, and with the insula but showed only weak correlations with other lobular structures. However, correlations involving structures with unreliable random slope variances (the majority of regions of frontal and parietal lobe structures) are often broad and often substantially overlap zero, even when the median indicates a large correlation. In the maximum likelihood estimation framework, these models would often lead to non-positive definite covariance matrix warnings, which may then be resolved by setting the random slope variance to zero.



Modeling Considerations

There is a lot of between-subject variability in the size of brain volumes. Separating the between-subject from the within-subject effect is important (Grimm et al., 2016). It can be achieved by separating the age of the participants into the age at the study entry and the difference from the age at study entry to the age at subsequent measurements (e.g., as done in Pfefferbaum et al., 2013). Such an approach was not always applied in previous longitudinal studies, and it seems to be worth considering it in further analyses. Aside from this, the estimation of non-linear trajectories is only reasonable with four or more time points, which highlights the need for longitudinal studies with more time points. In our analyses, we refrained from including a quadratic slope because it would have made the interpretation of the slope parameters more difficult (e.g., a linear and a quadratic random slope may cancel each other out in a person) and because the first and the last measurement were only 4 years apart. Also, four time points are still at the lower limit to appropriately capture person-specific trajectories. We are aware that our rather simple linear models did not capture the true trajectories in great detail, but we expect them to give a reasonable approximation. Model fit indices further indicated no grossly miss-specified models. Further, simpler models are less prone to overfitting. However, more time points and a longer observational time span would clearly be beneficial in many ways.



Measurement Error Term and Image Quality

A large amount of the uncertainty in the random slope variances and covariances is due to the large within-subject error term. This within-subject error consists of true deviations from the assumed linear shape and of the measurement errors related to the structural MRI scanning procedure (e.g., artifacts) and data processing. The measurement errors are probably responsible for the main part of the within-subject variance. Therefore, the reduction of the measurement errors would substantially improve estimation. Motion artifacts and deterioration of scan quality have been proposed to confound estimates attributed to age effects in cross-sectional studies (Alexander-Bloch et al., 2016; Ducharme et al., 2016; Rosen et al., 2018; Klapwijk et al., 2019). Systematic changes in image quality during repeated measures may also confound parameter estimates in longitudinal studies. In addition, inclusion of such motion and scan quality regressors in the models may be able to reduce the measurement error variance. If no such movement data were recorded during T1 acquisition then an approximate movement regressor may be estimated from functional MRI data acquired during the same scanning session (Alexander-Bloch et al., 2016). However, we think that the inclusion of such approximate motion and scan quality regressors are of little help to improve the estimation of the slope parameters. First, these approximate regressors are relatively imprecise. Second, in a longitudinal study, it may be reasonable to assume that individuals show similar motion and rather a stable image quality during repeated measures. Finally, inclusion of time varying regressors that show systematic change may distort the estimates, making interpretation more difficult. An option would be to model these regressors as growth processes and to regress their random intercepts and slopes on the random intercepts and slopes of the brain structures. We tested this approach on some brain structures by using the Euler number as a proxy for image quality (Rosen et al., 2018). Modeling the Euler number as a growth process, it showed decreases over the 4 years and a slope × entry-age interaction (larger decreases with advancing entry-age) with unreliable random slopes. The inclusion of the Euler number as a growth process in the models lead to slightly higher uncertainty but similar covariance estimates as in the reported models. The slope × entry-age interaction estimates were slightly lower in magnitude as in the reported models. Worthy of note, this approach increases model complexity by a large amount and may lead to convergence issues. We conclude from these additional analyses, that the estimates of this study should be taken with caution, and that the uncertainty of these estimates might be even higher than our fitted models propose.



Definition of Healthy Aging

The population of interest in our study was healthy elderly people, where the definition of “healthy” was based on the inclusion criteria. It seems clear that there is still a lot of variability in the term healthy aging. Lifestyle factors (like physical activity) that may influence the volumetric trajectories have not been considered in this analysis. For example, there is some evidence that physical activity positively influences changes in hippocampal volume (Erickson et al., 2011; Varma et al., 2015). Pre-symptomatic Alzheimer pathology may influence trajectories negatively (Fjell et al., 2013). Estimates of brain structure trajectories − especially about the variability and the associations between random slopes − may critically depend on the definition of healthy aging.



CONCLUSION

Expected volumetric brain region changes, as well as variations and associations of random slopes, have been described in this paper. The focus on random slope variations and associations thereof provided insights into the heterogeneity of the aging process. We think this is valuable information that should not be missed when analyzing such data. Our data present a picture of a rather homogenous aging process of volumetric brain region changes. Subcortical regions, medial temporal structures, and the temporal pole showed reliable random slope variances and a more diverse correlation pattern. Data from further studies with more repeated measures and a longer observational time span would be beneficial.
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Older adults have difficulties in navigating unfamiliar environments and updating their wayfinding behavior when faced with blocked routes. This decline in navigational capabilities has traditionally been ascribed to memory impairments and dysexecutive function, whereas the impact of visual aging has often been overlooked. The ability to perceive visuospatial information such as salient landmarks is essential to navigating efficiently. To date, the functional and neurobiological factors underpinning landmark processing in aging remain insufficiently characterized. To address this issue, functional magnetic resonance imaging (fMRI) was used to investigate the brain activity associated with landmark-based navigation in young and healthy older participants. The performances of 25 young adults (μ = 25.4 years, σ = 2.7; seven females) and 17 older adults (μ = 73.0 years, σ = 3.9; 10 females) were assessed in a virtual-navigation task in which they had to orient using salient landmarks. The underlying whole-brain patterns of activity as well as the functional roles of specific cerebral regions involved in landmark processing, namely the parahippocampal place area (PPA), the occipital place area (OPA), and the retrosplenial cortex (RSC), were analyzed. Older adults’ navigational abilities were overall diminished compared to young adults. Also, the two age groups relied on distinct navigational strategies to solve the task. Better performances during landmark-based navigation were associated with increased neural activity in an extended neural network comprising several cortical and cerebellar regions. Direct comparisons between age groups revealed that young participants had greater anterior temporal activity. Also, only young adults showed significant activity in occipital areas corresponding to the cortical projection of the central visual field during landmark-based navigation. The region-of-interest analysis revealed an increased OPA activation in older adult participants during the landmark condition. There were no significant between-group differences in PPA and RSC activations. These preliminary results hint at the possibility that aging diminishes fine-grained information processing in occipital and temporal regions, thus hindering the capacity to use landmarks adequately for navigation. Keeping sight of its exploratory nature, this work helps towards a better comprehension of the neural dynamics subtending landmark-based navigation and it provides new insights on the impact of age-related visuospatial processing differences on navigation capabilities.
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INTRODUCTION

The 21st century is characterized by an unprecedented increase in the number of older adults within the worldwide population. There were 703 million people aged 65 years or over in 2019 and this number is projected to more than double by 2050 (United Nations, Departement of Economic and Social Affairs, Population Division, 2019). In parallel, we can expect a significant rise in the prevalence of neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases in the older population. To identify appropriate biomarkers of age-related sensori-cognitive alterations, it is critical to gain a better understanding of brain changes in healthy aging. In this context, spatial navigation as a complex behavior encompassing perceptual and cognitive processes provides an ideal framework for the study of normal and pathological aging (Gazova et al., 2012; Lithfous et al., 2013; Allison et al., 2016; Laczó et al., 2017, 2018; Coughlan et al., 2018).

An extensive body of literature has highlighted a robust age-related decline in navigation ability in various species including rodents as well as non-human and human primates (Foster et al., 2012; Lester et al., 2017). Healthy older adults exhibit impairments in their capacity to navigate efficiently, reorient or update their wayfinding behavior when faced with obstacles (Iaria et al., 2009; Moffat, 2009; Harris et al., 2012; Daugherty and Raz, 2017; Merhav et al., 2019). In real-world settings, they are impaired at rapidly acquiring information about their surroundings and are thus slower and more error-prone than young adults when navigating (Kirasic, 1991; Wilkniss et al., 1997). In virtual reality (VR) paradigms older adults also choose inefficient routes, underestimate distances, and make frequent turning errors (Adamo et al., 2012). Cross-sectional studies in VR have shed light on an age-related shift in the use of navigation strategies: older adults favor response over place-based strategies (Bohbot et al., 2012; Rodgers et al., 2012). A place-based strategy involves the formation of mental map-like representations of the absolute position of the goal concerning spatial cues in the environment. A response-based strategy refers to the process whereby an association between a specific stimulus and the goal location is formed. The choice of a navigation strategy critically depends on the visual information present in the environment (Foo et al., 2005; Ratliff and Newcombe, 2008). Indeed, successful navigation requires the perception and the integration of relevant visual-spatial cues such as buildings or monuments, and the binding of these salient elements to directional information (Ekstrom, 2015; Epstein et al., 2017; Julian et al., 2018).

Visual-spatial cues can be salient objects used as navigational landmarks or characteristics about the geometric shape of space (Lester et al., 2017; Bécu et al., 2020). Landmarks can be conceptualized as discrete objects that are independent of the environment’s layout, such as a tree or a monument (Epstein and Vass, 2014). Landmarks’ size, stability, and proximity to the goal are among the key factors that influence their use for navigation (Stankiewicz and Kalia, 2007; Auger et al., 2012; Auger and Maguire, 2018). Geometric cues encompass all the elements that are intrinsic to and continuous with the external limits of space. These elements include the overall layout, boundaries of the environment, wall lengths, and angle dimensions (Cheng and Newcombe, 2005; Tommasi et al., 2012; Giocomo, 2016). Several studies in virtual environments have emphasized the idea that old age hinders the ability to use landmark information for navigation (Picucci et al., 2009; Harris et al., 2012; Wiener et al., 2012; Zhong and Moffat, 2016; Hartmeyer et al., 2017). More recently, Bécu et al. (2020) extended these findings by unveiling an age-related preference for geometric cues during real-world navigation, when both types of spatial cues were informative.

Despite the extensive body of literature characterizing the neural underpinnings of human spatial navigation (for recent reviews see Chersi and Burgess, 2015; Spiers and Barry, 2015; Epstein et al., 2017; Herweg and Kahana, 2018; Julian et al., 2018), few experiments have explored this question in the context of healthy aging. To date, only 15 neuroimaging studies have focused on spatial processing in normal aging and the majority of these have used structural analyses (Li and King, 2019). These studies, both cross-sectional and longitudinal, have highlighted an age-related decline in place-based navigation associated with structural changes to the hippocampus mainly (Lövdén et al., 2012; Daugherty et al., 2016; Korthauer et al., 2016; Daugherty and Raz, 2017). Age-related changes in other structures of the medial temporal lobe such as the entorhinal cortex, as well as changes in the prefrontal cortices and cerebellum have also been reported (for recent reviews see Lester et al., 2017; Li and King, 2019). Only one cross-sectional functional magnetic resonance imaging (fMRI) study has investigated the link between the use of visual-spatial cues and the navigational skills of young and older adults (Schuck et al., 2015). The authors combined computational modeling and fMRI during a virtual-navigation task to examine how participants learned object locations relative to a circular enclosure or a salient landmark. Young participants used a hippocampal-dependent system for the representation of geometry (circular arena) and a striatal-dependent system for the representation of a landmark (traffic cone). On the other hand, older participants relied on hippocampal structures for landmark-based navigation and were insensitive to geometric information provided by the environmental boundaries. This absence of reliance on geometric information is surprising considering the behavioral findings mentioned above, and it could be related to the small field of view inside the scanner (Sturz et al., 2013).

Several other brain regions, known to be altered in healthy aging (Lester et al., 2017; Zhong and Moffat, 2018), have also been identified as crucial for visuospatial processing during navigation (Epstein and Vass, 2014; Julian et al., 2018). Recently, there has been growing interest in unearthing the roles of the parahippocampal place area (PPA), the occipital place area (OPA), and the retrosplenial cortex (RSC). These regions are all involved in the processing of visual scenes such as landscapes or urban environments. In particular, they have been speculated to integrate incoming visual inputs with higher-level cognitive processes (for reviews see Epstein et al., 2017; Julian et al., 2018). The PPA is sensitive to navigationally relevant cues (Janzen and van Turennout, 2004; Epstein, 2008) and it may be implicated in the recognition of spatial contexts (Marchette et al., 2015). The OPA has been associated with the processing of local elements in scenes (Kamps et al., 2016) as well as with the representation of environmental boundaries (Julian et al., 2016). The RSC is suggested to play a role in anchoring heading information to local visual cues (see Mitchell et al., 2018 for a recent review of RSC functions). The exploration of the neural activity of these scene-selective regions in the context of aging has just begun. Nevertheless, some evidence exists about functional changes in the PPA and RSC of older adults that have been linked to impaired processing of visual scenes and difficulties in switching between navigation strategies, respectively (Ramanoël et al., 2015; Zhong and Moffat, 2018). The impact of aging on the OPA has not been fully characterized yet, but recent findings have hinted at its preserved connectivity with other navigational brain structures in healthy aging (Ramanoël et al., 2019).

Thus, although several behavioral studies have provided evidence for differential use of landmarks across the lifespan, there is a lack of knowledge on the functional and neurobiological factors responsible for the deterioration of landmark information processing in older age. To address this caveat, the present study used fMRI to investigate to what extent healthy aging influences behavior and neural activity associated with landmark-based navigation. A second objective consisted in deciphering the role played by scene-selective regions (namely, PPA, OPA, RSC) in age-related landmark-based navigation deficits as these areas appear to be critical for the integration of relevant visual information for navigation.



MATERIALS AND METHODS


Participants

Overall, 25 young adults (18 males, seven females) and 21 older adults (eight males, 13 females) completed the experiment, but four older adults were excluded: two (females) for a lack of task understanding and two (one male, one female) for in-scanner motion (movements >5 mm across trials). Thus, 25 young adults (18 males, seven females; 25.4 ± 2.7 years) and 17 older adults (seven males, 10 females; 73.0 ± 3.9 years) were included in the analyses. The participants were part of the French cohort study SilverSight (~350 subjects) established in 2015 at the Vision Institute, Quinze-Vingts National Ophthalmology Hospital, Paris (Lagrené et al., 2019). The battery of clinical and functional examinations used to enroll participants comprised an ophthalmological and functional visual screening, a neuropsychological evaluation, an oculomotor screening, an audio-vestibular assessment as well as a static/dynamic balance examination. The neuropsychological evaluation included the Mini-Mental State Examination (MMSE; Folstein et al., 1975) and computerized versions of the 3D mental rotation test (Vandenberg and Kuse, 1978), perspective-taking test (Kozhevnikov and Hegarty, 2001), and forward and backward spans of the Corsi block-tapping task (Corsi, 1973). Enrolled older participants had a score of 241 or higher on the MMSE. All subjects were right-handed, they had a normal or corrected-to-normal vision, and they had no history of neurological or psychiatric disorders. Centration measurements and acuity were evaluated at least 2 weeks before the experimental session to order MRI-compatible glasses for participants requiring visual correction (manufactured by Essilor International). Participants gave their written informed consent to participate in the study. All screening and experimental procedures were compliant with the tenets of the Declaration of Helsinki, and they were approved by the Ethical Committee “CPP Ile de France V” (ID_RCB 2015-A01094-45, CPP N°: 16122).



Virtual Navigation Task and Experimental Protocols


The Virtual Navigation Task

The virtual navigation task was displayed on an MRI-compatible liquid crystal display monitor (NordicNeuroLab, Bergen, Norway) positioned at the head of the scanner bore. Participants viewed the screen [size: 69.84 cm (H) × 39.26 cm (V); pixels: 1,920 × 1,080] at a distance of 115 cm via a mirror fixed above the head-coil. The visible part of the screen subtended approximately 34 × 20° of visual angle.

The virtual environment was programmed with the Unity3D game engine (Unity Technologies SF; San Francisco, CA, USA2) and it allowed participants to navigate actively from a first-person perspective. The virtual environment was a three-arm maze (Y-maze) consisting of three corridors radiating out from a center delimited by homogenous wooden-like walls. Two configurations were designed. In the landmark condition, all arms were 18 virtual meters (vm) long and equiangular. Three 3D light gray-colored objects (a square, a triangle, and a circle) were placed in between the arms at the center of the maze (Figure 1A). In the control condition, the arms were still 18 vm long and equiangular, but the maze was devoid of objects (Figure 1B).
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FIGURE 1. The virtual environment. (A) An overhead perspective of the environment for the landmark condition and two example views representing a first-person perspective within the maze. Blue arrows represent the position and the orientation associated with the example views in the landmark condition. (B) An overhead perspective of the environment for the control condition and example views within the maze. Blue arrows represent the position and the orientation associated with the example views in the control condition. Red: hidden goal; Green: visible goal. The aerial view was never seen by participants.



Participants navigated actively through the virtual environment with an MRI-compatible ergonomic two-grip response device (NordicNeuroLab, Bergen, Norway). They could move forward (thumb press), turn right (right index press), and turn left (left index press). A single finger press was necessary to initiate or stop the movement. The forward speed of movement was set at 3 vm/s and the turning speed at 40°/s.



The Spatial Navigation Paradigm

Before scanning, all participants familiarized themselves with the response device in an unrelated virtual space both outside and inside the scanner. They were required to navigate within a square open-field environment and to walk over a wooden board that appeared at different locations.

The scanning session during the navigation task was divided into three runs: an encoding phase and a retrieval phase for the landmark condition and a control condition. At the beginning of the encoding phase, participants were positioned at the center of the maze randomly facing one of the three arms. They were instructed to find a goal (gifts) hidden at the end of one corridor and to remember its location using the visual information available in the center of the environment (i.e., the three 3D light gray-colored objects; Figure 1A). The goal appeared when the subject arrived at the correct location. The encoding phase lasted 3 min to ensure that participants could explore all corridors. Then, the retrieval phase began and it consisted of seven trials. In each trial, participants were placed at the end of a non-rewarded corridor with their back against the wall. The starting positions were pseudo-randomized across both trials and subjects. Participants were asked to navigate to the previously encoded goal location. Upon arrival at the end of the correct arm, the gifts appeared to indicate successful completion of the trial, and a fixation cross on a gray screen was presented for an inter-trial interval of 3–8 s. Finally, the control condition began and it included four trials. At the beginning of each control trial, subjects started at the end of an arm and moved to the center of the maze. The target was readily visible from the center and participants were instructed to navigate towards it. The control condition was designed to account for potential confounding factors such as motor and simple perceptual aspects of the task.

A short debriefing phase concluded the experimental session. Participants were probed on the strategy they used to orient in the landmark condition. They were asked to report how they solved the task: (i) using one object; (ii) using at least two objects; (iii) randomly; and (iv) another strategy. Participants were deemed to be using a place-based strategy when their decision was based on two landmarks or more and to be using a response-based strategy when their decision was based on a single visual-spatial cue (Iaria et al., 2003; Iglói et al., 2010, 2015; Chrastil, 2013; Gazova et al., 2013; Packard and Goodman, 2013; Colombo et al., 2017; Laczó et al., 2017). No participants answered that they oriented randomly or that they used a different strategy.



Functional Localizer Experiment

Following the spatial navigation task, a block fMRI paradigm similar to that used by Ramanoël et al. (2019) was used to locate the scene-selective regions: the PPA, the OPA, and the RSC. Participants were presented with blocks of 900 × 900-pixel grayscale photographs (18 × 18° of visual angle) representing scenes, faces, everyday objects, and scrambled objects. The functional run lasted 4 min 40 s and it was composed of 14 20-s task blocks (four blocks of scenes, two blocks of faces, two blocks of objects, two blocks of scrambled objects, and four blocks of fixation). Each stimulus was presented for 400 ms followed by a 600 ms inter-stimulus interval. Participants performed a “one-back” repetition detection task.



Statistical Analyses of Behavioral Data

During all phases of the virtual-navigation task, the trial durations (to calculate the average navigation time, i.e., the mean time to reach the goal), the grip responses (i.e., the number of times each button of the MRI-compatible two-grip response device was pressed), and the error rate (i.e., the number of times a participant chose the wrong corridor across the seven trials) were recorded. These behavioral measures were used to quantify the spatial navigation performance of subjects, which was compared across age group and sex. The normality of the behavioral data was assessed graphically with quantile-quantile plots and numerically with the Shapiro–Wilk test. Descriptive characteristics and behavioral measures were compared using independent samples t-test for normally distributed continuous data, Mann–Whitney U tests for non-normally distributed continuous data, and chi-square test of independence for categorical data. To investigate the potential influence of strategy use on navigation performance, simple logistic regressions were conducted in both age groups. Also, the links between sex and strategy use were examined with Fisher’s exact test. Finally, associations between neuropsychological test scores and behavioral performance were computed using simple linear regression analyses with a statistical threshold set at p < 0.005 after adjusting for multiple comparisons [p = 0.05/(5 × 2)].


Acquisition and Statistical Analyses of MRI Data


MRI Acquisition

Data were collected using a 3 Tesla Siemens MAGNETOM Skyra whole-body MRI system (Siemens Medical Solutions, Erlangen, Germany) equipped with a 64-channel head coil at the Quinze-Vingts National Ophthalmology Hospital in Paris, France. T2*-weighted echo-planar imaging (EPI) sequences, optimized to minimize signal dropout in the medial temporal region (Weiskopf et al., 2006), were acquired for functional imaging during the navigation task (voxel size = 3 × 3 × 2 mm, TR/TE/flip angle = 2685 ms/30 ms/90°, interslice gap = 1 mm, slices = 48, matrix size = 74 × 74, FOV = 220 × 220 mm). For the localizer experiment, 284 volumes from 64 slices were acquired using a T2*-weighted simultaneous multi-slice echo planar sequence (SMS-EPI; voxel size = 2.5 × 2.5 × 2.4 mm, TR/TE/flip angle = 1,000 ms/30 ms/90°, matrix size = 100 × 100, SMS = 2, GRAPPA = 2). The anatomical volume consisted of a T1-weighted, high-resolution three-dimensional MPRAGE sequence (voxel size = 1 × 1 × 1.2 mm, TR/TE/IT/flip angle = 2,300 ms/2.9 ms/900 ms/9°, matrix size = 256 × 240 × 176).



Whole-Brain Analyses

FMRI data analysis was performed using a combination of SPM12 release 7487 (Wellcome Department of Imaging Neuroscience, London, UK) and ArtRepair toolbox (Mazaika et al., 2009) implemented in MATLAB 2015 (Mathworks Inc., Natick, MA, USA). The first five functional volumes of the encoding, retrieval, and control runs were discarded to allow for equilibration effects. A slice-timing correction was applied and functional images were realigned to the mean functional image using a rigid body transformation. Artifacts related to the motion were then examined with ArtRepair. Volumes displaying elevated global intensity fluctuation (>1.3%) and movement exceeding 0.5 mm/TR were repaired using interpolation from adjacent scans. The T1-weighted anatomical volume was then realigned to match the mean functional image of each participant and normalized to the Montreal Neurological Institute (MNI) space using a 4th-degree B-Spline interpolation. The anatomical normalization parameters were subsequently used for the normalization of functional volumes. Each functional scan was smoothed with an 8 mm FWHM (Full Width at Half Maximum) Gaussian kernel. The preprocessed images were visually inspected to ensure that there were no realignment or normalization issues.

Statistical analysis was performed using the general linear model for block design at the single-participant level (Friston et al., 1995). The seven trials of the retrieval phase in the landmark condition, the four trials of the control condition, and fixation times were modeled as regressors, constructed as box-car functions, and convolved with the SPM hemodynamic response function (HRF). The encoding phase was not included in the analysis as the time taken to find the goal for the first time differed greatly both within and between age groups. Time to reach the goal by trial, grip responses during navigation, and movement parameters derived from the realignment correction (three translations and three rotations) were entered in the design matrix as regressors of no-interest. The time series for each voxel was high-pass-filtered (1/128 Hz cutoff) to remove low-frequency noise and signal drift. Individual contrasts were submitted to multiple regression and a two-samples t-test. The main contrast of interest for all analyses was [Landmark > Control]. Sex and total brain volume (gray and white matter) were included as covariates in the regression and the total brain volume was included as a covariate in the two-samples t-test (see “Behavioral Results” section). Areas of activation were tested for significance using a statistical threshold of p < 0.001 uncorrected at voxel-level, with a minimum cluster extent of k = 10 voxels (Iglói et al., 2010, 2015; Sutton et al., 2010; Schuck et al., 2015; Javadi et al., 2017).

Of note, a control analysis that excluded all error trials was performed to identify the potential impact of errors on variability in brain activity. No significant change to the fMRI results was observed after removing error trials.



Region-of-Interest Analyses

Data from the localizer experiment were analyzed using SPM12. For each participant, the first four functional localizer volumes were discarded and the remaining images were realigned, co-registered to the T1-weighted anatomical image, normalized to the MNI space, and smoothed using an 8 mm FWHM Gaussian kernel. The slice-timing correction was not applied, following recommendations from the Human Connectome Project functional preprocessing pipeline for multi-slice sequences (Glasser et al., 2013). The localizer images were analyzed using a single participant general linear model for block design. Five categories of interest (scenes, faces, objects, scrambled objects, fixation) were modeled as five regressors and convolved with a canonical HRF. Movement parameters were included in the model as regressors of no interest and each voxel’s time-series was high-pass-filtered (1/128 Hz cutoff).

PPA, OPA, and RSC were located independently for each participant using the fMRI contrast [Scenes > (Faces + Objects)]. Significant voxel clusters on individual t-maps were identified using family-wise error correction (FWE) for multiple comparisons (α = 0.05, t-value > 4.8). Mask ROIs were created as the 40 contiguous voxels with the highest t-values around the peaks of activation from the left and right hemispheres. The two 40-voxel regions from each hemisphere were subsequently summed into a single 80-voxel ROI. Mean parameter estimates were extracted from the three mapped ROIs using the REX MATLAB-based toolkit. Analogously to the whole-brain analyses, the main contrast of interest for the ROI analyses was [Landmark > Control].







RESULTS


Behavioral Results

The navigation performances across age groups are presented in Figure 2. Older subjects were significantly slower to reach the goal than younger subjects (i.e., longer navigation time) in the landmark condition (19.85 s ± 1.67 vs. 11.97 s ± 0.13; U(40) = 418, p = 10−6, r = 0.81, 95% confidence interval (CI) of the difference [3.40, 8.36]; Figure 2Ai) and in the control condition (20.83 s ± 0.95 vs. 14.07 s ± 0.27; U(40) = 418, p = 10−6, r = 0.81, 95% CI of the difference [4.70, 8.15]; Figure 2Aii). In addition, older adults made more navigation errors than young adults (mean ± SEM: 1.0 ± 0.41 vs. 0 ± 0.00; U(40) = 125, p = 0.0007, r = 0.44, 95% CI of the difference [0.00, 0.00]). On average, older adults chose the wrong corridor in 10% of trials (Figure 2B). No sex effect was observed on navigation time in each age group separately. However, when data from both age groups were pooled, women’s navigation time was significantly longer than men’s (17.75 s ± 1.88 s vs. 13.40 s ± 0.64 s; U(40) = 2.29, p = 0.022, r = 0.35, 95% CI of the difference [0, 15, 7.05]). Sex and total intracranial volume were therefore included as covariates in the fMRI multiple regression analyses. The post-scanner debriefing phase revealed a significant difference in the type of navigational strategy used between age groups ([image: image] = 4.06, p = 0.044, φ = 0.67). Indeed, older adults relied less on place strategies during landmark-based navigation than younger adults (Figure 2C). However, in neither age group did strategy use predict navigation performance. Finally, there was no sex effect on strategy use.
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FIGURE 2. Behavioral results for the virtual-navigation task across age groups. (A) Time taken to reach the goal (navigation time): (i) averaged across seven trials in the landmark condition, (ii) averaged across four trials in the control condition. (B) Time taken to reach the goal averaged across seven trials in the landmark condition (navigation time). (C) The proportion of participants who used a place-based or response-based strategy in the landmark condition (strategy use). Error bars represent the standard errors of the mean.



Neuropsychological assessments showed that older adults had significantly poorer performance than young adults across all measures. Descriptive and cognitive characteristics are summarized in Table 1. Finally, longer navigation time was associated with poorer performance on the forward span of the Corsi block-tapping task (R2 = 0.31, p = 0.0001, f2 = 0.45), on the backward span of the Corsi block-tapping task (R2 = 0.19, p = 0.004, f2 = 0.23) and on the perspective-taking test (R2 = 0.55, p = 10−8, f2 = 1.22). A significant association was also reported between the number of errors during the virtual-navigation task and performance on the perspective-taking test (R2 = 0.58, p = 10−9, f2 = 1.38).

TABLE 1. Descriptive characteristics and cognitive performance of young and older participants.
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Whole-Brain fMRI Results


Multiple Regression Analyses

The brain regions related to navigation performance were located by examining the association between both groups’ navigation time, age, and patterns of brain activity for the fMRI contrast [Landmark > Control]. A negative association was observed between navigation time and neural activity in multiple clusters across the brain (Table 2 and Figure 3) including frontal (right superior and middle gyri), temporal (middle, inferior, lingual, and parahippocampal gyri), parietal (angular gyrus including the inferior parietal lobule), and occipital cortices (left superior occipital gyrus) as well as the cerebellum (lobule VI and vermis). Temporal activations in the left hemisphere (LH) comprised the posterior part of the hippocampus (x = −24, y = −46, z = 5). Other activations included the ventral temporal cortex (x = 45, y = 8, z = −37) and the visual area V3A (x = −21, y = −97, z = 23), which is part of the dorsal visual stream. The inverse association did not elicit any significant brain activations. Complementary analyses revealed a negative association between age and patterns of neural activity in the left superior temporal gyrus (x = −45, y = −1, z = −16) and the brainstem (x = 3, y = −7, z = −1) for the fMRI contrast [Landmark > Control; Table 2].

TABLE 2. Cerebral regions whose activity for the contrast [Landmark > Control] was predicted by navigation time across all participants and across age groups (sex and intracranial volume were included as covariates).
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FIGURE 3. Cerebral regions whose activity for the contrast [Landmark > Control] was predicted by navigation time projected onto 3D inflated anatomical templates and 2D slices (p < 0.001 uncorrected, k = 10 voxels). LH, left hemisphere; RH, right hemisphere.





Two-Sample Analyses

First, the brain activity elicited by the contrast [Landmark > Control] was examined in each age group individually. In a second step, between-group analyses were conducted to compare activity between young and older participants. Results for the within-group and between-group analyses are shown in Table 3 and Figure 4. For young participants, significant clusters were found in the superior and inferior temporal gyri of the LH which included the amygdala and hippocampus, in the middle and inferior occipital gyri bilaterally, and in the right cerebellum (Crus I-II). In the older participant group, no significant activation was elicited by the fMRI contrast [Landmark > Control]. Through the direct comparisons between age groups, significant results were found for the fMRI contrast [Young > Older] but not for the contrast [Older > Young]. Young participants exhibited stronger activity in the left inferior temporal gyrus, comprising the amygdala and hippocampal regions, compared to older subjects.

TABLE 3. Cerebral regions whose activity for the contrast [Landmark > Control] was elicited by within-group or between-group analyses (total intracranial volume was included as a covariate).
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FIGURE 4. Cerebral regions whose activity for the contrast [Landmark > Control] was elicited by within- (A) or between-group (B) analyses projected onto 2D slices (p < 0.001 uncorrected, k = 10 voxels).



The absence of activation in the older adult group prompted us to conduct further exploratory analyses. First, the cognitive cost of the control condition was investigated both between and within-age groups using the fMRI contrast [Control > Fixation] with a conservative cluster-level FWE correction p < 0.05. The latter statistical threshold is applied here because the navigational condition is not compared to an active control condition (i.e., that involves virtual spatial navigation). No significant activation was found for the group comparison [Young > Older]. However, by using the inverse group comparison [Older > Young] activations were revealed in the left superior and middle frontal gyri (Table 4). Within-group analyses revealed a widespread pattern of activity in young adults encompassing the superior occipital, superior frontal, and superior parietal gyri. In older adults, similar activations were noted along with some lingual and precentral activity (Supplementary Table 1). Of note, we observed smaller clusters of activation in the older adult group compared with the younger adult group. Secondly, between- and within-group analyses using the fMRI contrast [Landmark > Fixation] were performed with the same cluster-level FWE correction p < 0.05. Significant activations were reported for the [Older > Young] comparison only, and they included the middle frontal and angular gyri in each hemisphere as well as the right cerebellum (Table 5). Concerning the within-group analyses, young participants displayed activity in the middle frontal, superior parietal, and occipital gyri while older participants showed activations of the superior and middle frontal gyri, superior parietal gyrus, precentral gyrus, fusiform gyrus, and cerebellum (Supplementary Table 2).

TABLE 4. Cerebral regions whose activity for the contrast [Control > Fixation] was elicited by between-group analyses (total intracranial volume was included as a covariate).

[image: image]

TABLE 5. Cerebral regions whose activity for the contrast [Landmark > Fixation] was elicited by between-group analyses (total intracranial volume was included as a covariate).
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Association Between Neuropsychological Evaluation and fMRI Activity

Exploratory regression analyses were also conducted to test the associations between cognitive scores and brain activations for the contrast [Landmark > Control] across all participants. Significant associations were found for the 3D mental rotation test, the forward span of the Corsi block-tapping task, and the perspective-taking test. Specifically, higher scores on the 3D mental rotation test were correlated with enhanced activity in the brainstem (x = 9, y = −25, z = −22; effect size = 0.20, 95% CI [0.13, 0.27]; R2 = 0.05). Better visuo-spatial working memory was associated with increased activity in the left parahippocampal gyrus and the posterior part of the hippocampus (x = −24, y = −31, z = 16; 1.06 [0.77, 1.36]; R2 = 0.17). Finally, perspective-taking ability was associated with activation of the superior frontal gyrus bilaterally (left: x = −9, y = −10, z = 83; 0.21 [0.14, 0.28]; R2 = 0.13; right: x = 15, y = −13, z = 83; 0.26 [0.17, 0.35]; R2 = 0.13), the left caudate nucleus (x = −18, y = 14, z = 23; 0.07 [0.05, 0.10]; R2 = 0.29), and the brainstem (x = 3, y = −25, z = −46, 0.21 [0.13, 0.29]; R2 = 0.21). Of note, effect sizes (ESs) and 95% CIs were computed for the peak voxel coordinate but the R2 values were computed for the entire cluster.


Region-of-Interest Results

The PPA, OPA and RSC ROIs were defined for each individual based on the independent localizer experiment. First, age-related effects were examined in average parameter activity for the fMRI contrast [Landmark > Control]. No significant differences were found. It is nonetheless interesting to note the presence of OPA activity in older adults only (1.40 ± 1.20 vs. −0.18 ± 0.44, p = 0.234; Supplementary Figure 1). Considering the latter result and the age-related differences observed during the control condition, further exploratory analyses were performed using the fMRI contrasts [Landmark > Fixation] and [Control > Fixation]. A three-way ANOVA was conducted with scene-selective region, age and condition as factors using the fMRI contrasts [Landmark > Fixation] and [Control > Fixation] (Figures 5A,B). Scene-selective region (F(2,240) = 64.62, p < 0.001, partial η2 = 0.35, 95% CI [0.26, 0.43]) and age (F(1,240) = 16.13, p < 0.001, partial η2 = 0.06 [0.02, 0.13]) but not condition had an effect on fMRI parameter activity. Moreover, a significant interaction between scene-selective region and age was uncovered (F(2,240) = 4.18, p = 0.016, partial η2 = 0.03 [0.00, 0.09]). Post hoc tests revealed that the OPA was more activated than the PPA during the landmark condition in young (1.07 ± 0.21 vs. 0.25 ± 0.09, p = 0.040, Hedges’ g = −0.91, 95% CI [−1.50, −0.33]) and older adults (2.19 ± 0.27 vs. 0.60 ± 0.14, p < 0.001, Hedges’ g = −1.52 [−2.28, −0.76]) and during the control condition in young (1.55 ± 0.27 vs. 0.51 ± 0.13, p = 0.001, Hedges g’ = −0.81 [−1.38, −0.23]) and older adults (2.19 ± 0.29 vs. 0.70 ± 0.12, p < 0.001, Hedges’ g = −1.15 [−1.19, −0.43]). The OPA was also significantly more activated than the RSC during the landmark condition in young (1.07 ± 0.21 vs. 0.21 ± 0.09, p = 0.022, Hedges’ g = −0.83 [−1.41, −0.25]) and older adults (2.19 ± 0.37 vs. 0.43 ± 0.15, p < 0.001, Hedges’ g = −1.72 [−2.50, −0.93]) and during the control condition in young (1.55 ± 0.27 vs. 0.34 ± 0.17, p < 0.001, Hedges’ g = −0.99 [−1.58, −0.41]) and older adults (2.19 ± 0.29 vs. 0.45 ± 0.18, p < 0.001, Hedges’ g = −1.33 [−2.07, −0.59]). Finally, significantly enhanced OPA activity was found in older adults compared with young adults during the landmark condition (2.19 ± 0.27 vs. 1.07 ± 0.21, p = 0.002, Hedges’ g = −1.04 [−1.70, −0.39]) but not the control condition.


[image: image]

FIGURE 5. Functional magnetic resonance imaging (fMRI) parameter estimates in the parahippocampal place area (PPA), occipital place area (OPA), and retrosplenial cortex (RSC) for the fMRI contrasts (A) [Landmark > Fixation] and (B) [Control > Fixation] across age groups. A three-way ANOVA was performed with scene-selective region, age and condition as factors. Only significant differences between age groups are displayed. Error bars reflect standard errors of the mean.








DISCUSSION

In the present exploratory fMRI study, age-related differences in landmark-based navigation were investigated using a simple Y-maze paradigm. The task was designed to limit the influence of mnemonic and motor components to a maximum to gain a preliminary understanding of the neural bases subtending visual-spatial cue reliance in young and healthy older adults.


Behavior

Well-established findings were corroborated by our results, showing that older adults had lower scores than their younger counterparts on visuospatial cognitive neuropsychological measures, including the perspective-taking, 3D mental rotation, and Corsi block-tapping tasks (Ohta et al., 1981; Clancy Dollinger, 1995; Iachini et al., 2005; Techentin et al., 2014). Moreover, visuospatial memory and perspective-taking ability were associated with measures of navigational behavior. These tests are indeed known to be good predictors of general navigation skills and their decline with age may account in part for older adults’ deficient navigation performance (Zhong and Moffat, 2016). Notably, perspective-taking, mental rotation, and visuospatial memory are important abilities for spatial learning and the dynamic manipulation of sensory information during navigation (Allen et al., 1996; Kozhevnikov et al., 2006; Meneghetti et al., 2018; Muffato et al., 2020).

Consistent with past literature, older subjects’ navigation performances were significantly poorer than young subjects’, with a bias for response-based strategies in older adults (Moffat and Resnick, 2002; Bohbot et al., 2012; Harris and Wolbers, 2012; Rodgers et al., 2012; Gazova et al., 2013; Wiener et al., 2013; Schuck et al., 2015; van der Ham et al., 2015; Zhong and Moffat, 2016; Kimura et al., 2019; Merhav and Wolbers, 2019; Bécu et al., 2020). Indeed, in our study, 52% of younger adults and 83% of older adults preferred a response-based strategy. Our findings are strikingly similar to those from Rodgers et al. (2012) who found that 46% of younger adults and 82% of older adults favored a response-based strategy in a sample of 86 participants. Our results are also in line with those reported by Bohbot et al. (2012) on a large sample of young (n = 175) and older (n = 125) participants. This navigation strategy preference was associated with older age. However, the possibility that the differential proportion of women in the two age groups (young: 28% vs. old: 59%) partly accounted for the increased use of response-based strategies in older adults cannot be excluded (Perrochon et al., 2018). Notwithstanding these age-related differences, it is important to mention that older participants achieved a high level of performance on the task and made few errors. It can be argued that this result stemmed from the simplicity of the virtual environment that contained a unique junction and three proximal landmarks (Moffat and Resnick, 2002; Caffò et al., 2018). Moreover, both place- and response-based strategies could be used to complete the task.



Whole-Brain Analyses

Following previous neuroimaging studies looking at the neural bases of spatial navigation, landmark-based navigation recruited an extended network of brain regions (Kuhn and Gallinat, 2014; Spiers and Barry, 2015; Coughlan et al., 2018; Cona and Scarpazza, 2019).

The multiple regression analyses showed that this network spanned posterior structures linked to visuospatial processing. Activation of the left superior occipital gyrus was reported which corresponds to visual area V3A and which is involved in optic flow tracking for visual path integration (Sherrill et al., 2015; Zajac et al., 2019). Also, our landmark-based navigation paradigm elicited activity in the ventral temporal cortex. The latter is known to process high-level visual information such as object quality (Kravitz et al., 2013; Nau et al., 2018). The recruited network also encompassed the posterior section of the hippocampus and the parahippocampal gyrus, brain areas that play a central role in spatial navigation and that are particularly active during immediate retrieval phases of navigation paradigms (Kuhn and Gallinat, 2014; Cona and Scarpazza, 2019). Furthermore, significant activity was found in the angular gyrus, a region of the posterior parietal cortex known to encode landmarks in the environment concerning the self (Ciaramelli et al., 2010; Auger and Maguire, 2018). Our task prompted activation of the prefrontal cortex which is thought to contribute to spatial working memory during active navigation (Wolbers and Hegarty, 2010; Ito, 2018). It thus appears that accurate landmark-based navigation required the integration of objects within a first-person framework and the maintenance of such representations in working memory (Sack, 2009; Seghier, 2012; Miniaci and De Leonibus, 2018). Finally, lobule VI and the vermis of the right cerebellum were found to be activated. This finding is in accordance with the cerebellum’s postulated role in cognitive aspects of spatial navigation (Rochefort et al., 2013). We must nonetheless acknowledge the eventuality that cerebellar activity reflected sensory-motor processing such as the degree of motor learning or eye and finger movements (Bo et al., 2011; Iglói et al., 2015).

Of interest, whole-brain analyses for the contrast [Landmark > Control] revealed that young adults recruited the cortical projections of the central visual field in posterior occipital regions (MNI coordinates left: x = −30, y = −97, z = −7 and right: x = 30, y = −88, z = −10). The latter brain area is dedicated to fine-grained visual perception such as object recognition (Wandell et al., 2005; Kauffmann et al., 2014). Additionally, group comparisons revealed that young subjects had more activity in the anterior section of the inferior temporal gyrus than older subjects. As mentioned previously, the anterior temporal cortex is critical for perceptual recognition and visual object processing (Litman et al., 2009). Our findings resonate with recent evidence highlighting deficient fine-grained processing of sensory information in older adults and emphasize the importance of acute object discrimination for landmark-based navigation and episodic memory (Burke et al., 2018; Greene and Naveh-Benjamin, 2020). Taken together, the above results suggest that brain regions involved in the representation of fine-grained information may be disrupted in older age. Further research is warranted to determine whether the age-related decline in orientation skills could stem from the less efficient processing of visual-spatial cues.

Worthy of note, the differential patterns of neural activity observed in the young and older participant groups may be partially due to age-related cognitive and motor differences. Although the duration of the familiarization phase was tailored to each subject’s needs and we controlled for response device use, the potential influence of older adults’ lesser familiarity with new technologies and declining executive functions cannot be omitted. For example, the lack of activity elicited by the contrast [Landmark > Control] in older subjects could reflect the deficient integration of new instructions when switching between tasks (Hirsch et al., 2016). Additionally, the longer time necessary to reach the visible goal in the control condition along with the greater frontal activations elicited by the contrast [Control > Fixation] in older participants suggests a possible contribution of age-related executive impairment. These results hint at the possibility that the control condition was cognitively more demanding for older participants than for young participants.

A higher level of recruitment of superior parietal regions was detected in older adults compared to young participants from the contrast [Landmark > Fixation]. The aforementioned association between angular gyrus activity and first-person navigation may provide a plausible explanation for the response strategy bias in the older adult group. This is consistent with the observed age-related reduction in temporal activity. Indeed, changes in strategy preference with advancing age have been extensively documented and they are thought to be mediated by a shift from the hippocampal regions towards other cerebral structures such as the parietal cortex (Rodgers et al., 2012; Wiener et al., 2013). Within this framework of interpretation, older adults’ increased cerebellar activity could also reflect a change in strategy preference as recent evidence has implicated the cerebellum in the mediation of response-based strategies (Iglói et al., 2015). Older participants further displayed enhanced activation of frontal cortices. Various authors have stressed the impact of age-related modifications in the prefrontal cortex on hippocampal and striatal dynamics, which could contribute to impaired strategy implementation and switching (Lester et al., 2017; Goodroe et al., 2018; Zhong and Moffat, 2018). In contrast to previous studies that reported striatal activity during response-based navigation, our results did not show increased striatal activity in the older adult group (Konishi et al., 2013; Schuck et al., 2015). Such a difference may be explained by the high proportion of young adults using response-based strategies in our task.



Scene-Selective Regions Analyses

Given the predominant role of visual perception in human spatial navigation (Ekstrom, 2015; Nau et al., 2018), there has been a heightened interest in the PPA, RSC, and OPA and their respective contributions to landmark processing (Epstein et al., 2017; Julian et al., 2018). It is key to specify that there were no age-related differences in the activity of scene-selective regions when looking at the contrast [Landmark > Control]. However, a seemingly augmented activation of the OPA in older adults along with age-related differences during the control condition led us to conduct further exploratory analyses with the fMRI contrasts [Landmark > Fixation] and [Control > Fixation]. Interestingly, the OPA was more activated than the PPA and RSC in both landmark and control conditions across age groups. This finding fits well with the OPA’s postulated implication in coding navigational affordances and visible paths in the environment (Bonner and Epstein, 2017; Patai and Spiers, 2017). Our results pointed to greater OPA activity in older participants compared with younger participants, which is in line with recent work showing higher functional connectivity around the OPA in older adults (Ramanoël et al., 2019). It is essential to note that the OPA activation in our study cannot be attributed to landmark-based navigation per se as it was uncovered by comparing neural activity during the landmark condition and fixation. The OPA is known to be sensitive to self-perceived distance and motion (Persichetti and Dilks, 2016) and the extraction of navigational affordances of the local visual scene from a first-person perspective (Bonner and Epstein, 2017). Critically, these self-centered navigation skills are relatively well preserved in healthy aging (Moffat, 2009). In line with the over-activation of the parietal cortex in older adults, one could conceive that the increased OPA activation in the older adult group reflects a compensatory mechanism to offset the reduced activity in the temporal cortex, thus mitigating age-related place learning deficits. As a side note, considering that the OPA has been causally linked to the processing of environmental boundaries (Julian et al., 2016), our result offers a potential explanation for older adults’ preferential reliance on geometric information in an ecological cue conflict paradigm (Bécu et al., 2020). Such possibilities remain highly speculative and further studies are necessary to test these hypotheses specifically.

Surprisingly, no differences were found in the activity of the RSC across age groups. Previous work has demonstrated an age-related decline in RSC activation during spatial navigation tasks (Meulenbroek et al., 2004; Moffat et al., 2006; Antonova et al., 2009). The RSC is known to mediate several cognitive functions pertaining to spatial navigation (Vann et al., 2009; Mitchell et al., 2018) including translation between reference frames and recollection of visual landmarks (Auger et al., 2015). The discrepancy between our results and those from the literature could be explained by the relative simplicity of our task. In contrast to previous research conducted with young adults, our paradigm strived to restrict mnemonic processing and comprised only three stable, salient and simple landmarks located at a single intersection (Wolbers and Büchel, 2005; Auger et al., 2012; Auger and Maguire, 2018). Another probable explanation lies in the idea that functional and structural changes to the RSC could be more pronounced in pathological aging than in normal aging (Fjell et al., 2014; Dillen et al., 2016).

Finally, weak recruitment of the PPA was observed during landmark-based navigation, with no significant difference across age groups. Previous studies have found the PPA to be involved in the encoding of the navigational relevance of objects for orientation (Janzen and van Turennout, 2004) and in landmark recognition (Epstein and Vass, 2014). As previously noted, our virtual environment comprised a small number of simple and non-ambiguous objects, the lack of activity in the PPA is thus unsurprising. Also, two recent studies de-emphasized PPA’s contribution to active navigation and highlighted its specificity for place recognition (Persichetti and Dilks, 2018, 2019).

Research exploring the neural activity within scene-selective regions in the context of aging is still in its infancy. Future studies are needed to better characterize age-related changes in brain areas implicated in processing both the visual and cognitive properties of spatial cues.



Limitations and Perspectives

The current study has limitations. First and foremost, there is a possibility that the age-related differences in behavior and neural activity during the control condition may have biased the secondary regression analyses. The latter are of exploratory nature and are to be taken with great caution. Second, although the spatial memory component of the landmark condition was limited to a maximum, the idea that the observed neural activations reflect differences in spatial memory processing or task difficulty between the landmark and control conditions cannot be omitted. Furthermore, the age-related differences observed in the control condition emphasize the plausible impact of more general cognitive deficits such as executive dysfunction on landmark-based navigation. Further work specifically designed to disambiguate the role of age-related differences in visuospatial function and other cognitive dimensions should be conducted. These results also highlight the importance of the task chosen as the control condition in virtual spatial navigation paradigms to be relevant to the population(s) of interest. Critically, our findings put forward the question of whether control tasks are still appropriate in studies comparing complex behavior between young and older adults. Such a topic of research demands closer attention. Third, only the retrieval phase was used for the analyses, as the encoding phase proved to be too heterogeneous across participants. It would be of immediate interest to assess the influence of various visuospatial modulations, such as the visibility of spatial cues, on the quality of spatial encoding. FMRI spatial navigation paradigms only allow for visual input signals, however, “real-world” spatial navigation is reliant upon multiple sources of sensory information. Active walking as part of ecological study designs would provide proprioceptive and self-motion feedback signals as well as an improved field of view to participants. Such studies are necessary to complement the present findings. Previous research has indeed shown that navigation performance in older subjects is tightly coupled to the availability of multiple sources of sensory information (Adamo et al., 2012). Finally, future studies should take into consideration the role of sex and they should include an intermediate age group to gain a finer understanding of the neural dynamics subtending spatial navigation across the lifespan (Grön et al., 2000; van der Ham and Claessen, 2020).




CONCLUSION

To conclude, the present study sheds light on the possibility that navigational deficits in old age are linked to functional differences in brain areas involved in visual processing and to impaired representations of landmarks in temporal regions. This work helps towards a better comprehension of the neural dynamics subtending landmark-based navigation and it provides new insights on the impact of age-related spatial processing changes on navigation capabilities. We argue that approaching the study of spatial navigation in healthy and pathological aging from the perspective of visuospatial abilities is a critical next step in the field. Neuroimaging methods coupled with VR paradigms open up promising avenues to investigate age-related changes in navigation ability and to evaluate the benefits of training programs on older adults’ autonomy and mobility.
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FOOTNOTES

1^All older participants scored 28 or above on the MMSE except one participant who scored 24. We nonetheless decided to include this subject as the extended neuropsychological evaluation was within normal range and no significant changes were detected when removing the participant from the fMRI analyses.

2^https://unity.com/
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Healthy aging is associated with deficits in focused and sustained attention and executive functions. However, cognitive training (CT) provides a promising method to counteract these deficits. In the present randomized controlled study, we examined to what extent CT regimes can improve attention, verbal skills, and inhibition capacities. Over a period of 16 weeks, healthy older adults (65 years and older, mean: 70 years) received a trainer-guided multidomain paper-and-pencil and computerized CT. Pre- and post-training, a battery of psychometric tests was applied that measured the critical functions. This study used two control groups: a passive control and an active control group performing a relaxation training. Compared to a passive control group, the CT led to enhanced performance in the attentional endurance test and the interference list of the Stroop test, whereas no benefits in verbal and crystalized tests were found. Similar effects were found on the attentional endurance compared to the active control group. Additionally, word fluency was enhanced after CT, but the improvement in the Stroop test did not reach significance compared to the active control. The contents of CT were dissimilar to the psychometric tests showing far transfer, whereas no transfer to attentional or memory functions in the daily life assessed by the Cognitive Failures Questionnaire was found. This demonstrates specific gains of multidomain CT on cognitive functions not explicitly trained and lack of transfer to daily activities.
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INTRODUCTION

People in western societies are living longer and longer, and the incidence of mild cognitive impairment (MCI) and dementia has increased rapidly from decade to decade. The expected number of people who will be suffering from dementia is estimated at about 150 million in 2050 (WHO, 2015). But even healthy aging is usually associated with a decline of a number of distinct cognitive abilities which are essential for mobility and independent living. Mnemonic, attentional, and executive functions orchestrating goal-directed behavior are especially affected, which compromises the quality of life in older age (Craik and Salthouse, 2000). Thus, in recent years, there is an increasing interest in the mechanisms and determinants of cognitive aging. On the one hand, there are genetic dispositions and other biological factors that set an individual range of cognitive abilities. On the other hand, there are several environmental factors and behavioral adjustments, like education, nutrition, physical activity, and cognitive engagement, that stimulate the cognitive system and may compensate some deficits to a certain extent due to neuronal plasticity even in older age (Stern, 2009; Greenwood and Parasuraman, 2010; Bamidis et al., 2014; Ballesteros et al., 2014, 2015; Gajewski and Falkenstein, 2016, for reviews). Thus, in addition to the influencing factors, methods and interventions ameliorating cognitive aging has also gained more and more interest.


Cognitive Training and Transfer

One method for improving cognitive fitness in older age is cognitive training (CT). CT for older adults is increasingly used to improve their performance in cognitive functions which are essential for activities in daily life and to maintain self-sufficiency but prone to age-related decline. In most CT studies, test-like tasks or serous games were trained by applying paper-and-pencil tasks or PC-based tasks for a period of several weeks or months. In particular, computer-based games were frequently used to assess the efficacy of CT. Indeed, a number of controlled studies showed effects of computer-based CT on attention (Green and Bavelier, 2003, 2006; Schubert et al., 2015; Strobach and Karbach, 2016; Bavelier and Green, 2019), executive functions (Strobach et al., 2012; Anguera et al., 2013), and working memory (Salminen et al., 2016; Strobach and Huestegge, 2017).

An important aspect of CT research is the transfer effect referring to the ability to use the knowledge and skills learned in one scenario to achieve different goals in other scenarios (Wenig et al., 2019). Transfer can be differentiated into near-transfer effects (post-training improvement in tasks similar to the training tasks) and far-transfer effects (post-training improvement in tasks that are different from the training tasks in nature or in appearance; Barnett and Ceci, 2002). Recent reviews and meta-analyses suggest that CT leads to improvements of the trained cognitive functions (near transfer) and also transfers to untrained cognitive tasks, intelligence, or even performance in everyday situations (far transfer) in healthy older adults (Baltes et al., 1989; Willis et al., 2006; Ball et al., 2007; Cassavaugh and Kramer, 2009; Karbach and Verhaeghen, 2014; Kelly et al., 2014; Strobach and Karbach, 2016; Chiu et al., 2017; Strobach and Huestegge, 2017).



Limits of Cognitive Training

The outcome of CT is usually indicated by performance changes in psychometric or neuropsychological tests. As outlined above, studies using behavioral measures showed training-related improvements of mnemonic and executive functions (Kueider et al., 2012; Lampit et al., 2014, for meta-analyses). These cognitive functions have been assumed to constitute fluid intelligence that enables planning and implementing goal-directed behavior, and the flexible coping with new and unexpected situations. In contrast, crystallized intelligence representing general knowledge and life experience as originally proposed by Horn and Cattell (1967) (see also Baltes, 1987) usually remains unchanged after CT (Baltes et al., 1989). Analyses of brain processes accompanied by CT-related gains of cognitive performance have repeatedly shown enhanced activity in EEG- and fMRI-based measures (Bamidis et al., 2014; Brehmer et al., 2014; Falkenstein and Gajewski, 2016). Nevertheless, the findings regarding training efficacy and transfer are inconsistent. Some meta-analyses showed benefits of CT on a number of cognitive functions, such as memory, attention, and executive functions, whereas other meta-analyses did not find substantial effects or found only marginal effects of CT (Lampit et al., 2014; Simons et al., 2016). It seems that the efficacy of CT depends on a large number of influencing factors, such as training content, duration and frequency of CT, adaptivity of the training to cognitive changes, amount of overlap of neural circuits affected by training contents, and performance measure but also type of measures and study design (Bavelier and Green, 2019).

Moreover, a potential shortcoming of CT regimes is a rather inconsistent transfer to other, not explicitly trained cognitive functions. On the one hand, there are several positive findings regarding near or even far transfer (Willis et al., 2006; Minear and Shah, 2008; Karbach and Kray, 2009; Karbach and Verhaeghen, 2014; Strobach and Huestegge, 2017), while some studies and meta-analyses questioned the existence of far transfer on non-trained functions (Shipstead et al., 2012; Melby-Lervåg and Hulme, 2013; Melby-Lervåg et al., 2016; Sala and Gobet, 2017). As a consequence, more randomized controlled studies are necessary to elucidate the efficacy of training and transfer effects of CT on cognitive functions in old age.



The Present Study

The aim of the present study was to evaluate effects of multidomain adaptive paper-and-pencil and computerized CT in older individuals in a randomized controlled trial. Multidomain CTs are not limited to a single cognitive process (such as memory or processing speed) but involve a number of cognitive processes that interact and increase the demands on the cognitive system (Cheng et al., 2012). Indeed, the new aspect of the present study was the complexity and diversity of the CT that aimed at maximal enhancement of general cognitive functioning in the participants by offering them an interesting and varying program with a large fun factor to enhance their motivation to train. Moreover, the training was adaptive. Adaptivity refers to an adjustment of the training difficulty to an individual performance level and a continuous feedback and has been shown to enhance the motivation of participants and to produce larger transfer effects than non-adaptive trainings (Jaeggi et al., 2008; Karbach and Kray, 2009; Anguera et al., 2013; Mishra et al., 2014). Thus, enhanced complexity, adaptivity, and increasing difficulty of the CT should improve subject’s cognitive capacity and thus increase the probability to achieve transfer effects to non-trained functions.

The data presented here are from a large training study of which some PC-based tasks using electrophysiological measures have already been reported (Gajewski and Falkenstein, 2012, 2018; Wild-Wall et al., 2012; Küper et al., 2017). For the present study, the results of standardized psychometric paper-and-pencil tests were analyzed. In particular, we focused on cognitive domains like processing speed, selective and sustained attention, word fluency, and executive functions like interference processing contributing to fluid intelligence. These tests have been widely used to assess effects of CT and to ensure comparability with other training studies.

We compared the performance of older participants before and after a complex adaptive multidomain CT with the performance of an active control (relaxation training) and no-contact control groups. The no-contact control group was implemented to evaluate test–retest effects (Bavelier and Green, 2019). The rationale to use an active control group was to extract effects that are due to the social component and regular activity during the same time with the same frequency as the CT group. Participants were trained for a period of 4 months, twice per week and 90 min per session. We expected that 4 months of multidomain CT is sufficient to improve cognitive functions constituting fluid intelligence in an older population, whereas no changes are expected with regard to crystallized intelligence. In addition, we took a closer look on the domain-specific improvements after CT and evaluated transfer effects of non-explicit trained tasks on attention-related and executive functions and a potential far transfer to everyday attentional and memory functions assessed by the Cognitive Failures Questionnaire (CFQ).




MATERIALS AND METHODS


Participants

Data of 69 participants aged 65–88 years (M = 70.3 years, SD = 4.3, 63.8% female) were analyzed, who conducted either CT, or a relaxation training (active control group), or belonged to a no-contact control group. A fourth group, which was part of the original study that received physical training, was not included here as physical intervention was outside of the focus of the present study. For details on the acquisition procedure and the characteristics of the whole sample, please refer to Gajewski and Falkenstein (2012). Shortly, the participants were included in the study after having met a number of criteria inquired by a telephone interview. They should be physically and mentally fit without any history of neurological, psychiatric, motor, cardiovascular, or oncologic diseases or any psychopharmacological medication. No participants who already engaged in CT for more than 1.5 h/week were included in the study. The participants were randomly assigned to the CT group (CT; n = 32, mean age: M = 71, SD = 4.2, 62.5% female), the active control group (ACG; n = 33, mean age: M = 71, SD = 4.5, 62.9% female), and the passive control group (CG; n = 37, mean age: M = 70, SD = 4.2, 61.5% female). The final number of participants varied between 31 and 32 in the CT group, 33 and 34 in the active control group, and 36 and 37 in the passive control group due to missing data in some of the tests (e.g., due to color blindness or formal errors). The design of the study is illustrated in Figure 1.
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FIGURE 1. Design of the study.


The study was carried out in accordance with the Declaration of Helsinki and was approved by the local Ethical Committee of the Leibniz Research Centre for Working Environment and Human Factors, Dortmund, Germany. All participants gave written informed consent and received 100 Euro to recompense them for travel expenses.



Multidomain Cognitive Training

Participants of the CT group were trained for 16 weeks, twice per week and 90 min per session. The CT was supervised by a professional trainer and a student assistant in small groups of no more than 12 participants. Participants who had missed regular sessions had the opportunity to take part in two additional sessions after the regular training had been completed. In the first step, participants were given basic information on cognitive functions and their relevance for the daily life to enhance compliance and motivation to train. The subsequent multidomain CT consisted of paper-and-pencil tasks and PC-based games. The difficulty of the tasks was adapted and adjusted to the current individual performance of the trainees.

The basic principle of the training was to construct exercises that are as diverse as possible. Therefore, each exercise was performed two times at most, which should ensure that participants find the training interesting and entertaining. It was not intended to train a particular cognitive ability, for example, spatial awareness or reasoning, but to employ different exercises requiring different cognitive abilities. Hence, each participant got the chance to become familiar with different types of training and to find out which ones were most suitable to him or her. Furthermore, every participant was motivated to integrate the training into his or her everyday life after the study was finished. While selecting the training programs, we took care that a low-cost continuation of the training is possible.

During the first 4 weeks, a mental activation training (MAT; Lehrl et al., 1994) that consisted of short paper-and-pencil exercises was used to increase working memory capacity, attention, and speed of information processing during a short span of 10–15 min. Moreover, in the first eight sessions, participants without any computer experience were familiarized with handling a computer. During the following 12 weeks, the participants worked on selected internet-based serious games1. See the Appendix for a detailed description of the games and the training schedule. Each session consisted of different games that aimed at training most relevant cognitive functions. The exercises and games mainly involved mnemonic functions, but some of them also included multitasking, logical thinking, cognitive flexibility, spatial reasoning, and aspects of executive functions. However, the elements of these games had no similarity to the psychometric tests used for pre- and post-testing. In particular, the CT consisted of several PC-based games, whereas the cognitive measures reflected well-structured, paper-and-pencil tests without apparent overlapping features with the games. In this case, a transfer effect should be assumed as transfer effects refer to the ability that individuals have to use the knowledge and skills learned in one scenario to achieve different goals in other scenarios. The participants were not encouraged to exercise beyond the training sessions during the study.



Active and Passive Control Groups

The participants of the active control group were trained similar to the CT group for a period of 4 months, twice per week and 90 min per session. This group received a relaxation training consisting of progressive muscle relaxation, autogenic training, breathing exercises, back training, massage, and Qigong. The aim of this training was to provide interesting and varied exercises which did not involve and hence should not train cognitive functions. The passive control group did not participate in any intervention.



Testing

Participants completed a number of sociodemographic questionnaires at home. During the test session, a number of paper-and-pencil psychometric tests that assessed a broad spectrum of cognitive abilities like perceptual speed, sustained and focused attention, short and working memory, long-term memory, interference processing, divergent thinking, and verbal abilities were used. After a 1-h break, a second test session using computer-based tasks with EEG recording was conducted, which was not the focus of analysis here (for further details, see Gajewski and Falkenstein, 2012, 2018; Wild-Wall et al., 2012; Küper et al., 2017).



Psychometric Tests

The focus of interest in the present study was fluid cognitive functions like focused and sustained attention, processing speed, cognitive flexibility, and interference control as one of the crucial executive functions. The selected tests are sensitive to subtle changes in cognitive performance of healthy adults and are mainly used in non-clinical populations. Thus, the tests are even more able to differentiate between persons with normal cognition and those with just the beginnings of MCI. The detailed description of the tests and their psychometric properties are provided in more detail in Gajewski et al. (2018) and are only shortly outlined in the following.



d2 Test

The d2 test (Brickenkamp, 1972) consists of a sheet presenting 14 lines of 47 letters (d and p), each with one to four dashes (‘), located either individually or in pairs above or below the letter. Participants were asked to go as fast as possible through each line and identify every d with two dashes by crossing it out. After 20 s of processing one line, the subjects were told to move on to the next line and to continue. The total number of correctly identified d’s with two dashes represents the test score. The d2 test is a measure of focused and sustained attention (attentional endurance) as well as processing speed.



Digit Symbol Test

The digit symbol test (DST) is an evaluation tool used to assess psychomotor functions. Initially, it was part of the Wechsler Adult Intelligence Test (WAIS; Wechsler, 1956). It consists of nine digit–symbol pairs (e.g., 7/Λ) followed by a list of digits. Under each digit, the subject should write down the corresponding symbol as fast as possible. The number of correct symbols produced within the 90 s reflects the test score. The DST measures processing speed, visuospatial processing, and selective attention.



Word Fluency Test

In the word fluency test (from LPS, Horn, 1983), participants are asked to recall as many words as possible within a given time, each word beginning with a specific letter. Three trials were conducted, in which words with the initial letters B, F, and L were asked for. For the post-measure, a parallel version was used, including the letters P, K, and S. Participants were given 60 s for each trial. The produced words were recorded by the experimenter. The total number of meaningful words represents the test result. The test measures the ability to access the verbal lexicon, semantic memory, scope of vocabulary, cognitive flexibility, and divergent thinking.



Stroop Test

The Stroop test (from NAI, Oswald and Fleischmann, 1986) consists of three parts. In the first part (Stroop 1), subjects were given a sheet of paper with names of colors printed in black ink. The participants were asked to read them out aloud as fast as possible. In the second part (Stroop 2), participants were handed another sheet of paper with colored bars on it. Participants were asked to name the colors. In the third condition (Stroop 3), subjects were given a sheet of paper with names of colors printed in various colors which did not match the names of the colors (e.g., “GREEN” was printed in red). Subjects had to name the colors the words were printed in as fast as possible and to ignore the meaning of the words. There was the same number of items in every condition. The time needed to perform each condition was analyzed. The time of the third list is considered an indicator of interference processing and inhibitory control as one of the most important executive functions. To assess the baseline-corrected interference, the time of Stroop 2 was subtracted from the time to complete Stroop 3.



Multiple-Choice Vocabulary Test (MWT-B)

The MWT-B (Lehrl, 1995) assesses crystalline intelligence. The test consists of 37 items with five words each. Only one of the five words reflects a meaningful word; the other similar words are meaningless. The subjects were required to mark the correct word. The difficulty of items increased with the increasing item number. The number of correctly identified meaningful words allows assessment of the crystalline IQ.



CFQ

To assess a possible far transfer of CT to the performance in daily activities, the CFQ (Broadbent et al., 1982) was used. CFQ is a scale including 26 questions related to attentional and memory lapses in daily life, for example, “Do you find you forget whether you’ve turned off a light or a fire or locked the door?” or “Do you fail to listen to people’s names when you are meeting them?” Frequent lapses are scored higher than less frequent ones. The CFQ was exclusively conducted in the post-test to avoid test–retest effects (cf. Strobach and Huestegge, 2017).



Statistical Analysis

A series of two-way mixed analyses of variance with repeated measures (mixed ANOVAs) with the factors Group (CT vs. active control group and CT vs. passive control group) and Session (t1 vs. t2) were conducted. Significant interactions were further analyzed using t-tests. Mean values with standard errors of the mean are presented (±1 SEM). Estimators of effect size are provided by using partial eta square (ηp2). To examine the training gains and transfer effects, we also calculated Cohen’s (1977) dz or the standardized mean difference in performance between pre- and post-test (Verhaeghen et al., 1992; see also Lakens, 2013). Therefore, the pre-test–post-test differences for the CT and the control groups were divided by the pooled standard deviation for pre- and post-measures for each test. An alternative way to calculate dz is to divide the t-value of the paired-samples t-test by the squared number of persons (Lakens, 2013).




RESULTS


d2 Test

The repeated-measures ANOVA for the comparison between the CT and the passive control groups for the number of correctly crossed d2 symbols (Figure 2) indicated a main effect of Session (t1: 373 ± 9.6 vs. t2: 406 ± 10.5; F[1, 66] = 27.0, p < 0.0001, ηp2 = 0.290) and no effect of Group (F[1, 66] = 1.5, p = 0.22, ηp2 = 0.023). The interaction Group × Session was significant (F[1, 66] = 7.4, p < 0.01, ηp2 = 0.101) and indicated a larger increase of correctly crossed d2s at t2 than at t1 in the CT group [426.3 ± 15.2 vs. 376.3 ± 14.0; t(31) = 5.6, p < 0.0001] relative to the passive control group [385.5 ± 14.4 vs. 369.9 ± 13.2; t(35) = 1.7, p = 0.09].
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FIGURE 2. Number of correctly marked symbols in the d2 test at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


The number of correct symbols in the d2 test for the comparison between the CT and the active control group revealed a main effect of Session, indicating a larger number of crossed symbols at t2 than at t1 (t1: 370 ± 9.5 vs. t2: 403 ± 10.5; F[1, 62] = 17.8, p < 0.0001, ηp2 = 0.223). No main effect of group was found (F[1, 62] = 2.4, p = 0.12, ηp2 = 0.038), but there was an interaction between Group and Session (F[1, 62] = 4.8, p < 0.05, ηp2 = 0.072), indicating a larger increase of the number of symbols at t2 compared to t1 in the CT group as outlined above [426.3 ± 15.2 vs. 376.3 ± 14.0; t(31) = 5.6, p < 0.0001] than in the active control group [377.9 ± 12.7 vs. 360.7 ± 12.7; t(32) = 1.3, p = 0.18].



DST

The total number of correctly substituted digit–symbol items for the comparison CT vs. passive control groups (Figure 3) increased from t1 to t2 (t1: 46.4 ± 1.1 vs. t2: 48.0 ± 1.0; F[1, 67] = 5.2, p < 0.05, ηp2 = 0.072). There was no effect of Group (F[1, 67] < 1) and a weak trend for an interaction between Group and Session (F[1, 67] = 3.2, p = 0.079, ηp2 = 0.045), indicating a slight increase of correct items from t1 to t2 [46.5 ± 1.6 vs. 49.9 ± 1.6; t(31) = 2.7, p = 0.011] in the CT group, while no substantial change was observed in the passive control group [46.4 ± 1.5 vs. 46.9 ± 1.5; t(36) < 1].
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FIGURE 3. Total number of correctly substituted symbols in the DST at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


The total number of correctly substituted digit–symbol items for the comparison CT vs. active control increased from t1 to t2 (t1: 45.4 ± 1.0 vs. t2: 47.4 ± 1.1; F[1, 63] = 4.4, p < 0.05, ηp2 = 0.066). There was no main effect of Group (F[1, 63] = 2.5, p = 0.118, ηp2 = 0.038) and again a weak trend for an interaction between Group and Session (F[1, 63] = 2.9, p = 0.093, ηp2 = 0.044), suggesting a slight increase of correct items from t1 to t2 [46.5 ± 1.6 vs. 49.9 ± 1.6; t(31) = 2.7, p = 0.011] in the CT group, while no substantial change was observed in the active control group [44.4 ± 1.5 vs. 44.7 ± 1.6; t(34) < 1].



Word Fluency Test

The total number of words for the comparison between CT and passive control groups (Figure 4) increased from t1 to t2 (t1: 43.6 ± 1.2 vs. t2: 46.8 ± 1.5; F[1, 67] = 7.2, p < 0.01, ηp2 = 0.097). There was no effect of Group (F[1, 67] = 1.7, p = 0.19, ηp2 = 0.025). Descriptively, the mean number of words produced by participants of the CT group increased from t1 to t2 [44.4 ± 1.7 vs. 49.4 ± 2.2; t(31) = 2.6, p = 0.015], while the control group showed only a small increase [43.0 ± 1.6 vs. 44.3 ± 2.1; t(36) < 1]. However, the interaction Group × Session did not reach significance (F[1, 67] = 2.3, p = 0.13, ηp2 = 0.033).
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FIGURE 4. Total number of correctly produced words in the word fluency task at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


The number of words for the comparison between CT and active control groups increased only slightly from t1 to t2 (t1: 41.9 ± 1.3 vs. t2: 44.0 ± 1.6; F[1, 63] = 3.0, p = 0.085, ηp2 = 0.046). In contrast to the comparison above, there was an effect of Group (F[1, 63] = 8.2, p < 0.01, ηp2 = 0.115), due to the generally larger number of words in the CT compared to the active control group (46.9 ± 1.9 vs. 39.9 ± 1.9). Moreover, there was an interaction between Group and Session (F[1, 63] = 5.5, p < 0.05, ηp2 = 0.081), suggesting that the mean number of words produced by participants of the CT group increased from t1 to t2 [44.4 ± 1.7 vs. 49.4 ± 2.2; t(31) = 2.6, p = 0.015], while the active control group showed no effect [39.4 ± 1.8 vs. 38.6 ± 2.3; t(34) < 1].



Stroop Test

In the first step, a series of ANOVAs were conducted for the CT vs. passive control group and CT vs. active control group for parts 1, 2, and 3 of the Stroop test.

In part 1 of the Stroop test (Figure 5), requiring reading of color words in black ink, the comparison of CT and passive control groups did not show effects of Session (t1: 14.1 ± 0.3 s, t2: 13.7 ± 0.3 s; F[1, 65] = 1.8, p = 0.18, ηp2 = 0.027) or Group (F[1, 65] < 1) or an interaction between Group and Session (F[1, 65] = 1.9, p = 0.17, ηp2 = 0.025).


[image: image]

FIGURE 5. Time to perform part 1 of the Stroop task (reading of color words) at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


For the comparison between the CT and active control groups in part 1, no effect of Session was observed (t1: 14.8 ± 0.4 s, t2: 14.6 ± 0.3 s; F[1, 64] < 1, ηp2 = 0.006). However, there was an effect of Group due to faster responses in the CT than in the active control group (14.0 ± 0.5 s, t2: 15.2 ± 0.5 s; F[1, 64] = 4.25, p < 0.05, ηp2 = 0.063). The interaction Group × Session (F[1,64] = 2.3, p = 0.13, ηp2 = 0.035) did not reach significance. However, the main effect of Group (F[1, 64] = 4.2, p < 0.05, ηp2 = 0.062) yielded slower responses in the active control than in the CT group (15.5 ± 0.5 vs. 14.0 ± 0.5 s).

The time to name color blocks in part 2 of the Stroop test for the CT and passive control groups (Figure 6) was significantly shorter at t2 than at t1 (20.6 ± 0.4 vs. 21.5 ± 0.4; F[1, 65] = 6.7, p = 0.012, ηp2 = 0.094). No Group effect (F[1, 65] < 1) or interaction between Group and Session was found (F[1, 65] = 1.3, p = 0.25, ηp2 = 0.020).
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FIGURE 6. Time to perform part 2 of the Stroop task (naming of color squares) at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


For the CT and active control groups, the time to name color blocks in part 2 of the Stroop test was shorter at t2 than at t1 (21.4 ± 0.4 vs. 22.3 ± 0.6; F[1, 63] = 4.5, p < 0.05, ηp2 = 0.066). No interaction between Group and Session was found (F[1, 63] < 1, ηp2 = 0.008), but again, a main effect of Group was found (F[1, 63] = 4.8, p < 0.05, ηp2 = 0.07), indicating faster responses in CT than in the active control group (CT: 20.8 ± 0.7 vs. 22.9 ± 0.6 s).

For the CT and the passive control groups, the time for processing the interference list in part 3 (Figure 7) consisting of incongruent color words was similar at t2 and t1 (41.6 ± 1.2 vs. 43.1 ± 1.2 s; F[1, 65] = 2.6, p = 0.13, ηp2 = 0.038). No Group effect was found (F[1, 65] = 1.2, p = 0.28, ηp2 = 0.018). However, the interaction Group × Session was significant (F[1, 65] = 5.4, p = 0.023, ηp2 = 0.077), indicating faster performance at t2 compared to t1 in the CT group [39.3 ± 1.7 vs. 43.5 ± 1.6; t(31) = 2.4, p = 0.022], but no substantial difference was detected in the passive control group [43.8 ± 1.5 vs. 43.2 ± 1.6 s; t(35) < 1].
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FIGURE 7. Time to perform part 3 of the Stroop task (interference list) at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


The time for processing the interference list in part 3 for the CT and active control groups was shorter at t2 than at t1 (41.0 ± 0.8 vs. 44.0 ± 1.2 s; F[1, 63] = 9.5, p = 0.005, ηp2 = 0.129). No Group effect (F[1, 63] = 2.3, p = 0.13, ηp2 = 0.035) or interaction between Group and Session was found (F[1, 63] < 1, ηp2 = 0.006).

Finally, we analyzed the time difference between Stroop 3 and Stroop 2 to assess the baseline-corrected interference effect (see Figure 8). For the comparison of the CT versus passive control groups, no effect of Session (F[1, 65] < 1) or Group was obtained (F[1, 65] = 1.4, p = 0.24, ηp2 = 0.021). Yet the interaction Group × Session was corroborated (F[1, 65] = 4.1, p < 0.05, ηp2 = 0.046), indicating a trend for reduction of interference in the CT group between pre- and post-measures [21.5 ± 0.9 vs. 19.0 ± 0.9 s, t(31) = 1.8, p = 0.076] and a slight increase between pre- and post-measures in the passive control group [21.6 ± 0.9 vs. 22.8 ± 0.9 s; t(36) < 1].
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FIGURE 8. Interference score in seconds (Stroop 3–Stroop 2) at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


For the comparison between CT and active control, no Group effect or interaction between Group and Session was found (both Fs < 1). Nevertheless, the effect of Session was corroborated (F[1, 63] = 6.0, p < 0.05, ηp2 = 0.085), indicating a substantial reduction of interference in both groups between pre- and post-measures (21.7 ± 0.9 vs. 19.5 ± 0.7 s).



MWT-B

The number of correctly detected words in the test measuring crystallized intelligence (Figure 9) for the comparison between CT and passive control groups showed no effect of Session or Group (both Fs[1, 67] < 1) and only a weak trend for the interaction Group × Session (F[1, 67] = 3.0, p = 0.086, ηp2 = 0.043).
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FIGURE 9. Total number of correctly crossed words in the MWT-B at pre- and post-measures in the CT group (CT), passive control group (Control), and active control group (Active Control). Error bars reflect standard errors.


Similarly, no effect of Group or Session (both Fs < 1) or interaction of both factors (F[1, 63] = 1.9, p = 0.16, ηp2 = 0.029) for the comparison between CT and the active control groups was found.



Training-Related Gains

To assess the training-related gains and transfer effects, Cohen (1977) dz was calculated by computing pre-test minus post-test differences divided by the pooled standard deviations for pre- and post-tests (Lakens, 2013). A dz of 1 indicates that the mean difference between pre- and post-test corresponds to one standard deviation. The results for the CT and the control groups are presented in Table 1. As can be seen, the training gains occurred in all of the applied tests after CT relative to the control groups.


TABLE 1. Cohens’ dz reflecting training gains in the CT group (CT) and the passive and active control groups.

[image: Table 1]


Far Transfer to Daily Activities

No group differences in the CFQ were found at the post-test measurement (CT group: 29.2, passive control group: 28.4, active control group: 27.2; both F’s < 1).




DISCUSSION

The present study evaluated effects of a 16-week multidomain CT on different cognitive functions in older participants. Compared to an active control group receiving relaxation training and a passive (no-contact) control group, participants in the CT group showed enhancement of sustained and focused attention (attentional endurance) as assessed by the d2 test. The same pattern was found for the digit symbol substitution test assessing focused attention and psychomotor speed, although the interaction Group × Session showed only a trend compared to both control groups. However, whereas no significant interaction was observed in the word fluency test after CT compared to the passive control group, this difference was substantial in comparison to the active control group. In the simple tasks of the Stroop task (word reading and color naming), no interactions between Group and Session were found (though descriptively, the participants of the CT group showed faster responses than did the control groups). Interestingly, the results of the interference list (Stroop 3), in which interference processing and inhibitory control were required, revealed divergent patterns: while there was a similar improvement of performance in the CT and in the active control groups from pre- to post-measure, the participants of the CT group showed a clear performance improvement after training compared to the passive controls. No effects or interactions were found in the MWT-B that evaluates crystallized intelligence. Thus, crystallized cognitive functions were not improved after training. The findings indicate also that basic cognitive functions like sensory abilities and psychomotor speed were not affected by the CT, whereas higher-order cognitive functions were enhanced. Additionally, though some interactions between Group and Session did not reach significance, the effect sizes of the CT group were consistently larger compared to those of the control groups. For example, the improvement in the d2 task after CT corresponded to one standard deviation. Taken together, these observations indicate that a multidimensional training consisting of a number of short exercises is suitable to improve some attentional and executive functions in older adults. The findings are consistent with a number of previous training studies reporting positive effects of CT on executive functions in older age (Green and Bavelier, 2003; Brehmer et al., 2014; Karbach and Verhaeghen, 2014; Lampit et al., 2014; Ballesteros et al., 2014, 2015; Green et al., 2016).

The comparison between the CT and the two control groups provided similar effects, but there were also some interesting differences in the results. First, word fluency was improved after CT and reached significance relative to the active control group but did not reach significance compared to the passive control group. In contrast, performance in the interference list of the Stroop test was significantly faster in comparison to the passive control group, but not to the active control group. While the first observation was probably due to differences in power, the unspecific enhancement in the interference list of Stroop 3 suggests that relaxation training, which was used in the present study as active control and was supposed not to involve cognitive resources, may reduce distractibility (Yesavage and Jacob, 1984). Further research may shed more light on the relationship between relaxation and interference processing.

Our study also aimed at transfer effects. Near transfer indicates performance enhancement in structurally similar tasks involving overlapping neural circuits, whereas far transfer denotes effects on structurally dissimilar tasks (Karbach and Kray, 2009; Karbach and Verhaeghen, 2014; Strobach and Huestegge, 2017). Given that the CT in the present study used games and exercises that clearly differed from the psychometric tests used to evaluate the training effects, we assume to observe some far-transfer effects. It is important to stress the point that the CT did not include any explicit elements of the psychometric tests used for the pre- and post-measures (see the Appendix for a detailed description of the exercises). Thus, increases in post-test relative to pre-test measures of performance would suggest far transfer of training-related gains to specific cognitive functions measured by the tests. This assumption was also supported by the medium to large effect sizes in performance differences between pre- and post-tests after CT. Differences in effect sizes between tests suggest that performance in a test assessing a particular cognitive function benefited more from the training than performance assessed by another test. Therefore, we assume that attentional functions benefited more from CT than crystallized cognitive functions.

However, it has to be noted that near and far transfers have been differently defined in the literature. Some authors proposed that far transfer is given when dissimilar tasks were used for training and evaluating CT effects. For example, Karbach and Kray (2009) used task switching training and evaluated far transfer in a Stroop task that may share the same functional components (e.g., inhibition). Other authors proposed that far transfer occurs when no functional overlaps are shared, for example, when CT improved daily functions in individuals following a training of reasoning (Willis et al., 2006). Barnett and Ceci (2002) proposed a systematic taxonomy of near and far transfers, based on the contextual similarity and dissimilarity of training and test. A clear evidence of (very) far transfer in our study would be a positive effect of multidomain CT on performance in daily activities, as assessed by the CFQ that evaluated attentional and memory lapses in daily life. However, consistent with previous results using CFQ (Strobach and Huestegge, 2017), we did not find group differences, demonstrating similar absent-mindedness and slips of action in all groups of participants. This suggests no far transfer of our CT to daily activities at least in the cognitive functions measured by CFQ.

Nevertheless, as outlined above, far transfer to dissimilar cognitive tasks was found in the present study. This is in line with behavioral and electrophysiological findings obtained in the same study and reported previously, including computer-based versions of task switching (Gajewski and Falkenstein, 2012), Stroop task (Küper et al., 2017), n-back task (Gajewski and Falkenstein, 2018), and visual search task (Wild-Wall et al., 2012). All these tasks represent different executive functions but presumably share some characteristics involved in all these tasks. This could be reflected by attentional processes necessary to select particular stimuli but also by cognitive control of action required for successful response selection and execution. There are also indications that CT leads to cognitive improvements in terms of lower within-subject variability in performance (higher consistency) in specific executive processes like response selection that may be supported by attentional gating (Gajewski and Falkenstein, 2012; Gajewski et al., 2017; Küper et al., 2017). In other words, CT may improve selection of task-relevant stimuli and the corresponding activation of stimulus–response mapping, which is critical for successful task performance. This, in turn, may rely on more efficient synaptic transmission or denser neuronal network supporting these functions.

Overall, transfer effects are controversially discussed as the results are rather inconsistent (Melby-Lervåg et al., 2016). It seems that the amount of transfer as well as the efficacy of CT is determined by the type of training (e.g., its total duration and intensity), the participants’ baseline performance, whether or not the training is supervised (Lampit et al., 2014), and probably most important, the intrinsic motivation of the participants (Jaeggi et al., 2014; von Bastian and Oberauer, 2014). Additionally, differences in the efficacy and transfer of CT may be due methodological heterogeneity and structural differences between studies, depending on the trained cognitive domains. A further crucial factor for inconsistency of results is related to the measures used to evaluate training gains like standardized psychometric tests, computer-based tasks, and their specific parameters that often vary between different studies. From this perspective, it would be useful to determine characteristics and to establish guidelines for an optimal combination of factors to enhance the efficacy of CT based on a review of meta-analyses (cf. Bavelier and Green, 2019). For example, a meta-analysis by Lampit et al. (2014) suggests a group-based, multidomain training with session length between 30 and 60 min and frequency of two to three sessions per week to be most effective. The design of the present study met most of these criteria. In addition, regarding the crucial measures, it appears important to use sensitive tasks or psychometric tests with a wide range of possible outcomes to avoid ceiling effects and to ensure that possible improvements by CT can be detected reliably.


Limitations

There are some limitations of the study that have to be acknowledged. Firstly, the functional overlap between the training and test tasks is not easy to evaluate because of a variety of different games and subtasks that were used. Additionally, paper-and-pencil trainings that trained working memory and speed of processing as well logical thinking were used. The goal of our multidomain training was to maximally enhance cognitive functioning in older adults by offering them an interesting and varying program with a large fun factor to fill more than 30 training sessions and to maintain their motivation to train across this relatively long time.

Secondly, it was not possible to evaluate individual training data to assess interindividual differences in the progress of training-induced gains. This was due to partly using a number of freely available internet games that did not record or permanently store the training data. Moreover, the training difficulty was individually adjusted to the training progress of the participants who absolved individually different training units, making the analysis and interpretation less meaningful.




CONCLUSION

The present study provides further evidence for positive effects of trainer-guided multidomain CT on fluid intelligence in older age. In particular, a 16-week-long CT substantially improved attentional endurance and interference processing. These effects were specifically evident for tests that require verbal fluency or selection of predefined targets and ignoring distractors, indicating enhancement of executive functioning like inhibitory control. Moreover, a transfer effect was observed to non-explicitly trained functions, but not to performance in daily life activities. The study contributes to the literature showing positive effects of CT in old age, especially on executive functions that reflect a crucial aspect of cognitive performance highly susceptible to aging.
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APPENDIX

The appendix contains a detailed description of the exercises included in the cognitive training and the schedule of the cognitive training procedures.

MAT (www.gfg-online.de) is a paper and pencil package with short exercises which had to be applied for 10 min daily to increase working memory capacity, visual attention and speed of information processing. In particular, the training aimed at enhancing psychomotor processing by faster perceiving and responding to objects or words, for example detection of triangles in a complex geometric figure or identification of words in a complex letter matrix, which were arranged either vertically, horizontally or diagonally. Memory training included exercises that used words, figures or digits. Participants were asked to memorize the items from each category and recall as many items as possible after several minutes. A more complex exercise consisted of association between faces and personal data like age and profession and recalling the information after a face presentation 10 min later.

The training begins with easy exercises to make quick effects possible. By creating more challenging instructions and by allowing less time for task performance, the level of difficulty gets enhanced gradually.

The training consists of the following modules:

Information processing speed: Time limited visual search. Different forms, numbers and letters are used. Identification of single words in randomly assembled sequences of letters. The hidden words are arranged forwards, backwards, vertically, horizontally or diagonally.

Memory span: Keep several numbers, words or pictures in memory and immediate recall of words or identifying missing words.

Basic learning speed: Memorization of faces with personal data and memorization of faces with distracting stimuli.

Mental-aktiv (www.mental-aktiv.de) is an internet based platform that offers a number of memory tasks using digits, letters, colors and figures and exercises to train speed of processing. The exercises were designed in cooperation with the authors of MAT and trained the same functions as listed above.

Sudoku is a logic-based number placement puzzle that consists from a 9 × 9 grid with digits so that each column, each row, and each of the nine 3 × 3 sub-grids contain all of the digits from 1 to 9.

Ahano peds (www.ahano.de) consists of units with different levels of difficulty. The free available program includes an eye-hand coordination task, money counting task, detection of word repetitions in a text, block taping task, memory for abstract figures etc.

Double:

There is a yellow ball and a red box presented on the screen. With one hand, the participant has to use the computer mouse in a certain way in order to put the ball into the box. With the other hand, the participant has to type the presented words as quickly as possible. This exercise trains peripheral visual attention as well as the coordination of multiple operations.

Euro Coins:

There are many different coins in a purse. The task is to assemble specific coins in order to reach a given amount. This should be done as often as possible within a specific interval. Visual perception, selective attention and mental arithmetic are trained.

Response:

Balloons float past the window of an aircraft. The task is to click as quickly as possible on the relevant balloon appearing on the left side of the window. This exercise trains selective attention and distractor inhibition.

Palpation:

At the time when a green light appears on the screen, one of five given forms is hidden behind a big picture. The participant’s task is to touch the form by use of the computer mouse in order to decide which form is hidden in the current trial. To make a choice, the participant has to click on the corresponding picture. There is only one attempt in each trial. This exercise trains perception and spatial-visual memory.

Double Words:

A pool of words is given, which contains each single word twice. The task is to click on the currently relevant word by use of the computer mouse. There are five attempts in each trial to find the correct word. This exercise trains the participant’s memory.

Chimpanzee test:

Nine fields are presented containing single digits for a short time. After the digit’s disappearance, the participants are instructed to click on the fields in ascending order to reproduce the positions, where the respective figures were shown. Here, visual perception, short-term memory and spatial-visual memory can be trained.

Colors:

The participants have to memorize the colors of a presented picture. The task is to “repaint” the image by first clicking on a “paint pot” and then clicking on the image area. The participants receive one point for each correctly chosen color. Visual perception, short-term memory and spatial-visual memory can be trained by this exercise.

Mentaga (www.mentaga.com) consists of exercises enhancing vigilance, perceptual speed, spatial attention etc. like comparison of visual patterns, face learning, counting, vigilance and eye-hand coordination.

Figurative Thinking:

In each trial, two, almost identical pictures are presented. There are exactly three differences between the two pictures, which the participant has to detect as quickly as possible. This exercise is designed to support selective attention.

Capacity:

The task is to catch vertically falling balls with a basket as accurately and quickly as possible. To adjust the basket, the participant has to use the computer mouse. Simultaneously, as many numerical and alphabetical tasks as possible have to be performed. Spatial-visual attention, arithmetic, concentration and of multiple task performance should be improved by this task.

Concentration:

In each trial, an “E” surrounded by a certain number of dots is presented. The task is to identify every E which is surrounded exactly by three dots as quickly as possible. Concentration and visual attention are trained by this task.

Pattern Matching:

Four pictures are presented in each trial. There is always one original, two rotated versions of the original and one differing picture, which the participant has to identify by clicking on it. This exercise trains the abilities of mental rotation and visual search.

Person Memory:

This exercise aims at memorizing and recognizing names and faces. First, a sequence of faces and names is presented and the participants explicitly have to memorize the names. Then, faces are displayed with various names. The participant has to decide which name is related to a particular face. This exercise specifically trains object recognition.

Visual Acuity:

In each trial, two pictures are presented. As quickly as possible, the participant has to decide whether the two pictures are identical. Visual acuity and visual search are trained by this task.

Response Capacity:

Two objects are presented side by side. The participant has to decide whether the objects are identical. A response is required if the objects are identical. This exercise aims at improving visual search and decision time.

Memory for Numbers:

The participant has to memorize and reproduce numbers presented on the screen. The length of each number is adapted to the participant’s capacity. The more digits a number contains, the more time is granted for memorizing and reproducing the number. Primarily, this exercise trains the memory for numbers, but also working memory in general.


TABLE A1. A schedule of the cognitive training program.

[image: Table A1]











	
	ORIGINAL RESEARCH
published: 04 December 2020
doi: 10.3389/fnhum.2020.565927






[image: image2]

Training and Transfer of Cue Updating in Older Adults Is Limited: Evidence From Behavioral and Neuronal Data

Jutta Kray1*†, Nicola K. Ferdinand2† and Katharina Stenger1


1Department of Psychology, Saarland University, Saarbrücken, Germany

2Department of Psychology, Bergische Universität Wuppertal, Wuppertal, Germany

Edited by:
Susan Mérillat, University of Zurich, Switzerland

Reviewed by:
Francisco Barceló, University of the Balearic Islands, Spain
 Christine Stelzel, International Psychoanalytic University Berlin, Germany

*Correspondence: Jutta Kray, j.kray@mx.uni-saarland.de

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cognitive Neuroscience, a section of the journal Frontiers in Human Neuroscience

Received: 26 May 2020
 Accepted: 20 October 2020
 Published: 04 December 2020

Citation: Kray J, Ferdinand NK and Stenger K (2020) Training and Transfer of Cue Updating in Older Adults Is Limited: Evidence From Behavioral and Neuronal Data. Front. Hum. Neurosci. 14:565927. doi: 10.3389/fnhum.2020.565927



Cognitive control processes, such as updating task-relevant information while switching between multiple tasks, are substantially impaired in older adults. However, it has also been shown that these cognitive control processes can be improved by training interventions, e.g., by training in task switching. Here, we applied an event-related potential (ERP) approach to identify whether a cognitive training improves task-preparatory processes such as updating of relevant task goals. To do so, we applied a pretest-training-posttest design with eight training sessions. Two groups of older adults were either trained in task switching (treatment group) or in performing single tasks (control group) and we compared their performance to a group of untrained younger adults. To foster cue updating in the treatment group, we applied a cue-based switching task in which the two task cues were randomly selected prior to target presentation so that participants had time to prepare for the upcoming task. In contrast, the control group also received task cues but those were redundant as only one task had to be performed. We also examined whether training in cue updating during task switching can be transferred to a similar cognitive control task measuring updating of context information, namely a modified version of the AX-Continuous Performance Task (AX-CPT). The results revealed training-specific improvements in task switching, that is, a larger improvement in blocks requiring switching in comparison to single tasks at the behavioral level. In addition, training specific-effects were also found at the neuronal level. Older adults trained in cue updating while switching showed a reduction in mixing costs in the cue-related P3, indicating an improvement in preparatory updating processes. Additionally, P3 topography changed with training from a very broad to a parietally focused scalp distribution similar to the one found in younger adults. However, we did not obtain training-specific improvements in context updating in the AX-CPT neither at the behavioral level nor at the neuronal level. Results are discussed in the context of the ongoing debate on whether transfer of cognitive training improvements is possible.

Keywords: task-switching training, cue updating, Cue-P3, older adults, transfer


INTRODUCTION

It is a well-documented finding in cognitive aging research that a variety of cognitive domains, such as working memory, inhibition, and cognitive flexibility show a substantial decline with increasing age (for reviews, Nyberg et al., 2012; Hartshorne and Germine, 2015). This is of importance in light of a growing elderly population and a prolonged life expectancy. Hence, a key challenge for researchers in the field of cognitive aging is (a) to identify conditions under which cognitive decline may be reversed or cognitive functioning can at least be maintained, (b) to investigate which training interventions not only lead to performance improvements in the trained tasks but also to better performance in untrained tasks (Binder et al., 2015), and (c) how these processes are reflected in the brain (e.g., Brehmer et al., 2014; Dörrenbächer et al., 2020).

In the meantime, there is not only evidence that the ability to improve the level of cognitive functioning is preserved even in very old age (Lövdén et al., 2010; Kühn and Lindenberger, 2016). There is also evidence that training interventions aiming at improving cognitive control functioning in older adults lead to performance gains in untrained cognitive tasks (for a review, Kray and Dörrenbächer, 2019; for a meta-analysis, see Karbach and Verhaeghen, 2014). Cognitive control is required in situations in which we need to adapt our thoughts and actions according to internal task goals in the context of changing environments. A common component of cognitive control in many cognitive tasks is representing and maintaining task-relevant knowledge (of the actual task or context) in working memory (Braver and Barch, 2002; Braver, 2012). Moreover, as more specific components of cognitive control, Miyake and Friedman (2012) identified the updating of task-relevant information and the switching between task rules.

The primary goal of the present study was to train older adults in the implementation of cognitive control by means of a task-switching training. In particular, because it is known that with aging the ability to apply proactive, i.e., preparatory, control processes declines rapidly and leads to a shift toward relying on reactive control (cf. West and Schwarb, 2006; Paxton et al., 2008; Braver, 2012), we aimed at investigating whether an intensive task-switching training would improve early task-preparatory processes, such as updating task-relevant goals in advance, which may also result in better switching performance. Therefore, we applied EEG measurement that allows to assess fine-grained temporal processes during preparing the upcoming task.


Age Differences in Cognitive Control

To date there is a variety of empirical evidence for age differences in cognitive control as measured with the task-switching paradigm (for a review, see Kray and Ferdinand, 2014; for a meta-analysis, see Wasylyshyn et al., 2011). In this paradigm, participants are instructed to perform two (or more) different cognitive tasks A and B, for instance, to categorize pictures as belonging to the category of fruits or of vegetable in task A, and to categorize the size of the pictures as small or large in task B. Participants perform these tasks in two types of blocks, the so-called single-task blocks and mixed-task blocks. In single-task blocks, they only perform one task A or B in isolation, while in mixed-task blocks, they are instructed to switch between both tasks A and B either in a predictable or in a random order (for overviews, see Kiesel et al., 2010; Grange and Houghton, 2014). Two types of costs can be derived from this paradigm: (1) Mixing costs (also termed global or general shifting costs) that are defined as difference in performance between mixed-task and single-task blocks. Mixing costs are considered to reflect the ability to deal with the switching situation, that is, to maintain and select between two task-sets, such as in mixed-task blocks, as compared to maintain only one task in single-task blocks. (2) Switching costs (also termed local or specific shifting costs) are defined as the difference in performance between switch and repeat trials within mixed-task blocks. These costs are assumed to reflect the ability to disengage from a previous task rule and to shift to the other task rule.

From behavioral studies, there is quite some evidence that older adults show larger mixing costs than younger adults, suggesting age-related impairments in maintaining multiple task sets. Moreover, age differences in switching costs are substantially smaller than in mixing costs (for reviews, Kray and Ferdinand, 2014; Gajewski et al., 2018). Further empirical support for the differential age-related changes in these types of task-switching costs comes from a meta-analytic study on age differences in task switching (Wasylyshyn et al., 2011). These findings suggest that older adults' deficits are due to being in a switch situation and requiring the selection between tasks and their maintenance and not by executing the task switch itself. However, it has been shown that age differences in mixing costs can be reduced by increasing the time to prepare for the next task (Kramer et al., 1999; Kray and Lindenberger, 2000; Kray, 2006; Whitson et al., 2012), or by instructing participants to verbalize the next task prior to target presentation, that is, when using verbal cues that facilitate task preparation in the absence of external task cues (Kray et al., 2008). In contrast, the pattern of much larger mixing costs relative to switching costs has primarily been observed in cued task-switching paradigms in which the two tasks are randomly presented and participants need to update which task to prepare depending on an external cue (Kray, 2006). One explanation for this pattern of findings is that older adults, in contrast to younger adults, tend to update the task also in repeat trials (when it is not necessary) and not only in switch trials, therefore switch costs are low or sometimes even negative in comparison to mixing costs (Karayanidis et al., 2011; Whitson et al., 2012). This updating deficit is particularly found in situations of uncertainty, when the targets are ambiguous as they contain features associated with both relevant tasks (Mayr, 2001). Alternatively, it has been suggested that older adults prefer a reactive control mode during performing a task, meaning that they are less engaged in advance preparation according to cues presented and update the task (or cue information) only when the target is presented. If they do so in repeat and switch trials, responses are much slower in mixed as compared to single trials while difference between repeat and switch trials are relatively low. In contrast, young adults prefer an active control mode in which they prefer and update the task representation in advance and if needed (Braver and Barch, 2002). On the basis of these theoretical consideration and previous empirical findings, we will focus on the comparison between single blocks and mixed blocks in the present study.

Because of their high temporal resolution, neurophysiological measures like event-related potentials (ERPs) can further contribute to determine the sources of age differences in mixing costs. In particular, ERPs allow to separate proactive processes required for task preparation—which are supposedly difficult for older adults—from those required for later task execution and response selection processes including reactive control processes (for reviews, Karayanidis and Jamadar, 2014; Gajewski et al., 2018). To investigate whether proactive control in older adults can be improved by a specific switching training, we compared two older training groups, a task-switching group that practiced to continuously update task-cue information, and therefore only performed mixed-task blocks in which the two tasks were randomly selected. In contrast, the single-task group only performed both tasks in separate blocks so that attending to the cue information was not necessary.

An ERP component that occurs during task preparation in cued task-switching paradigms and that is typically elicited by the presentation of a task cue is the cue-related P3. It is a parietal positivity that occurs about 400–600 ms after cue-onset (for a review, see Gajewski et al., 2018). Because it is usually more pronounced for switch as compared to non-switch trials (e.g., Kieffaber and Hetrick, 2005; Nicholson et al., 2005; Swainson et al., 2006; Lavric et al., 2008), it has also been labeled sustained posterior positivity (cf. Kopp et al., 2014) or (when measured as the difference wave between switch and repeat trials) switch positivity (Karayanidis et al., 2003, 2011). This parietal positivity has been linked to the idea of the classic P300/ P3b account (Donchin, 1981; Donchin and Coles, 1988; Polich, 2007), that has been assumed to reflect updating of task relevant knowledge, an idea that is corroborated by the finding that larger cue-P3s are related to smaller switch costs (e.g., Karayanidis et al., 2009, 2011; Elchlepp et al., 2012). However, it recently has been shown that the cue-related P3 and the target-related P3 are functionally distinct mechanisms, the one associated with the updating of higher-order rules (or task sets), and the other with updating of lower-level S-R rules (Barceló and Cooper, 2018a,b). Here we will focus on the updating of task rules instead of S-R rules. There is also evidence that cue-related P3 does not reflect a unitary updating process, but different subcomponents of the cue-P3 represent different aspects of updating. In particular, in cued switching paradigms an early and late positivity can be differentiated that are assumed to be associated with the intention to switch and updating the now relevant task set, respectively (cf. Karayanidis and Jamadar, 2014).

Older adults usually show less efficient task-set updating: When comparing mixed with single task blocks, older adults show a longer cue-P3 latency than younger adults (e.g., Kray et al., 2005; Eppinger et al., 2007; West and Travers, 2008). Additionally, when comparing switch and repeat trials, younger adults display larger cue-P3s on switch than repeat trials. In contrast, older adults show a reduced amplitude difference between these two trial types. This finding is interpreted as older adults needing to update task sets on each trial when they are in a switching context, no matter whether it is actually necessary or not (Eppinger et al., 2007; Friedman et al., 2008; Whitson et al., 2014). At the same time, ERPs show evidence for an additional recruitment of frontal brain regions in older adults, as can be inferred from a frontal shift in the topography of the cue-P3 (Kray et al., 2005; Eppinger et al., 2007; Karayanidis et al., 2011). This has been interpreted as a compensatory mechanism which helps older adults to keep their performance up (Friedman, 2008; Reuter-Lorenz and Cappell, 2008).

Another paradigm that can be used to measure preparatory cognitive control processes, such as updating task and response rules, is the AX-continuous performance task (AX-CPT). In this task, stimuli are presented in cue-target pairs and performance is compared across four types of cue-probe combinations. Participants are instructed to respond (e.g., with a right button press) to a specific target pair “AX” (when the target “X” is following the cue “A”) that is presented in 70% of the all trials to induce a strong response bias. In AY trials, another target (e.g., M, L, K) is following the cue “A,” while in BX trials the target “X” is preceded by other cues (e.g., P, T, S). Finally, in BY trials neither the cue A nor the target X is presented. Each of the three combinations (AY, BX, BY) is presented only in 10% of the trials and participants are instructed to respond with a left button press. Two types of control processes have been identified with this type of paradigm. If participants produce more AY than BX errors, they are strongly engaged in advance preparation of the response associated with the A cue (proactive control). In contrast, BX errors occur when participants are less engaged in advance preparation and press the wrong response button because they fail to correctly reactivate the preceding cue information (reactive control mode). In a number of studies, Braver and colleagues found that whereas younger adults showed strong engagement in task preparation processes, like updating and maintaining the cue (context) information (proactive control), older adults had deficits in advance preparation and instead needed to reactivate the cue information when confronted with the target (reactive control; Braver et al., 2005; Rush et al., 2006; Paxton et al., 2008; for a review, see Braver and Barch, 2002).

This general pattern has also been confirmed in ERP studies with a modified version of the AX-CPT, as the former paradigm is less suitable for ERP research given the distribution and low number of trials in critical conditions. In this version, two types of trials can be separated, context-dependent and independent trials. Similar to the cued task-switching paradigm, two cues (the context-dependent ones) induce the preparation of two response alternatives, but only one of them is actually selected after target presentation. In the other half of the cases, two different cues are redundant (context-independent) as the response selection is clearly associated with the target only so that preparation and cue updating is not needed. In younger adults, larger P3 amplitudes after cue presentation have been found in trials where the response is dependent on the preceding cue (context-dependent trials) than in trials where the response is independent on the cue (context-independent trials). This has been interpreted as younger adults ability to flexibly adapt to the more difficult conditions that need more preparatory updating of task-relevant information (Lenartowicz et al., 2010; Schmitt et al., 2014a,b). In contrast, older adults' P3 amplitudes did not differ between conditions, suggesting that older adults needed to update context information on every trial, even when it was not required (Schmitt et al., 2014a,b), similar to the results obtained in cued-task switching. Of importance for the present study, it has been found that these preparatory updating processes can be strengthened in the elderly, e.g., by extended practice and directed strategy training (Paxton et al., 2006; Braver et al., 2009) or by the prospect of a reward (Schmitt et al., 2015, 2017).

In sum, preparing an upcoming task depending on cues and the respective neuronal correlates have been investigated with cued task-switching paradigms in which a cue either indicated a task switch or task repetition, and in the modified AX-CPT in which cues either were informative for response selection or not. Hence, in both paradigms younger adults recruit more cognitive control (as indexed by larger cue-P3 amplitudes) when needed (after a cue switch or in context-dependent trials), while older adults also invest in control when it is not needed.



Training of Task Switching

There is an ongoing debate in cognitive training research mainly about whether cognitive training gains can be transferred and generalized to untrained cognitive tasks (e.g., Novick et al., 2019). While a lot of studies have examined age differences in near and far transfer effects in the domain of working memory and multitasking (Anguera et al., 2013; Strobach et al., 2016), there is also some evidence on the effectiveness of task-switching training (for recent reviews, Karbach and Kray, 2016; Kray and Dörrenbächer, 2019). It has been shown that training switching by performing mixed-task blocks as compared with training only single tasks leads to a larger reduction of mixing and switching costs, and this reduction was even more pronounced in older than in younger adults (Karbach and Kray, 2009; Kray and Fehér, 2017). For both, younger and older adults, larger transfer effects, i.e., a larger reduction of mixing costs under a variable training in which participants received a new set of stimuli and tasks in each of the training sessions were found (cf. Karbach and Kray, 2009). In addition, older adults also showed larger transfer effects of task-switching training when the ambiguity and by this the interference between two tasks was high (Kray and Fehér, 2017). Given these previous findings, we decided to apply a variable training with ambiguous stimuli in the present study.

There are only a few studies examining different training conditions (e.g., cognitive, physical, relaxation) on changes in neuronal correlates of task switching in older adults. One study by Gajewski and Falkenstein (2012) found that the target P3 was enhanced after the cognitive training intervention compared to the control group and the physical and relaxation group but unspecifically on single, repeat and switch trials, which was interpreted as higher cognitive resources to perform the actual task. In a recent study, the effects of multi-domain cognitive training on task preparation and task execution was examined in a switching task in which participants were asked to switch between responding to the word measuring or colors of Stroop stimuli (Küper et al., 2017). Interestingly, the cognitive training intervention, as compared to the active and passive (social) control group, influenced processing in the cue processing stage. Here, they found that in the cognitive training group, the cue-locked P3 increased from pretest to posttest for repeat trials at all electrodes (Fz, Cz, and Pz), and in the active control group only at the central electrode while such an increase was not obtained in the passive control group. This finding was interpreted by the authors as better maintenance of task rules from one trial to the next under switching conditions. The effect was unspecific to the training intervention as it was also obtained in the active control group. However, the cognitive training was a multi-domain training including memory, speed, and reasoning tasks that may not be similar enough to induce transfer of training, in particular, a boost in the updating of task rules.



The Present Study

We already have some evidence from previous training studies that training in task switching is useful and effective and can lead to performance improvements in untrained similar switching tasks and other cognitive tasks in older adults. The primary question of this study was whether potential training gains mainly result from improved task preparation and whether such improvements can be transferred to other cognitive control tasks. Therefore, we applied an ERP approach to determine changes in cue processing during the anticipation of the next task with a cued-based task-switching paradigm at pre- and post-test. To examine the effects of training on cue updating, older participants were assigned to two different training groups. One group received eight practice sessions of switching by performing only mixed-task blocks in which the cue was relevant to correctly perform the next task (task-switching group). The other group, as active control group, only received single-task blocks (single-task group) during the eight practice sessions in which the cue was non-informative for the task. Note that the training was variable, meaning, that all participants performed a new set of stimuli and tasks in each of the eight training sessions and all stimuli were ambiguous to induce interference between both tasks, as we found larger transfer effects under these training conditions in two previous studies (Karbach and Kray, 2009; Kray and Fehér, 2017). To determine transfer effects, our participants also performed a modified AX-CPT task that, similar to the cued task-switching paradigm, required the updating of cue-relevant information (see Methods section). Here, ERPs were also measured to the onset of the cue. We also assessed a group of younger adults at pre- and post-test in both tasks to determine age differences in cognitive control processes.

On the behavioral level, we expected that both training groups would improve during the training sessions, that is, we should find faster reaction times and less errors with increasing practice. We also expected transfer effects, that is, a larger reduction of task-switching costs and a larger reduction in the context effect in the task-switching training than in the single-task training group. On the neuronal level, we focused on the cue-P3 in the preparation interval and expected changes in cue-P3 amplitudes, indexing engagement in updating task rules. In particular, we expected updating to become more specific to the trials where it is needed (switch trials) and by this result in a decrease of mixing and an increase or emergence of switching costs. If practice effects in updating cue-relevant information can be transferred to another task, we would also expect changes in the cue-P3 of the AX-CPT. More specifically, a difference in P3 amplitudes between context-dependent and context-independent trials should emerge after the training resulting from a more flexible investment of cognitive control in those trials where it is actually needed.




METHODS


Participants

Overall, 64 older adults (33 males) were willing to participate and complete the intensive training, while 31 younger adults (18 males) only participated in the pretest and the posttest sessions. Participants were recruited through a newspaper article and from a subject pool of Saarland University. All participants signed informed consent in advance and received a monetary compensation of €8 per hour for their attendance. The older adults additionally received a reimbursement of €20 for travel expenses. The study procedure and the written informed consent were approved by the local ethics committee at Saarland University.

According to self-reports, all participants were native German speakers, reported normal or corrected to normal vision and hearing, and none of the participants reported neurological or psychological disorders. Moreover, all participants were right-handed as measured with the Edinburgh Inventory (Oldfield, 1971). Characteristics of the final sample are shown in Table 1. In line with previous studies on aging and the two-component model of intelligence (Baltes et al., 1999), we found significant age differences in processing speed as measured with the Digit Symbol Substitution Test (DSST, adapted from Wechsler, 1981), that is, a typical slowing in perceptual speed of processing in older adults as compared to younger adults, F(1,92) = 64.61, p < 0.001, [image: image] = 0.41. In contrast, in a semantic knowledge test, the Spot-a-Word Test (adapted from Lehrl, 1977), older adults achieved a higher score than younger adults, F(1,92) = 51.96, p < 0.001, [image: image] = 0.36.


Table 1. Characteristics of the sample and baseline measurement of cognitive tasks at pretest.

[image: Table 1]

Importantly, in order to avoid baseline differences in cognitive measures between the two training groups, these two groups were matched according to their performance in the perceptual speed task and the magnitude of mixing costs at pretest. As can be seen in Table 1, the two trainings groups did not significantly differ in both measures (p = 0.09 and p = 0.98, respectively). Moreover, they also did not differ in mean age (p = 0.06).



Study Design and Procedure

To measure training and transfer effects, we used a pretest-training-posttest design. The pretest sessions included the assessment of cognitive functioning by means of a cognitive test battery as well as the baseline measurement of neuronal correlates of cognitive control functioning by means of EEG recordings (of about 180 min) and functional imaging (fMRI) that was measured in a separate session (of about 150 min). The pretest EEG and fMRI sessions were identical to the posttest session. Here, we will report only the results from the EEG sessions (for the fMRI results, see Dörrenbächer et al., 2019, 2020). Only the older adults performed the eight training sessions between pre- and post-test that were spaced over 4 weeks. Thus, the participants received the training intervention twice a week for about 45 min. We tested participants individually in the training sessions by one experimenter and at pretest and posttest by two experimenters. Each of the sessions will be described in detail below.


Pre- and Post-test Sessions

In the pre- and post-test sessions, each participant performed three cognitive control tasks: a switching task, a context-updating task (modified AX-CPT), and a working-memory filtering task, while the EEG was recorded. As task-preparatory processes cannot be observed in the memory-filtering task, we will focus on the results of the switching task and the context-updating task. The experimental tasks for the pre- and post-test as well as for the training sessions were programmed using E-Prime® 2.0 Professional (Psychology Software Tools, Inc, 2012).


Measurement of Task Switching

To measure task-switching performance, we applied a modified version of the task-switching paradigm as used in the training study by Karbach and Kray (2009). In this paradigm, participants are instructed to perform two categorization tasks, either in isolation (i.e., single-task blocks), or they have to switch between them (i.e., mixed-task blocks). Targets were pictures that had to be categorized according to semantic meaning either as fruit or vegetable (task A), or according to a perceptual feature as small or large in size (task B) by pressing one of two buttons on a response pad. Hence, the stimulus-response mappings of both tasks were overlapping because one feature of each of the two tasks was mapped onto the same response key. Participants were instructed to use their left and right index fingers for responding as well as to respond as quickly and accurately as possible. In contrast to the previous study, participants received cues indicating the next task A or B that were presented in a random order. Cues consisted of two letters indicating the food task (ES = “Essensaufgabe”) or the format task (FO = “Formataufgabe”) in advance of the target stimulus.

Target stimuli were 32 colored pictures of food items (16 fruits, 16 vegetables) adapted from the Snodgrass and Vanderwarts' pictorial set (Rossion and Pourtois, 2004). All targets were presented in a pseudorandom order in either small size (90 × 90 pixels) or large size (220 × 220 pixels) at the center of the computer screen.

In the practice phase, participants first performed two single-task blocks of 12 trials and two mixed-task blocks of 12 trials. Thereafter, they performed eight experimental blocks (four single-task blocks and four mixed-task blocks). Each block consisted of 41 trials while the first trial as a re-start trial was always excluded from data analyses. The mixed-task blocks consisted of 20 repeat and 20 switch trials presented in a random sequence. Each block consisted of an equal number of stimulus and response types. Performance feedback of mean reaction times and error rates was given at the end of each block. Stimulus-response assignments were counterbalanced across participants as well as the order of single-task blocks. Testing time lasted about 25 min.

The trial procedure was identical for single and mixed trials. Each trial started with a 300 ms fixation cross, followed by the cue (i.e., ES or FO), which was presented for 800 ms. After the cue, a second fixation cross was presented for 1,000 ms, followed by the target that was displayed for 1,800 ms. Responses had to be executed within this given time window. Otherwise, the trial was excluded from further analyses. The inter-trial interval (ITI) lasted for 500 ms.



Measurement of Context Updating

To measure context updating, we applied a modified AX-CPT (Lenartowicz et al., 2010), that was further adapted to examine age differences in neuronal correlates of context updating in studies from our lab (e.g., Schmitt et al., 2014a).

In this version of the AX-CPT, participants were instructed to respond to four different cue-target combinations by pressing either the left or right response button (i.e., if-then rules). The task consisted of two trial types. In context-dependent trials (c-dep), correct responses to targets were depended on the preceding cue. For instance, if the female person was followed by a bird, then participants should press the left key, and if the male person was followed by a cat, then should press the right key. In context-independent (c-indep) trials, responses to the targets did not depend on the preceding cue. Nevertheless, the same type of instructions was given. For instance, if the female person was followed by a fish, then participants should press the left key, and if the male person was followed by the fish, then participants should press the left key. In context-independent trials, the cue can be neglected in order to select the correct response (the fish is always assigned to the left response). Participants were further instructed to use the left and right index fingers for responding and to respond as quickly and accurately as possible.

As target stimuli, we used four colored animal pictures adapted from the Snodgrass and Vanderwarts' pictorial set (Rossion and Pourtois, 2004). Cues were four photographs of human faces (young/old woman, young/old man) from the lifespan database of adult facial stimuli (Minear and Park, 2004) as this task has already been used in a previous aging study (Schmitt et al., 2014a).

In the practice phase, participants performed three blocks of 16 trials each in the following fixed order. The first practice block contained only c-indep trials, followed by a second block of only c-dep trials, which was followed by a third block containing intermixed trials. In the experimental phase, participants performed four intermixed blocks, each containing 41 trials: one start trial, 20 c-indep and 20 c-dep trials. Each block was equal regarding stimulus and response type. Stimulus-response assignments were counterbalanced across participants. The same tasks were used at pre- and post-test, but with different stimulus sets. The testing time was ~15 min.

The trial procedure started with a 250 ms fixation cross, followed by the informative cue, which stayed on the display for 750 ms. After a second 750 ms fixation cross, the target was presented for 3,600 ms and responses had to be executed within the given time window. If participants did not respond within the given time window, the trial was excluded from further analyses. The 500 ms ITI separated two consecutive trials.




Training Sessions

The training intervention consisted of eight sessions. Older adults practiced over a time period of 4 weeks with two 45-min sessions per week at Saarland University with the restriction to not train on two consecutive days per week. According to their baseline performance (see above), older participants were assigned to either the single-task training group or the task-switching training group. Both groups received and performed identical tasks (same cues and stimuli) during the training sessions, with the difference that the single-task training group practiced the two tasks (e.g., A and B) in separate blocks, while the task-switching training group only received mixed-task blocks, and by this, practiced the updating of cue information while switching between two tasks.

Each training session consisted of 10 blocks of 41 trials with the block design and trial procedure being identical between the pre- and post-test sessions. In each session, the single-task training group performed five blocks of the one task and five blocks of the other task, whereas the task-switching training group performed 10 mixed-task blocks.

Across the eight training sessions, we used different stimulus material and different tasks given that a previous training study has shown that a variable training lead to greater transfer effects in older adults (Karbach and Kray, 2009). The eight different training tasks were constructed in a way that participants were required to classify pictures according to a semantic or perceptual task (see Table 2). The first four training tasks were adopted from Karbach and Kray (2009) and the other four training tasks were newly created. Stimuli were taken from the databases of Snodgrass and Vanderwart (1980) and Rossion and Pourtois (2004). The order of the eight training tasks was kept constant across the sessions.


Table 2. Semantic and perceptual tasks used in the eight training sessions.
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EEG Recording and Pre-processing

During EEG recording, participants were seated in an electrically shielded and noise-protected room. EEG was recorded using the Brain Vision Recorder Software (Brain Products, Munich, Germany). Fifty-nine Ag/AgCl active Electrodes were attached to elastic caps (Acticap) and arranged in the extended international 10–20 system (Jasper, 1958). Additionally, electro-ocular activity (EOG) was recorded from four electrodes placed at the outer canthi of both eyes and above and below the right eye. The ground electrode was placed at AFz, the online reference at the right mastoid, and impedances were kept below 20 kΩ. EEG data were filtered online with a low-pass filter of 250 Hz and converted analog-to-digital with a sampling rate of 500 Hz. Offline EEG processing was done using EEProbe (ANT). Recordings were band-pass filtered offline from 0.01 to 30 Hz, re-referenced to linked mastoids, and averaged according to the respective experimental conditions. Whenever the standard deviation in a moving 200 ms time interval exceeded 30 μV in ocular electrodes, data were marked as artifacts. These eye movements were corrected by using a linear regression approach (Gratton et al., 1983). All other artifacts in the EEG data were rejected prior to averaging if the standard deviation of the amplitude in a 200 ms interval was above 20 μV in the representative electrode Cz. For the task-switching task, this procedure resulted in the rejection of 43.2 and 46.2% of trials for younger adults, 58.7 and 59.5% for older adults from the single-task training group, and 62.2 and 55.8% for older adults from the task-switching training group, for pre- and post-test, respectively. For the context-updating task, this procedure resulted in the rejection of 33.2 and 31.9% of trials for younger adults, 55.3 and 55.0% for older adults from the single-task training group, and 55.5 and 49.6% for older adults from the task-switching training group, for pre- and post-test, respectively. The rejection rates were similarly distributed for single and mixed trials at pretest and posttest for younger and older adults, and therefore did probably not selectively influence the EEG results. Overall, we made sure that for each condition in each subject, we at least obtained 16 artifact-free trials. Participants that did not fulfill this criterion were excluded from data analyses (see next section).



Data Analysis

Before analyzing, behavioral performance was screened for extreme values in the baseline and the training data. Mean reaction times (RT) or error rates more than three standard deviations from the corresponding group mean were considered as extreme values which resulted in the exclusion of one older participant from the switching group from all behavioral and ERP analyses. Four participants (two younger adults, one older adult from the single-task training group, and one from the switching group) producing <16 artifact-free trials per task condition were excluded from statistical analyses of the task-switching EEG data. Three participants (two older adults from the single-task training group and one from the switching group) were excluded from the analyses of the AX-CPT EEG data. Data were analyzed with the software package SPSS 24.

For behavioral data analysis of the switching task, the first trial in each block and trials including reaction times (RT) below 100 ms were excluded from the subsequent analyses. Data exclusion was only very minor for the training data (0.16% of the trials in the task-switching group; 0.11% of the trials for the single task group). At pretest, data exclusion was 2.75% for the older group and 0.28% for the younger group, and at posttest, 0.68% for the older group and 0.19% for the younger group). Behavioral results were based on mean RT for correct responses and on error rates.

ERPs were averaged stimulus-locked to the cue and separately for each trial type in time windows from −200 to 1,000 ms (in the switching task) and from −200 to 800 ms (in the AX-CPT) using a 100 ms prestimulus baseline. For both tasks, the cue-locked P3 was analyzed using a mean amplitude measure in a respective time window. The selection of the time windows for statistical analyses was based on the literature and our previous analyses of the cue-locked P3 in these two tasks (e.g., Karayanidis et al., 2003; Kray et al., 2005; Schmitt et al., 2014a), together with the visual inspection of the peaks obtained in the present data. Visual inspection of the cue-locked P3 in the switching task indicated a prolonged P3 component without a clear peak in older adults which is consistent with the literature (for a review, see Gajewski et al., 2018). For this reason, the cue-locked P3 amplitudes were measured in an early 300–500 ms window and a late 500–700 ms window after cue onset and we refrained from analyzing P3 latencies. For the AX-CPT, ERP amplitudes were averaged in different time windows for pretest and posttest due to clear temporal shifts of the peak amplitudes from pretest to posttest in the present data: Cue-locked P3 amplitudes were averaged in a 470–670 ms window at pretest and in a 400–600 ms window at posttest. In line with previous ERP studies, analyses were restricted to the midline electrodes Fz, Cz, and Pz (e.g., Karayanidis et al., 2011). Please note that the trials included in the ERP analyses did not fully correspond to the trials that entered the behavioral analyses.

For all analyses, the alpha level was set to 0.05. Greenhouse–Geisser corrections for non-sphericity (Keselman and Rogan, 1980) were applied when necessary. In this case, epsilon corrected p-values are reported together with epsilon values and uncorrected degrees of freedom.




RESULTS

In the following, we will first report the results of the training data to make sure that participants showed improved task performance during the eight training sessions. Then, we will first analyze age-related differences in the two cognitive control tasks at the behavioral and neuronal level in order to prove whether previous findings on reported age differences can be replicated. Thereafter, we will present the results on the transfer of training to a structural similar switching task at the behavioral and neuronal level. Finally, we will report the results on the transfer to an untrained cognitive control task, also requiring the updating of cue information, as the trained task.


Training Data

Given that we applied a variable training intervention in which participants performed a new set of tasks in each of the training session, training data will not be analyzed as a function of training session because the eight tasks also differed in task difficulty. Information about training gains in each of the eight sessions is provided in the Supplementary Material. Instead, we determined the training gains within each of the eight training sessions by dividing them into four bins (one bin contains 35 trials) that were then aggregated across the eight sessions (see also Pereg et al., 2013). The corresponding data are shown in Table 3. Mean RTs and error rates were separately analyzed with an ANOVA design, including the between-subjects factor Training Group (task-switching training, single-task training) and the within-subjects factor Bin (1, 2, 3, 4).


Table 3. Means (M) and standard deviations (SD) for RTs (ms) and error rates (%) as a function of training group (single task training, task-switching training) and time (bin 1, bin 2, bin 3, bin 4).
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The results on mean RTs revealed main effects for Bin, F(3,183) = 121.82, p < 0.001, [image: image] = 0.67, and Training Group, F(1,61) = 6.37, p < 0.05, [image: image] = 0.10, as well as a significant interaction between Bin and Training Group, F(3,183) = 11.54, p < 0.001, [image: image] = 0.16. Separate analyses for each training group revealed a linear reduction of mean RTs within training sessions for the task-switching training group, F(1,28) = 74.59, p < 0.001, [image: image] = 0.73, as well as for the single-task training group, F(1,33) = 78.54, p < 0.001, [image: image] = 0.70. That means, both training groups became continuously faster with increasing practice, and this decrease was larger in the task-switching group than in the single-task training group, while the single-task training group was generally faster in responding (see Table 3).

The results on error rates showed the same pattern. The ANOVA results revealed main effects for Bin, F(3,183) = 38.77, p < 0.001, [image: image] = 0.39, and Training Group, F(1,61) = 23.27, p < 0.05, [image: image] = 0.28, as well as an interaction between both factors, F(3,183) = 21.19, p < 0.001 [image: image] = 0.26. Again, separate analyses for each group indicated a linear reduction of error rates with increasing practice for the task-switching training group, F(1,28) = 38.48, p < 0.001, [image: image] = 0.58, that was only marginally significant in the single-task training group, F(1,33) = 3.84, p = 0.059, [image: image] = 0.10. In line with the results on mean RTs, both groups became more accurate in responding, while practice effects were larger in the task-switching group than the single-task group, whereas the latter group also produced generally less errors (see Table 3).



Analysis of Pretest Data

Before analyzing the transfer effects, we looked at the pretest data in order to make sure that we were able to replicate previous results on age differences in the two cognitive control measures, and to examine potential baseline differences between the two training groups. We will report the behavioral and neuronal results first for the switching task, and then for the context-updating task (AX-CPT).


Results of the Switching Task at Pretest

To examine age and possible a priori training group differences in task switching, we performed an ANOVA with the between-subjects factor Group (older/single task training, older/task-switching training, younger adults) and the within-subjects factor Trial Type (single, repeat, switch) for the behavioral data that are shown in Table 4. As we were mainly interested in whether younger adults differed from older ones, and whether the older adults training group differed from each other, we conducted an orthogonal group contrasts in the ANOVA design (−2 1 1; 0 −1 1) and focused on interactions with two trial-type contrasts: The first contrast reflects mixing costs (Trial Type Contrast 1: −2 1 1) and the second contrast reflects switching costs (Trial Type Contrast 2: 0 −1 1).


Table 4. Means (M) and standard deviations (SD) for RTs (ms) and error rates (%) as a function of group and trial type separately for the pretest and posttest.
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Results for the mean RTs showed reliable mixing costs, F(1,93) = 153.76, p < 0.001, [image: image] = 0.63, and switching costs, F(1,93) = 27.07, p < 0.001, [image: image] = 0.23. Older adults showed larger mixing costs compared to younger adults, F(1,91) = 4.88, p < 0.05, [image: image] = 0.05, but no larger switching costs, p = 0.64. Importantly, the two training groups did not significantly differ in the magnitude of mixing and switching costs (p = 0.91, p = 0.59, respectively).

The analysis of error rates also revealed reliable mixing costs, F(1,93) = 48.80, p < 0.001, [image: image] = 0.34, and switching costs, F(1,93) = 14.89, p < 0.001, [image: image] = 0.14. For the error rates, older adults showed larger mixing and switching costs than younger adults, F(1,91) = 7.47, p < 0.01, [image: image] = 0.08, F(1,91) = 9.75, p < 0.01, [image: image] = 0.10, respectively. Again, the two training groups did not differ in mixing and switching costs at pretest (p = 0.41, p = 0.82, respectively).

To examine group differences in early and late cue-locked P3 mean amplitudes in task switching (see Figure 1), we performed ANOVAs with the between-subjects factor Group (older/single, older/switching, younger adults) and the within-subjects factors Trial Type (single, repeat, switch) and Electrode Location (Fz, Cz, Pz), using the same contrasts as before. In addition, to reduce unnecessary comparisons to those of interest, the factor Electrode Location was tested in a repeated contrast (−1 1 0, 0 −1 1).


[image: Figure 1]
FIGURE 1. Cue-locked ERPs for single, repeat, and switch trials at pretest for younger adults, older adults in the single-task training, and older adults in the task-switching training group displayed at electrodes Fz, Cz, and Pz.


In early cue-locked P3 amplitudes, this ANOVA yielded a significant Trial Type Contrast 1, F(1,87) = 79.65, p < 0.01, [image: image] = 0.48, indicating reliable mixing costs, as well as an interaction between Group and Trial Type Contrast 1, F(2,87) = 4.20, p < 0.05, [image: image] = 0.09. Post-hoc tests showed that mixing costs were significant in all three groups [younger adults: F(1,28) = 60.38, p < 0.01, [image: image] = 0.68; older/single: F(1,32) = 10.51, p < 0.01, [image: image] = 0.25; older/switching: F(1,27) = 27.41, p < 0.01, [image: image] = 0.50]. However, they were larger for younger adults than for the two older training groups, mean difference = 1.19, SE = 0.35, p < 0.01, while the two older training groups did not differ, p = 0.83. Additionally, the three-way interaction between Group, Trial Type Contrast 1, and Electrode Location (Cz vs. Pz) was marginally significant, F(1,87) = 2.84, p = 0.06, [image: image] = 0.06. Dissolving this interaction showed that for younger adults, mixing costs in early cue-locked P3 amplitudes differed between electrode locations, F(1,28) = 5.38, p < 0.05, [image: image] = 0.16. They were more pronounced at Pz, F(1,28) = 95.30, p < 0.01, [image: image] = 0.77, than at Cz, F(1,28) = 29.78, p < 0.01, [image: image] = 0.52, which can be inferred from the effect sizes. This interaction was not observed for older adults (all p > 0.31).

The same ANOVA was calculated for the late cue-locked P3 amplitudes. This analysis again yielded a significant Trial Type Contrast 1, F(1,87) = 38.92, p < 0.01, [image: image] = 0.31, suggesting reliable mixing costs. Mixing costs differed over electrode locations (Cz vs. Pz), F(1,87) = 10.46, p < 0.01, [image: image] = 0.27, being larger at parietal, F(1,87) = 50.95, p < 0.01, [image: image] = 0.37, than central electrodes, F(1,87) = 20.43, p < 0.01, [image: image] = 0.19, which can be inferred from the effect sizes. There was also an interaction between Trial Type Contrast 2 and Electrode Location (Cz vs. Pz), F(1,87) = 10.30, p < 0.05, [image: image] = 0.11, which was due to significant switching costs at Pz, F(1,87) = 50.95, p < 0.01, [image: image] = 0.37, but not Cz, p = 0.92. Although mixing and switching costs did not interact with group, we had hypotheses concerning group differences and thus additionally analyzed each group separately. These analyses demonstrated that for younger adults, the P3 was parietally distributed, F(1,28) = 9.83, p < 0.05, [image: image] = 0.26, and mixing, F(1,28) = 16.14, p < 0.01, [image: image] = 0.37, as well as switching costs, F(1,28) = 5.38, p < 0.05, [image: image] = 0.16, were present at Pz only. In contrast, for older adults mixing costs were still present in this later time interval [older/single: F(1,32) = 14.79, p < 0.01, [image: image] = 0.32; older/switching: F(1,27) = 33.19, p < 0.01, [image: image] = 0.55] and did not differ between the two groups, p = 0.35. Moreover, switching costs were absent (all p > 0.49) and there were no effects involving Electrode Location for the older age groups, all p > 0.16.

In sum, the behavioral data showed no baseline difference in mixing and switching costs between the two training groups. Age differences were found for mixing costs but not for switching costs at the level of reaction times as well as for mixing and switching costs at the level of errors. P3 amplitudes demonstrated the typical age-related frontal shift in P3 distribution with a clear parietal focus in younger and more evenly distributed P3 in older adults. In the early cue-locked P3, mixing costs were found in all three groups. They were larger for younger adults and the two older groups did not differ from each other. In the later cue-locked interval, switching costs emerged for younger adults, while for older adults mixing costs extended into this interval and switching costs were not present.



Results of the Context-Updating Task at Pretest

To examine age and group differences in context updating, we performed an ANOVA with the between-subjects factor Group (older/single task training, older/task-switching training, younger adults) and the within-subjects factor Trial Type (c-dep, c-indep), using the same group contrasts as before. The behavioral data are shown in Table 5.


Table 5. Means (M) and standard deviations (SD) for RTs (ms) and error rates (%) as a function of group and trial type separately for the pretest and posttest in the AX-CPT.
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Results indicated a reliable context effect for reaction times, F(1,93) = 129.94, p < 0.001, [image: image] = 0.58, and for error rates, F(1,93) = 45.73, p < 0.001, [image: image] = 0.33, that is, better performance in c-indep than c-dep trials. For both measures, older adults showed a greater context effect compared to younger adults, F(1,91) = 20.85, p < 0.001, [image: image] = 0.19 and F(1,91) = 11.13, p = 0.001, [image: image] = 0.11, respectively, but again the two training groups did not significantly differ from each other (p = 0.60, p = 0.92, respectively).

For the analysis of the cue-locked P3 amplitudes (see Figure 2) in the context updating task, we applied the same ANOVA design as for the behavioral data with the additional factor Electrode Location (Fz, Cz, Pz). Again, to reduce unnecessary comparisons to those of interest, the factor Electrode Location was tested in a repeated contrast (−1 1 0, 0 −1 1).


[image: Figure 2]
FIGURE 2. Cue-locked ERPs for context-independent and context-dependent trials at pretest for younger adults, older adults in the single-task training group, and older adults in the task-switching training group displayed at electrodes Fz, Cz, and Pz.


Cue-locked P3 amplitudes displayed an interaction between Group and Electrode [Fz/Cz: F(2,88) = 54.70, p < 0.01, [image: image] = 0.55; Cz/Pz: F(2,88) = 5.73, p < 0.01, [image: image] = 0.12], which was due to a clear parietal topography of the P3 for younger adults [Fz < Cz: F(1,30) = 84.95, p < 0.01, [image: image] = 0.74; Cz < Pz: F(1,30) = 17.84, p < 0.01, [image: image] = 0.37], but a frontal topography for both groups of older adults [Fz > Cz for older/single, F(1,31) = 11.59, p < 0.01, [image: image] = 0.27, and older/switching, F(1,27) = 41.12, p < 0.01, [image: image] = 0.60, respectively]. Additionally, the factor Trial Type showed interactions with Group, F(2,88) = 3.22, p < 0.05, [image: image] = 0.07, and with Electrode (Cz/Pz), F(1,88) = 5.23, p < 0.05, [image: image] = 0.06. In younger adults, a clear context effect emerged with P3 amplitudes for c-indep trials being smaller than those for dependent trials, F(1,30) = 8.80, p < 0.01, [image: image] = 0.23. Context effects were not present for older adults from the single-task group, p = 0.10. Older adults from the switching group displayed a marginally significant interaction between Trial Type and Electrode Location (Cz/Pz), F(1,27) = 3.34, p = 0.09, [image: image] = 0.10, but follow-up test at Cz and Pz did not result in any significant context effects, all p > 0.37.

In sum, we found a larger context effect in older than in younger adults for reaction times and error rates while both training groups did not differ in the magnitude of the context effect at pretest. The cue-locked P3 displayed a clear parietal topography in younger adults and was shifted toward frontal electrodes in both groups of older adults. Moreover, there was a P3 context effect present in younger adults, but absent for both groups of older adults.




Transfer of Training to an Untrained Switching Task
 
Transfer at the Behavioral Level

To examine the transfer of training in task switching to a similar switching task, we focused the analysis on reaction times, as previous studies usually did not find transfer at the level of error rates, mostly because error rates are relatively small and there is less room for improvement. To determine relative improvements from pretest to posttest (taken into account age-group differences at pretest), we also analyzed log-transformed RTs. Note that the difference between log-transformed variables corresponds to a proportional score.

We calculated an ANOVA with the within-subjects factors Session (pretest, posttest) and Trial Type (single, repeat, switch) and the between-subjects factor Group (older/single task training, older/task-switching training, younger adults). As can be seen in Figure 3, there was a relative reduction in mixing costs from pretest to posttest, F(1,93) = 11.34, p < 0.001, [image: image] = 0.11, with the task-switching group showing a larger improvement than the single task training group from pretest to posttest, F(1,91) = 4.04, p < 0.05, [image: image] = 0.04. Moreover, the difference in mixing costs between both groups was significant at posttest, F(1,91) = 4.51, p < 0.05, [image: image] = 0.05, while the magnitude of mixing costs between the older task-switching training group and the younger control group was not significant (p = 0.39). We also obtained group differences in relative improvements of switching costs namely a larger reduction of switching costs in the younger control group than in the two training groups, F(1,91) = 9.30, p < 0.01, [image: image] = 0.09.
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FIGURE 3. Mixing costs (left) and switching costs (right) on the level of mean RT as a function of group and session. Error bars refer to standard errors of the mean.




Transfer at the Neuronal Level

To examine near transfer to an untrained task-switching task in early and late cue-locked P3 mean amplitudes (see Figure 4), we performed ANOVAs with the between-subjects factor Group (older/single task training, older/task-switching training, younger adults) and the within-subjects factors Session (pretest, posttest), Trial Type (single, repeat, switch), and Electrode Location (Fz, Cz, Pz), using the same contrasts as before (see Results of the Switching Task at Pretest) and focusing on effects including the factor Session. For the early cue-locked P3 amplitude, this ANOVA yielded a significant four-way interaction between Group, Session, Trial Type Contrast 1, and Electrode Location (Cz/Pz), F(1,87) = 3.99, p < 0.05, [image: image] = 0.08. For younger adults, there was a tendency for mixing costs to change over sessions, F(1,28) = 3.86, p = 0.06, [image: image] = 0.12, with mixing costs being larger at pretest, F(1,28) = 60.38, p < 0.01, [image: image] = 0.68, than at posttest, F(1,28) = 16.21, p < 0.01, [image: image] = 0.37, as can be inferred from the effect sizes. Moreover, for younger adults the topography (Fz/Cz) of the P3 changed over sessions, F(1,28) = 7.76, p < 0.01, [image: image] = 0.22. While there was no difference between frontal and central electrodes at pretest, p = 0.21, there was a clear difference at posttest, F(1,28) = 12.49, p < 0.01, [image: image] = 0.31, indicating less frontal involvement. For older adults from the single-task group, there was also a tendency for mixing costs to change from pretest to posttest, F(1,38) = 3.07, p = 0.09, [image: image] = 0.09, but with mixing costs being smaller at pretest, F(1,32) = 10.51, p < 0.01, [image: image] = 0.25, than at posttest, F(1,32) = 23.27, p < 0.01, [image: image] = 0.42 (see effect sizes). For older adults from the switching group, mixing costs marginally changed with Session and Electrode (Cz/Pz), F(1,27) = 3.78, p = 0.06, [image: image] = 0.12. While mixing costs were present at Cz, F(1,27) = 20.61, p < 0.01, [image: image] = 0.43, and Pz, F(1,27) = 23.25, p < 0.01, [image: image] = 0.46, at pretest, they were only present at Pz at posttest, F(1,27) = 9.79, p < 0.01, [image: image] = 0.27(Cz: p = 0.66). Moreover, from the effect sizes it can be inferred that mixing costs were smaller at posttest as compared to pretest (see Figure 5).


[image: Figure 4]
FIGURE 4. Cue-locked ERPs in single, repeat, and switch trials at posttest for younger adults, older adults in the single task training group, and older adults in the task-switching training group displayed at electrodes Fz, Cz, and Pz.
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FIGURE 5. Mixing costs (calculated as the difference between single trials and the mean of repeat and switch trials) in early cue-locked P3 amplitudes at electrode Pz for pre- and post-test. Smaller values reflect smaller mixing costs. Error bars refer to standard errors of the mean. Mixing costs seem to decrease from pre- to post-test for younger adults and older adults from the task-switching training group, while they show a tendency to increase for older adults from the single-task training group.


For the late cue-locked P3 amplitude, this ANOVA resulted in a marginally significant four-way interaction between Group, Session, Trial Type Contrast 1, and Electrode Location (Cz/Pz), F(2,87) = 3.01, p = 0.05, [image: image] = 0.07, and a significant interaction between Session and Trial Type Contrast 2, F(1,87) = 4.32, p < 0.05, [image: image] = 0.05. For younger adults and for older adults from the single-task group, there was no significant interaction including Session and Trial Type Contrast 1, all p > 0.23. In contrast, for older adults from the switching group, there was an interaction between Session and Trial Type Contrast 1, F(1,27) = 5.15, p < 0.05, [image: image] = 0.16, and a marginally significant interaction between Session, Trial Type Contrast 1, and Electrode (Cz/Pz), F(1,27) = 3.16, p = 0.09, [image: image] = 0.11. In this group, mixing costs were present at Cz, F(1,27) = 21.47, p < 0.01, [image: image] = 0.44, and Pz, F(1,27) = 17.59, p < 0.01, [image: image] = 0.39, at pretest, but only at Pz, F(1,27) = 7.65, p < 0.05, [image: image] = 0.22, at posttest (Cz: p = 0.89). Again, as for the early cue-locked P3, effect sizes indicate that mixing costs were smaller at posttest as compared to pretest. As for switching costs, they were not significant at pretest (p = 0.55), but reliable at posttest, F(1,87) = 14.90, p < 0.01, [image: image] = 0.15.

In sum, older adults from the switching group showed a reduction in behavioral mixing costs to the level of (untrained) younger adults. Improved behavioral switching costs were also found for younger adults at posttest. In cue-locked P3 amplitudes, a reduction in mixing costs was found for younger adults and for older adults from the switching group. Additionally, the switching group also showed a parietally focused P3 topography after training, i.e., it became similar to the younger adults' P3. For all groups, switching costs emerged post-training.




Transfer of Training to an Untrained Context Updating Task (AX-CPT)
 
Transfer at the Behavioral Level

To examine the transfer of training in task switching to the untrained AX-CPT, we also focused the analysis on reaction times and we controlled for relative improvements from pretest to posttest by also analyzing log-transformed RTs.

The ANOVA included the within-subjects factors Session (pretest, posttest) and Trial Type (c-indep, c-dep) and the between-subjects factor Group (older/single task training, older/task-switching training, younger adults). The results are shown in Figure 6. All groups showed a relative reduction in the context effect from pretest to posttest, F(1,93) = 10.35, p < 0.01, [image: image] = 0.10. There was only a tendency that the task-switching group showed a larger improvement than the single-task training group, that is, a greater reduction in the context effect, F(1,91) = 2.94, p = 0.09, [image: image] = 0.03. However, the difference in the context effect between the task-training group and the single-task training group was not significant at posttest, p < 0.21, [image: image] = 0.05.


[image: Figure 6]
FIGURE 6. Context effects (c-dep–c-indep) on the level of mean RT as a function of group and session. Error bars refer to standard errors of the mean.




Transfer at the Neuronal Level

To examine near transfer to an untrained context-updating task in cue-locked P3 mean amplitudes (see Figure 7), we performed an ANOVA with the between-subjects factor Group (older/single task training, older/task-switching training, younger adults) and the within-subjects factors Session (pretest, posttest), Trial Type (c-dep, c-indep), and Electrode Location (Fz, Cz, Pz), using the same contrasts as before (see Results of the Context-Updating Task at Pretest) and focusing on effects including the factor Session. This ANOVA did not yield any effect including the factor Session (all p > 0.23), indicating no training-induced changes and no changes in age-related differences.


[image: Figure 7]
FIGURE 7. Cue-locked ERPs for context-dependent and context-independent trials at posttest for younger adults, older adults in the single-task training group, and older adults in the task-switching training group displayed at electrodes Fz, Cz, and Pz.


In sum, we obtained no training-specific changes in the context effect or the cue-P3. Thus, neither the behavioral data nor the neuronal data provided convincing evidence for transfer of training in updating in a switching task to updating of cue information in the modified AX-CPT.





DISCUSSION

The primary aim of this study was to examine whether an intensive task-switching training would improve older adults' early task-preparatory processes, such as updating higher-order task rules in advance in an untraining switching task, and whether it would transfer to another control task also requiring the updating of cue and rule information. To this end, we applied a cued-based switching task and a context updating task at pretest and posttest and measured changes in task performance and neuronal correlates of cue updating, the cue-P3, in older as well as in younger adults. Only older adults received an intensive variable training in which new tasks and stimuli were presented in each of the eight training sessions. Training-specific effects were determined by comparing a task-switching training group and a single-task training group. The task-switching training group worked through a task-switching training with two tasks changing at random in mixed blocks, thus supposedly training cue updating. The single-task training group also performed both tasks but in separate blocks, so that the task cue was redundant and updating unnecessary.

First, the results of our study revealed that both groups of older adults showed improving task performance over the eight training sessions and that these improvements were larger for the task-switching than for the single-task training group. At pretest, we also found age differences in cognitive control measures that were generally in line with those reported in the literature, namely larger mixing costs (task switching task) and context effects (context updating task) in older than in younger adults on the behavioral level (in reaction times and error rates; Kray and Ferdinand, 2014; Schmitt et al., 2014a) as well as on the neuronal level (in cue-P3; Eppinger et al., 2007; Friedman et al., 2008; Whitson et al., 2014). In addition, we found the commonly reported age-related frontal shift in cue-P3 amplitudes in the task-switching (Kray et al., 2005; Eppinger et al., 2007; Karayanidis et al., 2011; Gajewski et al., 2018) and the context updating task (Schmitt et al., 2014a,b), which is often interpreted in terms of compensation: Older adults need to recruit frontal brain areas to a larger extent in order to keep their performance up (Friedman, 2008; Reuter-Lorenz and Cappell, 2008). In the behavioral data of the task-switching task, we additionally obtained switching costs which were larger for younger than for older adults. Switching costs also emerged in the late cue-P3, but only for younger adults (Eppinger et al., 2007; Friedman et al., 2008; Karayanidis et al., 2011; Whitson et al., 2014). Importantly, both training groups of older adults did not differ in performance nor in the amplitude or topography of the cue-P3 at pretest, thus there were no baseline differences between the two older training groups.

Second, we examined potential transfer of training in task switching to an untrained switching task. On the behavioral level, we found that the task-switching group showed a larger reduction in mixing costs compared to the single task group. Moreover, at posttest, the magnitude of mixing costs did not differ between the task-switching group and the young control group but was smaller in comparison to the single-task group. Thus, only the intensive task-switching training of the older task-switching group resulted in the disappearance of age effects in behavioral mixing costs. In line with the behavioral results, in the cue-P3, younger adults showed a tendency for decreased mixing costs (cf. Küper et al., 2017) and younger as well as older adults from the switching group showed less involvement of frontal brain areas after the training. This means that a) the training resulted in more focused P3 topographies for younger and older adults, and b) that after the task-switching training, older adults' cue-P3 topography became more similar to younger adults' P3 topography, i.e., the usually found frontal P3 shift which probably indicates compensation mechanisms in older adults was diminished. In contrast, for the older adults from the single-task training group, mixing costs were even larger at posttest. By this, our results suggest that older adults can be trained in applying proactive control (here updating of task rules after cue presentation).

Together, these findings support the notion of a training-specific transfer to a similar but untrained switching task. According to the classic view of the P3b (Donchin, 1981; Donchin and Coles, 1988; Polich, 2007), one could argue that the process reflecting updating of the upcoming task rules has become more efficient after training in older adults because improvements in task switching seem to be due to updating being applied in those trials where it is actually needed. This idea also matches the result of emerging switching costs in posttest (although this effect was not specific to the switching group). These findings may also explain why a training that is less specific as for the processes trained (e.g., the cognitive training used by Küper et al., 2017) does only result in a general and unspecific improvement in updating processes, but not in more efficient updating in the sense of being able to apply it specifically in those situations where it is needed. Additionally, our results demonstrate that training in an easier task (the single-task training) that does not support the necessary cognitive processes (here, the preparatory updating processes that are trained in mixed blocks) may also hinder performance in a more difficult (switching) task.

Third, there was no transfer to a different cognitive control task, that is, we found no training-specific improvements in updating cue-relevant information in the AX-CPT, neither at the behavioral nor at the neuronal level. Although there was a tendency that the behavioral context effect was more strongly reduced in the task-switching group than in the single-task group, the magnitude of the context effect at posttest did not differ across groups. Moreover, the P3 amplitudes of context-dependent and context-independent trials of the older groups were nearly fully overlapping (in contrast to younger adults) with no changes from pretest to posttest. The lack of transfer in the efficiency of updating task-relevant information is surprising, given the similarity across both tasks and the assumed underlying processes involved. A possible explanation, however, could be the differences in task cues between the two tasks. While symbolic cues, namely the first two letters of the semantic category of a task rule, were used in the switching task, the cues in the AX-CPT were more arbitrary, namely pictures of young and old men and women that cued several very specific if-then rules. Thus, the symbolic cues are most likely much easier translated into the actual task goal as compared to the pictorial cues. This also means that the training of cue updating in the switching task was rather specific (letters) and did not generalize to other kinds of cues (pictures) indicating the need for updating. Another difference across the two tasks is that in the switching task cues (letters) and targets (pictures) are clearly separable which is not the case in the AX-CPT in which cues (pictures of persons) and targets (pictures of animals) are more similar. Furthermore, the response conflict was higher in the AX-CPT as four different types of S-R rules had to be performed repeatedly and in context-dependent trials the S-R rule was reversed. In contrast, in the switching task, participants performed two task sets, meaning that a class of stimuli was linked to a response depending on goals and not a specific kind of stimulus. Hence, although at first glance both tasks and paradigms have some aspects in common, such as requiring updating and switching between rules, they also differ in crucial aspects, such as cue translation, type of stimuli, and the amount of response conflict, which might all hamper transfer. The present findings also correspond to a previous finding from one of our training studies in which older adults were trained in using a verbal self-instruction, that is, they were told to name aloud the next task during the preparation interval (while no task cues were present). Interestingly, such verbal self-instructions are very useful in improving switching performance (i.e., reducing mixing costs as well as age differences therein; Kray et al., 2008). However, they were not easily transferred to a new switching situation requiring updating of new task goals and by this new verbal self-instruction rules (Karbach et al., 2010). Hence, transfer of training in updating processes seems rather narrow and limited to a specific type of switching situation.

Interestingly, there is also evidence suggesting that the updating process used to prepare for the upcoming task is not a unitary process (for a review, see Karayanidis and Jamadar, 2014), but varies with different task characteristics. Important for the present study is a finding by Nicholson et al. (2006), who found distinct early and late aspects of the cue-P3 that were related to specific aspects of switch preparation in a task-switching paradigm. Particularly, they found that cues indicating a switch to a new task rule (called switch-to cues) elicited an early and a late cue-P3, while cues signaling switch without informing about what task participants will have to conduct (termed switch-away cues) did only elicit the early aspect of the cue-P3. Nicholson et al. (2006) therefore argued that the early aspect of the cue-P3 relates to disengagement from the irrelevant task or an activation of the intention to shift, while the later cue-P3 indexes the actual reloading of the relevant task. This distinction might be of great importance for the present study because they might contribute to explain the lack of transfer from our task-switching task to the context updating task. In the task-switching task used here, a cue always signaled the need to switch as well as the task rule participants would have to switch to. This was not so easy to differentiate in the context updating task where a cue could be non-informative (context-independent trials) or inform about possible tasks to execute after target presentation. Thus, the findings of Nicholson et al. (2006) further corroborate our post-hoc speculation that the updating processes that were trained in the task-switching training are very specific to the task at hand and not necessarily exactly the same updating processes that are needed in the context updating task.

A first limitation of the present study is the selectivity of the older sample. In general, the older participants who took part in this study were very healthy and motivated (they were able to come to the university for 10 sessions, mostly with their own car, and also took part in the fMRI part of the study). This means, that their performance probably was in the upper range of their age group and they had less room for training-related improvement. However, this was true for both groups of older adults, but still both groups showed very different patterns in the near transfer to the untrained switching task. Therefore, it is very unlikely that it is the reason for the lack of transfer to the context-updating task. A second limitation is that the older single-task training group also had at least some experience in switching, because both types of tasks had to be performed in one training session. Nevertheless, it is unlikely that this influenced the present pattern of results, as the single-task group showed clear differences from the switching group and even a slightly negative transfer to the untrained switching task. A third limitation is that the study also included an additional fMRI session at pretest for a smaller subsample of older adults (n = 25 for the task-switching group and n = 25 for the single-task group) that might already have induced fast learning effects in performing the switching tasks. Indeed, the behavioral mixing costs were already quite low at the fMRI pretest session (71 ms for the single task group and 61 ms for the single task group) which could either be due to the smaller and selective subsample or due to differences in the trial procedure of the switching task that needed to be adapted for the event-related fMRI design. Although task-cue and target presentation times were identical, the time intervals after responding were partly longer in the fMRI design (for details, see Dörrenbächer et al., 2020). Nevertheless, although improvements during training under variable training conditions are sometimes absent, transfer effects can occur and can be larger compared to identical training conditions (practice the same switching task across sessions) as older adults are trained in adapting to new updating situations (see Karbach and Kray, 2009). This also means that the amount or the presence of training improvements is not always a precondition for the occurrence of transfer effects as it depends on the type and complexity of the training situations. More important probably is whether the training situation is demanding, and by this induces a mismatch between an individual's actual performance and the demands of the training task. Here the mismatch is induced by a variable set of tasks participants had to perform in each of the training session but can be also induced by adaptive training procedures (see Lövdén et al., 2010), which needs to be considered in the planning of training studies. Finally, although behavioral task-specific transfer effects were small in the fMRI study, we found evidence for neuronal transfer (Dörrenbächer et al., 2020). In this study, we applied a hybrid fMRI design that allowed to examine training-related changes in spatial-temporal brain activation changes. In line with the reduction of mixing costs in the cue-P3 in the present study, we found training-specific changes in brain activations for the cue-related time interval, namely a selective reduction in brain activation in the bilateral mid ventro-lateral prefrontal cortex and the left inferior frontal junction (IFJ) that are known to be involved in maintaining and top-down biasing of task-set representations, and by this support proactive task preparation. Future studies need to clarify whether the observed training-related changes in the cue-P3 in the present study are related to these brain activation changes.

To conclude, our results revealed that older adults who were trained in cue updating show training-specific improvements in preparatory processes during task switching. These improvements were mainly visible in a reduction of behavioral mixing costs and a reduction of mixing costs in the cue-related P3, indicating an improvement specifically in preparatory updating processes. Additionally, the topography of the cue-P3 changed with training from a very broad to a parietally focused scalp distribution closely resembling those in younger adults. However, transfer of the training to context-updating processes in the untrained AX-CPT were not obtained, neither at the behavioral nor at the neuronal level. These results demonstrate that transfer of training updating processes is rather narrow and limited to a specific type of switching situation.
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Findings suggest a positive impact of bilingualism on cognition, including the later onset of dementia. However, it is not clear to what extent these effects are influenced by variations in attentional control demands in response to specific task requirements. In this study, 20 bilingual and 20 monolingual older adults performed a task-switching task under explicit task-cuing vs. memory-based switching conditions. In the cued condition, task switches occurred in random order and a visual cue signaled the next task to be performed. In the memory-based condition, the task alternated after every second trial in a predictable sequence without presenting a cue. The performance of bilinguals did not vary across experimental conditions, whereas monolinguals experienced a pronounced increase in response latencies and error rates in the cued condition. Both groups produced similar switch costs (difference in performance on switch trials as opposed to repeating trials within the mixed-task block) and mixing costs (difference in performance on repeat trials of a mixed-task block as opposed to trials of a single-task block), but bilinguals produced them with lower response latencies. The cognitive benefits of bilingualism seem not to apply to executive functions per se but to affect specific cognitive processes that involve task-relevant context processing. The present results suggest that lifelong bilingualism could promote in older adults a flexible adjustment to environmental cues, but only with increased task demands. However, due to the small sample size, the results should be interpreted with caution.
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INTRODUCTION

Modern societies are characterized by population aging due to increased life expectancy and falling birth rates, with older adults making up a growing proportion of the population (Gavrilov and Heuveline, 2003). This demographic aging implies exponential growth in the number of people who will experience age-related declines in cognition, and in the incidence and prevalence of dementia, and entails an important economic impact for caregivers and public health systems (World Health Organization, 2012; Hurd et al., 2013). However, not all people respond similarly to a neuropathological burden. While cerebral changes result in significant cognitive declines in some older adults, others can compensate for these changes and maintain their normal cognitive functioning up to advanced age (Riley et al., 2002). This phenomenon is referred to as cognitive reserve (Barulli and Stern, 2013).

Cognitive reserve is defined as the interindividual variability in how tasks are processed, allowing some people to cope better than others with brain pathology and age-related brain changes (Stern, 2009). Several activities and other environmental factors have been identified as fostering cognitive reserve, such as higher educational and occupational achievements (Bennett et al., 2003), or engaging in cognitively stimulating leisure activities (Ferreira et al., 2015; Ballesteros et al., 2018). It has been suggested that bilingualism contributes to this reserve as well, as it has been shown that, on average, bilinguals are diagnosed with Alzheimer’s Disease approximately 4 years later than monolinguals (Bialystok et al., 2007; Craik et al., 2010; Woumans et al., 2015), although some large prospective studies could not replicate this effect (for a recent review see Van den Noort et al., 2019). The benefits of the cognitive reserve can also be observed in healthy aging. Normal aging is associated with neurobiological changes that produce progressive declines in different cognitive domains (Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Park, 2014), and most older adults manage to compensate for these cerebral changes by recruiting additional brain areas, or by overrecruiting frontal areas (Davis et al., 2008; Osorio et al., 2010). It appears that healthy older bilinguals perform non-verbal executive tasks without having to over-activate frontal areas (Gold et al., 2013; Ansaldo et al., 2015; for a recent review see Zhang et al., 2020) suggesting that the simultaneous management of two languages might lead to better maintenance of cerebral functionality in advanced age.

Bilinguals constantly need to monitor and control two different language codes that share the same neural substrate (Crinion et al., 2006), and one language is produced by inhibiting the other (Runnqvist et al., 2012). This increased demand for cognitive control seems to lead on some occasions to superior performance in tasks that involve executive functions (EF; see Adesope et al., 2010; Bialystok et al., 2012). Studies with children (Carlson and Meltzoff, 2008; Kapa and Colombo, 2013; for a review see Barac et al., 2014) and older adults (Bialystok et al., 2004; Salvatierra and Rosselli, 2010; Goral et al., 2015) have reported a bilingual advantage in executive control. With younger adults, results are more mixed (for reviews of results in young adults vs. results with children and older adults, see Bialystok, 2017; Antoniou, 2019), and bilingual brain mechanisms might compensate for lower-level executive functioning, for example, in childhood when executive functions are still developing (Casey et al., 2000), or in late adulthood when age-related decline appears (Zelazo et al., 2004). Several studies have shown that the bilingual advantage increases with task difficulty (Bialystok, 2006; Costa et al., 2009; Hernández et al., 2013; Qu et al., 2015). However, other studies have failed to find evidence for a cognitive benefit of bilingualism (Paap and Greenberg, 2013; Antón et al., 2016; Scaltritti et al., 2017). Different factors have been proposed as contributing to the inconsistencies found in the literature, such as task impurities when assessing EF (Hartanto and Yang, 2020), as well as differences in study designs, assessment tasks, and insufficient assessment of other variables known to modulate cognition such as physical exercise and cognitive stimulation (Calvo et al., 2016). Recent meta-analyses (Lehtonen et al., 2018; Donnelly et al., 2019) conclude that the average effect size for a bilingual advantage is small and that it disappears when controlling for publication bias (Paap et al., 2020). However, growing evidence suggests that attentional advantages might be related to long-term dual-language management (Stocco et al., 2014). The amount of the second language (L2) immersion (time spent in the country where L2 is spoken) and the frequency of language switching are important modulating factors of the effects of bilingualism on cognition (Prior and Gollan, 2011; Pliatsikas et al., 2016; Pot et al., 2018).

Most of the studies that have investigated EF in bilinguals have focused on inhibitory control (Bialystok et al., 2004; Costa et al., 2009) and task switching (Costa et al., 2008; Prior and Gollan, 2011; for a review see Bialystok, 2017). The assumption that inhibition is part of the mechanism for bilingual effects on cognition is based on the inhibitory control model (Green, 1998). According to this model, a supervisory attention system is guided by top-down cues, leading to the inhibition of the non-target language so that language processing can adapt to the contextual requirements. Extensions of this model (Green and Abutalebi, 2013; Green and Wei, 2014) include the differential influences of cognitive control processes as a function of the type of interactional context for language use and distinguish between three different contexts: (1) single-language; (2) dual-language; and (3) dense code-switching. In a single-language context, bilinguals use only one language in the same situation. In dual-language and code-switching contexts, bilinguals switch between the two languages in the same situation, but in the case of code-switching, languages are freely mixed in single utterances. Hartanto and Yang (2020) found that bilinguals with greater exposure to a dual-language context displayed significantly better task-switching abilities, replicating their findings of a previous study (Hartanto and Yang, 2016). They also found that dense code-switching was related to better inhibitory control and goal maintenance (Hartanto and Yang, 2020), a result that contrasts with a nonsignificant result regarding the relationship between dense code-switching and inhibitory control in another recent study (Kałamała et al., 2020). It seems that within dual-language contexts, situations that require constant goal reconfiguration and top-down control in response to outside constraints are more likely to translate into a cognitive advantage than free and unrestrained language switches (Blanco-Elorrieta and Pylkkänen, 2018).

On the other hand, the interest in the relationship between bilingualism and task-switching stems from behavioral data that show similar dynamics when shifting between dominant and less dominant templates (Meuter and Allport, 1999; Runnqvist et al., 2012). Further support for the commonalities between attentional set-shifting and dual-language management comes from neuroimaging evidence that shows an overlap in brain networks involved in language selection and nonverbal task switching (Meuter and Allport, 1999; Abutalebi and Green, 2007; Luk et al., 2011; Runnqvist et al., 2012; Baene et al., 2015; Coderre et al., 2016).

Cognitive processing of mental set-shifting might also vary as a function of task requirements. The conditional routing model (Stocco et al., 2010, 2014) proposes that bilingualism improves the ability to flexibly reallocate attention in complex and non-habitual task requirements, whereas the management of more direct stimulus-response mappings is not influenced by bilingual language processing. An example could be the reorientation in response to unpredictable external cues vs. reorientation in response to rule changes that occur in a sequenced order. In both cases, working memory (WM) plays an important role. WM allows for simultaneously maintaining and processing information to guide goal-directed behavior (Baddeley and Hitch, 1994). In memory-based, as well as in cued task switches, task sets need to be monitored and retrieved from memory and assembled with the correct stimulus-response mapping. However, the activation process is different for memory-based and randomly cued task switches. In memory-based set-shifting, the activation is triggered endogenously by a goal-directed monitorization in WM. When cued task switches occur randomly, the demand for a set shift is unpredictable and cannot be controlled by internal monitoring. In this case, the task-set activation is stimulus-driven; that is, triggered by a task-relevant cue (Corbetta et al., 2008).

Task-switching paradigms typically consist of blocks of switch and repeat trials and blocks of non-switch trials where only single-task sets are performed. The difference in performance between switch and repeat trials is called “switch cost” and reflects task-set reconfiguration processes associated with changing task sets across trials (Monsell, 2003). The difference in performance between repeat trials in the switch block and trials in the single-task block is called “mixing cost.” This difference is thought to reflect the active maintenance of multiple task configurations in working memory and is more sensitive to age-related cognitive changes (Kray and Lindenberger, 2000).

Task-switching paradigms comprise different variants of switch tasks. In the cued-switching version, shifts are generally random, and a cue signals the task to be performed next. In alternating-run versions, shifts occur in a predictable sequence after every N-trial, with or without the appearance of a cue. If no cue accompanies the sequence, then set-shifting is “memory-based,” as switches are triggered endogenously by working memory. To our knowledge, to date, only four studies have investigated task-switching abilities in older adults and three of them found significant group differences. Gold et al. (2013) analyzed performance in memory-based switching with predictable task sequences and found that bilinguals showed lower switch costs than their monolingual counterparts, with overall better levels of behavioral performance. Using a cued task-switching paradigm, Houtzager et al. (2015) found that switch and mixing costs were lower in the bilingual group. de Bruin et al. (2015) compared active and nonactive older bilinguals and monolinguals. They found a significant difference in raw switch costs between active bilinguals and monolinguals, which disappeared when controlling for baseline performance. Soveri et al. (2011) also used a cued task-switching paradigm, but their within-group design did not include a monolingual control group. Although the participants were slightly younger than in the other two studies, a positive relation was found between lower mixing costs and frequent language switching.

The present study had two main goals. The first was to investigate the influence of explicitly cued vs. memory-based switching conditions on the set-shifting abilities of bilingual and monolingual older adults. Specifically, we were interested to find out whether bilingualism would influence mental flexibility per se, or if differences between monolinguals and bilinguals would be more prominent when task switches were externally triggered (aleatory rule changes in response to a cued) in comparison to task switches that were endogenously triggered (memory-based sequential changes).

Therefore, our experimental design included two conditions requiring different types of attentional control: first, a memory-based switching condition based on the alternating-runs paradigm in which the task alternates every N-trial; second, a cued switching condition based on an explicit task-cuing paradigm with randomly alternating tasks, each preceded by an instructive cue (Monsell et al., 2003). Memory-based task switching is predictable and controlled endogenously by working memory processes (Monchi et al., 2001), whereas cued task-switching requires a context-dependent reorientation of attention (Monchi et al., 2001; Baene et al., 2015). Given the similarity of explicitly cued task switching and context-related dual-language management, we expected bilinguals to produce lower switch costs than monolinguals when task-set reconfiguration had to be adjusted in response to unpredictable external cues, whereas there would be no difference between groups when set-shifting was memory-based and triggered endogenously.

The second goal of our study was to investigate whether bilingualism influences age-related decline in WM. A large body of research has provided evidence of a positive relationship between cognitive aging and mixing costs (i.e., the difference between repeat trials of a mixed task block and non-switch trials of a single-task block; Kray and Lindenberger, 2000; Reimers and Maylor, 2005; Wasylyshyn et al., 2011; Huff et al., 2015). Mixing costs reflect the active maintenance of multiple task configurations in working memory and could be expected to increase when task switches are memory-based. However, the aging effect on mixing costs seems to increase with increasing task complexity (Kray, 2006; Terry and Sliwinski, 2012). Task complexity increases when rule changes are unpredictable and dependent on external cues, as the reconfiguration process additionally requires the correct interpretation and implementation of the informative cue (Tornay and Milán, 2001). For this reason, we expected to find larger mixing costs in the cued-switching condition than in the memory-based condition and that mixing costs would be larger in monolingual older adults than in bilingual older adults.



MATERIALS AND METHODS


Participants

Forty-two older adults were recruited through flyers and media postings, informative talks at strategic locations, and snowball sampling (referrals from participants). The inclusion criteria were a score of 26 or above on the Mini-Mental State Examination (MMSE; Folstein et al., 1975), a score of below 5 on the Yesavage Geriatric Depression Scale (Yesavage et al., 1983; Spanish adaptation by Martínez de la Iglesia et al., 2002), no current history of psychiatric or neurological pathology, and for the monolingual participants, no mastery of a foreign language above the A1 level of the Common European Framework of Reference for Languages (CEFR). One bilingual participant did not meet the inclusion criteria (score above 5 on the depression scale) and was excluded from further analysis. Data of one monolingual participant was not recorded due to technical problems. Thus, the final sample was composed of 20 monolingual native Spanish older adults (eight males, Mage = 72.65, SD = 6.38, range = 60–83 years) and 20 German-Spanish bilingual older adults (four males, Mage = 72.25, SD = 9.12, range = 60–95 years). Table 1 summarizes the demographics and screening test scores for monolinguals and bilinguals. T-tests showed no significant differences between the two groups (all ps > 0.05) for all of these measures. Growing evidence suggests that the amount of the second language (L2) immersion (time spent in the country where L2 is spoken) and the frequency of language switching are important modulating factors of the effects of bilingualism on cognition (Prior and Gollan, 2011; Pliatsikas et al., 2016; Pot et al., 2018; Hartanto and Yang, 2020). Our bilingual sample was composed of highly balanced, late bilinguals who had been exposed to their L2-environment for more than 40 years on average. Fourteen bilinguals reported German as their first language (L1) and Spanish as their second language (L2), and six reported Spanish as their L1 and German as their L2. All participants were right-handed, had normal or corrected-to-normal vision and none reported color blindness.

TABLE 1. Mean values of socio-demographic background variables for monolinguals and bilinguals.

[image: image]

Bilingualism was assessed with the validated Bilingual Language Profile questionnaire (BLP; Birdsong et al., 2012; see Table S1 for detailed information on the BLP). It has four components with a mean Cronbach’s alpha of 0.787 (Gertken et al., 2014): language history (e.g., “At what age did you start learning the following languages?” “How many years have you spent in a country/region where the following languages are spoken?”), language use (e.g., “In an average week, what percentage of the time do you use the following languages with friends?” “When you count, how often do you count in the following languages?”), language proficiency (e.g., “How well do you speak Spanish?” “How well do you read Spanish?”) and language attitudes (e.g., “I feel like myself when I speak Spanish,” “I identify with a Spanish-speaking culture”). For each component, two scores are computed (one for each language) and the difference between the two scores indicates the relative dominance of each language in that specific area. The scores for each component vary as follows: −120 to +120 for language history, −50 to +50 for usage, −24 to +24 for proficiency, and −24 to +24 for attitudes. The score of each component is multiplied by a weighting factor so that each component receives equal weighting (54.5) in the global language score. The difference between the total scores of the two languages constitutes the language dominance index, which ranges from −218 to +218. In the present study, we subtracted the German score from the Spanish score. A positive score indicated dominance in Spanish, and a negative score indicated dominance in German. A score of zero represents a balanced bilingualism. The linguistic background information for bilinguals is shown in Table 2. No statistically significant differences were found between monolinguals and bilinguals regarding the demographic background information.

TABLE 2. Mean values of socio-demographic background variables1 for monolinguals and bilinguals.
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All participants gave their written informed consent. The study protocol was approved by the Institutional Review Board of the Universidad Nacional de Educación a Distancia (UNED) and the study was conducted following the ethical guidelines of the 1975 Declaration of Helsinki.



Assessing Task Switching

The experimental task was adapted from Rubin and Meiran (2005) and contained three conditions: (1) in the single-task condition only one task had to be performed at a time; (2) in the cued-switching condition two tasks alternated in random order and a cue signaled the task to be performed next; and (3) in the memory-based switching condition two tasks alternated after every second trial without the appearance of a cue. It involved two bivalent target stimuli with two possible shapes (circle or square, both 60 × 60 mm) and in one of two possible colors (yellow or blue), presented in the center of the screen on a black background. In the cued-switching condition, a visual cue signaled the next task to be performed: a white splotch (18.8 mm) indicated that participants would have to identify the color of the target stimulus, and the white outline of a star (18.8 mm) that they would have to identify its shape. Although the cue was irrelevant in single-task blocks, it was presented in both single-task and cued-switching blocks to minimize differences between the conditions. In the memory-based switching condition, to help participants keep track of the correct trial sequence in the event of an error, two cues appeared on the screen (the same pictorial cues as in the cued-switching block), one indicating the correct condition of the just-completed trial, and one signaling the following trial condition. For a schematic representation of the task-switching paradigm, see Figure 1.


[image: image]

FIGURE 1. A schematic representation of the task-switching paradigm. In Cued switch trials (A): an instructional cue indicated the next task to be performed. In Memory-based switch trials (B): the task changed after every second trial without the appearance of a cue; that is, participants had to identify the shape of two consecutive stimuli and the color of the next two stimuli, and so forth. In single-task trials (not figured), participants only had to identify the color or the shape of the target.



Each experimental run comprised eight blocks of trials. The first two blocks (23 trials each) were single-task blocks, one for shape and one for color. The third block was a cued-switching block with 46 trials (23 switch trials and 23 repeat trials), presented in a semi-random order with a maximum of three consecutive trials of the same condition and a maximum of two trials in which the condition and response mapping were identical to the preceding trial. The fourth block was a memory-based switching block, composed of 23 switch trials and 23 repeat trials. The following four blocks were a repetition of the previous trial blocks but in reverse order, starting with the memory-based switching block, followed by the cued-switching block, and ending with the single-task blocks. Altogether, the experiment contained 46 switch trials and 46 repeat trials in the cued condition, 46 switch trials and 46 repeat trials in the memory condition, and 92 non-switch trials (46 for color and 46 for shape) in the single-task condition, yielding a total of 276 trials per run.



Procedure

Participants were tested individually in a single session. The experimental session lasted about 90 min. Stimuli were displayed on a laptop computer with a 15.6-inch monitor and a refresh rate of 60 Hz. Experimental scripts were designed, and data collection was managed with E-Prime 2.0 (Psychology Software Tools Inc., Pittsburg, PA, USA) experimental software. Participants were comfortably seated approximately 60 cm from the monitor. Non-switch trials and cued switch trials started with the presentation of the fixation point in the center of the screen for 350 ms, followed by a 150 ms blank screen. Then the instructional task cue appeared, and after 800 ms the target stimulus surrounded the cue and both stimuli remained on the screen until a response was given, or for a maximum of 10 s. Auditory feedback was presented for 300 ms (an incorrect response was followed by a low-frequency beep and a correct response by a high-frequency beep). The trial ended with a 350 ms blank screen. Memory-based switch trials also started with a 350 ms fixation point, followed by a 150 ms blank screen. Then the target stimulus appeared in the middle of the screen and remained until an answer was given or for 10 s. The auditory feedback was presented for 500 ms, and in the event of an incorrect response, two informative cues appeared on the screen simultaneously with the tone, indicating the correct response for the present task and the one that would follow. The trial ended with a 150 ms blank screen. At the beginning of each experimental block, written instructions for the upcoming task were displayed on the screen and remained until the space key was pressed. The response mapping was as follows: the blue response was assigned to the left index finger and the yellow response to the left middle finger. Similarly, the square response was assigned to the right index finger and the circle response to the right middle finger. The response keys for the color task were labeled with the appropriate colors, and the response keys for the shape task were labeled with the appropriate shape. Before beginning the actual task, participants performed 16 practice trials of each condition. Data from these practice trials were not included in the analyses.



Data Analysis

RTs in color vs. shape judgments in single-task blocks did not differ significantly across participants (t(39) = −0.072, p = 0.943, so we collapsed the data across the two conditions. For all reaction time (RT) analyses, only correct trials were included. Trials with response latencies below 200 ms and above 3,000 ms were excluded from the analysis. The RT-trimming procedure eliminated 2.28% and 2.93% of non-switch trials, 10.11% and 7.01% of repeat trials, and 12.55% and 8.26% of switch trials for monolinguals and bilinguals, respectively. In total, 7.19% of the trials were eliminated and were not included in the analysis. After data trimming, all distributions of response latencies showed acceptable levels of normality, homoscedasticity, and independence.

There were no negative associations between error rates and reaction times (RT) in any experimental condition, thus ruling out the possibility of a speed-accuracy trade-off. Error rates were analyzed using Mann–Whitney U tests. A significance level of p < 0.05 was adopted for all contrasts. Significance levels of multiple comparisons were Bonferroni-corrected to their number of comparisons. All the statistical analyses were conducted with SPSS v. 20.0 statistical software.




RESULTS

Table 3 presents a summary of the response latencies, error rates, and composite switch and mixing costs per experimental and linguistic condition, and Figure 2 shows the response latencies by task version and trial type for monolinguals and bilinguals.

TABLE 3. Mean reaction time (RT) in milliseconds and error rates in the switch, repetition, and non-switch trials, and switch and mixing costs by experimental condition for monolinguals (n = 20) and bilinguals (n = 20).
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FIGURE 2. Mean reaction times (RTs) on the switch, repeat, and non-switch trials by task version (cued, memory-based, and single-task) for monolinguals and bilinguals. Error bars: ±1 SE.




Switch Costs as a Function of Task Version

Shifting attention to a new task requires more cognitive resources than the repetition of the same task. Switch costs are defined as the difference in performance on switch trials as opposed to repeat trials, within the mixed-task blocks. In our study, mixed-task blocks were either memory-based (task switches occurred after every second trial without the appearance of a cue) or cue-based (task switches occurred in random order and were triggered by a pictorial cue). To analyze the effect of both types of task settings on switch costs, we conducted a 2 (Group: monolinguals and bilinguals) × 2 (Task type: cued vs. memory-based) × 2 (Trial type: switch vs. repeat) mixed ANOVA on TR as the dependent variable, with Group as a between-subjects factor and Task and Trial type as within-subjects factors. The main effect of Task type was significant (F(1,38) = 26.996, MSE = 22,250.218, p < 0.001, [image: image] = 0.415, 1 − β = 0.999). Also, response latencies were larger on the switch than on repeat trials (F(1,38) =101.077, MSE = 18,637.808, p < 0.001, [image: image] = 0.727, 1 − β = 1, confirming that both task versions elicited switch costs for shifting attention. As indicated by a significant Task × Trial type interaction (F(1,38) = 30.334, MSE = 7,045.376, p < 0.001, [image: image] = 0.444, 1 − β = 1), response latencies increased from the memory-based to the cued version. This was especially the case in repeat trials, leading to smaller switch costs in the cued condition. We found a significant Group × Task interaction (F(1,38) = 8.569, MSE = 22,250.218, p = 0.006, [image: image] = 0.184, 1 − β = 0.814), suggesting that monolinguals and bilinguals adjusted in a different way to cued vs. memory-based task blocks. The magnitude of switch costs in both tasks was similar for monolinguals and bilinguals, as indicated by a non-significant main effect of Group (p = 0.219), and a non-significant three-way interaction Group × Trial × Task type (p = 0.383). To further investigate the significant Group × Task interaction, we performed Bonferroni corrected pairwise comparisons on the Group × Trial × Task interaction. Results revealed that, whereas monolinguals’ RTs were significantly larger on cued switch trials when compared to memory-based switch trials (mean difference = 123 ms, p = 0.001), the performance of bilinguals did not differ on switch trials of both task versions (mean difference = −33 ms, p = 0.35). See Figure 3. On repeat trials, both groups showed a similar pattern, with higher RTs in the cued than in the memory-based condition (mean difference = 260 ms, p = 0.01 and 140 ms, p = 0.01 for monolinguals and bilinguals, respectively).
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FIGURE 3. Switch costs by task version for monolinguals and bilinguals. The continuous lines indicate switch trials, and the discontinuous lines indicate repeat trials. The shadowed areas represent switch costs (i.e., the difference between both trial types). Error bars: ±1 SE.



An analysis of the error rates confirmed that the task repetition was more demanding for monolinguals than for bilinguals in a setting of unpredictable cued task switches. Monolinguals committed significantly more errors than bilinguals on cued repeat trials [monolinguals: 7.3% bilinguals: 2.6% (U = 109.5, z = −2.145, p = 0.012)]. The performance of the two groups did not differ in accuracy in the remaining factor levels, and error rates were overall lower in the memory-based condition (repeat trials: 4.28%, p = 0.665; switch trials: 5.1%, p = 0.455; switch trials: 5.1%, p = 0.455) than in the cue-based condition (switch trials: 6.95%, p = 0.494).

In sum, these results suggest that, when rule changes were triggered by external cues, bilinguals switched more efficiently between task sets across trials than monolinguals. These findings are congruent with the previously discussed literature in that bilinguals may allocate their cognitive resources in a more parsimonious way when task demands increase.



Mixing Costs as a Function of Task Version

The repetition of a task rule in a context of set-shifting is always more effortful than performing the same task in a single-task context due to more complex task-set monitoring requirements (Monsell, 2003). This is what is indexed as “mixing costs” (i.e., the difference between repeat trials of a mixed task block and non-switch trials of a single-task block). To analyze the effect of single-task trials vs. repeat trials of both task versions, we conducted a 2 (Group: monolinguals and bilinguals) × 3 (Task type: single-task vs. memory-repeat trials vs. cued repeat trials) mixed ANOVA, with Group as a between-subjects factor and Trial type as a within-subjects factor. The main effect of Trial type was significant (F(1,38) = 94.618, MSE = 16.082, p < 0.001, [image: image] = 0.711, 1 − β = 1), indicating that the repetition of a trial in a mixed task block was overall more demanding than performing one task at a time. Neither the main effect of Group (p = 0.116), nor the Trial type × Group interaction resulted statistically significant (p = 0.094), suggesting that both groups produced similar mixing costs in both conditions. Bonferroni corrected pairwise comparison showed a trend for bilinguals being faster on single-task trials (F(1,38) = 3.982, p < 0.052, [image: image] = 0.095, 1 − β = 0.494) and on cued repeat trials (F(1,38) = 3.271, p < 0.078, [image: image] = 0.079, 1 − β = 0.422) whereas, as mentioned earlier, the performance on memory-based repeat trials was similar for both groups (p < 0.534).

To compare the magnitude of mixing costs as a function of task version, we ran an additional ANOVA, with Group as a between-subjects factor and Mixing cost (memory-based vs. cued) as within-subjects factors. The main factor of Mixing cost was significant (F(1,38) = 44.353, MSE = 18,066.958, p < 0.001, [image: image] = 0.539, 1 − β = 1), confirming that Mixing costs were overall higher in the cued condition (406 ms and 371 ms) than in the memory-based condition (145 ms and 231 ms, for monolinguals and bilinguals, respectively). A marginally significant Group × Mixing cost interaction (F(1,38) = 4.028, MSE = 18,066.958, p = 0.052, [image: image] = 0.096, 1 − β = 0.498) suggested that monolinguals experienced a larger increase in composite mixing costs from the cued to the memory-based task version (261 ms increase for monolinguals and 140 ms increase for bilinguals). Altogether, it seemed that both groups experienced an increase in the magnitude of mixing costs when task switches were unpredictable and externally cued and that this increase was slightly larger for monolinguals.




DISCUSSION

The results of the present study suggest that bilinguals shift their attention more efficiently than monolinguals when the task requirements mimic context-related dual-language management (i.e., aleatory and externally triggered task switches). The difference in response latencies between cued and memory-based switch trials was significantly larger in monolinguals than in bilinguals. The performance of bilinguals did not differ across task versions, whereas monolinguals experienced a pronounced increase in response latencies when set-shifting was unpredictable and triggered by an external cue. Task performance also differed in terms of accuracy, as monolinguals had a significantly higher error rate than bilinguals on cued repeat trials, suggesting that it was overall more effortful for them to shift attention under unpredictable task-switching conditions than it was for bilinguals. However, the magnitude of composite switch and mixing costs was similar for monolinguals and bilinguals, suggesting that composite scores might not sufficiently capture fine-grained differences in performance.

To compare task-switching abilities under different cognitive demands, in the present study we adapted a task-switching paradigm that contained both memory-based and cued task-switching blocks. This procedure served to tax slightly different underlying control mechanisms. The memory-based task-switching paradigm involves predictable sequences of rule changes and requires primarily the monitoring of information in working memory. By contrast, cued task-switching, like language-switching, additionally requires context-dependent attentional reorientation and increased cognitive control demands. Thus, we predicted that a bilingual advantage would only be found when set shifting was triggered externally. The results of this pilot study confirmed only partially this hypothesis. Monolinguals and bilinguals did not differ significantly in response latencies within each task version, but significant group differences were found in the dynamics between the two versions. The two groups performed almost identically in the memory-based switch task; hence this variable could be taken as baseline performance. Contrary to monolinguals, whose performance decreased, bilinguals maintained the same performance in the cued condition. Bilinguals had lower response latencies on cued switch trials and lower error rates on cued repeat trials, suggesting a bilingual advantage in the flexible adjustment to task-relevant context processing. These results are congruent with the existing literature regarding the similarity between cued task switching and linguistic code-switching (Christoffels et al., 2007; Prior and Gollan, 2011). Bilinguals might be more trained in efficiently interpreting contextual requirements to flexibly adjust their behavior. Previous research has shown that explicit cueing in a set of random-switching facilitates the task-set reconfiguration when enough time is given to prepare for the next trial (Tornay and Milán, 2001). Our experimental design included a cue-target interval of 800 ms, thus providing enough time for task preparation. Differences in efficient preparatory task-set activation are related primarily to individual differences in cognitive control, whereas age-related changes mainly appear to affect target response selection and task performance in general (Adrover-Roig and Barceló, 2010). In this line, our results suggest that cognitive aging affects the working-memory processes of monolinguals and bilinguals similarly, but that bilinguals might use contextual cues more efficiently and start the task-set reconfiguration earlier than monolinguals.

Our results also suggest that a long period of second-language immersion might parallel the cognitive benefits produced by an early age of acquisition. In our study, late bilinguals had been immersed in their second-language environment for more than 40 years on average and were highly balanced. However, dual-language exposure alone does not seem enough to modulate cognitive control. The balance in language use has been widely discussed as a core factor to explain the bilingual advantage (Verreyt et al., 2016; Yang et al., 2016; Hartanto and Yang, 2020). Even in balanced bilinguals, only high-frequency language switchers showed an advantage over monolinguals in tasks that measure cognitive flexibility (Barbu et al., 2020).

Long-time balanced dual-language immersion might lead to changes related to a more efficient reorientation to stimuli-driven task demands. As mentioned earlier, memory-based task switching requires more implication of WM sustained by an interaction of frontoparietal areas that are very sensitive to aging. Previous research has shown that, contrary to the so-called age-related posterior-anterior shift (PASA; Davis et al., 2008), this shift is reversed in some bilinguals to more subcortical/posterior regions during the performance of executive function tasks (Rodríguez-Pujadas et al., 2013; Grundy et al., 2017). Context-dependent reorientation (as in cued task-switching) relies on the interaction of frontostriatal loops with the special implication of the basal ganglia (Shulman et al., 2009; Van Schouwenburg et al., 2010). Several authors have proposed that at the initial stages of bilingualism, language control is mostly managed by prefrontal areas (Ullman, 2001; Stocco et al., 2014). Then, as dual-language management becomes more automatic, its neural processing shifts partly to subcortical areas (Lieberman, 2000; Tettamanti et al., 2005) as occurs in procedural knowledge (Packard and Knowlton, 2002). Bilinguals show expanded morphology in basal ganglia (Burgaleta et al., 2016). Damage to this brain area produces pathologic code-switching (Lieberman, 2000; Abutalebi and Green, 2008) similarly as it affects task-switching abilities in early Parkinson disease patients (Packard and Knowlton, 2002). Neuroimaging findings suggest that age-related changes in prefrontal areas affect bilinguals to a similar degree as monolinguals. However, bilinguals instead of overrecruiting those areas rely more on subcortical areas developed by life-long dual-language management. Our behavioral results fit with the current knowledge on bilingual neural processing and suggest that in older adults, processes that rely heavily on WM are affected similarly in monolinguals and bilinguals, but that bilingualism might improve processes that require a flexible reorientation to environmental cues.

Bilingualism is just one of the many components that might contribute to cognitive reserve. Numerous other factors and lifestyle habits can counteract their hypothetical benefits. Also, findings are heavily influenced by study design, and while retrospective studies tend to a protective effect of bilingualism on cognition, prospective studies often fail to find differences between monolinguals and bilinguals (Paap et al., 2016; Watson et al., 2016). The best alternative to investigate the effect of bilingualism on aging is to conduct powered randomized controlled trials that enable adequate control of baseline characteristics, psychological assessment, and experimental manipulations. To date, there are no results from such studies, but several promising study protocols, especially on the effect of foreign language learning in older adults, have recently been registered, and we can thus hope to obtain more insight into these important research questions in the near future.



LIMITATIONS AND FUTURE DIRECTIONS

A limitation of the present study is the small sample size. Possible differences between monolinguals and bilinguals, especially in composite switch and mixing costs, could be missed due to low statistical power. Small samples also increase the risk of type I errors, and the statistically significant interaction effect found in switch trials across conditions would need replication. However, the present study provides an innovative approach, contributing to the ongoing debate on the reliability of a bilingual advantage and prepares the ground for a larger-scale investigation, focusing not only on bilingual balance and language use but also on specific task characteristics.
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A growing volume of research from global data demonstrates that institutional care under conditions of deprivation is profoundly damaging to children, particularly during the critical early years of development. However, how these individuals develop over a life course remains unclear. This study uses data from a survey on the health and development of 420 children mostly under the age of three, placed in 12 infant care institutions between 1958 and 1961 in Zurich, Switzerland. The children exhibited significant delays in cognitive, social, and motor development in the first years of life. Moreover, a follow-up of a subsample of 143 children about 10 years later revealed persistent difficulties, including depression, school related-problems, and stereotypies. Between 2019 and 2021, these formerly institutionalized study participants were located through the Swiss population registry and invited to participate once again in the research project. Now in their early sixties, they are studied for their health, further development, and life-course trajectories. A mixed-methods approach using questionnaires, neuropsychological assessments, and narrative biographical interviews was implemented by a multidisciplinary team. Combining prospective and retrospective data with standardized quantitative and biographical qualitative data allows a rich reconstruction of life histories. The availability of a community sample from the same geographic location, the 1954–1961 cohort of the Zurich Longitudinal Studies, described in detail in a paper in this issue (Wehrle et al., 2020), enables comparison with an unaffected cohort. This article describes the study design and study participants in detail and discusses the potential and limitations of a comparison with a community sample. It outlines a set of challenges and solutions encountered in the process of a lifespan longitudinal study from early childhood into the cusp of old age with a potentially vulnerable sample and summarizes the lessons learned along the way.
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INTRODUCTION

In Switzerland, placing infants in institutions was not uncommon in the first half of the 20th century (Ryffel, 2013). The main reasons for having a child placed in an institution were either being an unmarried or underaged mother or having a migrant background, foremost Italian migrant worker status (German: Gastarbeiter) (Meierhofer and Keller, 1974). Having a child as a young, unmarried mother was, from the point of view of the authorities and society, slovenly (liederlich) and was to be “disciplined” (Ramsauer, 2000; Lengwiler and Praz, 2018; Unabhängige Expertenkommission Administrative Versorgungen, 2019). Migrant workers were subjected to serious prejudice and residence permit restrictions and were forced to work full time with long working hours to stay in Switzerland (D’Amato, 2012; Joris, 2012). Generally, infants were placed into institutions at a very young age, before the age of two weeks, due to the lack of paid maternity leave (Huber, 1995). At that time, the infant was seen as a simple reflex-driven being (Meierhofer, 1958), and a belief was prevalent that “there will be no harm to infants if they are cared for by strangers” (Meierhofer and Keller, 1974). Hard-earned success in reducing child mortality had made preventing the spread of germs a priority, so an institutional practice of “isolation” was the norm, involving as little physical contact as possible, feeding according to a rigid plan, and strict hygiene (Ryffel, 2013). Care practices were generally characterized by strict routines that did not take into consideration individual needs and an intense wariness of spoiling children (Gebhardt, 2009). This created the conditions of chronic deprivation found to be responsible for the profound negative effects on development described in more recent work (Nelson et al., 2014; Berens and Nelson, 2015).

A growing volume of international research shows that children placed in institutional care as it is commonly implemented are typically deprived of a supportive, intensive, one-to-one relationship with a primary caregiver. Such conditions of deprivation are profoundly damaging to children, particularly during the critical early years of development (Schore, 2001). Children who were placed into institutions shortly after birth and subjected to severe sensory, emotional, and sometimes physical neglect show a dramatic decrease in brain activity compared to children who were never institutionalized (Center on the Developing Child, 2007). They are more likely to suffer from growth delay, frequent infections, and hearing and vision problems. Furthermore, motor development is often delayed and stereotypical behaviors such as body rocking and head banging occur (Browne, 2009; Berens and Nelson, 2015; Sherr et al., 2017). Finally, a number of studies have found negative effects on cognitive and social development (Schore, 2001; Johnson et al., 2006). Although no data is currently available on the effects of institutionalization across the entire lifespan, a number of large studies have demonstrated the potential long-term negative effects of other adverse events and circumstances during childhood, such as child abuse and neglect, household substance abuse, and mental illness, on development and health into adulthood (Felitti et al., 1998; Werner, 2013). The impact of such events has also been shown to be especially severe during the critical developmental stages in early childhood, with possible permanent effects on the morphology of the brain (Shonkoff and Phillips, 2000).

However, not all individuals experience negative health outcomes in relation to stress. In his seminal work, Antonovsky (1979) coined the term “salutogenesis” after observing “how people manage stress and stay well.” Similarly, findings from a 40-year longitudinal study by Werner (2013) showed that one third of all high-risk children exposed to adverse experiences early on displayed resilience that allowed them to develop into caring, competent, and confident adults. Particular protective factors and biographical events helped to balance out risk factors at critical periods in their development in a dynamic interaction of personal factors, environmental factors, and biographical developments. Further, evidence has started to emerge of what mitigates the negative impact of institutionalization, such as age at entry, stability of care, size of institution and children/staff ratio (Berens and Nelson, 2015; Sherr et al., 2017). Care circumstances and practices with children in institutions can vary greatly, with some of the most severe conditions of deprivation studied as part of the Bucharest Early Intervention Study with children in Romania (Nelson et al., 2014). This study was also able to show that when children are moved from institutional care into family based care, they have a chance of restoring brain development, highlighting the plasticity of the developing brain (Nelson et al., 2014; Bick et al., 2015).

The potential impact of this early institutionalization across the lifespan is unknown. Furthermore, whereas data is available on the effects of exposure to adversity in early childhood into early and mid-adulthood, the effects of adverse experiences into late adulthood remain as yet virtually unexplored. With a unique combination of historical and newly collected 60-year long-term follow-up data, the overall aim of the LifeStories project (German: Lebensgeschichten) is to examine the personal developmental trajectories of individuals that were affected by placement in institutions as infants in the late 1950s and early 1960s in Switzerland. The study builds on the pioneering work of Dr. Marie Meierhofer on the delayed development of infants placed in institutions for care at the end of the 1950s (Meierhofer and Keller, 1974). By simultaneously using data from an unaffected comparison sample of children growing up in families, the 1954–1961 cohort of the Zurich Longitudinal Studies of the University Children’s Hospital Zurich (ZLS, N = 445) —one of the most significant data sets on child development globally (Ulijaszek et al., 1998)—the project will shed light on the impact of certain institutional care practices during infancy across the lifespan.



METHODS AND ANALYSIS


Design

This population-based study uses a combined prospective and retrospective, mixed-methods approach over a 60-year period to investigate how the lives of individuals who had been placed in an institution as infants in the late 1950s in Switzerland developed subsequently. The availability of data from the 1954–1961 cohort of the Zurich Longitudinal Studies enables comparison with an unaffected group of children growing up in families at the same time and in the same geographic region. The overall study design is depicted in Figure 1. This article describes the cohort of children placed in institutions as infants. The ZLS are described in the paper in this issue (Wehrle et al., 2020).
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FIGURE 1. Study design.


The following sections describe the assessment at three time points of the cohort of infants placed in institutions.


Wave 1: 1958–1961

As a baseline, this project uses data from the study conducted by Dr. Meierhofer between 1958 and 1961. She conducted a survey on health and development in 12 infant and toddler care institutions in Zurich, Switzerland. Data collection took place over 16 months. During this period, around 630 children were placed in these 12 institutions. Figure 2 provides an example of an infant room in one of these institutions to illustrate the living conditions at that time. Children who fulfilled the following eligibility criteria were included in the study: children were at least three months old at the time of the examination, they were not older than six months at the first time of in-care-placement, their institutional stay was never interrupted for more than three months, and they did not have any diagnosed medical disorder. In addition, children were excluded if they suffered from any acute infectious disease at the time of the examination or responded with distress to the test situation. This resulted in a sample of N = 429.1.
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FIGURE 2. Example of one of the rooms infants were kept in at one of the 12 institutions (Meierhofer and Keller, 1974).


Two types of data were collected during Wave 1: person-centered data for each child and institution-centered data for each institution in which children were placed. Data was collected as a mixed-method assessment and included quantitative and qualitative data.


Person-centered data

For all children, demographic data, the psychosocial situation of the family, nature and frequency of current contact with the family, and information on children’s institutional stay (e.g., age at in-care placement) were recorded. Because in most instances it was not possible to obtain this information directly from the parents, Dr. Meierhofer used the administrative records available (e.g., guardianship records) and information provided by staff members of the care institutions. These data sources were also used to record children’s health status (e.g., previous diseases, birth and pregnancy history). Some of this information was recorded in standardized, self-developed study templates; other data was documented in narrative notes and underwent quantitative coding afterward. To assess children’s development, a standardized developmental test was used [Échelle de développement, Brunet-Lézine for all children up to 2.7 years (Brunet and Lézine, 1955), Terman-Merrill developmental test for children up to 4.6 years (Terman and Merrill, 1937), and Schweizertest for children up to 7.6 years (Biäsch and Fischer, 1969)]. The individual test result was used to calculate an overall developmental quotient (DQ) for each child. Furthermore, height and weight were measured. In addition, children’s behavior and interaction with staff members, other children, and the examiner were assessed by observations during daily routines in the institutions and during the test situation. In general, the observational data was collected and documented in a qualitative manner, and some of the data was subsequently quantitatively coded. In addition, original photographs, slides, and film has been preserved.



Institution-centered data

Information on childcare circumstances and practices in the different institutions was collected, such as interaction time, child-staff-ratio, and the educational background of staff members. In addition to information provided by the heads of the institutions, observations were recorded by the researchers during daily routines (see Table 1 for an overview of the instruments used at Wave 1).


TABLE 1. Overview of the assessment instruments (Wave 1 and 2).

[image: Table 1]Today, most of the data from Wave 1 is stored in the Federal Archive in Aarau. The research team has been granted permission to access and analyze this historical data for scientific purposes related to the historic reappraisal of care practices before 1981, on condition that it is used in anonymized form, according to article 11c of the Swiss Federal Act on the Reappraisal of Compulsory Social Measures and Placements before 1981 (German: Bundesgesetz über die Aufarbeitung der fürsorgerischen Zwangsmassnahmen und Fremdplatzierungen vor 1981) and the Act on Public Information, Data Protection and Archives (German: Gesetz über die Information der Öffentlichkeit, den Datenschutz und das Archivwesen; IDAG) and the corresponding by-law (VIDAG).

Unfortunately, even though additional data from Wave 1 was retrieved from various private archives as well as the archive of the Marie Meierhofer Children’s Institute, some of the data of this initial assessment remains missing. However, identifying data has been preserved for 98% of the original cohort: for 420 of the 429 children. Aggregated developmental data (e.g., DQ) is available for the majority of the children up to 3 years at the time of Wave 1 (n = 322).

To make this data accessible, all documents were retrieved from the archives as scans or digital photographs. Because this data is only available in analog form (mostly hand-written, some of it typed up with manual typewriters), data had to be entered manually into electronic form. A couple of issues posed a challenge to systematic data entry: firstly, information for the individual children was not available in a systematically compiled form but was distributed over many different datasheets. Secondly, the information was not recorded consistently across all of the 12 institutions but was collected using many slightly different datasheets (see Figure 3 for an example of the available data). To deal with this and to reduce errors during data entry, standardized input templates were created for quantitative data (Limesurvey GmgH, 2020). Data was then imported into R (R Core Team, 2018) and merged for further processing and analysis. Qualitative data was typed up in Microsoft Word. Photographs, audio files, and film have been digitized for preservation.
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FIGURE 3. Example of person-centered data (Wave 1).


In her analyses of the data at the time, Dr. Meierhofer found that the children placed in institutions had significant delays in cognitive, social, and motor development compared to the children growing up in families studied by the ZLS. Differences in children’s development within the group of institutionalized children could not be explained by families’ socio-economic status or the infants’ contact with their family members. However, differences in the quality of care (i.e., interaction time and child–staff ratio) between the 12 institutions included in the study accounted for the variance in children’s development. Meierhofer and Keller (1974) concluded that the developmental delays of the children were primarily caused by the poor conditions of care in the institutions.



Wave 2: 1971–1973

To assess the developmental progress and health status of the children, Dr. Meierhofer and her team conducted a follow-up study of a subsample of the children between 1971 and 1973, then aged between 13 and 15 years (Meierhofer and Hüttenmoser, unpublished).

Of the original cohort, Dr. Meierhofer only considered children born between 1957 and 1959, who were up to age three years at the time of Wave 1, for the follow-up study (N = 354). The address for 82 of the eligible children was not found at the time, and so it was not possible to contact them. An additional 13 children were excluded as they had moved to other parts of Switzerland and the distance from these children was deemed too great for their inclusion in the study. For 64 children, parents or legal guardians actively declined consent for participation. Another 24 did not respond to the invitation to participate (presumed passive decline). Two of the children had died. An additional ten children were excluded for other reasons (not further specified). Of the remaining 159 children, 16 participated in a preliminary study between 1969 and 1971 (Meyer-Schell, 1971)2 and were then excluded from further study. The final sample of the full follow-up study therefore consisted of N = 143 children. The distribution of gender, nationality, and marital status of the mother within the group of children examined was, according to Meierhofer and Hüttenmoser (unpublished) approximately comparable to that of the overall sample. In the further course of the study, 17 of these children with suspected epilepsy or other neurological disorders were excluded from further analyses (Meierhofer and Hüttenmoser, unpublished).

Data collection during Wave 2 was carried out with a multi-method and multi-informant approach: quantitative and qualitative data were collected using administrative records, standardized tests and questionnaires, and interviews with parents or other primary caregivers, teachers, and the children themselves.

To obtain general information on the family background, children’s care histories (e.g., number of different placements, reasons for placement changes), and their academic career, the study team used administrative data available, for example, from guardianship records. If necessary, parents or other caregivers were asked to provide further information. Most of the information was qualitative in nature and documented using standardized templates developed by the study team3.

Standardized testing was conducted using a battery of neuropsychological tests and questionnaires: Children’s cognitive abilities were assessed with the WIP, a short version of the Hamburg Wechsler Intelligence test for children (Dahl, 1968, 1972). Their mental health was assessed using the Kinder-Angst-Test (KAT), (Thurner and Tewes, 1969), a standardized questionnaire on children’s anxiety. Furthermore, two projective tests were conducted: the Rorschach-Test (Bohm, 1965) to assess personality and the Foto-Hand-Test (Belschner et al., 1971) to assess aggressive behavior. The test battery also included the Sohnaufsatz (Ungricht, 1955), in which children had to write a short essay that was later analyzed for both content and graphology, and the Baumtest (Koch, 1957), which was intended to provide information on the child’s character and affective development. In addition, children’s height and weight were measured. Furthermore, data on pubertal development and general health was collected through information provided by the parents or caregivers. In addition, the social status of the children among their classmates was determined with a sociogram (Bastin, 1967): the children themselves and five of their classmates were asked to indicate with which children they would most like to spend time and with whom they would least like to spend time. The number of children’s mutual choices was evaluated.

In addition, semi-structured interviews were conducted with primary caregivers, children themselves, and their teachers. For the interviews with the parents, key themes were predefined, such as pregnancy and birth history, care histories, children’s development (motor skills, language, sleep, tidiness), social relationships, and education. Furthermore, interviews with the children contained questions about school, leisure activities, friendships, and their ideas about their future. The teacher survey focused on academic performance and social contact with classmates. If necessary, interviews with migrant workers were conducted in Italian and subsequently translated. The original audio-recordings and some of the transcripts have been preserved. The qualitative information collected during the interviews was scored according to Thalmann’s symptom-burden scale (Thalmann, 1971) and used to assess children’s behavior. In addition, teachers and researchers recorded information on the children’s personality and learning and academic behavior (for example reliability, discipline, independence, pace of work) on a 5-point standardized scale (Polaritätenprofil). Table 1 provides an overview of all instruments used at Wave 2.

At the time of Wave 2, data from the ZLS was not ready for comparison. Dr. Meierhofer and her team therefore selected the instruments for the follow-up-study so that data of a normative sample and, if possible, even comparative data from Switzerland was available that allowed basic comparisons (Meierhofer and Hüttenmoser, unpublished).

In her analysis, Dr. Meierhofer found that at the time of Wave 2, children who were placed in institutions as infants showed increased depression, school related-problems (e.g., significantly higher grade retention rate than the comparison group), and stereotypies (Meierhofer and Hüttenmoser, unpublished). Due to a fierce nature/nurture debate with one of her colleagues at the time, these results were never published (Wyss-Wanner, 2000) and exist only in an original research report in the archives of the Marie Meierhofer Children’s Institute (Meierhofer and Hüttenmoser, unpublished).

In contrast to the Wave 1 data, the raw Wave 2 data has been fully preserved. Part of the data is stored in paper form at the Federal Archive in Aarau. It has been digitized in the same way as the Wave 1 data by first retrieving the data from the archive as digital photographs and then entering the data manually into data entry masks created with LimeSurvey (Limesurvey GmbH, 2020). The remaining data is available in paper form and on microfilm in the archive of the Marie Meierhofer Children’s Institute and has now also been digitized for further processing. Figure 4 provides an example of the available data. Just as for the Wave 1 data described above, data entry masks were created in LimeSurvey (Limesurvey GmbH, 2020), and further data processing were carried out with R (R Core Team, 2018).
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FIGURE 4. Example of person-centered data (Wave 2).


Qualitative data will be typed up in Microsoft Word either from available audio files or from original transcripts.



Wave 3: 2019–2021

In a newly revived effort funded under the umbrella of the Swiss National Research Program 76, which is focused on scientific investigation into the compulsory social measures and placements before 1981, all individuals that took part in the study by Dr. Meierhofer at Wave 1 were once again located and contacted. These individuals were about 60 years when taking part in this third assessment of health and development (Wave 3).


Study preparations

Prior to Wave 3, two preparatory studies were conducted. They are separate, small studies but are briefly summarized here.


Exploratory study

Between 2012 and 2013, an exploratory study was implemented. Semi-structured narrative interviews were conducted with 16 individuals that had taken part in Waves 1 and 2. As part of the semi-structured interviews, participants talked about topics such as family, institution, foster or adoptive family, relationships, health, education, work life, hobbies, and aging (Ryffel and Simoni, 2016). Furthermore, findings suggested that despite clear indications of resilience in some individuals, many generally struggled to find a sense of belonging and coherence in their lives. This seemed to be the case more often for individuals placed in institutions as a result of having been born to unmarried and/or underaged mothers than born to migrant workers. Children of migrant workers tended to reassured themselves that they were loved by their parents and that it was external circumstances that led to the placement. They remember it as a measure that “made sense” (Ryffel and Simoni, 2016; Sand and Gruber, 2017).

The experience of this exploratory study informed the search strategy, contact procedures, ethical considerations, and research questions for Wave 3 (for details see corresponding sections below). It also reaffirmed the need for a comprehensive long-term follow-up assessment, as it revealed how diverse the life trajectories can be within this cohort. It also showed that individuals are willing to participate in a research study and talk about their biographical trajectories.



Participatory research preparation

To prepare for Wave 3, in 2019, we conducted focused interviews with four individuals that had been placed in institutions as children to elicit feedback on procedures, documents, and assessment instruments to be used for contacting the cohort. This was in response to the request of those affected by the compulsory social measures and placements before 1981 to be included in research related to the reappraisal and reconciliation process (UEK Administrative Versorgungen, 2019; Unabhängige Expertenkommission Administrative Versorgungen, 2019). Interviewees’ feedback helped to make documents more understandable and identified wording that might cause insecurities or trigger negative reactions. They also indicated shortcomings in some of the questionnaire items that they thought were potentially misleading or not appropriate for the situation of the participants (Lannen et al., 2020). In addition, they made significant contributions to how best to approach and work with the cohort. This participatory preparation showed that the inclusion of formerly institutionalized individuals in research is feasible and provides substantial benefits to the research quality on historic compulsory social measures and placements (Lannen et al., 2020).



Eligibility

Eligibility criteria were defined separately for (a) locating individuals and (b) contacting them.

In order to be eligible for the search, individuals had to have taken part in Dr. Meierhofer’s study at Wave 1 and to have been assigned a study number for which identifying data was available. In addition, a minimum of three data points needed to be available for the search (full name, date of birth, and a location of residence from some point in their lives). A number of individuals were found to have moved abroad (25%, n = 107). If they were found to be residing in a country other than their country of origin, we were able to search them through the embassy or the Bureau of Foreign Affairs in charge. If a city they have moved to abroad is known, they can be searched for through the local population registry, if one exists. No search strategy exists for individuals who moved to their country of origin without any indication of location. In this case, individuals abroad are ineligible for the search.

A person who was not found and those deceased were obviously deemed ineligible for contact. Those that were found, were only eligible for contact, if there was no indication that they might have been adopted without their knowledge (happened early in life, was followed by a name change). This was based on the ethical concern of uncovering a potentially unknown adoption and causing distress to the individual. If there was an indication in the historical files that the individual knew about the adoption, or that the adoption happened within the family (e.g., by the new partner of the mother), individuals remained eligible for the study. In addition, individuals also became ineligible for contact if they had a data protection barrier with the municipalities (see below section “Locating individuals”). Finally, individuals who had actively declined study participation when contacted for the exploratory study (Ryffel and Simoni, 2016) were also deemed ineligible.



Locating individuals

The search process took place between October 2018 and March 2021.

Due to the sensitive nature of the request, the process of locating individuals after several decades was set up in a way that minimized the risk of false identification of individuals. Therefore, even though very labor intensive, the search for each individual’s identity needed to be officially confirmed through the population registry. Luckily, this was possible, as in Switzerland, every individual is formally registered with the municipality where he or she resides. Individuals who relocate must give notice of departure with the old municipality and formally register with the new municipality, so individuals can be tracked through the system over time (municipal population registry). In addition, events (such as birth, marriage, divorce, or death) are registered in the civil population registry (Zivilstandsregister) in a person’s commune of origin (Heimatort)4.

In Switzerland, legislation differs slightly between the cantons5, but generally, municipalities will provide full name, address, and dates of arrival in and departure from the municipality from the population registry to private individuals and organizations acting in the public interest without requiring a reason for the request6. If a “credible argument” is made, the municipality that the person moved to and from, date of birth, gender, marital status, and commune of origin (Heimatort) can also be released7. Before the information is released, the municipality is to verify that the request is made in the public interest8; if this is not case, the municipality is not allowed to release the information. Individuals that have actively instated a data protection barrier are excluded9. The municipalities also provide information on deceased individuals should the applicant make explicit an interest for the information10. Some municipalities requested more detailed information on the public interest of the request. In these cases, detailed information on the study and on data protection was provided. The study was described as a general survey on health and development and the fact that the individuals in question were placed in institutions as infants was not disclosed to protect their privacy.

A successful search for an individual through municipal population registries requires three data points: the full name, date of birth, and a municipality in which the individual has lived at some point. For a majority of individuals that took part in Wave 1, information on municipalities was available through the study archives. For some, we were able to gain access to municipalities of residence through the Zurich’s City and Federal Archive (archived municipal registration files before 1976, archived supplementary files of birth registries, guardianship records, infant care institution files etc.). The municipal authorities released the current address if the individuals still lived in that municipality or released the name of the municipality the person moved to. The address information request was then iterated through as many municipalities as necessary until the current address was found.

For some cases, instead of a municipality of residence, the person’s commune of origin (Heimatort) was available through the archives. A formal research request was submitted to the office of civil registry in Zurich and granted under Art. 60 of the Zivilstandsverordnung vom 28.04.2004 (ZStV; SR 21 1.112.2) to inquire whether a place of residence can be found in the files for individuals still alive or a date of death for those deceased. Upon the precedent of Zurich, civil registries in other locations provided access to the information. For these individuals, the last known address through civil registries was thus identified and then the above-mentioned process of locating individuals through municipalities repeated for these individuals. An additional research request granted access to the information on deceased individuals whether death was of natural or unnatural (accident, crime, or suicide) causes. This information was made available by the civil registries in the municipalities where individuals resided at the time of death.

For a few individuals, their municipality of residence was found through moneyhouse.ch, an online platform providing information drawing among others from the cantonal commercial registers (since full name and date of birth was available through this portal) and then verified with the municipality.

Overall, the procedure for contacting individuals was very resource intensive and is still ongoing. The search was reiterated through up to 10 municipalities until a person’s current address was identified. More than 300 municipalities were contacted, as well as more than 40 offices of civil registries in Switzerland alone. In total, more than 2000 emails were sent.

So far, 86% (n = 268 of total 313) of individuals residing in Switzerland were found, out of those, 78% (N = 208) were eligible for contact (not deceased or ineligible).

So far, 25% (n = 107) of individuals were found to have moved abroad. If a person had moved to a country other than their home country, we placed an inquiry with the embassy or the Bureau of Foreign Affairs. If the person was registered by their country as living abroad, he or she could be located. If a person was not registered but the municipality the person moved to was known, rather than just the country, then analogous to the search in Switzerland, individuals were searched for through the population registry (if some form of population registry existed in that country). This search strategy via municipalities was applied for all individuals who moved abroad regardless of their nationality or home country. Using these strategies, we have identified 47%, n = 50 individuals eligible for search abroad. Out of those, we have been able to locate and contact 24% (n = 12) so far.

Figure 5 shows the search path.
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FIGURE 5. Search process to locate individuals.




Contact Procedures

The contact procedure for this study was built on a number of key principles: first, it takes a stepwise approach, so that those individuals that do not wish to learn about any study details can opt out swiftly (ethical protocol, see section “Ethics”). Second, contact procedures were also staggered to ensure sufficient resources were available within the research team for personal contact with the cohort and data collection. Third, contact procedures were designed for a broad range of life trajectories, building on Antonovsky’s salutogenetic approach (Antonovsky, 1987). This is expressed in the wording of documents and behavior of the researchers. Fourth, even though some participants might not remember that they had participated in the study in the past, overall, the study invitation has been framed as an invitation to remain in the study. Finally, the procedure has been set up as an opt-out procedure: at each step, the next point of contact through the research team will be announced, and individuals have to actively let the research team know if they want to disengage from the process. Passive decline has been clearly operationalized as no more contact after a final reminder for participation by mail if a participant cannot be reached by phone after three attempts.

Furthermore, the Swiss Federal Act on the Reappraisal of Compulsory Social Measures and Placements before 1981 (German: Bundesgesetz über die Aufarbeitung der fürsorgerischen Zwangsmassnahmen und Fremdplatzierungen vor 1981) stipulates that individuals have the right to view their archived files. Accordingly, the study team has created a leaflet with detailed information on how individuals can access any archived information, either related to their institutional placement or the study.

As an initial form of contact, a short letter with basic information about the study and the individual’s name and year of birth found in the archives was sent to each prospective participant. It also included a request to let the researchers know by phone, email, or returning a slip (a stamped return envelope was included) if they did not want to participate. In that case, they were not contacted again. Two weeks later, anyone who had not actively declined was sent a second letter. This time, more detailed information was provided about the study, including a detailed leaflet that outlined its history, aims, and procedure. It reiterated that participation is voluntary and that they can withdraw at any time. It also outlined data protection measures. In addition, the leaflet specified the components of the study (questionnaire, neuropsychological assessment, biographical narrative interview; for details see section “Data collection”), including expected duration and reimbursement. Individuals received CHF 80. – each for filling in the questionnaire and participating in the neuropsychological assessment, and CHF 40. – for participating in the biographical narrative interview. In addition, they received reimbursement for travel expenses. Again, if anyone indicated that they did not want to participate further (active decline), they were not contacted again. Otherwise, senior staff members called all the individuals for whom we were able to obtain a phone number to invite them to participate in the study and go over the consent form initially over the phone. Notes of the conversation were recorded. Those individuals for whom phone numbers were not available were invited to provide one with a return slip. It was also possible to indicate preferences for communication (mail only, for example, for those who do not want to talk on the phone but would like to participate in the study).

The same researcher remained available throughout the study to ensure consistency and to build trust. If an individual agreed to participate, the questionnaire was sent together with the consent form, and appointments for neuropsychological assessment and interviews were arranged. Help with completing questionnaires was offered when necessary over the phone as a standardized interview. A reminder call was made the day before the appointment. If necessary (e.g., due to poor health), the researcher offered to travel to the participants’ home for data collection.

If the full questionnaire was not returned after 3–4 weeks, the researcher checked in with the participant either by phone or letter to remind the participant to fill in the questionnaire and to see if any assistance was needed. Those individuals who could not be reached by phone were sent a final reminder letter, including the short version of the questionnaire, a consent form, and a slip to indicate active decline or interest in further participation. Sending a final reminder letter with a questionnaire is based on the work of the Zürcher Längsschnittstudie Von der Schulzeit bis ins mittlere Erwachsenenalter (Schallberger and Spiess Huldi, 2001), which led to a substantial number of additional questionnaires returned.

For those individuals that were contacted as part of the exploratory study (Ryffel and Simoni, 2016), letters were tailored to the individuals’ responses.

The recruitment process is depicted in Figure 6.
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FIGURE 6. Recruitment process.



Data collection

Data collection started in September of 2019, is still ongoing, and is expected to last throughout Q1 of 2021.

A mixed-methods approach was chosen to maximize depth and breadth of data and to enable the accommodation of data collection to individuals’ possibilities and preferences where necessary. Specifically, three types of data were collected: questionnaire data, data from neuropsychological assessments, and data from biographical narrative interviews. The full battery of questionnaire data covered physical and mental health, social abilities and demographics, information on work and family life, retrospectively captured education and professional background, critical life events, and transitions. It included constructs such as sense of coherence, self-efficacy, and the ability to fulfill one’s basic psychological needs, which are all factors believed to be important moderators for adjustment and fulfilled, happy lives. All constructs and the corresponding operationalization and instruments used to assess them are listed in Table 2. The full questionnaire battery took about 120 min to complete. A pilot data collection phase had indicated that the nature and length of questionnaire was appropriate for the target population. For those unable or unwilling to fill in the full questionnaire battery, a short version of the questionnaire was provided, covering physical and mental health outcomes and demographic information (an estimated 60 min to complete).


TABLE 2. Overview of the assessment instruments (Wave 3).

[image: Table 2]In addition, the researchers invited participants to come to the Marie Meierhofer Children’s Institute in Zurich for neuropsychological assessment (estimated duration: 120–150 min). A full list of assessment instruments is listed in Table 2.

Questionnaire and test data were digitalized by entering it into digital questionnaires programmed with LimeSurvey (Limesurvey GmbH, 2020). This procedure facilitated data entry and reduced the potential for errors. Inter-rater reliability checks will be performed for test scoring. In addition, data entry was double checked by a second researcher for both test data and questionnaire data. Data was exported from LimeSurvey using a comma-separated format (.csv) and cleaned with R (R Core Team, 2018).

Preliminary power analyses indicated that for a t-test for independent samples with an alpha-error of 0.05 and a power of 0.80, at least 102 participants are required to detect medium effect sizes, while the detection of large effect sizes requires 42 participants.

Finally, participants were invited for biographical narrative interviews (Rosenthal, 1995), focused on the individual narrative that participants present when asked to talk about their lives. These interviews were conducted without a predefined time limit, and the participants are asked to explore the topics and share the experiences that are relevant to them as they wished. The interviews were conducted at the location of the participants’ choice. Interviews were recorded with an audio recorder and later transcribed and anonymized (Bohnsack et al., 2013). The audio files were then deleted to ensure data protection.

The time and nature of death of deceased participants was determined from the records of the municipal and civil registries.



Comparison With Zurich Longitudinal Studies

In the 1950s, Dr. Meierhofer was in close contact with Prof. Guido Fanconi, the medical director of the University Children’s Hospital who initiated the ZLS study in 1954. Dr. Meierhofer aligned the assessment instruments used to study the infants in the institutions with those used in the ZLS (Wehrle et al., 2020). Dr. Meierhofer studied the children at two time points: when children were between birth and three years of age (Wave 1) (Meierhofer and Keller, 1974), and a subsample of the children about 10 years later (Meierhofer and Hüttenmoser, unpublished). Children in the ZLS, were continuously assessed until age 18 (Wehrle et al., 2020). In a parallel effort, both cohorts are currently being located and assessed again. Once again, the study instruments have been closely aligned, thus allowing a 60-year longitudinal design with a comparison group.



Adjustments Related to the Pandemic of COVID-19

About midway through data collection for Wave 3, the COVID-19 pandemic reached Switzerland, and measures to contain the spread of the virus were implemented. Neuropsychological assessments and interviews on site were suspended for three months between mid-March and mid-June 2020 and then recommenced with protection measures. Data collection for questionnaire data continued throughout, and now includes a questionnaire to assess the impact of the measures to contain the pandemic on a range of outcomes: work and finances, home and social life, daily routines, and mental and physical well-being. This additional questionnaire was also sent to participants who had already completed data collection. Furthermore, this same questionnaire was sent to participants of the ZLS (for details see this issue Wehrle et al., 2020). This will allow us to check for any possible bias in data collected before or after the onset of the pandemic as well as whether reactions differed between the two cohorts to the measures implemented by the government.



Data Analysis

Dr. Meierhofer and her team analyzed the historical data with the tools and the statistical techniques available at that time. For instance, tables and graphs were drawn by hand.

The historical data are now being re-analyzed with modern statistical methods to increase the reliability and validity of the historical results. Specifically, for data from Wave 1, we will seek to replicate Dr. Meierhofer’s finding that institutional placement and especially care conditions are significant predictors of the differences in children’s developmental outcomes. Our primary aim with the data of Wave 2 is to compare it with the data now available from the ZLS and to finally make the data available through publication.

Data will allow longitudinal analyses over two and three time points, both within group for children placed in institutions and between groups with children placed in institutions and children who grew up in families. The within-group analyses will examine the role of a set of potential predictors of inter-individual differences in growth in health and development. The between-group analyses will compare the two cohorts on the same outcomes.

We will apply structural equation modeling and multivariate regressions using a combination of variable- and person-centered statistical methods. These methods will allow us to account for measurement error (latent variable modeling), the multilevel structure of the data (multilevel modeling or correction of standard errors where multilevel modeling cannot be applied), and multiple covariates. A further important aspect of data analysis will be the implementation of multiple imputation methods to address missing data in general and selective drop-out in particular. A preliminary review of the raw data also indicates that historical data contains some errors that took place when transferring data between sheets or when rounding to the decimal. These errors will be corrected systematically.

For data from each wave, we will compute the deviation score of each participant of the cohort placed in institutions from the ZLS cohort mean. The resulting deviation score at Wave 3 will then be predicted by the deviation scores for Waves 1 and 2 by regression modeling. In addition, the influence of the individual variables on the longitudinal trajectory of health and development will be calculated using random-intercept autoregressive models (Hamaker et al., 2015) and latent growth models (Sticca and Perren, 2015). Multivariate associations among multiple constructs of interest will be examined using multivariate random-intercept cross-lagged models (Hamaker et al., 2015) and parallel process models (Sticca and Perren, 2015), depending on the research question at hand.

Qualitative data will be coded and descriptive analyses run and depicted in graphs where useful. Longer handwritten narratives and texts from Waves 1 and 2 will be subjected to content analysis (Mayring, 2000). Selected historical qualitative materials and narrative interviews conducted at Wave 3 will also undergo reconstructive and sequential analysis according to Rosenthal’s (Rosenthal, 2015) method. The aim of this abductive analysis method is to identify the latent content of the text, make generalizations, and come to conclusions via in-depth analyses of individual cases (Rosenthal, 2015).

Qualitative and quantitative data will be triangulated and historical data contextualized in the historic discourse on education and upbringing, structural violence, welfare practices, discrimination of certain family models, and compatibility of employment and family.



Ethics

A number of measures identified ethical issues and mitigated risks for all three waves.

An independent ethics expert reviewed both historical studies (Wave 1: 1958–1961 and Wave 2 1971–1973), drawing on primary historical data and reports and publications. The review concluded that although research ethics practices have developed over time, Dr. Meierhofer adhered to the key ethical principles that hold today, chiefly the principle of not harming the subjects. The review even concluded that the children that took part in the study may have benefited; they certainly received some extra interaction time and attention as part of the study, in contrast to the deprivation prevalent in the institutions at that time. Assessment took place through observation and conversation and was non-invasive. At Wave 1, consent was provided by the head of the care institutions and at Wave 2 by the children’s legal guardians. Without such consent, children were not included in the study. Data was anonymized for analysis and publication (Brauer, 2019a).

For Wave 3, a number of ethical issues were identified. These included, for example, the risk of disclosing a previously unknown or not remembered institutional placement, the risk of disclosure of an institutional placement to next-of-kin or other third party, distress caused by learning about previously unknown inclusion in a study, discussing potentially distressing events from the past as part of data collection, and distress caused by accessing archived materials.

A comprehensive ethical framework and ethics protocol were developed that detailed every step of interaction with the individuals of the cohort with the aim of mitigating potential risks. In addition to detailed informed consent, voluntary participation, the option of withdrawing consent at any time, and protection of personal data, measures included a step-wise approach to contacting individuals with increasing amounts of information on the study, an option to claim mistaken identity, easy opt-out procedures, contact only with senior researchers, regular, standardized screening for distress, psychological support available on site for study participants, and psychological supervision available to researchers.

Furthermore, a thorough consent procedure was implemented, including seeking consent to link new and historical data. Participation was voluntary, and consent could be withdrawn at any time. Data will only be analyzed and published in an anonymized form.

These ethical considerations and ways to mitigate distress were developed and reviewed in consultation with an external, independent ethicist (Brauer, 2019b). Furthermore, findings from the exploratory study outlined in section “Exploratory Study” (Ryffel and Simoni, 2016) and the focus interviews conducted as part of the participatory study preparation (Lannen et al., 2020) (see section “Participatory research preparation”) also shaped the ethical framework of the study.

Wave 3 was reviewed and approved by the Ethics Committee of the Faculty of Philosophy at the University of Zurich (Approval Number 19.4.7).



DISCUSSION

A number of longitudinal studies over several decades on human development have been conducted in different parts of the world (for an exemplary overview see this issue Wehrle et al., 2020) and emerging data from robust longitudinal studies of children placed in institutions is becoming available (Nelson et al., 2014). However, the 60-year span of the LifeStories project presents the longest follow-up of children who spent their early years in an institution. Central to the feasibility of this study are a number of significant opportunities and challenges, with several lessons emerging from each of them.


Historical Data

Comprehensive long-term longitudinal studies over several decades are rare, because they require continuous project leadership across several generations of researchers and an institutional home for the data to guarantee data access and data preservation over time. Other challenges of long-term longitudinal studies include the advancement of science overall: concepts and methodologies may change fundamentally after the initiation of the study. For instance, instruments used several decades ago might no longer be in use, thus making direct comparisons across the life span difficult. Some of these challenges are described and discussed in detail in the paper in this issue (Wehrle et al., 2020). For this study, even though it was dormant for over 40 years, access to data was possible through the continuity of institutional involvement and became accessible to the next generation of researchers at the Marie Meierhofer Children’s Institute. However, the fact that the data was not preserved in its entirety and had to be reassembled from a variety of documents—some organized by institution, some by subject, and some by outcome—posed a significant challenge. Using modern tools such as LimeSurvey templates and having another researcher enter data a second time mitigated the risk of data entry errors.



Locating Individuals

A second challenge was to locate individuals after many decades while reducing possible false identification. However, being able to locate individuals through population registry is promising and has been successfully implemented, primarily by studies in the Nordic countries, where a central population registries exist (Kreicbergs et al., 2004; Lannen et al., 2008, 2010; Surkan et al., 2008; Lysholm and Lindahl, 2019). In Switzerland, the process is not centrally organized, and tracking individuals through the system over time proved to be very time consuming. Nonetheless, it was possible to find 86% (n = 268) of individuals as long as they still lived in Switzerland even decades after the previous contact. In fact, it proved possible to find individuals that Dr. Meierhofer was unable to locate at the time of Wave 2. It is plausible, but difficult to fully verify, that the reasons why individuals were not found in Switzerland included both death and a name change after an adoption.

Due to the substantial proportion of children of migrant workers (Meierhofer and Keller, 1974) in the cohort, almost one quarter of the individuals moved abroad. Finding these individuals is central to addressing some of the key research questions of the study, as the development trajectory of this subgroup of individuals might differ significantly due to familial backgrounds and reasons for placements. Tracing individuals who had moved abroad proved more difficult, but so far, 24% (n = 12) of eligible individuals living abroad were found.



Contacting and Recruiting Study Participants

In recent years, a growing number of studies have examined the experience of formerly institutionalized individuals in Switzerland (Bombach et al., 2017, 2018b; Ammann et al., 2019; UEK Administrative Versorgungen, 2019). However, the primary approach of these studies was an opt-in approach in response to a call for contemporary witnesses to share their experiences. In contrast, because this was a pre-existing, predefined cohort, the study team approached a set cohort of individuals and invited them to continue their participation in the study after many decades. Although it is the availability of data from this cohort that provides the opportunity to conduct this longitudinal study, the study presents a number of challenges. Some individuals will be unaware of their former institutional placement, as they might not remember it due to their age at the time or due to repression of memories (Freyd, 1996; Ryffel and Simoni, 2016). This also might be a period of their lives that was not discussed in the family because it was considered stigma or taboo (Sack and Ebbinghaus, 2012; Ryffel and Simoni, 2016; Lengwiler, 2018). Hence, contacting them might disclose this information. A number of measures were put in place to mitigate some of the risks when contacting the individuals, including a comprehensive ethical framework and ethics protocol and psychological support available on site. Furthermore, all contact with the individuals was made solely by senior staff members. This proved essential when having to respond to diverse biographical themes triggered during contact procedures. For example, as a result of their past experiences with authorities, concerns about being purposely misled or judged by the researcher surfaced regularly (Lannen et al., 2020). Working with senior researchers was also key to responding appropriately to any questions, concerns, or potential distress that arose during contact. Earning the trust of the participants was essential. This was achieved chiefly by consistency; the same researcher stayed in contact with the individual throughout the study. It was also achieved by the researchers’ efforts to be empathetic no matter what situations came up and to be “humanly available” to the participants (Lannen et al., 2020). Trust was further built by the ability within the research team to deploy researchers with the same linguistic backgrounds as the study participants (Swiss-German, German, Italian, Spanish).

Another important element proved to be the participatory approach to study preparation that included individuals affected by institutionalization as children. Their input significantly shaped the narrative, the approach of the study, and the researchers’ skills (Lannen et al., 2020). It also provided an opportunity to respond to the request of those affected to be included in research related to the historic reappraisal process of compulsory social measures and placements before 1981 in Switzerland (UEK Administrative Versorgungen, 2019).

Finally, the project built on Antonovsky (1987) and Werner (2013) findings and a belief that the life trajectory of an individual is determined by many factors of internal and external nature. When asked to provide a recommendation on what would be helpful to formerly institutionalized children in overcoming their experience, Gahleitner, as part of her expert mandate in the round-table discussions related to institutional placement in Germany, stated: “A salutogenetic approach (…) allows insights that are usually lost when the focus lies on a search for deficits”11 (Gahleitner, 2009).

This was expressed in how letters to the participants were formulated and how researchers interacted with them. It was also expressed in the outcome measures included in data collection and an attempt to move away from a solely deficit-oriented narrative in relation to their starting conditions. While prepared for any distress expressed by the participants as a result of past events, the team was also able to acknowledge evidence of resilience and a sense of coherence (Antonovsky, 1987). Overall, the approach attempts to overcome the risk of categorizing the individuals in the group of individuals that started unfavorably and developed poorly (those in infant care) compared to a community sample of individuals that grew up at home and therefore are considered to be the norm (ZLS). The study is embedded in a framework of respect and empathy for each individual’s life story. It is open to a multitude of life trajectories between and within each study arm without prejudging the outcomes. At the same time, the framework honors the sense of injustice felt by many of the individuals subjected to welfare practices implemented before 1981. It is an attempt to honor their experiences without passing judgment, and also seek the potential resilience and strength that may have grown from each individual’s unique experience.



Methodological Approach

A number of factors fundamentally shaped the methodological approach of the study. These included the feedback on instruments from individuals affected by institutional placement as children during study preparation. Moreover, the research team applied a multidisciplinary and multimethod approach. Leveraging backgrounds in developmental psychology, pediatrics, educational sciences, sociology, and anthropology allowed the team to use validated instruments for assessment of health as well as psychological constructs and combine them with, for example, reconstructive methods. Although this approach required constant discussions and feedback loops in order to negotiate common terminology and framing, it enabled a holistic view of the interplay between individual development and a particular societal and educational context. Furthermore, the expertise combined in quantitative and qualitative approaches enabled the collection of both standardized and narrative data and thus reflect the complexity of the human experience as completely as possible.

However, this study also faced a number of key methodological challenges:

First, the availability of a community sample of individuals that grew up in the same geographic location at the same time (Wehrle et al., 2020) enables us to distinguish historical variables from biological, personal, and social ones and extract generalizable statements and recommendations. However, children placed in institutions in the late 1950s were exposed to multiple risks: both the societal, legal, and familial circumstances that put the children at risk of institutionalization in the first place and the deprivation the children experienced as part of the institutional placement (Meierhofer and Keller, 1974). This is relevant, because other studies have found evidence of a dose–response effect in that the more adverse events a child is exposed to, the more profound and lasting the effect on the individual will be (Felitti et al., 1998; Finkelhor et al., 2007; Huebner et al., 2016). As part of this study, it will be important to distinguish pre-existing risks as much as possible from the impact of institutionalization and possible compensatory effects arising from relationship conditions with parents or better institution quality by including variables in our models that account for possible additive and interaction effects. Fortunately for us, children were generally assigned to institutions independently of variables such as health, development, or potential covariates such as family background. Placement was decided by geographic location or space availability, hence mirroring a quasi-experimental design of children with similar distribution of backgrounds and preconditions in each institution and thus increasing the probability that differences between development outcomes in the different institutions are due to circumstances in the care facility.

Second, individuals in this cohort are organized by institution in 12 clusters. This is a challenge, as 12 clusters is at the very low end, if not below the required amount of clusters from a statistical point of view. The other challenge arises when comparing data with the ZLS, as this multilevel structure of data is only present in one cohort. In addition, some information only exists for the entire institution even though it can be assumed that conditions within the institutions varied between units within a single institution. Combined expertise in the project team, the project board and through collaboration with specific experts will enable us to address this methodological challenge through multilevel modeling or correction of standard errors where multilevel modeling cannot be applied.

Third, there are a number of challenges inherent to longitudinal studies that run for several research generations. These challenges are described in detail in the paper of this issue (Wehrle et al., 2020), and include dealing with archived data and their sometimes spotty documentation, the predefined nature of the cohort or balancing continuity of measurements while keeping up with latest standards.

Fourth, the more time passes, the greater grows the chance of bias as a result of the possible impact of the events on mortality for those more severely affected, as described in seminal literature (Felitti et al., 1998). Furthermore, the results of the preliminary study (Ryffel and Simoni, 2016) also suggest that a self-selection bias might have operated toward participants with more adaptive long-term outcomes. In addition, women and the children of single mothers were over-represented compared to migrant families. Analyzing whether participation in the study is selective in relation to key variables from Wave 1 and 2 is essential.



Research Questions

Mastering these challenges will allow us to address a number of research questions.

Historical data:

(1) Circumstances of placements:

What information can be found on why infants were institutionalized as part of historic welfare practices, and how is this represented in the literature on relevant discourses from that time? What were the conditions and routines like within the institutions?

(2) Health and development of children

Can findings from the historical data be replicated? What additional findings related to the impact of infant institutionalization can be brought to light from the historical data? What additional and relevant insights can be found by comparing Wave 2 to the comparison group of the ZLS? How do familial and institutional contexts relate to children’s health outcomes and abilities?

What deficits identified in Wave 1 and Wave 2 can still be detected in individuals 60 years after they were institutionalized as infants?

Newly collected and longitudinal data:

How have the lives of individuals that spent their infancy in institutions evolved? What is their morbidity (physical and mental) and mortality? What are their cognitive, social, and motor abilities today? What are their educational paths and socio-economic conditions? What deficits identified in Waves 1 and 2 can still be detected in individuals 60 years after they were institutionalized as infants? What specific vulnerabilities and/or strengths have emerged during the life course? How have some of the care circumstances and practices related to institutional placement affected long-term outcomes? What are the key individual variables and life events that moderate the relationship between early institutionalization and long-term outcomes? How do individuals talk about their life trajectories? What themes are relevant to them and how do they make sense of what happened?



Outlook and Conclusion

Overall, the study will allow us to better understand the effects of being placed in infant institutions under conditions of deprivation, will improve our knowledge of possible development trajectories, and will contribute to the reconciliation process and historical reappraisal process of compulsory social measures and placements before 1981 in Switzerland. It will reveal important insights for children placed in institutions today and allow us to better understand how children with different starting conditions can be supported in developing healthily. Finally, the present study will provide a unique contribution to our understanding of the interplay between individual and environmental promotive and protective factors for development over decades in individuals at risk.

A number of opportunities exist when considering potential outlooks for the study. The individuals of the LifeStories project are now at the cusp of old age. Some evidence has recently emerged demonstrating that exposure to adverse events in childhood is linked to premature biological aging in adulthood (Shalev et al., 2013; Puterman et al., 2016). However, this data was collected retrospectively. Longitudinal data is needed on how adverse events may affect biological aging.

Consent from all participants of Wave 3 was sought to contact them again in the future for additional prospective assessments. Thus, collecting biological and neuroimaging data will be important to further understanding the specific aging processes in this vulnerable cohort.

In addition, collecting information from additional perspectives will allow us to complement the efforts related to the historic reappraisal process of compulsory social measures and placements before 1981 in Switzerland. To better understand the circumstances that led to infant care placements at the time, the perspective of the parents of formerly institutionalized infants would be essential and is time sensitive due to their advanced age. This also applies to former employees of the institutions. In addition, interviews with children of those placed in institutions are relevant, as emerging evidence shows the effect such measures may have from a generational perspective (Bombach et al., 2018a,b; UEK Administrative Versorgungen, 2019).

Making the details of the study process available as part of a study protocol allows the scientific community to learn what works to successfully conduct longitudinal studies and shed light onto the secrets of long-term adaptation processes across the lifespan.



DISSEMINATION

The results bear significant potential for scientific, practical, and social impact at national and international levels, and results will be disseminated accordingly.

Understanding the impact that measures related to compulsory social measures and placements before 1981 in Switzerland had on the children during infancy and childhood and the consequences 60 years later will contribute to the historical reappraisal and political reconciliation of such measures in Switzerland. Accessing historical records will enable a data-driven approach to understanding the causes, characteristics, and mechanisms that led to and surrounded infant care practices before 1981. It will allow society to make sense of how practices came about and enable it to uncover the zeitgeist and societal norms and values that framed the actions. The study will illuminate a piece of Swiss institutional history, provide a basis to reflect on today’s practice critically, and might sensitize the society to the possible existence of blind spots in today’s practices in Switzerland and around the world.

Due to its longitudinal design, the study is highly relevant and one of the few long-term follow-up studies of its kind. Through the existence of a comparison group from the same era (Wehrle et al., 2020), historical variables can be distinguished from biological, personal, and social ones, and generalizable statements and recommendations can be extracted that are relevant for today. This will improve our understanding of the detection and handling of difficult early life conditions and our support of the development of resiliency over a life-course perspective.

It will also improve our understanding of the long-term consequences of deprivation caused by institutionalization of young children. The study will reveal factors mitigating institutional care and protective processes for favorable development trajectories as a result of resiliency processes. It will also provide information on how the professional and policy community can best support children and young people in care and their families across the globe.

To this end, scientific publications focused on the key research questions will be published in peer-reviewed journals related to medicine, psychology and educational and other social sciences, and results will be presented at international scientific conferences of these disciplines. In addition, a significant effort will be made to make results accessible to a non-scientific expert audience, society and the survivors of compulsory social measures and placements before 1981.

Evidence briefs will serve as a key tool for disseminating results to a non-scientific audience. A set of evidence briefs will be published in German with a local focus related to the reappraisal and rehabilitation of compulsory social measures and placements before 1981. Additional briefs that focus on the results of international relevance will be published in German and English and target professionals and key organizations involved in out-of-family placements and a multidisciplinary audience of professionals and policy-makers working with individuals at all stages of life. Further, we will work toward a book publication with some of the historical images and materials available. In addition, roundtable discussions will be held with relevant professionals. Results will be presented at local conferences for a non-scientific audience. Efforts will be made to develop a curriculum that includes our findings in university-level training (psychology, social works, educational sciences) and with children in primary and secondary school settings.

All publications will be made available free of charge to participants if desired.
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FOOTNOTES

1 In the further course of the study, Dr. Meierhofer excluded additional children because they either had organic disorders only diagnosed in the further course of the study, their data collection could not be completed (e.g., because information on family’s social background was not available), or because a further examination of administrative records revealed that the children did not, after all, meet the selection criteria concerning age at in-care placement or continuity of the institutional stay. Some children were excluded because, due to an intermediate change of institution, they were accidently tested twice. Thus, the final sample for Dr. Meierhofer’s analysis consisted of 391 children.

2 As part of a diploma thesis, Ingrid Meyer-Schell conducted a preliminary follow-up study between 1969 and 1971. From the total sample of the first assessment wave, she only selected children of Swiss nationality, born to unmarried mothers, and who were younger than 33 months at the first assessment wave. They also had to be between 11 and 12 years old at the time of the follow-up study. Of 45 children contacted, 16 children were allowed to participate. Standardized tests to assess intelligence (Stanford-Binet Intelligence Test, Terman and Merrill, 1965, and Goodenough-Draw-a-Man Test, Goodenough, 1926), frustration tolerance (Rosenzweig Frustration Test, Duhm and Hansen, 1957) and conflicts and motivations (Sceno Test, von Staabs, 1964) were used as well as additional questionnaires to include children’s, parents’, and teachers’ perspectives.

3 For some children, it was even possible to obtain basic information from administrative records or through parents or caregivers during telephone contact, even if the children did not participate in the follow-up study.

4 Each resident in Switzerland with Swiss Nationality also has a “commune of origin” (Heimatort), similar in function to “place of birth” in other countries. The office of civil registry (Zivilstandsamt) in that commune of origin holds key documents such as birth certificates and marriage records. The civil registry records the place of residence at the time of events relevant to civil status (such as marriage, divorce, change of name).

5 Cantons are the member states of the Swiss Confederation.

6 In the Canton of Zurich, for example, this is stated in §18 section. 1 Law on registration and population registers (German: Gesetz über das Meldewesen und die Einwohnerregister, MERG).

7 In the Canton of Zurich, for example, this would be Bekanntgabe von erweiterten Personalien, §18 Section 2 MERG.

8 Canton of Zurich: §23 Law on information and data protection (German: Gesetz über die Information und den Datenschutz, IDG).

9 Canton of Zurich: §22 IDG.

10 Canton of Zurich: §19 IDV.

11 Original in German: “Die salutogenetische Orientierung (…) bietet Einsichten, die in der reinen Suche nach Defiziten häufig verloren gehen.”
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Evidence is accumulating that individual and environmental factors in childhood and adolescence should be considered when investigating adult health and aging-related processes. The data required for this is gathered by comprehensive long-term longitudinal studies. This article describes the protocol of the Zurich Longitudinal Studies (ZLS), a set of three comprehensive cohort studies on child growth, health, and development that are currently expanding into adulthood. Between 1954 and 1961, 445 healthy infants were enrolled in the first ZLS cohort. Their physical, motor, cognitive, and social development and their environment were assessed comprehensively across childhood, adolescence, and into young adulthood. In the 1970s, two further cohorts were added to the ZLS and assessed with largely matched study protocols: Between 1974 and 1979, the second ZLS cohort included 265 infants (103 term-born and 162 preterm infants), and between 1970 and 2002, the third ZLS cohort included 327 children of participants of the first ZLS cohort. Since 2019, the participants of the three ZLS cohorts have been traced and invited to participate in a first wave of assessments in adulthood to investigate their current health and development. This article describes the ZLS study protocol and discusses opportunities, methodological and conceptual challenges, and limitations arising from a long-term longitudinal cohort recruited from a study about development in early life. In the future, the ZLS will provide data to investigate childhood antecedents of adult health outcomes and, ultimately, will help respond to the frequent call of scientists to shift the focus of aging research into the first decades of life and, thus, to take a lifespan perspective on aging.
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INTRODUCTION

The Zurich Longitudinal Studies (ZLS) are a set of comprehensive studies on child and adolescent growth, health, and development that are currently expanding into adulthood. This article describes the ZLS study protocol and discusses opportunities, methodological and conceptual challenges, and limitations arising from these cohorts; the participants were recruited for this long-term longitudinal study from a previous study about development in early life. In the future, the ZLS will provide data to investigate childhood antecedents of adult health outcomes and, ultimately, will help respond to the frequent call of scientists to shift the focus of aging research into the first decades of life and, thus, to take a lifespan perspective on aging (Sanders, 2016; Moffitt et al., 2017; Williamson and Leroi, 2019).


Childhood and Adolescence Are Important for Adult Health and Aging-Related Processes

Evidence is accumulating that early life requires consideration when investigating adult health and aging-related processes. In fact, even prenatal life has been shown to be relevant in this regard: for example, adults who were exposed to in utero malnutrition during the Dutch famine in 1944/1945 were reported to suffer from higher rates of coronary heart disease, higher levels of stress reactivity, and poorer mental health and premature brain aging (Roseboom et al., 2006; Franke et al., 2018; Van den Broek and Fleischmann, 2019). Moreover, adult outcome is known to be shaped by the socioeconomic and psychosocial environment of childhood. Individuals who grew up in a suboptimal environment have been found to experience poorer health as adults, independent of their current living conditions; this includes an increased risk of various chronic conditions and poorer mental well-being in mid-adulthood (McCrory et al., 2015; Stafford et al., 2015), lower cognitive abilities (Cermakova et al., 2018; Aartsen et al., 2019), more subjective memory complaints (Nishizawa et al., 2019), an increased risk of frailty (Gale et al., 2016), and generally less successful aging (Brandt et al., 2012) in late adulthood. Other studies have focused on how characteristics of the child, most prominently cognitive abilities and personality traits, are related to adult health outcome and aging. Interestingly, lower childhood and adolescent intelligence has been found to predict more advanced biological age in mid- and late adulthood (Schaefer et al., 2015; Stevenson et al., 2019). Potentially, this explains the increased rates of later-life morbidity and mortality in individuals with lower IQ earlier in life (Batty et al., 2007; Schaefer et al., 2015). Furthermore, complex links have been described between personality traits in childhood and adolescence and adult outcome: For example, childhood sociability was found to be related to better subjective well-being and family relationships in mid-adulthood, and better relationships in mid-adulthood and childhood conscientiousness were predictive of a longer life (Kern et al., 2014).

These exemplary findings demonstrate how early life may shape adult health and development and, ultimately, aging-related processes. Appropriate long-term longitudinal studies are required to advance this understanding.



Examples of Long-Term Longitudinal Studies

Although a comprehensive overview is beyond the scope of this article, this section describes some well-known longitudinal studies, all of which have provided insights into how early life impacts adult health, development, and aging-related processes.

A number of birth cohort studies have been ongoing for decades and accordingly have tracked their participants from early age into adulthood. For example, the MRC National Survey of Health and Development (NSHD), the oldest of several British birth cohort studies, was initiated in 1946 and included more than 5,000 infants. The focus of the study has shifted from an initial interest in the costs associated with pregnancy and birth to how family and environmental factors impact child growth, educational attainment, and cognitive development. As participants have aged, pathways to physical and cognitive aging have become of increasing interest (for a comprehensive cohort profile, see Wadsworth et al., 2006). Currently, the NSHD cohort members are in their eighth decade of life and are still being followed (Kuh, 2016; Kuh et al., 2016). In the early 1970s, the Dunedin Multidisciplinary Health and Development Study enrolled more than 1,000 infants born in the city of Dunedin, New Zealand. They have been tested repeatedly across childhood, adolescence, and adulthood with comprehensive assessments of their health and developmental status at each time-point. Most recently, the 45-year follow-up was completed (Poulton et al., 2015). Although participants have not yet reached old age, the data of the Dunedin study has already contributed to longitudinal aging research by quantifying the pace of aging in mid-adulthood from parameters of biological age (Belsky et al., 2015).

The Fels Longitudinal Study was initiated in Ohio, USA, in 1929 and aimed to describe normal child growth and development. It enrolled 15 to 20 individuals annually over the course of 70 years, either prenatally or at birth, and followed them across life (Roche, 1992). The data continues to provide insights into early-life antecedents of chronic diseases in adulthood (e.g., Sun et al., 2008; Sabo et al., 2017). The Intergenerational Studies (IGS) comprise datasets of three studies (the Berkeley Growth Study, the Berkeley Guidance Study, and the Oakland Growth Study) on typical patterns of child and adolescent development. They were initiated in the late 1920s and early 1930s in California, USA. The studies used different protocols to follow their participants into young adulthood. All assessed comprehensive data on physical, cognitive, and social development. To increase statistical power, the three studies were then merged, and collaborative follow-up assessments of the 500 individuals were added to the dataset in mid- and late adulthood (see e.g., Grimm et al., 2011 for details on the study protocols). The Lothian Birth Cohorts of 1921 and 1936 include individuals who had participated in the Mental Surveys of 1932 and 1947, two Scottish surveys that during the months of June 1932 and 1947 tested the intellectual abilities of all children born in 1921 and 1936, respectively. More than 1,500 individuals residing in Edinburgh and the surrounding area were traced seven decades later and have been assessed repeatedly since to study differences in and causes of cognitive aging (Deary et al., 2012). The Terman Study of the Gifted, another study set in California, included more than 1,000 school-aged children born in the 1910s with an IQ above 135 and assessed their health and development across childhood, adolescence, and adulthood (Frey, 2018). A new team of researchers then linked the archived datasets with publicly available death records of these individuals and, thus, established a lifespan dataset (Friedman and Martin, 2011).

Reviving old studies has remained popular to date: Currently, several research groups are working on identifying former participants of childhood studies and following them up in adulthood. For example, the Louisville Twin Study, a study on child development related to multiple birth status, is currently piloting the assessment of their former members, who are now middle-aged (Davis et al., 2019). Moreover, a cohort of individuals who were placed into infant care institutions in the 1950s in Switzerland are currently being tracked and invited to participate in a study to describe their life stories (Lannen et al., 2021).

The ZLS joins these long-term longitudinal studies in the quest of understanding the importance of early life for later health and development: The ZLS—initiated in the mid-1950s—are a unique set of three cohort studies born two decades apart that assess the development across a range of domains in more than 1,000 individuals. They span the time between birth and the transition to old age and include typically developing individuals and individuals at risk for neurodevelopmental impairments (i.e., born preterm) and dyads of parents and their children. This makes the ZLS highly valuable for assessing early-life antecedents of adult health and aging in different generations.



The Zurich Longitudinal Studies – a Brief History


The International Children's Center (ICC) Coordinated Longitudinal Studies

In the first half of the 20th century, the majority of studies on child health and development were initiated in North America and were largely shaped by the US child welfare movement at the time (Tanner, 1981, 1998). In Europe, the first cohort studies were initiated only after WWII. For instance, in 1951, the Institute of Child Health at the University of London started a multi-disciplinary study on growth and development from birth to maturity under the guidance of the pediatrician Alan Moncrieff (1901–1971). About 2 years later, the Center Internationale de L'Enfance (International Children's Center, ICC), an institution founded in 1950 by the French government and UNICEF, began a similar endeavor in Paris under the direction of Robert Debré (1883–1978). In 1954, these two eminent child health experts joined with the American pediatrician Frank Falkner (1918–2003) to initiate a set of harmonized European longitudinal studies on child health and development: the ICC Coordinated Longitudinal Studies. In the following years, more cohorts were added from Zurich, Brussels, Stockholm and two centers in Africa (Dakar, Senegal and Kampala, Uganda). Falkner contributed broad expertise in longitudinal research as coordinator of the Fels study and became the central figure of the ICC Studies. By 1957, Falkner had moved from the Fels Research Institute in Yellow Springs, Ohio to Louisville, Kentucky. Louisville was the home of the Louisville Twin Study, still regarded as the largest and most comprehensive twin study worldwide (Davis et al., 2019). Subsequently, the Louisville cohort joined the ICC cohorts.

The ICC studies aimed to assess child health and development in various cultures and included various disciplines such as pediatrics, psychology, education, and social sciences. The ICC studies may be considered the first multidisciplinary longitudinal cohort studies on child health and development to include several nations across Europe and Africa. The ICC studies were concluded when the participants reached young adulthood in the mid-1970s; however, some of the involved centers had ceased data acquisition before then.



The ZLS as Part of the ICC Coordinated Studies and Beyond

The first principal investigator of the Zurich branch of the ICC studies and the first ZLS cohort (ZLS-1) was the renowned Swiss pediatrician Guido Fanconi (1892–1979), medical director of the University Children's Hospital Zurich, Switzerland. Besides collaborating with the investigator of the other branches of the ICC studies, he was also in close contact with Dr. Marie Meierhofer, the city physician of Zurich, who initiated a study on the health and development of individuals placed in infant care institutions at that time (see Lannen et al., 2021 for details of that study). Fanconi was succeeded in 1962 by pediatric endocrinologist Andrea Prader (1919–2001), who was keenly interested in understanding the growth mechanisms of children and adolescents. Ultimately, Prader was able to turn ZLS-1 into the most successful of all the ICC studies – as the ZLS-1 became the largest cohort to have been followed up from birth to maturity (Tanner, 1981, 1998). In 1974, the developmental pediatrician Remo H. Largo (1943–2020) continued the ZLS and aimed to expand the scope of the studies beyond the understanding of growth mechanisms. Thus, he added two additional cohorts, largely following the initial protocol of ZLS-1: ZLS-2 enrolled children born preterm and at term, and ZLS-3, the Generation Study, enrolled children of the participants of ZLS-1. Although the vast majority of the ZLS-2 and ZLS-3 participants reached young adulthood in the 1990s and early 2000s, the assessments were only completed in 2020, when the youngest ZLS-3 participant turned 18 years old. The data assessed within the scope of these three studies will together be termed ZLS-Childhood. Since 2005, the last author of this article (OGJ) has been the principal investigator of the ZLS.



Aims and Selected Findings of ZLS-Childhood

The aims of ZLS-Childhood were (1) to describe developmental trajectories of individual children in the physical, motor, cognitive, and social domains from birth into young adulthood in three independent cohorts born approximately two decades apart; (2) to understand the mechanisms of growth and development through longitudinal analysis; (3) to compare patterns of typical and atypical development (e.g., in preterm children); and (4) to investigate generational effects between parents and their children. Selected findings that have emerged from the ZLS-Childhood datasets to date are presented in the following section.

Intraindividual trajectories of child and adolescent developmental were a key interest of many analyses. For example, the most innovative statistical techniques at that time were applied to understand growth patterns and mechanisms across development; Figure 1A illustrates growth velocity and height acceleration in individual participants of the ZLS-1 using spline functions and kernel estimation (Largo et al., 1978; Gasser et al., 1984). Further, infant motor milestones were found to be poor predictors of neuromotor and intellectual functions at school age and beyond (Jenni et al., 2013), and neuromotor development between early school age and young adulthood was shown to exhibit only moderate stability whereas intellectual abilities and growth variables were more stable (Jenni et al., 2011). Intraindividual developmental trajectories were also described for behavioral variables [e.g., sleep behavior (Jenni et al., 2007)].
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FIGURE 1. Selected findings derived from ZLS-Childhood data. (A) Growth velocity (in cm/year) of individual participants of the first ZLS cohort between 3 and 18 years of age using spline functions and kernel estimation. Blue lines indicate girls, black lines indicate boys. Thick lines indicate group means. (B) Reference chart on sleep duration between 3 months and 16 years of age. Data is derived from the second and third ZLS-cohorts (see also Iglowstein et al., 2003).


Moreover, the development of term- and preterm-born children was compared in detail and, for instance, differences in language development in the first 5 years were described (Largo et al., 1986). Further, comparing the different ZLS cohorts provided insights into the effect of parenting on development: For instance, the timing and intensity of toilet-training changed markedly between the cohorts of ZLS-1 (early and intensive training) and ZLS-2 (later and less intensive training) whereas the development of becoming dry and clean did not differ between the two generations. The conclusion drawn was that the development of bowel and bladder control is a maturational process that cannot be accelerated by early onset and high intensity toilet-training (Largo et al., 1996).



Clinical Applications and Further Studies From ZLS-Childhood

Over the years, a number of clinical applications have been developed with ZLS-Childhood data. For example, the personal research interest of the principal investigator Remo H. Largo led to the development of a test battery to assess neuromotor function in clinical practice: the Zurich Neuromotor Assessment (ZNA; Largo et al., 2001a,b). The test battery was recently updated and is applied in the current assessment wave in adulthood (ZNA-2; Kakebeeke et al., 2018). BoneXpert©, another frequently used clinical tool, was developed by Danish researchers from the hand X-rays of ZLS-1 participants. This enabled the automatic determination of bone age (Thodberg et al., 2009). Further, reference charts have been published for various developmental domains and continue to inform health care professionals and parents to date [e.g., on growth (Prader et al., 1989), sleep duration—see also Figure 1B (Iglowstein et al., 2003), the Draw-a-Person Test (Jenni, 2013) and play behavior (Bonhoeffer and Jenni, 2018)]. In fact, Zurich Play Behavior is an informal test battery which is used for developmental testing in clinical practice (Bonhoeffer and Jenni, 2018).

In tradition of the ZLS, a number of other comprehensive studies on child development were initiated at the University Children's Hospital Zurich over the past decades. These include the Research and Child Health Outcome (ReachOut) study, a prospective cohort study on children with congenital heart disease who underwent cardiopulmonary bypass surgery (Naef et al., 2019), and a prospective cohort study on children with congenital hypothyroidism (Dimitropoulos et al., 2009).



The Future of the ZLS: ZLS-Adulthood and ZLS-Lifespan

The dataset of ZLS-Childhood is very rich but to date, only a fraction of the available data has been analyzed and published. Although analyzing the archived ZLS-Childhood data will provide further insights into child and adolescent development, the main goal of the next years is to expand the studies into older ages and examine how factors in early life contribute to aging-related processes. Thus, the ZLS-Childhood data is currently complemented with data on health and development assessed in adulthood, namely in mid-adulthood and at the transition to old age. These ZLS-Adulthood assessments, eventually, set the basis to initiate a lifespan study, ZLS-Lifespan.





METHODS AND ANALYSIS

In the following sections, the recruitment process, study procedure, and assessment protocols are detailed separately for assessments between birth and young adulthood (i.e., ZLS-Childhood) and the first assessment wave in mid- and later adulthood (i.e., ZLS-Adulthood). A final paragraph illustrates how the data will be linked and expanded to form a lifespan data set: ZLS-Lifespan. Figure 2 illustrates the set-up of the three ZLS cohorts.
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FIGURE 2. Schematic illustration of the set-up of the three ZLS cohorts. Hexagons indicate ZLS-Childhood assessments, diamonds indicate sub-studies on motor abilities and rectangles indicate the first assessment wave of ZLS-Adulthood. Dots refer to potential future assessments (please refer to text for details).



Recruitment and Study Procedure


ZLS-Childhood

Between 1954 and 1961, a total of 445 infants were enrolled in ZLS-1. They were eligible for the study if they were born into a Swiss family living in the area of Zurich, Switzerland, and were born at the former Women's Clinic of the Cantonal Hospital of Zurich (today the University Hospital Zurich). Eligible parents were approached at random immediately after the birth of their child and informed about the study (Falkner, 1960). If they agreed to participate, they were enrolled, and demographic information was recorded. Because some parents inquired about the enrollment of later-born children into the study, a number of younger siblings were also enrolled at birth.

Between 1974 and 1979, participants for the ZLS-2 were again recruited from the Women's Clinic of the Cantonal Hospital of Zurich and other women's clinics in the Zurich area. A total of 265 infants, 162 born preterm (i.e., before 37 weeks of gestational age) and 103 born at term, were enrolled immediately after birth. Families were eligible if the parents were fluent in German. Parents were approached at random. If parents agreed to participate, the infants were enrolled, and data was collected at the time of birth from preterm and term-born infants and again at term-equivalent age from most preterm infants. Similarly to ZLS-1, some younger siblings were also enrolled at birth.

ZLS-3 enrolled the children of the ZLS-1 participants. After the ZLS-1 participants had reached young adulthood and, thus, had completed their own study participation, they were sent yearly letters inquiring whether they had become parents. If they indicated that they had, they were asked to enroll them in ZLS-3. This resulted in a total of 327 infants of 174 ZLS-1 participants enrolled in ZLS-3 between 1970 and 2002.

In all three cohorts, regular assessments were then scheduled at 1, 3, 6, 9, 12, 18, and 24 months of age and annually thereafter until the age of 9 years. For the remaining duration of the studies, the timing of the visits differed between the cohorts: For ZLS-1, the children were assessed every 6 months (girls from the age of 9.5 years, boys from the age of 10.5 years) until the annual increment in height was <0.5 cm per year. Thereafter, the children were seen annually and finally discharged when the increment in height had become <0.5 cm in 2 years (Prader et al., 1989). For ZLS-2, children were assessed at 10, 14, and 18 years of age onsite and were sent a number of questionnaires at the ages of 12 and 16 years. For ZLS-3, assessments continued annually (except at age 17 years) until children turned 18 years old. For all three cohorts, assessments were scheduled at intervals of ±2 days (1 month assessment), ±1 week (3–18 months assessments), and ±2 weeks (for all remaining assessments) from the birthday of the child (Falkner, 1960). For preterm infants, the assessments were planned at the child's age corrected for prematurity across the entire study period.

Figure 3 provides an overview of the number of individuals who were enrolled in the three ZLS cohorts and how the participation rate developed across childhood and adolescence (note: in the processes of digitizing the ZLS-Childhood archives, minor adaptations of these numbers may be necessary if further information on study participants becomes available). After the initial enrollment, the participation rate dropped markedly because some families failed to participate in any of the assessments (for these infants, only information of enrollment is available; ZLS-1: n = 13; ZLS-2: n = 0; ZLS-3: n =31). Additionally, in the ZLS-2 cohort, the initial drop is partly explained by the fact that 30 preterm and 1 term infants died in the neonatal period. In the ZLS-3 cohort, a number of children were only enrolled at 3 months of age with data on birth being assessed retrospectively. In the ZLS-1 cohort, 2 participants and in the ZLS-3 cohort, 1 participant died during childhood. At the 18-year final assessment common to all three cohorts, of the initially enrolled participants, 66.1% participants of ZLS-1 (n = 294), 73.6% participants of ZLS-2 (n = 195), and 73.4% participants of ZLS-3 (n = 240) attended.
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FIGURE 3. Overview of the number of individuals enrolled in the three ZLS cohorts and the participation rate over the course of the studies. Semi-annual assessments and assessments after 18 years of age in the ZLS-1 cohort are not shown. In the process of digitizing the ZLS-Childhood archives, minor adaptations of these numbers may be necessary if further information on study participants becomes available. E, Enrollment; B, Birth.


Study participants were assessed at the former Growth and Development Center (today the Child Development Center) at the University Children's Hospital Zurich. Visits lasted approximately half a day. The children's physical, motor, cognitive, and social health and development was assessed by a pediatrician. Figure 4A illustrates some of the tools that were used. The accompanying parent, mostly the mother, was interviewed by a study coordinator and reported on a variety of aspects of the child and the family (see “ZLS-Childhood” for details of the assessment protocol). Parents were not compensated monetarily, but children received a small gift or a small amount of money when they were older, and travel expenses were reimbursed. Feedback on the developmental and health status of the child was provided to the parents, and in most cases the family physician or pediatrician received a short report.


[image: Figure 4]
FIGURE 4. Illustration of example assessment tools used for the ZLS assessments. (A) ZLS-Childhood. (B) ZLS-Adulthood (first assessment wave).


Data was collected on standardized paper record forms and as drawings, analog hand X-rays, and photographic negatives. A large amount of data was subsequently saved as punched card data or on magnetic bands and in some cases, manually typed into Excel files over time. To date, no overarching digital study database has been established. Hard copies of the data and documentation of the study procedure are stored at the University Children's Hospital Zurich, Switzerland. Figure 5 illustrates one of the archives hosting the raw data. Since August 2020, the study data of all ZLS-Childhood waves is being scanned to make digital copies available for data extraction and subsequent inclusion into a study database. Digitization of the ZLS-Childhood data, likely, continues for several years to come. An inventory of the study documentation material is underway.


[image: Figure 5]
FIGURE 5. One of the archives hosting the raw data of ZLS-Childhood.




The ZLS Over the Years

After the completion of assessments for ZLS-Childhood in young adulthood, contact with former participants was maintained for some years. Initially, yearly letters were sent to inquire about current contact details, and the study-specific address database was updated accordingly. Participants of the ZLS-1 were further asked whether they had become parents during the past year, and if so, whether they were willing to enroll their children in ZLS-3. Those who did remained closely engaged with the ZLS as their children grew up and were assessed as study participants. At selected time-points, for some of them, information on their own health was assessed as part of the assessment of their children (e.g., IQ assessment of one parent when the participating child was 14 years old). Over the years, a number of events were organized to inform former participants about the study results. Between 2002 and 2004, 98 ZLS-1 participants took part in a substudy investigating the motor abilities of parents of ZLS-3 participants, and in 2007/2008, a subset of ZLS-2 (n = 77) and ZLS-3 participants (n = 50) took part in an independent study on motor abilities (both unpublished).

The data acquired in ZLS-Childhood was continued to be analyzed, with the main focus shifting from physical development to the development of cognitive and motor abilities (see “Aims and Selected Findings of ZLS-Childhood” for example findings).

In 2014, substantial changes in the legal regulation of research projects with humans came into effect in Switzerland (see “Ethics” for details). As a consequence, all former ZLS participants were contacted by letter and informed about their options to consent to or decline the continued use of their childhood data for future research projects. To achieve this, the study-specific database containing the last-known contact details required comprehensive updating. This was done in two ways. In Switzerland, individuals are registered with their municipality of residence and are required to inform the respective residents' registration office of their new address if they move to a different town. This information is accessible to public institutions, including universities (for details on the legal aspects concerning this search strategy, see Lannen et al., 2021). The current contact details of the majority of individuals were identified in this way, through a number of iterations in case of multiple relocations. A second source of information was other ZLS participants: Alongside the letter with information on the legal changes, participants were sent a return form to indicate whether they knew any other ZLS participants and asked to provide their current contact details. This approach proved fruitful because the cohorts include many pairs of parents and their children (ZLS-1 – ZLS-3) or siblings, particularly within ZLS-3. Information letters were sent to all participants whose current contact details were retrieved (refer to “Ethics” for details on the response options for the continued use of data for future research projects).

The tracing of former study participants is still ongoing, and in the future, the contact details of further individuals are likely to be retrieved (e.g., disclosed by other ZLS participants or through contact with the Swiss Federal Department of Foreign Affairs for participants who emigrated). To date, of the 445 participants enrolled in ZLS-1, 399 participants have been located. Of these, 213 consented and 18 declined consent to the continued use of their data. Of the 265 participants enrolled in ZLS-2, 255 have been located. Of these, 125 consented, and three declined consent. Finally, of the 327 participants enrolled in ZLS-3, 299 have been located. Of these, 173 have consented and one has declined consent (note: individuals who have died either during ZLS-Childhood or since are considered in the number of located individuals but not in the number of individuals who provided or declined consent). For participants who do not reply to the information letter within 2 months, whose current contact details cannot be retrieved despite all efforts, or who have died, the data is retained in the dataset for further analyses (see “Ethics” for details).

Consequently, childhood data of 427 ZLS-1, 262 ZLS-2, and 326 ZLS-3 participants is available for further analyses. Placing the ZLS datasets on a sound legal basis is of utmost importance for the continued use of the data and the recruitment of participants into ZLS-Adulthood, as described below.



ZLS-Adulthood

The information on health and development assessed between birth and young adulthood (i.e., ZLS-Childhood) is currently being complemented with additional information in adulthood: At the time of the first assessment wave as described in this article, ZLS-1 participants are approximately between 60 and 65 years old, and ZLS-2 participants are approximately between 40 and 45 years old. The first assessment wave for ZLS-3 has not yet been scheduled.

Individuals who fulfill the following inclusion criteria are eligible for assessments in adulthood: They have participated at least once in a ZLS-Childhood assessment (i.e., those who were only enrolled but never participated are not eligible), their current contact details can be identified, they have not declined continued use of their childhood data for research, and they are able to provide written informed consent for study participation.

Eligible prospective participants are contacted through a letter and invited to participate in the assessment of ZLS-Adulthood. Detailed information is provided about the aim of the study and the study procedure. Participants are asked to contact the study team to schedule an assessment if they agree to participate. If they do not reply, eligible participants are contacted by phone or email a few weeks after the information letter has been sent. Those who cannot be reached after several weeks or for whom no phone number or email is available are sent a brief final letter that highlights the importance of their participation in the study. They are asked to complete and return the enclosed short-form study questionnaire with the signed consent form.

If eligible individuals agree to participate, an assessment is scheduled. Similarly to the assessments during childhood, the onsite assessment of physical, cognitive, motor, and social health parameters lasts about half a day. Figure 4B illustrates some of the tools used for the onsite testing. Assessments are scheduled either in the morning or in the afternoon, whichever is most convenient for the participants. Prior to the onsite assessment, participants complete a questionnaire on their health and well-being, their personality, and their current living situation. They also keep a sleep–activity diary for seven consecutive days prior to the onsite assessment. Participants are asked to participate in specific parts only if they do not want to complete the full assessment protocol (e.g., only the short-form questionnaire).

Onsite testing is conducted in a quiet room specifically designed and equipped for this study in a venue provided by a private foundation (see “Acknowledgments”) by research staff extensively trained in neuropsychological and motor testing. This provides optimal conditions for standardized assessments. Participation is compensated with CHF 125.- for onsite testing and questionnaire and CHF 25.- for questionnaire only, and travel expenses are reimbursed. Participants receive a summarized written feedback on their assessment if they wish. The recruitment of the ZLS-1 and ZLS-2 cohorts was initiated in April 2019, and assessments are planned to be completed within 2 years. However, assessments were suspended for 3 months due to restriction measures issued by the Swiss authorities to halt the spread of the Coronavirus disease 2019 (COVID-19) pandemic. The assessment of the ZLS-3 cohort is planned for after the completion of ZLS-1 and ZLS-2 assessments.

The data is entered and stored in a study-specific electronic case report form implemented in Redcap (Harris et al., 2009, 2019). Video recordings and photographs are saved on a server at the University Children's Hospital Zurich. Hand X-rays are taken at a private health clinic close to the onsite testing venue and stored on a server at the University Children's Hospital Zurich. Blood samples are drawn at the onsite testing venue and analyzed and stored at the University Children's Hospital Zurich. Due to logistic reasons, these measures are not always taken at the same time-point during the assessment. The exact time of the assessment is recorded to take potential effects of timing into consideration for further analyses as appropriate. Both measures are voluntary subparts of the assessment protocol. For individuals who have deceased, the time and nature of death is recorded.

All participants are being informed about and consent to the consolidation of the databases of ZLS-Childhood and ZLS-Adulthood into one joint database: ZLS-Lifespan.




Assessment Battery


ZLS-Childhood

The cataloging and preprocessing of the archived ZLS-Childhood datasets is an ongoing process, and thus, no final overview of the data is presented here. Instead, the structure of the assessment batteries applied in the three cohorts is described, and examples of the instruments used are provided. Details on the changes and adaptations of the assessment protocols within the individual cohorts over the course of the studies and the overlap and differences between the three cohorts are detailed.

The general architecture of the study was the same for all three ZLS-Childhood cohorts: The participants were tracked regularly and at frequent intervals from birth to young adulthood to capture the rapid developmental changes across the first two decades of life. Further, all three studies assessed detailed aspects of the child's proximal and distal psychosocial environment. Table 1 illustrates the domains assessed. The study team gladly provides details on specific parameters that were traced across childhood and adolescence as they become available in the course of the ongoing cataloging, preprocessing and digitization of the ZLS-Childhood data; readers are encouraged to contact the authors. Notably, the developmental domains and environmental factors that were assessed in ZLS-Childhood largely overlap with those suggested more recently as requiring consideration when establishing longitudinal birth cohort studies (see Golding, 2009a for details). This highlights the foresight of the ZLS researchers at the time. They understood the importance of considering the central drivers of long-term development, which remain important to the present.


Table 1. Overview of assessed domains of health and development during ZLS-childhood.
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The study design and assessment instruments were initially decided upon within the context of the ICC Coordinated Longitudinal Studies (see “The Zurich Longitudinal Studies – A Brief History” for details on the ICC studies), of which the first ZLS cohort was part. Subsequently, they were largely retained for ZLS-2 and ZLS-3. The instruments were primarily quantitative in nature and included standardized physical, motor, and cognitive examinations by pediatricians and structured interviews with the parents. Examinations were documented on standardized record forms (see example for anthropometric measures in Figure 6A; Supplementary Material 1 for English translation). Parents reported on child health (e.g., illnesses and accidents that had occurred since the previous visit), child development (e.g., sleep and eating behavior) and environmental factors (e.g., sociodemographic variables) by answering questions with specified response options. Figure 6B illustrates this standardized format for the assessment of sleep behavior (Supplementary Material 1 for English translation). At specific time-points, teachers reported on child personality, behavior, and development through questionnaires sent by mail. Projective tests [e.g., the Rosenzweig Picture Frustration Study (P-F Test) (Rosenzweig et al., 1948), the Draw-a-Person Test (Goodenough, 1926; Harris, 1963)], open-ended questions to the parents and teachers (e.g., “What are the child's strengths?,” “What are the child's difficulties?”) and unstructured notes by the examiners and study coordinators complemented the quantitative assessments. Children prepared drawings at various ages (Figure 7A), and hand X-rays to assess bone age (Figure 7B) and full-body photographs to document the development of the physical appearance were taken at various time-points. Although the potential importance and value of collecting biological material in longitudinal cohort studies has been noted recently (Jones, 2009), this was not done with ZLS-Childhood participants except for the unsystematic collection of teeth from a subset of ZLS-2 and ZLS-3 participants.


[image: Figure 6]
FIGURE 6. Illustration of standardized record forms used for all three cohorts during ZLS-Childhood. (A) Assessment of anthropometric measures. (B) Assessment of sleep quantity and quality (see Supplementary Material 1 for English translation).
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FIGURE 7. Illustration of drawings and hand X-rays. (A) Draw-a-Person-Test of one male participant at 4, 6, and 8 years of age. (B) Serial hand X-rays of one male participant.


Within the individual studies, assessment instruments were retained from birth into young adulthood if possible and reasonable. For example, the questions in the parental interviews on the current health status of the child remained the same over time, the assessment of anthropometric measures was repeated at every visit in the same way, and sociodemographic data was assessed repeatedly with an equivalent form. Questions and tests were added, adapted, or removed as developmentally appropriate. For example, questions related to breast-feeding were complemented and finally replaced by questions on general nutritional habits (e.g., intake of vegetables) as the child got older. Similarly, standardized tests were chosen to accurately estimate cognitive and motor abilities at specific ages (see Figure 8 for an illustration of the tests applied to assess cognitive abilities at different ages).


[image: Figure 8]
FIGURE 8. Instruments to assess cognitive abilities in ZLS-Childhood. AH4: AH4 Group Test of General Intelligence (Heim, 1970). AID: Adaptives Intelligenz-Diagnostikum (“Adaptive Intelligence Diagnostics”) (Kubinger and Wurst, 1985). Bender: Bender's Visual Motor Gestalt Test (Clawson, 1962). BL, Brunet-Lézine Test (Brunet and Lézine, 1951); BSID, Bayles Scales of Infant Development (Bayley, 1969); GR, Griffiths Test (Griffiths, 1954); PET, Psycholinguistischer Entwicklungstest (German adaptation of the “Illinois Test of Psycholinguistic Abilities”) (Angermaier, 1974); RPM, Raven's Progressive Matrices (Raven, 1947, 1956); ROCF, Rey-Osterrieth Complex Figure (Rey, 1941); SB-L/SB-M, Stanford-Binet Test of Intelligence L-Form/M-Form (Terman and Merrill, 1937; Lückert, 1957); SB-16, Stanford-Binet Test of Intelligence 1916-version (Terman, 1916); SB-60, Stanford-Binet Test of Intelligence 1960-version (Terman and Merrill, 1960; Terman et al., 1965); SO, Snijders-Oomen Non-Verbal Intelligence Tests (Snijders-Oomen, 1977); WISC-R, Wechsler-Intelligence Scale for Children-Revised (German version; Tewes and Titze, 1983; Willich and Friese, 1994). aApplied only in a small subgroup of study participants. bSelected subtests only (Similarities, Vocabulary, Digit Span, Picture Arrangement, Block Design, Object Assembly). cTests were omitted from the assessment protocol over the course of the study (i.e., approx. after the 140th participants). dTask was only introduced in the course of the study (i.e., approx. after the 120th participant). eUntil 1983: 1916-version was applied, after 1984: 1960-version was applied.


The assessment instruments overlapped considerably between the three cohorts. In particular, the structured interviews with parents to assess the current health status, various aspects of child development, and factors of the psychosocial environment remained the same across all three studies. In addition, the longitudinal assessment of physical development across childhood, which was a primary interest of the researchers who initiated the ICC studies, remained an integral part of the assessment protocol in ZLS-2 and ZLS-3. Accordingly, parameters of physical development were documented in the same way across the three cohorts (e.g., anthropometric measures, see Figure 6A). Retaining the same instruments across the three cohorts ensured comparability of data and allows the investigation of developmental patterns between generations (see “Aims and Selected Findings of ZLS-Childhood” for an example of the comparison of parenting practices over time).

Despite this general overlap in the assessment protocols between the three cohorts, a number of adaptations were implemented over time to integrate advances in research and technology or for other reasons.

The frequency of assessments was reduced in the second and third cohorts compared to the first: In ZLS-1, more than 30 assessments were conducted in most children. Visits were scheduled at half-year intervals during puberty to track growth patterns. Importantly, this allowed the growth spurt in adolescence to be described (Largo et al., 1978; Gasser et al., 1984). It was considered that such an intense assessment protocol was no longer essential with the ZLS-2 and ZLS-3 cohorts to answer questions about physical development. Consequently, the semi-annual assessments, and in the ZLS-2 cohort also a number of yearly assessments, were omitted from the assessment protocol.

Some of the assessments of physical development were adjusted or omitted from the study protocols of the ZLS-2 and ZLS-3 cohorts. To describe pubertal development, children's physical appearance in ZLS-1 was documented by taking naked photographs from different angles. From this data, the Tanner stages were derived and pubertal development quantified (Tanner, 1962). Ethical considerations related to children's privacy led to the suspension of taking naked photographs in ZLS-2 and ZLS-3. Instead, children were photographed in underwear and later, full-body photographs were omitted altogether.

Cognitive development was assessed with standardized tests in all three cohorts, but the specific tests at particular ages differed between the cohorts and, in some cases, even between participants of one cohort. Reasons for the replacement of specific tests included the availability of updated or more appropriate tests or the personal preferences of the principal investigator at the time. For example, in the ZLS-1 and ZLS-2 cohorts, in accordance with the protocol of the ICC studies, the Brunet-Lézine test of infant development (Brunet and Lézine, 1951) was applied in all participants for the assessments between 1 and 24 months of age. This test provides information on four domains—posture, oculo-manual coordination, language, and socialization—and it summarizes general infant development as a developmental quotient. In the ZLS-3 cohorts, the Brunet-Lézine test was used initially but was later replaced with the Bayley Scales of Infant Development (BSID; Bayley, 1969). The BSID provides separate estimates for mental and psychomotor development.

New assessment instruments were also introduced with advancements in technology. For example, a computerized tapping task to assess motor abilities was applied with the ZLS-2 and ZLS-3 cohorts.

In summary, the data that is available for the three cohorts incorporated in ZLS-Childhood provide a detailed and comprehensive description of child and adolescent development. The study protocols have been designed to allow the investigation of a multitude of research questions, and the data was carefully recorded and archived. Nonetheless, their detailed understanding and processing requires time, money, and creativity. It has been noted that the time spent to acquire fresh data in a primary data collection study may be equivalent to the time spent understanding old, archived data (Jones, 2010). Future publications using the ZLS datasets to study child and adolescent development or to investigate how factors at the beginning of life impact adult outcome will have to detail how the childhood data was processed and made useable for such analyses.



ZLS-Adulthood

The assessment protocol of the first wave of ZLS-Adulthood is equivalent for participants of the ZLS-1 and the ZLS-2 cohorts. Potential adaptations for the assessment of ZLS-3 participants will be kept minimal to ensure comparability between the three cohorts. The assessment battery for ZLS-Adulthood was designed to include several practical and theoretical considerations. In childhood, development was assessed across a number of domains, including physical, mental, motor, and social domains. Following this precedents, the instruments for ZLS-Adulthood sought to capture indicators of health and development across a range of domains. Further, the assessment battery was intended to incorporate the understanding of health “as a state of physical, mental and social well-being and not merely the absence of disease or infirmity” as defined by the World Health Organization (WHO; World Health Organization, 1948). Thus, alongside instruments for assessing physical and mental symptoms, instruments were included to gauge physical, mental, and social well-being and quality of life. In the future, the datasets of the ZLS seek to provide information about how developmental factors contribute to aging-related processes later in life. To establish a basis for this, the WHO's definition of “healthy aging” was considered: Healthy aging describes the process of developing and maintaining functional abilities, that is, intrinsic capacities such as physical and mental abilities and characteristics of the proximal and distal living environment of individuals (World Health Organization, 2016). Consequently, a number of physical and mental abilities such as executive functions were assessed and detailed information on the environment was sought (e.g., social relations). Further definitions of “healthy aging” (see e.g., Aronson, 2020 for a review), that include aspects such as satisfaction with life and well-being were also considered. Lastly, in recent years, reports have provided evidence that aging-related processes may be more closely related to biological age than to chronological age (e.g., Belsky et al., 2015; Horvath and Raj, 2018). Aligning with this research, biological markers that allow the quantification of state-of-the-art aging parameters were added to the assessment protocol.

Tables 2 and 3 provide an overview of the assessment instruments employed in ZLS-Adulthood. They were selected because (i) they had been applied as part of previous assessments in childhood and thus allowed intraindividual longitudinal comparison of performance [e.g., Rey-Osterrieth Complex Figure, (Rey, 1941)]; (ii) they are established clinical tools, enabling the comparison of results with clinical populations [e.g., S-words (Aschenbrenner et al., 2000)]; (iii) they have previously been applied in the Swiss Household Panel (Voorpostel et al., 2016) or the Swiss Health Survey (Bundesamt für Statistik, 2014), two large, representative studies in Switzerland, and thus, their results may be compared with the general Swiss population [e.g., socio-demographic questions, Satisfaction with Life Scale (Glaesmer et al., 2011)]; (iv) they have previously been described in the literature as sensitive to aging-related changes [e.g., dual task walking (Beurskens and Bock, 2012); grip strength (Cooper et al., 2011)]; or (v) they are being used in other long-term longitudinal cohort studies on health and development [e.g., in the Dunedin study, (Poulton et al., 2015)].


Table 2. Test battery of onsite assessment for the first wave of ZLS-Adulthood (grouped by domain).
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Table 3. List of questionnaires completed by participants during the first wave of ZLS-Adulthood assessments.
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The onsite physical examination and neuropsychological and motor tests are applied in fixed order. This allowed the definition of a short protocol by dividing the full protocol into two parts (see Table 2). It also ensures similar cognitive load between the encoding and recall trials of memory tasks across all participants. The examination starts with a task to assess initial alertness [i.e., Tests of Attentional Performance, Alertness subtest; (Zimmermann and Fimm, 2009)]. Breaks are taken at fixed time-points during the assessment and at the request of participants. The assessment may be distributed across two appointments if this is more convenient for the participants. The start and end times of assessments are documented to later investigate potential effects of daytime on performance. The full protocol lasts between 4 and 6 h and the short protocol approximately 2 h, including breaks. During the COVID-19 pandemic, measures have been implemented to ensure a safe environment for participants and staff. This includes the installation of a plexiglass wall to shield participants from staff for all assessments at the table and wearing of face masks for all other tasks if the mandatory distance cannot be kept.

The study questionnaire is subdivided into several thematic parts (see subheadings in Table 3). For the short form, instruments or individual items are omitted from each part, but the general order is retained. Participants receive a link to the online questionnaire implemented in RedCap (Harris et al., 2009, 2019) or are sent a paper version, whichever is most convenient for them. Paper questionnaires are entered manually into the database by the study staff. Completion time is between 90 and 120 min for the full version and approximately 45 min for the short form. In the course of the COVID-19 pandemic, the questionnaire has been expanded by a number of items to inquire about the impact of the pandemic and the measures taken by the authorities to halt its spread on the lives of the study participants (see Supplementary Material 2). This will help to systematically quantify a potential impact on health and well-being over the course of the data collection.




ZLS-Lifespan

Linking the rich datasets of ZLS-Childhood with the comprehensive data on health and development assessed during the first wave of ZLS-Adulthood allows the investigation of how early life impacts adult outcome. By adding additional waves of ZLS-Adulthood in the future, a ZLS-Lifespan dataset will develop and eventually provide information about health and development across the lifespan. A number of considerations will support this process. Firstly, the ZLS datasets need to be placed on a solid ethical and legal basis, including considerations related to making data available for other researchers [see e.g., the Concordat on Open Research Data (Concordat on Open Research Data, 2016)]. The effort to collect written informed consent from participants for the continued use of their childhood data (see “Ethics” for details), to have them consent to the assessment of further data in adulthood, and to link these datasets is currently ongoing. Secondly, the individual data storage units need to be replaced by one common database that allows childhood and adulthood data to be linked and is readily expandable in the future. The digitization of the ZLS-Childhood data has been initiated in August 2020 by scanning all paper forms. In the course of the next years, this data will be extracted from the digital copies and merged in a common data base with the data assessed as part of the first wave of ZLS-Adulthood (e.g., in RedCap). Efforts are undertaken to ensure consistent terminology and detailed documentation in this process. Thirdly, to assess aging-related processes and lifespan trajectories, further assessment waves need to be added to the dataset. Proper planning is required in this regard, including timely grant acquisition and keeping in touch with eligible study participants between assessment waves. Currently, yearly newsletters are sent to study participants to inform them about the progress and the future plans of the ZLS. Updated study protocols to describe the methods of future assessment waves will be published as appropriate. Similarly, updates have been published previously for long-term longitudinal birth cohort studies such as the NSHD cohort (Kuh et al., 2011) and the Lothian birth cohort study (Taylor et al., 2018).

It has been noted that it requires multiple generations of researchers to establish long-term longitudinal and ultimately lifespan studies (Mroczek et al., 2011). Accordingly, the efforts of the researchers who initiated and nurtured the ZLS over decades to improve the understanding of child health and development will now be continued by others.



Data Analysis

To embrace the multitude of data that has been assessed over the course of more than half a century will require a number of statistical methods, some of which are proposed here. Regression models will be considered to assess how factors of health and development in the first two decades of life may impact adult health outcomes. To this end, the variables measured across child and adolescent development will be considered potential predictors. Candidate variables will be specified depending on the research question. Analyses will be begun by employing classical regression models (i.e., linear regression for continuous outcomes and logistic regression for binary outcomes). When appropriately combined, the number of potential predictors available through the comprehensive ZLS-Childhood datasets may be reduced to increase their reliability and potentially also their relevance. For example, some indicators measured many times during childhood and adolescence (e.g., estimates of intellectual abilities) could be summarized by individual trajectories, typically via random intercepts and random slopes estimated from generalized linear mixed models [of which growth curve models are a particular case (Verbeke and Molenberghs, 2000)]. With this, autocorrelation can be accommodated to take into account dependencies induced by the repeated measurements in a longitudinal study (Diggle, 2002). Other examples include assessments of multidimensional domains such as motor abilities, which are measured through dozens of variables. This information may be summarized in components using the technique of simple component analysis (e.g., Rousson and Gasser, 2004). The summaries thus obtained, instead of the original variables, may subsequently be used as predictors in the regression models.

Further, neural networks may be used for data analyses because many predictors will be available even after data reduction. Neural networks are flexible models that allow the identification of complicated interactions among various predictors (Cheng and Titterington, 1994; Magoc and Magoc, 2011). Exploring the outputs of such models may provide suggestions for interactions to be included in the classical regression models.

Ultimately, which analyses are most suitable will be decided by the specific research question. Previous similar endeavors to study development from childhood into adulthood may guide these choices (e.g., McArdle et al., 2009; Friedman et al., 2010; Jones and Peskin, 2010). By employing appropriate statistical approaches, the ZLS datasets, provide a rich source of data that may help to answer questions about how health develops across the lifespan.



Ethics

Over the course of a long-term longitudinal study, ethical considerations and legal regulations are likely to change and thus require continuous monitoring (Birmingham and Doyle, 2009). In fact, the legal basis for the ZLS has changed several times since their initiation. When they started, no approval by a formal ethical committee was required for such studies in Switzerland. Parents were informed about the aims and the procedure of the study, that participation was voluntary, and that they could withdraw at any time. They provided oral consent for participating in the study with their child. At the beginning of every visit, parents were informed about the planned assessments. All ZLS-Childhood assessments were conducted according to this procedure.

In 2008, the Ethical Committee of the University Children's Hospital Zurich classified the ZLS as unproblematic (Unbedenklichkeitsbescheinigung; Certificate of Clearance). This allowed the analyses of the data assessed as part of ZLS-Childhood to continue. In 2014, the new Federal Act on Research involving Human Beings, Human Research Act (HRA; The Federal Assembly of the Swiss Confederation, 2014) came in force in Switzerland. This required the ZLS to be evaluated by the Ethical Committee of the Canton of Zurich, Switzerland. The approval for the procedure with the ZLS-Childhood data (detailed below) and the assessment of the first wave of ZLS-Adulthood was granted in 2018 (Basec-Nr. 2018-00686). Amendments for future waves of assessments will be submitted as required.

As a consequence of the new HRA coming into force in 2014, the participants of ZLS-Childhood are contacted by letter and informed about what the legal basis of the ZLS had been when they were initiated and how the new HRA impacts the continued use of the ZLS-Childhood datasets for future research projects. Participants are explained the two types of ZLS-Childhood data: The vast majority of the data is considered “coded,” i.e., the data is linked to the specific person via a code (HRA Art. 3; The Federal Assembly of the Swiss Confederation, 2014). This concerns for example the data on physical growth (see Figure 6A) or on cognitive development. In contrast, some data—most prominently the photographs—contain identifying information and are, thus, considered “uncoded.” Participants are asked to return the signed consent form and indicate whether they provide (1) full consent for the continued use of their data, i.e., the use of coded and uncoded data for projects of the University Children's Hospital Zurich and the sharing of coded data with external institutions (without sharing of the respective code) or (2) partial consent, i.e., limiting the use of the data to either research projects of the University Children's Hospital Zurich (coded and uncoded data) or to external institutions (coded data). Participants are further asked to contact the principal investigator (OGJ) if they decline to consent to the continued use of their data and are sent a confirmation letter if they do. Their data is then removed from the ZLS archives, and they are not contacted any further. Participants are further informed that the Ethical Committee of the Canton of Zurich has issued a consent surrogate in case of no reply within 2 months after participants having received the information letter. This allows the continued use of the data for future research projects. The surrogate consent also covers the data of individuals who have died during the study or since or of those whose current contact details cannot be retrieved despite all efforts (HRA Art 34; The Federal Assembly of the Swiss Confederation, 2014). All future research projects with ZLS-Childhood data require individual ethical approval.

In the course of the process described above, several individuals have declined to provide consent for the continued use of their data (see “The ZLS Over the Years” for the detailed numbers). Although some have done so without further comment, others have voiced serious criticism of the way the ZLS-Childhood data was assessed and, more generally, how children were treated as study participants in the 1950s and 1960s. In particular, the naked photographs and the detailed physical examinations to assess pubertal development were described as traumatic by some individuals. The current study team takes this criticism very seriously: Former study participants are offered a personal dialogue with the principal investigator (OGJ) and their feedback is forwarded to the Ethical Committee of the Canton of Zurich, Switzerland to ensure independent documentation. A detailed discourse on the role of the children in the ZLS is needed to transparently describe the setting in which the ZLS-Childhood data, particularly of the ZLS-1 cohort, was collected and to acknowledge the distress the study has caused some of the participants. Thus, a historical and ethical reappraisal is intended of research and parenting practices and the treatment of and attitude toward children in the 1950s and 1960s.

Individuals who participate in the first wave of ZLS-Adulthood provide written informed consent for participating in the assessment, the continued use of the respective data and the linkage of the ZLS-Adulthood data with ZLS-Childhood data.




DISCUSSION

It has been argued that “longitudinal data are perhaps the most valuable type of data in adult development and aging research” (Mroczek et al., 2011, p. 128). The current article illustrates how the ZLS, previously described as among the most complete studies on child development worldwide (Tanner, 1998), are currently expanding into adulthood. The resulting long-term longitudinal dataset allows the investigation of how early life impacts adult health outcome and, ultimately, aging-related processes.

Long-term longitudinal studies provide a number of opportunities and challenges, some of which are discussed here in the context of the ZLS. This article will conclude by elaborating on some potential research questions that may be approached within the ZLS dataset.


Opportunities of Longitudinal Studies to Investigate the Impact of Childhood on Aging

Intraindividual trajectories of health and development over very long periods of time can only be studied with long-term longitudinal studies. Noteworthy examples in this regard are the Terman study, which followed individuals from mid-childhood until death (Friedman and Martin, 2011), and the NSHD, a birth cohort study whose members are currently 70 years old (Kuh et al., 2016). With the first wave of ZLS-Adulthood, comprehensive data will become available on health and development from birth into mid-adulthood (ZLS-2 and ZLS-3 cohorts) and to the transition to old age (ZLS-1 cohort). The timespan assessed will gradually increase as ZLS-participants age and additional waves are added. In addition to spanning several decades, the study design of the ZLS has other unique properties: The three cohorts include individuals born more than two decades apart, individuals with and without risk for neurodevelopmental impairments (i.e., born preterm or at term), and dyads of parents and children. This makes the ZLS highly valuable for assessing early-life antecedents of adult health and aging.

In prospective studies, data is assessed at or close to the events it relates to. For example, in the ZLS, health indicators were assessed at every visit. Parents reported on illnesses and accidents only for the period since the last visit (i.e., mostly for the past year)—a period that may be remembered well. Such prospectively collected information has been suggested to be more accurate than information that is recalled later in life (Golding, 2010). Arguably, this is particularly true when investigating the impact of early life on adult health outcomes: the period between when an event happened (i.e., childhood) and when it is remembered (i.e., old age) may span several decades.

It is important to keep in mind that long-term longitudinal studies are “semiarchival”: Data assessed at earlier time-points becomes archival even if new waves of data are continuously collected (Mroczek et al., 2011). This methodological peculiarity comes with a number of challenges and limitations that are addressed next.



Challenges and Limitations of Archived Part of Longitudinal Datasets

Understanding the design and procedure of a study that was planned and conducted by other researchers and whose data was not originally intended to be used for what it is now is a major challenge, and accordingly, it requires time to immerse oneself into the study's dataset (Jones, 2010; Pienta and Lyle, 2018). Documentation may be spotty (Jones, 2010), and the information needs to be reviewed and inventoried carefully (Pienta and Lyle, 2018). The documentation of the three ZLS cohorts is scattered across scientific publications (e.g., Falkner, 1960), countless notebooks, and hand-written correspondence among members of the study team and external collaborators. Studying these documents has already and will continue to support the process of understanding the design of the ZLS. Furthermore, former members of the ZLS study team have previously consulted or still continue to support the current team [e.g., the former director of the Growth and Development Center of the University Children's Hospital Zurich (RHL), the former study coordinator (EK), and the former study statistician (LM)]. This likely clarifies some of the gaps in the written documentation. Nevertheless, some thoughts and decisions made by the previous study teams may not be reproducible, and the corresponding data needs to be treated accordingly in future analyses: for example, labeled as missing or to be interpreted with care.

When expanding studies on child and adolescent development into adulthood, it is important to keep in mind that the study design and the assessment instruments were decided upon with other research questions in mind than those of interest now. Consequently, information that would be desirable to have may not be available from the dataset. For example, the ZLS participants were enrolled at birth. Consequently, only a limited amount of data is available on the prenatal environment. However, a number of recent studies have reported that prenatal factors may considerably impact health in later life and aging-related processes (e.g., Franke et al., 2018). The detailed information on the medical history of pregnancy provided by the parents and the early life anthropometric variables which are available in the ZLS datasets provide some information on prenatal development. Further, the comparison of preterm and term-born individuals (ZLS-2 cohort) can inform about how the respective environment during the last part of pregnancy impacts later health outcome. However, for a detailed analysis of prenatal factors, other datasets may be better suited and should be used instead. It has been noted that prenatal enrollment in prospective cohort studies is difficult (Golding, 2009b). Thus, studies that have succeeded in doing so (e.g., the Generation R Study; Jaddoe et al., 2006) should be carefully curated, so participants can be followed into adulthood.

Alongside the enrollment criteria, which may not have been ideal to study the impact of early life on later life and aging, the instruments, likely, were not chosen with a long-term longitudinal study in mind either. For example, processing speed has been suggested as an important mediator of changes in cognition throughout the lifespan (e.g., Salthouse, 1996; Nettelbeck and Burns, 2010; Gilsoul et al., 2019). However, the ZLS-Childhood dataset contains very limited assessments of processing speed. Consequently, this cannot be studied with the ZLS datasets.

It is important to recognize and acknowledge the limitations and shortcomings that are inherent in the archived datasets. Making them transparent can help to manage the expectations about what can be investigated (e.g., Wadsworth et al., 2006).



Challenges and Limitations of Expanding Datasets Into Long-Term Longitudinal Data

Researchers who aim to expand a study on child development into a long-term longitudinal and eventually even lifespan study are confronted with both methodological and conceptual challenges and limitations. Methodologically, first and foremost, the study sample is predefined. The number and the type of participants (e.g., representative population sample vs. specific clinical sample) are determined by the originally enrolled sample.

Two strategies have been described when deciding upon the number of participants enrolled in a longitudinal cohort study (Golding, 2010): Including a very large number of individuals but not a large amount of data, the “huge-and-thin” strategy, or including fewer individuals of whom in-depth data is assessed, the “small-and thick” strategy. A good example of the latter is the Dunedin study, an ongoing cohort study that has included approximately 1,000 individuals who are assessed very comprehensively and at frequent intervals (Poulton et al., 2015). Similarly, the ZLS enrolled a few hundred children in each of the three cohorts, jointly accounting for approximately 1,000 study participants. Although a high follow-up rate is always of importance in long-term longitudinal studies, this is particularly true for relatively small studies such as the ZLS to ensure a valid sample size. The first wave of ZLS-Adulthood assessments began with an event to which former participants were invited. Members of the study team informed the audience about previous results and announced the upcoming assessment wave. This social event resonated well with the study participants, and similar events are planned for the future alongside yearly newsletters. As ZLS-Childhood is expanded by ZLS-Adulthood and, ultimately, will develop into ZLS-Lifespan, it is important to build on previous experiences to maintain participation into older age and ensure optimal follow-up. The NHDS team has taught a number of valuable lessons in this regard (Kuh et al., 2016).

Besides the number of potentially eligible participants, representativeness of the study sample is important for the generalizability the findings. First, the initial sample should be representative of the population that it represents. In the ZLS-1 and ZLS-2 cohort, the research teams recruited children born into Swiss or German speaking families residing in the area of Zurich. It is reported that parents were approached at random (Falkner, 1960). Unpublished descriptive analyses of the ZLS-1 study team suggest that the cohort was representative of the population of Zurich with regard to paternal occupation; however, this remains to be evaluated in more detail. Publicly available census data (Federal Statistical Office, 2017) will be used to clarify representativeness for the ZLS-1 and ZLS-2 cohorts. The ZLS-3 cohort was recruited from the children of the ZLS-1 participants and representativeness needs to be assessed with regard to the respective population of ZLS-1 participants. Another concern in long-term longitudinal studies is whether study participants remain representative of the original sample: Selective study drop-out is a well-known issue (Young et al., 2006; Launes et al., 2014) and was discussed already in the context of the ICC studies in the 1960s (Falkner, 1960). Sociodemographic, health, and other participant characteristics determine who remains in the study over time. In the ZLS, participants to be assessed in adulthood are likely not a representative subset of those individuals enrolled at birth. This may limit generalizability of the results, and potential bias needs to be considered when interpreting future results. The data from assessments prior to drop-out help to quantify a potential shift in representativeness, for instance toward a study sample with higher socioeconomic status. Further, publicly available representative population datasets help in this regard: It has been suggested that data from household panels may serve as useful reference point for the general population (Siedler et al., 2011). Accordingly, the ZLS-Adulthood study questionnaire incorporates a number of questions from the Swiss Household Panel (Voorpostel et al., 2016) and the Swiss Health Survey (Bundesamt für Statistik, 2014), two large datasets assessed in a representative population sample in Switzerland. With these, characteristics of ZLS-Adulthood participants can be compared to characteristics of the general population. This will help to describe the ZLS cohorts in the future.

It has been noted that one of the major challenges in longitudinal studies is to balance continuity of measurements with keeping abreast of latest standards, and researchers are likely to implement what is current in their period (Hofer and Piccinin, 2009). In an attempt at appropriate balance, the study protocol of ZLS-Adulthood was designed to retain the general architecture of ZLS-Childhood: to assess parameters of physical, motor, cognitive, and social health and development and to closely describe the proximal and distal environment of participants. Some of the methods that were employed for ZLS-Childhood assessment were maintained for ZLS-Adulthood [e.g., standardized measures to assess anthropometric information, hand X-rays to quantify bone health, and the Rey-Osterrieth Complex Figure to assess visuospatial constructional abilities and memory (Rey, 1941)]. Some methods applied in ZLS-Childhood have been substituted by more modern ones, but the underlying construct remains identical. For example, duration and quality of sleep was previously assessed with a number of individual items (illustrated in Figure 6B). These were replaced in ZLS-Adulthood by the well-validated and clinically established Pittsburgh Sleep Quality Index (Hinz et al., 2017). Finally, a number of new methods have been added to the study protocol. For example, blood samples were collected for the first time. This allows the investigation of parameters of physical health (e.g., glycated hemoglobin, HbA1c) and, possibly even more interestingly, the quantification of biological age. Recently, a number of different approaches to do so have been published, and biological age is increasingly recognized as a reliable indicator of aging-related processes (Belsky et al., 2015; Horvath and Raj, 2018). This illustrates how advances in research may have an effect on the protocol of a long-term longitudinal study.

Importantly, not only are the ways of assessing particular constructs likely to change over the course of a long-term longitudinal study but also the constructs themselves. In the ZLS, some constructs were only formally introduced into the study protocol recently as part of the assessment of ZLS-Adulthood. Very likely, however, data touching on similar or overlapping constructs has already been assessed across childhood and adolescence without those labels. For example, the concept of executive functions was first defined only in the 1970s, but a “control mechanism” was discussed in the mid-19th century (Goldstein et al., 2014). Accordingly, the interviews with the parents of the first ZLS cohort (initiated in the 1950s) included a number of questions related to self-control and self-regulation, for instance on the frustration tolerance of the child, on strategies the child employs to self-sooth, and on the child's reactions to altered routines. Interestingly, similar questions are currently included in the preschool version of the Behavior Rating Inventory of Executive Functions (BRIEF-P; Daseking and Petermann, 2013). However, unlike in such psychometrically validated rating scales, the relevant questions in the ZLS datasets were neither labeled as relevant to executive functions nor arranged as specific scales; rather, they are scattered across many different records. If they are identified and combined appropriately (see below for examples of how other researchers have previously approached this issue), they may reliably assess the underlying construct and serve as potential predictor of adult health outcome. In fact, child self-control has been shown to predict adult physical health, substance dependence, personal finances, and criminal offending outcomes in the Dunedin study (Moffitt et al., 2011).

Innovative methods are needed to extract psychometrically sound constructs from existing archival data of long-term longitudinal studies. A number of researchers have presented ways of accessing old data with new concepts. For example, Jack Block developed the California Q-Sort (CQS) method to derive a valid measure of personality from the diverse interview and observational data assessed in the IGS (Block, 1961). His comprehensive book provides details of the methods (Block, 2008). To date, his measure is used to study personality development across life (e.g., Jones and Meredith, 1996; Chopik and Grimm, 2019; Chopik et al., 2019) and how personality traits early in life impact health in adulthood (e.g., Peskin and Jones, 2015). Recently, one study has even derived a new construct from the CQS personality measure: a subset of items thought relevant to empathy was selected from the original measure through correlational analyses and based on theoretical considerations. Then, the newly developed measure was validated in a contemporary undergraduate student sample against an established rating scale of empathy, the Interpersonal Reactivity Index (Davis, 1983). With this, the authors were able to investigate longitudinal changes in empathy across the lifespan (Oh et al., 2020). In the comprehensive ZLS datasets, a number of such unlabeled constructs are likely buried, and they need to be identified to become available for future analyses.

Even if the underlying construct is defined, the tools to assess them were unlikely to have been constant over time (see Figure 8 for how cognitive abilities were assessed at different ages in ZLS-Childhood). Researchers have advanced statistical methods to cope adequately with this issue. For example, in the IGS datasets, item response theory and latent curve modeling were combined in a longitudinal growth model to bring different measures of vocabulary and short-term memory into a common scale (McArdle et al., 2009). Thus, these constructs became accessible despite them being assessed with various age-appropriate tools over time. Similar approaches may be employed to investigate developmental trajectories in the ZLS datasets.

In summary, the ZLS will not constitute a final, static dataset for a while. Instead, the datasets will continue to develop as researchers engage in the tasks of working with the archived raw data to develop appropriate measures for constructs of interest and link them to adult outcome. A number of potential research questions that can be answered with the ZLS datasets in the future is outlined below.



Potential Questions to Be Addressed Within the Scope of the ZLS

Presumably, an infinite number of research questions could be addressed with the ZLS datasets. Some of those can be directly translated into a hypothesis, others may be approached in a data-driven and possibly, even exploratory, manner. The benefits of the complementary use of these strategies has been discussed previously (e.g., Kell and Oliver, 2004; Elliott et al., 2016; Matsumuro and Miwa, 2019).

Potential questions include these: How stable are motor and cognitive abilities between early childhood and late adulthood? Does a constitutional delay or an acceleration of puberty have a long-term impact on health and development in adulthood? Is the association between motor and cognitive abilities in adulthood stronger than their relatively weak association in childhood? Do physical activity and motor abilities in early childhood impact health in later adulthood? What are the childhood factors that contribute to cognitive decline in aging? How do personality traits in childhood impact adult health and development? Are early developmental milestones in social behavior predictive of adult outcome? How are emotional and social development linked to resilience over the lifespan? Are individuals with advanced biological age in childhood also biologically older in adulthood? Do better cognitive abilities in childhood protect against biological aging in adulthood? What are the long-term effects of preterm birth on health, wealth, and well-being? Are preterm-born adults biologically older than term-born adults? Is aging accelerated after preterm birth? Is the decrease in motor skill variability between individuals in childhood followed by an increase in older age? How do different parenting practices in the 1950s and 1970s impact individuals' long-term development? Is bone health in childhood predictive of bone health in adulthood? Does bone health change over generations, and if yes, why? Is the well-described Flynn effect paralleled by a secular trend in growth parameters?




CONCLUSION AND OUTLOOK

This article highlights the value of long-term longitudinal studies for aging research using the example of the ZLS. The article aims to foster the interdisciplinary discussion on how studies that were established to investigate child health and development may add to the understanding of adult health outcomes and aging-related processes in cognition, behavior, and other domains. The rich database of the ZLS includes data on physical, motor, cognitive, and social health and development and on the proximal and distal environment of individuals born with or without a risk for neurodevelopmental impairments and on parents and their children: a combination that makes these studies unique in the quest to study the importance of early life for later health and development.

In the future, the impact of the ZLS datasets may even be multiplied by collaborating with other researchers in combining datasets (see e.g., Friedman et al., 2014 for a call to integrate existing longitudinal studies to study the link between personality traits and health across the lifespan) and by the implementation of modern scientific technologies in future assessment waves (e.g., neuroimaging and genetic methods). Currently, the data of ZLS-1 participants is being aligned and compared with participants of the LifeStories study (see Lannen et al., 2021 for details). This will provide insights into how the early environment of an infant either placed in an infant care institution or growing up in a family setting affects health and development across the lifespan. Future comparison with further cohorts may help to disentangle the factors in early life that shape development into adulthood and across the lifespan.

A number of methodological and conceptual challenges remain to be addressed and solved to expand ZLS-Childhood with ZLS-Adulthood and to establish ZLS-Lifespan. However, this endeavor will make the ZLS invaluable for studying the importance of early life for health and development as individuals age.



DISSEMINATION

The findings derived from the ZLS datasets will be disseminated within the research community and beyond: Exchange and discourse with experts in the field of aging research and lifespan health development will be sought through contributions in scientific journals, choosing open access options whenever possible, and at scientific meetings. The study participants and the general public will be informed about research findings through media coverage, newsletters and information events. It is expected that the findings derived from the ZLS datasets will have a broad impact on society, as they have had in the past [e.g., with the long-term bestseller Babyjahre (Baby years) authored by Prof. emer. Remo H. Largo, the former Director of the Growth and Development Center of the University Children's Hospital and the former scientific leader of the ZLS and co-author of this article].
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Substantial evidence indicates that cognitive training can be efficacious for older adults, but findings regarding training-related brain plasticity have been mixed and vary depending on the imaging modality. Recent years have seen a growth in recognition of the importance of large-scale brain networks on cognition. In particular, task-induced deactivation within the default mode network (DMN) is thought to facilitate externally directed cognition, while aging-related decrements in this neural process are related to reduced cognitive performance. It is not yet clear whether task-induced deactivation within the DMN can be enhanced by cognitive training in the elderly. We previously reported durable cognitive improvements in a sample of healthy older adults (age range = 60–75) who completed 6 weeks of process-based object-location memory training (N = 36) compared to an active control training group (N = 31). The primary aim of the current study is to evaluate whether these cognitive gains are accompanied by training-related changes in task-related DMN deactivation. Given the evidence for heterogeneity of the DMN, we examine task-related activation/deactivation within two separate DMN branches, a ventral branch related to episodic memory and a dorsal branch more closely resembling the canonical DMN. Participants underwent functional magnetic resonance imaging (fMRI) while performing an untrained object-location memory task at four time points before, during, and after the training period. Task-induced (de)activation values were extracted for the ventral and dorsal DMN branches at each time point. Relative to visual fixation baseline: (i) the dorsal DMN was deactivated during the scanner task, while the ventral DMN was activated; (ii) the object-location memory training group exhibited an increase in dorsal DMN deactivation relative to the active control group over the course of training and follow-up; (iii) changes in dorsal DMN deactivation did not correlate with task improvement. These results indicate a training-related enhancement of task-induced deactivation of the dorsal DMN, although the specificity of this improvement to the cognitive task performed in the scanner is not clear.

Keywords: healthy aging, cognitive training, task-based fMRI, default mode network, object-location memory


INTRODUCTION

While normal aging is accompanied by cognitive declines in processing speed, working memory, episodic memory, and reasoning (Park et al., 2002; Salthouse, 2009), promising evidence indicates that the cognitive system demonstrates plasticity across the entire life span (Hertzog et al., 2008) and that cognitive training can improve performance in many of these domains in older adults (Karbach and Verhaeghen, 2014; Chiu et al., 2017). A previously published randomized controlled cognitive training trial from our laboratory targeted an episodic memory process involving the formation of object-location associations (i.e., object-location memory; OLM), which is significantly impaired in old age (Kessels et al., 2007; Old and Naveh-Benjamin, 2008). The OLM training was designed to be process-based, targeting the efficiency of the basic cognitive processes involved through repeated practice (Lövdén et al., 2010). In comparison to an active control training, OLM training led to improvements in the trained task as well as transfer to the domains of spatial memory and reasoning that were maintained 4 months after training (Zimmermann et al., 2016). In the present study, we evaluate whether these training-related behavioral gains were accompanied by changes in neural activity in an important large-scale network (i.e., default mode network, DMN).

While the evidence for training-related improvements in brain structure (e.g., white matter integrity, cortical thickness) is rather limited in older adults (Boyke et al., 2008; Engvig et al., 2012, 2010; Lövdén et al., 2012), changes in neural activity have been more commonly observed (Park and Bischof, 2013). Functional magnetic resonance imaging (fMRI) studies have demonstrated both increases and decreases following cognitive training in task-related activity, mostly in fronto-parietal brain areas (Duda and Sweet, 2019; van Balkom et al., 2020). Reduced activations following training have been interpreted as reflecting increased neural efficiency (Brehmer et al., 2011; Heinzel et al., 2016, 2014), while increased activation can be considered facilitative in older adults who need to overcome age-related neural deficits (Goh and Park, 2009). Further neuroplastic effects have been observed in large-scale brain networks, functionally connected networks of discrete brain regions that are increasingly thought to be essential for successful cognition (Seeley et al., 2007; Wig, 2017). In healthy elderly, cognitive training has been associated with increased intra-network connectivity in the DMN, frontoparietal network (FPN), and salience network (Cao et al., 2016; De Marco et al., 2016), and with increased anti-correlation between the task-negative DMN and the task-positive FPN (Cao et al., 2016; Lebedev et al., 2018).

The DMN, the most widely studied of the large-scale brain networks, demonstrates elevated activity during undirected passive tasks and reduced activity across a wide range of external cognitive tasks (Shulman et al., 1997; Binder et al., 1999; Mazoyer et al., 2001; Buckner et al., 2008). DMN regions, including the posterior cingulate cortex, medial prefrontal cortex, inferior parietal lobule, and medial and lateral temporal lobes, form an intrinsic connectivity network at rest (Greicius et al., 2003) which is mirrored by direct structural connections (Greicius et al., 2009). DMN activation has been largely linked to self-relevant, internally directed information processing (Andrews-Hanna et al., 2010a), including autobiographical memory, self-reflective thought (Gusnard et al., 2001), envisioning future events, mind wandering (Mason et al., 2007), and considering the thoughts and perspectives of others (Raichle et al., 2001; Raichle and Snyder, 2007; Buckner et al., 2008). DMN suppression during specific goal-directed behaviors (i.e., task-induced deactivation, TID) can be interpreted as suspension of this default mode activity (Raichle et al., 2001). TID is positively associated with performance on a wide range of cognitive tasks and increases with task difficulty or cognitive load (McKiernan et al., 2003; Anticevic et al., 2012). Thus, TID is thought to facilitate performance on external cognitive tasks by diverting resources from unconstrained, distracting default mode processes (Binder et al., 1999; Andrews-Hanna, 2012; Anticevic et al., 2012).

In healthy aging, the DMN demonstrates reduced resting state activity and within-network connectivity (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008; Koch et al., 2010; Vidal-Piñeiro et al., 2014; Staffaroni et al., 2018), as well as reduced task-induced deactivation. Compared to younger adults, older adults demonstrate reduced TID within the DMN in tasks of semantic classification (Lustig et al., 2003), memory (Grady et al., 2006), working memory (Sambataro et al., 2010), and visuospatial planning (Spreng and Schacter, 2012). These age-related reductions in TID have been associated with slower performance on tasks of working memory (Brown et al., 2018) and spatial judgment (Park et al., 2010), and worse performance on tests of face-name associative memory (Miller et al., 2008) and verb generation (Persson et al., 2007). Reduced TID is associated with subclinical cognitive decline even in middle-age, suggesting that it may be an early marker for subtle cognitive decline (Hansen et al., 2014).

In the present manuscript, we investigate whether the DMN demonstrates training-related plasticity in healthy older adults, particularly in terms of its capacity for TID. However, the DMN may not deactivate uniformly in response to external cognitive tasks. Growing evidence from detailed high-resolution analyses of single individuals calls into question the idea of a unitary canonical DMN that was historically defined based on group-averaged data, instead suggesting several interwoven networks (Buckner and DiNicola, 2019). Several proposed fractionations have been identified in the resting state literature (i.e., anterior vs. posterior; ventral vs. dorsal) (Damoiseaux et al., 2008; Andrews-Hanna et al., 2010b; Chen et al., 2017). In the task-based domain, Mayer et al. (2010) distinguished between “core DMN” regions that deactivate indiscriminately in response to cognitive demand and other subregions whose deactivation depends on the specific task. Several schemes point to a function involving episodic memory. Andrews-Hanna et al. (2010b) identified a medial temporal lobe subsystem involved in memory-based reconstruction, while the ventral DMN (retrosplenial cortex/medial temporal lobe intrinsic connectivity network) identified in the Shirer atlas (Shirer et al., 2012) exhibited increased functional connectivity during subject-driven episodic memory recall compared to a rest state. Here, we examine task-related activity during performance of an untrained OLM task in the two DMN subnetworks from Shirer et al. (2012): the ventral DMN (vDMN), associated with episodic memory, and the dorsal DMN (dDMN), which more closely resembles the canonical DMN.

In summary, the current study employs task-based fMRI to further elucidate properties of two DMN branches in the context of a randomized controlled cognitive training study, which previously demonstrated improved training-related task performance and durable cognitive transfer effects. The primary aims of the present study are: (i) to investigate the patterns of activation/deactivation within the ventral and dorsal DMN networks during performance on an OLM task at baseline before initiation of training (cross-sectional analysis), (ii) to examine whether the two subnetworks respond to OLM training compared to active control training over the course of several assessments (longitudinal analysis), and (iii) to assess whether any training-related (de)activation changes correlate with improvements in scanner task performance.



MATERIALS AND METHODS


Screening and Training

Participants were recruited at lectures for senior citizens at the University of Zurich, through newspaper articles, advertisements in magazines, public talks, flyers, and word of mouth. All participants gave written informed consent. Inclusion criteria were age between 60 and 75 years, right-handedness, native German speaker or fluent in German, basic computer and internet experience, and access to a computer as well as the internet during the training period. Exclusion criteria were history of previous or current neurological and psychiatric disorders or substance use negatively affecting brain function, sensory and motor deficiencies hindering conduction of training and outcome measurements, violation of MRI safety requirements, and participation in a training study within the last 5 years. In addition, participants who scored 1.5 SD below age-, gender-, and education-specific norms in more than one subtest of the Consortium to Establish a Registry for Alzheimer’s Disease Neuropsychological Assessment Battery (CERAD-NAB; Berres et al., 2000) or had a sum score >5 in the short version of the Geriatric Depression Scale (GDS; Sheikh and Yesavage, 1986) were excluded. Participants were informed about the risks of participation in MRI studies via an information form that they were asked to sign.

After screening, 67 participants were randomized to the object-location memory training condition (OLM group; N = 36; mean age = 66.75 ± 4.17) or a control training condition targeting visual perception (active control group, N = 31; mean age = 68.23 ± 3.84). There were no baseline differences between groups on demographic or cognitive screening measures (Zimmermann et al., 2016).

Object-location memory and active control training comprised two phases with 15 sessions each that participants had to complete within 3 weeks. A 1-week break separated the phases. Participants trained at home on their personal computers, with each session lasting 30–45 min. Participants were informed that the training software permitted the completion of only one session per day and that they would be contacted by e-mail or phone in case of no recorded training sessions on three consecutive days.

As described in Zimmermann et al. (2016), OLM training consisted of object-location, shape-location, and landmark-location tasks in which cued recall for associations was practiced. Each trial consisted of an encoding phase in which N associations had to be encoded, a 20-s distractor task, and a retrieval phase. Task difficulty was adapted to individual performance by increasing or decreasing N of to-be-encoded associations by one. Participants started the first session on the lowest level of difficulty with two item-location associations. The highest possible level of difficulty consisted of 21 item-location associations. Individual performance was assessed for the object-, shape-, and landmark-location tasks separately. Task difficulty was increased in the next training session if performance was greater than 70% and was decreased if performance was below 50%. Feedback was given on the percentage of correctly recalled associations and the level of difficulty achieved.

Stimuli for each of the three training tasks were as follows. For the object-location task, N objects, drawn from a database of 245 colored drawings of everyday objects (Snodgrass and Vanderwart, 1980; Rossion and Pourtois, 2004), were presented sequentially in a 5-×-6 grid for 4 s followed by an ISI of 0.5 s. For the shape-location task, N shapes, drawn from a set of 29 self-created shapes in nine different colors were presented for N × 3 s. For the landmark-location task, stimuli were drawn from a database of 261 photographs of real-world buildings (retrieved from the internet, excluding highly salient or famous buildings) and presented on a 6-×-6 grid with a different self-created city map superimposed in each training session. During the retrieval phase, the previously presented stimuli were displayed along with the empty grid and participants had to select the cell in which the stimulus was initially presented with a mouse click.

Active control training included two phases of a visual perception task, separated by a distractor task. Stimuli and task duration were matched to those of the OLM training tasks. For the object-perception task, two 1-×-10 grids filled with objects were presented, and participants had to click with the mouse on the one object that differed between the two grids. For the shape-perception task, participants selected a target shape within a 6-×-6 grid filled with 36 shapes. For the landmark-perception task, participants selected a target building from within a city map filled with 21 buildings.

Five participants completed only 27–29 training sessions [OLM group: 29 sessions (N = 1), 27 sessions (N = 1); active control group: 29 sessions (N = 2), 28 sessions (N = 1)] because of technical and scheduling problems. Two participants from the OLM group completed one additional training session (in the second training phase: N = 1, in the follow-up period: N = 1).



Scanner Task

Both groups underwent fMRI while performing an object-location memory task during four sessions: baseline before initiation of either training condition (T1), after the first 3-week training phase (T2), at the conclusion of the 6-week training period (T3), and 4 months after training completion (T4). A block design was used, consisting of 24 blocks equally divided between two runs. Each run lasted approximately 14 min. The order of the two runs was counterbalanced across participants of both groups. Before entering the scanner, participants completed five practice trials of the task on a laptop. In the MR scanner, participants lay comfortably in supine position with padded head holders restricting head movements. Stimuli were presented using the software Presentation (NeuroBehavioral Systems; NBS) which also recorded behavioral performance. The stimuli were presented on MR compatible goggles (Resonance Technology Inc., Northridge, CA, United States) which could be adjusted for poor eyesight. Object stimuli were drawn from the Bank of Standardized Stimuli (BOSS) created by Brodeur et al. (2010). For the present study, the 480 colored everyday objects were divided into two sets with comparable familiarity and object identity ratings (provided by Brodeur et al., 2010). After eliminating photo stimuli which were semantically very similar (i.e., wire, cable) and stimuli that were mostly white in color because of the white screen background, 144 stimuli for each fMRI run remained. The same number of similarly rated stimuli was used for each encoding phase. Stimuli were used only once within both runs. They were different from the object stimuli used for the OLM and active control training tasks.

A block of the scanner OLM task included four phases: encoding, distractor, recognition, and visual fixation baseline. Stimuli were presented in a 5 × 5-grid on a white background. During the encoding phase, six objects were presented serially in one of the grid cells, each for 3000 ms (ISI = 0 ms). During the distractor phase, participants were asked to solve a 1-back task. Black arrows were presented consecutively in random order and participants had to decide whether the presented arrow pointed toward the same direction as the previous one and to indicate their decisions by pressing one of two buttons on an MR compatible response box with their left or right thumbs (same direction = left, different direction = right). Each cue lasted for 1000 ms followed by an ISI of 1000 ms. The distractor phase was randomly jittered and lasted for 12000–18000 ms. During the recognition phase, participants were presented the six encoded objects sequentially in the 5 × 5-grid, each for 3000 ms (ISI = 0 ms). Three of the objects appeared in the same locations as during encoding, whereas three objects were presented in locations in which different objects had been displayed during encoding. Participants had to decide whether presented object-location associations were the encoded ones or not and indicate their decisions by pressing one of two buttons on the response box with their left or right thumbs. The subsequent visual fixation baseline phase was jittered and lasted between 9000 and 15000 ms. During this period, a black cross was presented that changed to green 2000 ms before the encoding phase of the next block started.

The scanner task is displayed in Figure 1. The behavioral dependent variables of interest include hits, defined as the number of correct responses out of 72 for each run. Hits were averaged across the two runs for each time point, yielding the variable average hits used in the following analyses. Additionally, reaction time (in milliseconds) was averaged across hit trials only and then across runs to provide hit reaction time.


[image: image]

FIGURE 1. In-scanner OLM task. Figure adapted from Zimmermann (2015).


Scanner task average hits contributed to the near-transfer spatial episodic memory composite outcome measure of this trial, reported in Zimmermann et al. (2016). In this regard, it is important to note that although the scanner task and OLM training task were somewhat similar, they differed in several important ways. Object stimuli for the scanner and training tasks were drawn from two different sources, and the training task additionally included landmark and shape stimuli. Further, the two tasks differed in the rate of stimulus presentation during encoding, duration and content of the distractor phase, and task demands during retrieval. As such, scanner task average hits is thought to represent near-transfer effects rather than training effects per se.



MRI Protocol

Whole brain T2-weighted EPI-BOLD data were acquired with a Philips Achieva 3T TX scanner (Philips Medical Systems, Best, Netherlands) using a 32-channel receiver head coil array. Blood-oxygen-level-dependent (BOLD) fMRI images were generated with a gradient-echo-planar-imaging (EPI) pulse sequence (TR/TE = 2500/30 ms, flip angle = 84°, matrix = 80 × 80, FOV = 240 mm × 240 mm, 44 slices, slice thickness 3 mm, 0.5 mm interslice spacing), that yielded 3 mm × 3 mm × 3 mm voxels. Slices were acquired in descending order and in transverse orientation. Each of the two runs consisted of a total of 335 volumes. Five dummy scans were performed prior to image acquisition aiming to eliminate signals arising from progressive saturation. In addition, a high-resolution T1 anatomic image (TR/TE = 8.1/3.7 ms, flip angle = 8°, matrix 240 × 240, FOV = 240 mm × 240 mm, 160 slices, slice thickness 1.0 mm, 1 mm × 1 mm × 1 mm voxels) was obtained for each subject.



Functional Image Analyses

Imaging data were first transformed into the Brain Imaging Data Structure (BIDS) format (Gorgolewski et al., 2016). Preprocessing of each functional run was performed using fMRIPrep version 1.2.6 (Esteban et al., 2018), a Nipype (Gorgolewski et al., 2011) based tool, including the following steps: bias field correction, skull stripping, correction for head-motion parameters, slice time correction, co-registration to corresponding structural image [boundary-based registration with 9 degrees of freedom implemented in FreeSurfer v6.0.0 (Greve and Fischl, 2009)], and spatial normalization to MNI space. Motion correcting transformations, T1 weighted transformation and MNI template warp were applied in a single step using antsApplyTransformations v2.1.0 with Lanczos interpolation. Three tissue classes were extracted from T1 images using FSL FAST v5.0.9 (Zhang et al., 2001). Voxels from cerebrospinal fluid and white matter were used to create a mask in turn used to extract physiological noise regressors using aCompCor (Behzadi et al., 2007). The mask was eroded and limited to subcortical regions to limit overlap with gray matter; six principal components were estimated. Framewise displacement (Power et al., 2014) was calculated for each functional run using Nipype implementation. For more details of the pipeline see: http://fmriprep.readthedocs.io/en/latest/workflows.html.

First-level statistical analyses were performed using the general linear model approach (GLM) as implemented in SPM121. Explanatory variables modeling the experimental conditions of the blocked fMRI design comprised the following four conditions: (1) encoding, (2) distractor, (3) recognition, and (4) visual fixation baseline. These four conditions were modeled for each of the two fMRI runs at each session (T1, T2, T3, and T4). In addition, the GLM included the six motion parameters, the framewise displacement, and physiological noise regressors [first principal component from aCompCor (Behzadi et al., 2007)] as obtained from fMRIPrep preprocessing in order to control for physiological and movement confounds. Contrast images were created for: (1) encoding vs. visual fixation baseline and (2) recognition vs. visual fixation baseline. The MarsBaR SPM toolbox (v0.44, marsbar.sourceforge.net) was used to extract contrast values from DMN networks for each run. Regions of interest (ROIs) for the DMN networks were selected from the atlas of Shirer et al. (2012). The atlas comprises 90 functionally derived ROIs across 14 intrinsic connectivity networks, identified via independent component analysis. Functional ROIs were shown to outperform a set of commonly used structural ROIs in classifying subject-driven cognitive states, and patterns of within- and between-network functional connectivity were related to subject-driven cognitive states (Shirer et al., 2012). For the present study, contrast values were extracted for each of the dorsal and ventral default mode networks; Figure 2 displays the ROIs comprising each network. Each participants’ extracted coefficient estimates were averaged across the two runs of each assessment time and then submitted to second-level analysis.
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FIGURE 2. Visualization of functional ROIs comprising dorsal DMN (red) and ventral DMN (green) networks as defined by Shirer et al. (2012). Image generated in FSLeyes version 0.27.0 (https://git.fmrib.ox.ac.uk/fsl/fsleyes/fsleyes/) using a template brain and displayed in neurological orientation.




Missing Data

fMRI assessments were completed by all 67 participants with the exception of two participants (one from each group) who did not take part in T4 testing because of medical reasons. Three participants from the control group only completed one of the two runs at T4, two for technical reasons and one for medical reasons. For these three participants, data from the one completed run at T4 were used in statistical analyses.



Statistical Analyses

Scanner task data (average hits and hit reaction time) were first screened for outliers. Excessive values were defined as any value more than three median absolute deviations (MADs) above the median of the sample distribution for each group at each measurement occasion (Leys et al., 2013). Very few outliers were detected (average hits: 1 outlier from each group; hit reaction time: 1 participant from the active control group produced outlier values at T3 and T4). Removal of these outlier values did not change the overall pattern of results; therefore, analysis results from the complete data set are reported below.

For baseline (T1) analyses, we conducted independent samples t-tests to evaluate whether there were group differences on the scanner task or network (de)activation levels. Network (de)activation levels were also compared between the encoding and recognition conditions using independent samples t-tests.

For longitudinal analyses, linear mixed effects regression (LMER) was used to determine if there were statistically reliable differences for behavioral performance on the scanner task as well as for levels of network (de)activation. Three pairs of models were conducted: one pair of behavioral models with dependent variables of average hits and hit reaction time on the scanner task, and two pairs of network models (one for the dDMN and one for the vDMN), each with dependent variables of (de)activation levels in each of two task conditions (encoding and recognition). Fixed-effects predictors included group (OLM vs. active control) and time of assessment, coded as a factor including levels T2, T3, and T4. Baseline (T1) levels of the behavioral variable (for the behavioral models) or network (de)activation level (for the network models) were included as covariates. Age and sex were also included as covariates in all models. Participant was modeled as a random effect to account for random variability between individuals. For all LMER models, α was set at 0.025 in order to incorporate a Bonferroni correction reflecting the fact that there were two behavioral models and two models for each of the DMN networks.

All analyses were performed in R version 3.6.0 (R Core Team., 2019). The Routliers package (Delacre and Klein, 2019) was used to detect outliers using the Median Absolute Deviation (Leys et al., 2013). LMER models were conducted using the lme4 package (Bates et al., 2015) with restricted maximal likelihood estimation. Degrees of freedom for the fixed effects were estimated by the Satterthwaite approximation as implemented in the package lmerTest (Kuznetsova et al., 2017). The package emmeans (Lenth, 2020) was used to evaluate significance of marginal contrasts for training group (OLM versus active control), sex, time (each time point contrasted against the previous time point), and group X time interaction (group contrast evaluated separately at T2, T3, and T4). Simple approximations of between-subjects effect sizes reported as Cohen’s d (small = 0.2; medium = 0.5; large = 0.8) were produced with the effectsize package (Ben-Shachar et al., 2020) using the estimated t statistic and observed degrees of freedom. The package ggplot2 (Wickham, 2016) was used to make the figures.



RESULTS

For visualization purposes, mean scanner task performance and DMN subnetwork (de)activation levels across all four time points for each group are displayed in Supplementary Figures 1, 2. The following analyses first address baseline (T1) results and then examine whether training effects can be detected in a longitudinal framework.


Baseline Values and Group Comparability


Baseline Scanner Task Performance

We first verified baseline comparability of behavioral results across groups. Mean baseline values for scanner task outcomes and results of independent samples t-tests comparing the two groups are displayed in Table 1. There were no significant differences between groups for average hits or hit reaction time on the scanner task at T1.


TABLE 1. Descriptive statistics and results of independent-samples t-tests for baseline scanner task performance.
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Baseline DMN Subnetwork Results

Cross-sectional fMRI results from T1 were evaluated in order to characterize baseline patterns of activation across networks/conditions and to determine whether there were any baseline differences by group, age, or sex. As shown in Figure 3, the dDMN was deactivated during both task conditions and the vDMN was activated. We conducted independent samples t-tests to compare encoding and recognition values for each network. For the dDMN, there was more deactivation during encoding than recognition, t(132) = −4.78, p < 0.001, d = −0.83. For the vDMN, there was more activation during recognition than encoding, t(132) = −7.69, p < 0.001, d = −1.34. In summary, the dDMN was deactivated during both conditions of the memory task, more so during encoding, and the vDMN was activated during both conditions, more so during recognition.
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FIGURE 3. Average beta values representing activation/deactivation at T1 for dorsal and ventral DMN networks during both conditions of the scanner task. Contrasts represent encoding and recognition conditions relative to the visual fixation baseline condition. Error bars represent SEM.


Next, we evaluated baseline comparability of DMN subnetwork (de)activation across groups. Mean contrast values and results of independent samples t-tests comparing the two groups are displayed in Table 2. Across both networks, there were no significant group differences in contrast values for either task condition. Further regression models were conducted to test if there were effects of age or sex on baseline contrast values. Four separate models were conducted with beta value for dDMN encoding, dDMN recognition, vDMN encoding, and vDMN recognition as the dependent variables. There was no significant effects of age or sex for any of the models (all p-values > 0.11). Thus, results suggest that the two groups were comparable in terms of baseline levels of task-related (de)activation, and no age or sex effects were detected.


TABLE 2. Descriptive statistics and results of independent-samples t-tests for network activity at baseline.
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Longitudinal Analyses


Effect of Training Group on Scanner Task Performance

The first longitudinal analysis evaluated the impact of training on scanner task performance. Table 3 shows the results of the LMER models evaluating fixed effects of group and time on the behavioral fMRI dependent variables (average hits and hit reaction time on the scanner task). For average hits, the effect of T3 against T2 was significant, indicating improved performance across both groups from T2 to T3. There was a significant main effect of group, whereby the OLM group performed better across T2–T4. Further, there was a significant interaction such that at T4, the OLM group performed significantly better than the control group (see Figure 4). These OLM training effects constituted medium effect sizes (main effect of group: d = 0.64, effect of group at T4: d = 0.6). There were no significant effects of age or sex on average hits.


TABLE 3. Parameter estimates for fixed effects related to the scanner task.
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FIGURE 4. Estimated marginal means from LMER models for average hits during the scanner task. Error bars represent SEM.


For hit reaction time, the effect of T3 against T2 was significant, indicating that reaction time decreased across both groups from T2 to T3. There was no significant main effect of group and no group X time interactions. There were no significant effects of age or sex on hit reaction time.



Effect of Training Group on Network Activation/Deactivation

The next longitudinal analyses evaluated whether there were statistically reliable differences in network (de)activation as a result of OLM training when controlling for baseline (T1) network activity. Performance on the scanner task (average hits) was included as an additional covariate, since behavioral analyses revealed a group difference on this variable.


Dorsal DMN

Fixed effects results of the LMER models for the dDMN are summarized in Table 4. For both conditions, baseline deactivation was positively and significantly related to the dependent variable (DV), indicating that T2, T3, and T4 deactivation levels are positively correlated with baseline (T1) deactivation.


TABLE 4. Dorsal DMN: Parameter estimates for fixed effects related to activation/deactivation for both conditions of the scanner task.

[image: Table 4]The group contrast predictor was significant only in the encoding model, indicating that across T2–T4 the OLM group exhibited more deactivation compared to the active control group (d = −0.61). Examination of the group contrast at each time point revealed that there were significant group differences at T3 and T4 (both d = −0.43). Estimated marginal means from these group by time interactions are shown in Figure 5. Additionally, there was a significant effect of sex during the encoding condition, with men showing greater dDMN deactivation than women (d = −0.62). Because sex and group were both significant in the encoding model, the model was re-run allowing group and sex to interact. However, this interaction was not significant (p = 0.85), indicating that the stronger dDMN deactivation in men does not seem to drive the OLM training group effect.
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FIGURE 5. Estimated marginal means representing group X time interactions in the dDMN encoding LMER model. Error bars represent SEM.


For the recognition model, group was not significant as a main effect, and there were no significant group X time interactions. There was no significant association between dDMN deactivation and scanner task average hits or age in either condition.



Ventral DMN

Fixed effects results of the LMER models for the vDMN are summarized in Table 5. For both conditions, baseline level of activation was positively and significantly related to the DV, indicating that T2, T3, and T4 activation levels are positively correlated with baseline (T1) activation.


TABLE 5. Ventral DMN: Parameter estimates for fixed effects related to activation/deactivation for both conditions of the scanner task.

[image: Table 5]Group was not significant as a main effect for either condition. Effects of time were significant in both the encoding and recognition models. Specifically, when averaging across groups, activation increased from T2 to T3, but these differences did not survive correction for multiple comparisons. Activation then decreased significantly across groups from T3 to T4. There were no significant effects of age or sex in either condition. Finally, scanner task average hits were positively related to vDMN activation during the recognition condition.



Exploratory analyses: Dorsal DMN nodes

Post-hoc tests were conducted in order to examine whether the OLM-training-related increase in dDMN deactivation during encoding occurred across all constituent nodes or was driven by changes in only a select few. A series of LMER models was conducted with the same fixed effects, covariates, and random effects as for the longitudinal network analyses. This time, the DVs were the encoding contrast values for each of the nine functional ROIs comprising the dDMN (Shirer et al., 2012). The beta values for the group contrast (across T2–T4) from each model are shown in Table 6. The OLM group exhibited significantly greater deactivation in the medial prefrontal cortex, right superior frontal gyrus, and midcingulate cortex compared to the active control group. Only the medial prefrontal cortex and midcingulate cortex group differences survived Bonferroni-Holm correction for multiple comparisons. The significant group contrasts across T2–T4 demonstrated medium to large effect sizes (midcingulate cortex, d = −0.72; medial prefrontal cortex, d = −0.83).


TABLE 6. Dorsal DMN nodes: Parameter estimates for group effect (across T2–T4) in the encoding condition.
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Head Motion

We evaluated whether group differences existed in the amount of head motion, defined as the average framewise displacement (FD) at each measurement occasion; T1 median = 0.21 (range 0.08–1.04); T2 median = 0.20 (range = 0.09–0.7); T3 median = 0.20 (range = 0.07–0.77); T4 median = 0.22 (range 0.09–0.9). Mann–Whitney U tests were conducted given that FD values were not normally distributed. There were no significant group differences in FD at any of the time points (all p-values ≥ 0.34), suggesting that group differences in dDMN deactivation cannot be explained by group differences in head motion.



Neural Correlates of Task Improvement

The results presented above indicate that relative to the active control group, the OLM group demonstrated significantly more scanner task average hits at T4 as well as increased task-induced deactivation of the dDMN during encoding. We therefore evaluated if within-person change in dDMN deactivation levels during encoding (T4–T1) predicted scanner task average hits at T4. We calculated residuals scores for T4 average hits and for the within-person change in deactivation by regressing out the effects of age, sex, T1 average hits, and T1 deactivation values. Next, we examined the correlation between the residualized values for deactivation change and T4 average hits for each group separately. Correlation coefficients were not significant for either group (OLM: r = −0.27, p = 0.11; active control: r = 0.13, p = 0.51). Two outliers were detected for the residualized average hits variable within the OLM group; the correlation remained non-significant after removal of these two outliers (r = −0.15, p = 0.40).



DISCUSSION

Findings highlight the functional heterogeneity of the DMN both in terms of task-based activation/deactivation during an object-location memory task and its response to cognitive training in healthy older individuals. Specifically, the ventral DMN was activated during the encoding and recognition conditions of the scanner task and the dorsal DMN was deactivated. Further, we report the novel finding that task-induced deactivation within the dorsal DMN was enhanced by process-based cognitive training compared to an active control training condition. Although the functional implications of this finding are not entirely clear, we discuss potential interpretations in terms of current theories of DMN functioning below.


Task-Related Activation/Deactivation of the Ventral and Dorsal DMN

Activation of the vDMN observed in the baseline (T1) analysis is consistent with the proposed role of a medial temporal lobe DMN subsystems in episodic memory. The vDMN as defined by Shirer et al. (2012) connects known memory regions such as the retrosplenial cortex and medial temporal lobe and demonstrates increased functional connectivity when subjects freely recall events of their day. The medial temporal lobe DMN system is thought to especially relate to associative aspects of memory, such as the retrieval of additional contextual details related to how the item was initially encountered (Andrews-Hanna et al., 2014). Associative memory was an important feature in our in-scanner OLM task paradigm, because subjects needed to retrieve the spatial location of the stimulus from the encoding condition in order to correctly answer the recognition probe. In the longitudinal model, the number of average hits from the scanner task was positively associated with vDMN activation during the recognition condition, and the baseline analysis indicated that vDMN activation was greater during recognition than encoding. These findings support the role of the vDMN particularly during the retrieval of object location associations.

The dorsal DMN, on the other hand, demonstrated task-induced deactivation. As defined in Shirer et al. (2012) on the basis of functional connectivity during subject-driven cognitive states, the dDMN consists of areas including the medial prefrontal cortex, posterior cingulate cortex, precuneus, and angular gyrus. These regions correspond to the classical DMN regions long observed to exhibit task-induced deactivation (Shulman et al., 1997; Raichle et al., 2001). In our baseline analysis, deactivation was greater during the encoding than the recognition condition. Further, the training effect of increased TID within the dorsal DMN was apparent in the encoding condition, and we discuss the potential significance of TID during encoding below.



Training-Related Increase in Dorsal DMN Deactivation

Object-location memory training was associated with significantly more dDMN deactivation during encoding relative to active control training. Analyses controlled for baseline (T1) deactivation levels, age, sex, and average hits, and thus cannot be explained by differences in these factors. Levels of head motion did not differ between the two groups at any time point, and therefore also do not seem to explain differences in deactivation.

In the following section, we interpret this task-related deactivation in the context of the results of the behavioral task that was performed concurrently in the scanner. The scanner OLM task differed from the training tasks performed by the OLM group, and it is considered to represent near-transfer within the domain of spatial episodic memory. This has implications for interpretation of the behavioral results. For instance, it may be somewhat surprising that the active control group improved to a similar degree as the OLM group from mid-training (T2) to T3 (end of training) such that performance for both groups was equivalent at T3. However, since the scanner task differed from the OLM training task, it may be a less sensitive behavioral outcome measure than the training task itself.

While both groups demonstrated improved average hits performance at T3 relative to T2, only the OLM group showed the neural effect of increased dDMN deactivation at T3. Thus, it appears that the behavioral performance of the active control group improved at T3 but without the underlying neural change that was shown by the OLM group. This suggests that the improvement in each group relative to the previous time point may have involved different underlying mechanisms. Improvement in the active control group could have been due to practice effects and/or the mental engagement afforded by the active control perceptual training tasks without any underlying change in dDMN deactivation. The behavioral effect observed in the OLM group at T3 might reflect an increase in neural capacity, as evidenced by the concurrent increase in deactivation. Further, the OLM group maintained their improved average hits performance at T4, while the active control group did not. It is possible that the underlying neural response, evident at T3 as well as T4 explains the maintenance of the behavioral improvement in the OLM group.

Still, we did not find direct evidence for a relationship between increased dDMN suppression and improved task performance in the OLM group at T4. Lack of a significant brain-behavior relationship does not necessarily prove a lack of functional significance and could be related to several factors, including a lack of power. Further, TID may represent a task-independent phenomenon that does not directly correlate with improvement on this particular task. Indeed, a notable feature of TID is the consistency of deactivated regions across a wide range of cognitive tasks (Shulman et al., 1997; Gusnard and Raichle, 2001). Although some studies have noted a relationship between the degree of deactivation and task performance as measured by reaction time or accuracy (Persson et al., 2007; Miller et al., 2008; Park et al., 2010; Brown et al., 2018), DMN suppression may not directly relate to object-location memory performance per se but may instead represent a more general, task-independent phenomenon.



Relationship to Theories of DMN and TID

The mechanisms underlying TID are not fully understood, but one proposed mechanism reflects a reallocation of limited brain processing resources when attention shifts from ongoing, internal, conceptual processes to performance of an exogenous task (Binder et al., 1999; McKiernan et al., 2003). Consistent with this model, greater TID magnitude during an external task is associated with a lower frequency of task-unrelated thoughts (McKiernan et al., 2006), while reduced TID is related to attentional lapses and errors (Weissman et al., 2006; Li et al., 2007; Eichele et al., 2008). Additionally, activation of the DMN has been associated with mind wandering during a task that was highly practiced in order to elicit stimulus-independent thoughts (Mason et al., 2007) and with mind wandering during meditation (Hasenkamp et al., 2012). Finally, experience sampling during fMRI acquisition revealed that DMN activations preceded off-task thoughts and errors (Christoff et al., 2009). Drawing from this model, we interpret our finding of increased TID in the OLM group as reflecting a greater ability to reallocate processing resources from default mode areas. Behaviorally, this enhanced DMN deactivation may reflect a greater ability to suppress default cognitive processes, such as mind wandering, task-unrelated thoughts, and self-referential processing, in order to focus on the external task.

Although the role of DMN activation in internally focused mentation has been emphasized here, it is important to note that default mode activation has also been posited to reflect monitoring of the external environment (Gusnard and Raichle, 2001; Raichle et al., 2001). In the context of task fMRI, this could include waiting for upcoming task-relevant stimuli or attending to scanner noise and incidental light. Previous research indicates that older adults are vulnerable to distraction due to an inability to suppress processing of irrelevant environmental stimuli, including those related to the scanner environment (Stevens et al., 2008). Thus, the task-induced deactivation that we observed could also be related to suppression of external distractors which, as with suppression of internal distraction, would be expected to benefit their performance on an externally focused task.

The training-related increase in TID was specific to the encoding condition, underscoring the idea that the encoding phase may be more sensitive to the application of strategies and improvement. Supporting the importance of TID during encoding, Anticevic et al. (2010) reported greater DMN suppression for correct versus incorrect trials during encoding but not during later stages of a memory task (i.e., distracter and recognition probe phases). In another study, young adults showed greater DMN deactivation during encoding for scenes that were later remembered compared to those that were later forgotten (Chai et al., 2014). This suggests that DMN deactivation, and related suppression of distracting default mode processes, is especially important during initial formation of the memory traces.

Post hoc analyses revealed that the pattern of greater deactivation for the OLM group was apparent within the medial prefrontal cortex (mPFC), demonstrating a large effect size in comparison to the active control group across T2–T4. The mPFC exhibits particularly widespread connectivity within the DMN and may represent a network hub (Andrews-Hanna et al., 2014, 2010b). MPFC activity is linked to self-initiated stimulus-independent thought and emotional processing (McGuire et al., 1996; Binder et al., 1999; Gusnard et al., 2001). The mPFC may also play a unique role in suppression of task-irrelevant information. For instance, in young adults, mPFC deactivation during tests of working memory and attention was related to faster response times (Chadick and Gazzaley, 2011; Dang et al., 2013). Older adults exhibited less TID within the mPFC node of the DMN compared to young adults (Andrews-Hanna et al., 2007; Chadick et al., 2014), and among older adults reduced mPFC suppression was related to a greater impact of distraction on a working memory task (Chadick et al., 2014). In this context, our finding of increased training-related mPFC deactivation suggests that it is possible to ameliorate age-related decline in mPFC deactivation. Modulation of mPFC activity through learning was further demonstrated in a study of healthy older adults who showed a significant mPFC deactivation in response to the explicit instruction to apply a semantic encoding strategy; in this study a greater increase in deactivation was associated with greater strategic behavior (Balardin et al., 2015).

We observed a significant effect of sex in the longitudinal analysis, whereby men showed more dDMN deactivation during encoding than women across both the OLM and active control groups. There was no interaction with training group and importantly, there were no baseline (T1) differences in dDMN deactivation by sex. Sex differences in the DMN, particularly those regarding TID, have not been extensively studied. Some reports have described a higher degree of functional connectivity in women between the posterior cingulate/precuneus and prefrontal cortex (Bluhm et al., 2008; Tomasi and Volkow, 2012), while another found no sex differences in DMN connectivity (Weissman-Fogel et al., 2010). It is difficult to interpret our incidental finding that men exhibited greater TID from T2 to T4 across both training groups, but it may suggest that future training studies should more systematically examine sex differences in TID over time.

One final point about the interpretation of reduced TID in the elderly deserves mention here. The prevailing view in the literature is that reduced TID in older adults reflects a reduced ability to suppress default mode processes and reallocate resources toward the task at hand. However, potentially contradictory results arise from studies that separate deactivation related to successfully encoded items from that related to forgotten items (i.e., subsequent memory paradigm). Specifically, some studies have shown that older adults demonstrate less deactivation for remembered versus forgotten items, and in older adults successful encoding can be associated with less deactivation (Maillet and Schacter, 2016). These patterns, which differ from those observed in younger adults, raise the possibility that older adults are more reliant on the default mode than young adults when performing attention-demanding tasks (Maillet and Schacter, 2016). That is, greater engagement (i.e., reduced suppression) of the default network in older adults might reflect increased reliance on cognitive processes mediated by the DMN, such as drawing on prior knowledge, experience, and schemas accumulated over their longer lifespan (Turner and Spreng, 2015). If this interpretation is correct, DMN suppression could potentially hamper older adult performance, and it would call into question our interpretation that the training-related increase in TID is beneficial for older adults. Clearly, more research is needed to clarify the mechanisms underlying reduced TID in older adults and its functional implications, preferably involving the subsequent memory paradigm to address the discrepant patterns observed in old versus young adults.



Limitations

Strengths of this study include the use of an active control training condition and multiple scanning sessions, but several limitations must be noted. First, it is unclear whether these results would generalize to the population of older adults, considering that our sample was relatively young (60–75 years), did not suffer from neurological or mental disorders, was highly educated, and had slightly above-average cognitive abilities as described in Zimmermann et al. (2016). Further, both groups performed the scanner task with approximately 79% accuracy at baseline, raising concerns about ceiling effects during the three subsequent sessions. There is also evidence that older adults demonstrate reduced TID relative to young adults primarily at higher levels of task demand (Persson et al., 2007; Park et al., 2010; Turner and Spreng, 2015). We cannot be sure that our task was challenging enough in this sense, but inclusion of a young adult comparison group and multiple task difficulty levels were not possible within the context of the current study.

Additionally, the atlas of Shirer et al. (2012), which we used to define the dorsal and ventral DMN subnetworks, is based on a sample of young adults. Grady et al. (2010) described a shrinkage of the extent of the DMN in terms of task-related brain activation patterns in older compared to younger adults, suggesting that a network definition based on a sample of young adults may not entirely apply to older adults. Mitigating this concern, data-driven parcellations of resting state data across different age cohorts reveal significant spatial overlap in large-scale brain systems across the adult lifespan (Han et al., 2018). In this context, we believe that the benefits of using the present atlas (i.e., standardization and comparability across studies) outweigh the concern about the young adult reference sample, but this caveat should still be considered when interpreting the results.

The block design employed in this study did not allow us to separate (de)activation related to successfully encoded items from that related to forgotten items. Known as the subsequent memory paradigm, this method is useful for elucidating neural processes related to successful learning (Daselaar et al., 2004; Maillet and Schacter, 2016). Further, the fact that our analysis calculated neural (de)activation levels across both successfully and unsuccessfully encoded items represents another possible explanation for the lack of an observed relationship with task improvement.

Finally, it is important to note that our ROI-based approach necessarily focuses on the DMN, and we cannot draw conclusions about the response to cognitive training in other regions or networks. We did not apply exploratory voxel-wise analysis because of considerations about statistical power and because of our a priori focus on the DMN. Nevertheless, we acknowledge that it could be useful for more exploratory types of analyses to apply the types of LMER models that we conducted here across all voxels of the brain (Madhyastha et al., 2018).



Future Directions

Several directions for future research can be considered. First, the DMN does not function in isolation, but is thought to interact with other large-scale networks. Therefore, it might also be important to study training effects in the task-positive network that is preferentially active when individuals are engaged in attention-demanding tasks focused on the external environment (Fox et al., 2005). The task positive network may include a dorsal attention network as well as a frontoparietal control and a salience network (Seeley et al., 2007; Spreng, 2012). Some have argued that reduced DMN deactivation in the elderly is not reflective of DMN dysfunction per se but instead reflects a lower degree of flexible network interactivity, including greater coupling between DMN and frontoparietal/executive regions as task demands increase (Spreng and Schacter, 2012; Turner and Spreng, 2015). The salience network would also be of interest, considering that its disruption in aging is related to cognitive decline (Onoda et al., 2012) and that it exhibits increased connectivity to the DMN with increased age (Malagurski et al., 2020). Nevertheless, we found it necessary to first evaluate heterogeneity within the DMN before addressing between-network interactions. Future cognitive training studies may wish to examine dynamics across a wider range of networks, while also including multiple DMN subnetworks.

Another direction for future research involves examination of structural and functional connectivity as it relates to cognitive performance and training outcome. There is evidence that disruptions in white matter integrity may underlie aging-related decreases in DMN functional connectivity (Andrews-Hanna et al., 2007) as well as aging-related decreases in TID (Brown et al., 2018). Thus, the question arises as to whether training-related increases in TID observed in this study were related to changes in structural or functional connectivity.



Conclusion

Our findings support the heterogeneity of the DMN, with the ventral DMN being activated during a memory task and the dorsal DMN being deactivated. Further, we report the novel finding that task-induced deactivation within the dorsal DMN was enhanced by process-based cognitive training compared to an active control training condition. Given reports of reduced DMN suppression in the elderly and negative functional consequences thereof, this finding may suggest a promising mechanism through which process-based cognitive training can enhance cognitive performance in the elderly. However, this conclusion is tempered by our incomplete understanding of the mechanism underlying TID reductions in older adults, as well as by the lack of an explicit association between increased TID and task improvement in the current study. Further research, including an examination of interactions with other networks and of associated structural and functional connectivity changes, could help to elucidate relevant mechanisms underlying training-related increases in dorsal DMN deactivation.
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In our daily lives, we continuously evaluate feedback information, update our knowledge, and adapt our behavior in order to reach desired goals. This ability to learn from feedback information, however, declines with age. Previous research has indicated that certain higher-level learning processes, such as feedback evaluation, integration of feedback information, and updating of knowledge, seem to be affected by age, and recent studies have shown how the adaption of choice behavior following feedback can differ with age. The neural mechanisms underlying this age-related change in choice behavior during learning, however, remain unclear. The aim of this study is therefore to investigate the relation between learning-related neural processes and choice behavior during feedback learning in two age groups. Behavioral and fMRI data were collected, while a group of young (age 18–30) and older (age 60–75) adults performed a probabilistic learning task consisting of 10 blocks of 20 trials each. On each trial, the participants chose between a house and a face, after which they received visual feedback (loss vs. gain). In each block, either the house or the face image had a higher probability of yielding a reward (62.5 vs. 37.5%). Participants were instructed to try to maximize their gains. Our results showed that less successful learning in older adults, as indicated by a lower learning rate, corresponded with a higher tendency to switch to the other stimulus option, and with a reduced adaptation of this switch choice behavior following positive feedback. At the neural level, activation following positive and negative feedback was found to be less distinctive in the older adults, due to a smaller feedback-evaluation response to positive feedback in this group. Furthermore, whereas young adults displayed increased levels of knowledge updating prior to adapting choice behavior, we did not find this effect in older adults. Together, our results suggest that diminished learning performance with age corresponds with diminished evaluation of positive feedback and reduced knowledge updating related to changes in choice behavior, indicating how such differences in feedback processing at the trial level in older adults might lead to reduced learning performance across trials.

Keywords: aging, fMRI, probabilistic learning, feedback, choice behavior


INTRODUCTION

In order to successfully interact with our environment and reach desired goals, we continuously learn from the outcomes of our actions and choices. These outcomes (feedback information) are evaluated in the light of the goals we aim to achieve and are integrated with the outcomes from prior experiences. In addition, based on choice-outcome contingencies, knowledge will be updated, enabling future behavior to be adapted accordingly. Although learning is crucial at all ages, research has shown that the ability to learn from feedback and adjust behavior accordingly declines with age (Marschner et al., 2005; Mell et al., 2005; Eppinger et al., 2011; Hämmerer et al., 2011; Ferdinand, 2019). However, the neural mechanisms underlying age-related chances in choice behavior during learning remain unclear. The present study was aimed at elucidating the relation between learning-related neural processes and changes in behavior during probabilistic learning.

Processes that occur during learning, such as feedback evaluation, integration of feedback information, and updating of knowledge, seem to be affected by age [for a review see Ferdinand and Czernochowski (2018)]. For example, neural activity related to the difference between expected and actual feedback after an action or choice (reward prediction error) is less distinct in older compared to younger adults (Mata et al., 2011; Samanez-Larkin et al., 2014; Ferdinand and Czernochowski, 2018). However, these changes do not seem to be driven by reductions in the sensitivity to reward. For instance, studies using functional magnetic resonance imaging (fMRI) have indicated that the same set of brain areas appear to be activated following positive and negative feedback in young and older adults, and the fronto-striatal response to positive feedback remains intact for older individuals (e.g., Schott et al., 2007; Cox et al., 2008; Samanez-Larkin et al., 2014). In sum, age-related learning differences do not seem to hinge on reward sensitivity, but rather on processes during feedback evaluation and knowledge updating.

Medial prefrontal cortical brain areas have been shown to play a pivotal role in learning-related processes, and the medial prefrontal anterior cingulate cortices (ACC) are thought to be especially important, as they have been shown to be active during the evaluation and integration of feedback information (Alexander and Brown, 2011; Cohen et al., 2011; Samanez-Larkin et al., 2014; Kolling et al., 2016). Furthermore, ACC activity during learning has been shown to depend on age, with older adults displaying less distinct neural patterns in these brain regions compared to young adults when evaluating feedback (Eppinger et al., 2008; Hämmerer et al., 2011; Samanez-Larkin et al., 2014).

The fact that the neural processes involved in feedback evaluation change with age can have implications for the ability to learn from feedback. For instance, behaviorally, older adults have been shown to develop a preference for processing either positive or negative feedback, depending on task demands (Eppinger et al., 2011). In a task where feedback does not have to be used for learning, for example when stimulus-reward associations are known in advance, older adults seem to focus less on negative feedback compared to young adults, as illustrated by reduced neural activity in older adults when anticipating negative but not positive feedback. In contrast, if successful performance in the future depends on feedback processing (e.g., in probabilistic learning tasks), negative feedback has a stronger impact on learning-related choice behavior of older adults compared to positive feedback. Ferdinand (2019), for example, showed that reducing the information value of negative feedback hindered older adults' learning performance more than reducing the information value of positive feedback, supporting the view that older adults rely more the negative feedback to learn in a probabilistic learning task.

Following the evaluation of feedback information, that information then needs to be used to update knowledge so it can potentially be used to guide the adjustment of subsequent behavior. Processes of knowledge updating have been linked to neural activity in fronto-parietal brain areas (Borst and Anderson, 2013). In addition, EEG studies have found neural evidence for increased knowledge updating prior to behavioral adaptation in the form of switching to a different response on the next trial (Polich, 2007; Chase et al., 2011; San Martin et al., 2013; Correa et al., 2018). The impact of age on this switch-choice behavior has been only sparsely studied, but the available studies show that both young and older adults adapt their switch choice on the next trial based on the feedback information received (Frank and Kong, 2008; Hämmerer et al., 2011). In addition, older adults displayed a bias toward negative feedback in that they modified their behavior to a lesser extent following positive feedback, a bias not found in young adults, further supporting the view that learning from positive feedback is diminished with age in probabilistic learning tasks (Frank and Kong, 2008; Hämmerer et al., 2011). Importantly, although older adults have been shown to evaluate feedback differently and adapt their choice behavior differently following feedback, the neural underpinnings of these effects remain unknown.

In order to gain more insight into the neural basis of age-related differences in feedback evaluation and knowledge updating during feedback learning, a group of younger and older participants performed a probabilistic learning task during which functional MRI measures of their brain activity were collected. The probabilistic learning task, which was based on a previous paradigm developed by our group (van den Berg et al., 2019), entailed participants choosing between houses and faces on each trial, after which they received either positive or negative feedback that was later converted into money. To gain money, participants had to actively learn which out of two stimulus types was more likely to yield a positive feedback for each of the 10 blocks of 20 trials.

In our study, older adults were expected to perform worse on the learning task compared to younger adults, and this diminished performance was expected to be paralleled by decreased neural activity related to feedback evaluation following positive feedback. In addition, we expected effects related to knowledge updating, which we investigated by contrasting neural activity related to switch behavior on the next trial. Given that we expected diminished knowledge updating in older adults, we predicted a smaller difference in neural activity related to making a switch vs. not making a switch on the next trial, in the older adult group compared to young adults. Furthermore, these differences in feedback evaluation and knowledge updating were expected to result in different choice behavior in older adults related to learning performance. If decreased learning performance in older adults is related to different feedback evaluation and knowledge updating, as we expected, the difference in choice behavior between the age groups would be most prominent following positive feedback. In contrast, if only knowledge updating is affected, we expected the difference in choice behavior to not depend on the valence of the feedback received.



MATERIALS AND METHODS


Participants

There were 29 young and 27 older adults in this study. Participants were recruited by means of local advertisements and advertisements on social media. All participants were right-handed, had normal or correct-to-normal vision, and did not report taking any psychoactive medications. The study was conducted according to protocols approved by the Medical Ethical Committee of the University Medical Center Groningen, and all participants gave prior written informed consent. Four participants did not perform the task according to task instructions (three younger and one older adult, all female) and were therefore excluded from the final analysis. In addition, two older participants (one female) were excluded due to technical problems. Accordingly, the data from 26 young [13 female; 18–27 years; mean age (SD) = 22.2 (2.7)] and 24 older [11 female; 60–73 years; mean age (SD) = 65.5 (4.0)] participants were included in the analysis. Participants received 16 euros in compensation for their time, plus reimbursement of travel expenses and a variable monetary reward depending on their task performance [mean (SD): 5.50euro (4.40)].



Experimental Tasks and Stimuli
 
Materials

MRI data were acquired on a Siemens 3T scanner at the University Medical Center Groningen. The probabilistic learning task was programmed using the Presentation® software package (Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com) and presented on an MRI-compatible IPS LCD monitor (BOLDscreen 24, Cambridge Research Systems, resolution 1920 × 1200) that was made visible to the participant through a mirror (viewing distance ~100 cm). Responses were made using two buttons positioned above each other on an MRI-compatible response box. The stimulus base set of 20 male face images and 20 house images (135 × 180 pixels) was identical to the one used by our group in van den Berg et al. (2019).



Probabilistic Learning Task

Participants performed a probabilistic learning task (Figure 1) in which they were asked to maximize their gains by learning which of two stimulus types (houses or faces) was more likely to yield a gain. The task was very similar to the task used in the EEG study of van den Berg et al. (2019), with slight adaptations of the stimulus presentation and response times. The task consisted of 10 blocks of 20 trials each. In each 20-trial block, choosing either the face images or the house images was more likely to lead to a gain (62.5 vs. 37.5%). This stimulus type will be called the “block winner.” Each trial started with a pair of images, one of a face and one of a house, with one image presented to the left and the other to the right of a central fixation (Figure 1). The stimuli for this image-pair choice stimulus were randomly drawn from the base set (see materials section) and randomly assigned to be presented to the left and right locations. After 1,200 ms, two arrows appeared just above and below the fixation, each pointing to one of the two stimuli on the left and the right. The mapping of the arrow locations (above and below) to the direction the arrows pointed was randomly assigned on each trial. Participants indicated their choice using the response box by selecting the arrow pointing to the image they thought was more likely to yield a gain in that block. The selected arrow was highlighted for 300 ms, which was followed by a jittered interval (500–5,500 ms) during which a blank screen with fixation was shown. Following this interval, the feedback for that trial appeared on the screen for 500 ms. Feedback could either be a loss of eight points or a gain of eight points, presented as “−8” or “+8” printed in an orange or blue square (100 × 100 pixels) for a duration of 500 ms. The combination of square color and gain/loss was counterbalanced over participants. If participants did not respond within 2,000 ms following the presentation of the image pair at the beginning of the trial, the text “No response” appeared on the screen, which was then followed by a loss of eight points. The feedback stimulus was followed by a jittered presentation (1,500 – 7,000 ms) of a blank screen with a fixation cross, before the next image-pair choice stimulus appeared. Participants were instructed to try to maximize their gains by learning which of the two images was more likely to lead to a gain on the trials of a block. They were also informed about the probabilities of winning after choosing the block-winner (62.5%) vs. winning after choosing the block-loser (37.5%). In addition, participants were informed before the experiment started that their total score would be converted into a monetary reward at the end of the study. After each block, a short summary was shown that indicated the points that had been earned in that block and the total number of points accumulated up to that point in the session.


[image: Figure 1]
FIGURE 1. Probabilistic learning task: on each trial an image pair of a house and a face were shown (left/right location randomized over trials), with the task to choose one or the other. After the arrow stimuli appeared, participants indicated their choice by selecting the appropriate arrow. Following a jittered interval, feedback as to whether they won or loss was presented. Each experimental block consisted of 20 of these trials, during which participants learned which of the two image types was more likely to lead to a gain in that block. The human image in this figure is one of the stimuli we used in our experiment, which is part of an image-dataset that is publicly available and free for academic use. The source of the image-dataset is: http://www2.ece.ohio-state.edu/~aleix/ARdatabase.html (Martinez and Benavente, 1998).





Procedure

Prior to the experimental session, participants filled out the Apathy Evaluation Scale (Marin et al., 1991; Reijnders et al., 2010), as varying degrees of apathy can affect reward processing, especially in older adults. None of the participants scored above the cut-off for clinically relevant apathetic symptoms (cut-off = 37/38; Max. AES-scoreyoung = 22; Max. AES-scoreold = 25), and the average apathy scores did not differ between the two age groups [average AES-scoreyoung = 16.1 (SD = 3.5); average AES-scoreold = 16.0 (SD = 4.6); t(41.1) = 0.1, p = 0.92]. Before entering the MRI scanner, participants received task instructions and practiced one block of the probabilistic learning task on a laptop. MRI acquisition started with a T1-weighted anatomical image, after which the participants performed a short classification task (which is not relevant for this paper), followed by two sessions of the probabilistic learning task, each consisting of five blocks. A short break was given between the two five-block sessions.



Behavioral Analysis

Behavioral analyses were performed using R (R Core Team, 2020). A mixed modeling approach was used to model two types of learning behavior (choosing the block winner and switching between stimulus categories) as a function of both trial position (1–20) and age group. All models included a random intercept per participant to account for individual variation in average learning performance and switch rate. A second-degree polynomial of trial number was added if it improved the model fit significantly to account for non-linear associations (which was the case for the learning rate model). A random slope for trial number per participant was found to improve the model fit of all models significantly and was therefore added to account for individual differences in learning rate and switch behavior. In addition, we also modeled switch behavior based on feedback history (effect of feedback on trialn−1 and trialn−2 on switch choice behavior on trialn), to assess the impact of feedback integration effects on switch behavior. Again, a random intercept per participant was added to account for individual variation in average feedback integration effects, and random slopes for feedback (trialn−1 and trialn−2) per participant were considered to account for individual differences in the impact of each feedback position. Lastly, in an exploratory analysis, switch behavior was modeled based on a combination of feedback (trialn−1), trial position in the block (1–20), age group, and learning rate, to examine whether the impact of feedback on switch behavior changed across the 20-trial block. In addition to the random intercept per participant to account for individual variation in switch behavior, two random slopes were added to account for individual differences in the impact of feedback on switch behavior and the impact of trial position on switch behavior.

Models were estimated using the lme4 and AFEX package in R (Bates et al., 2015; Singmann et al., 2020), using likelihood ratio tests for fitting. Model comparison was performed using the Akaike information criterion (AIC) (Akaike, 1973), with a delta AIC-threshold of 2 (lower value indicating a better model fit). Data was pulled over all blocks, and statistical tests were considered significant at p < 0.05. Less than one percent of the data consisted of no responses [mean (SD): 0.9% (1.1%); min: 0% max: 5%]; these trials were not included in the analysis. No-response trials, trials preceded by a no-response trial, and the first trial of each block were excluded from the switch analyses, as these could not be classified as a switch or no-switch trial.



MRI Acquisition

A high resolution T1-weighted anatomical image was collected using a 64-channel head coil. Functional data were acquired with an echo-planar imaging (EPI) sequence (TR = 1.25 s, TE = 30 ms, 60 axial slices, 2.0 × 2.0 × 3.0 mm voxel size).



MRI Analysis
 
Preprocessing

All MRI analyses were performed using SPM12 toolbox (http://www.fil.ion.ucl.ac.uk/spm/). Before preprocessing the data were checked for excessive movements that could not be corrected for. No participants were excluded from further analysis. Functional data were corrected for slice acquisition time, and realignment was applied to correct for head movements. Then the images were registered to the corresponding anatomical image, and all images were spatially normalized to the ICBM space template. The data were spatially smoothed using a 6 mm Gaussian kernel.



General Linear Model Analysis

Three general linear models (GLM's) were fitted on the individual subject data to examine different learning-related processes (feedback evaluation, feedback integration, and knowledge updating). For the feedback evaluation model, gain trials and loss trials were added to the design matrix as predictors of interest. On the individual subject level, beta-estimates were calculated for gains (ßgain) and losses (ßloss) that were subsequently used to compare the two age groups using second-level contrasts (e.g., Young ßgain – ßloss – Old ßgain – ßloss).

For the feedback integration model, four predictors were constructed based on the possible feedback combinations on the previous and current trial (e.g., gain-loss, loss-loss, etc.). The individual beta estimates of the different feedback sequences were used in second-level analyses to assess the effects of integration across trials. More specifically, we examined whether neural activation following feedback presentation of a loss or gain depended on whether it was preceded by a gain or loss on the previous trial. For example, neural differences identified when comparing gain-loss vs. loss-loss would be indicative of previous-trial feedback (gain vs. loss) impacting the processing of current loss feedback, which would imply feedback integration over trials. Similarly, we compared neural activity following a gain on the current trial depending on whether it was preceded by a gain or a loss (loss-gain vs. gain-gain). These effects were subsequently compared between the age groups [e.g., Young (ßgain−loss − ßloss−loss) − Old (ßgain−loss − ßloss−loss) and Young (ßloss−gain − ßgain−gain) − Old (ßloss−gain − ßgain−gain)].

Finally, to examine brain activation related to knowledge updating, two predictors reflecting switch and no-switch choice behavior on the next trial were constructed and added to the GLM model. The switch predictor contained all trials where the participants would switch their choice between stimulus types (i.e., choose face vs. choose house) on the next trial. The no-switch predictor consisted of all trials where the participant would choose the same stimulus type on the next trial. On the individual subject level, beta-estimates were calculated for switch trials (ßswitch) and no-switch trials (ßnoswitch), which were subsequently used in second-level analyses to assess group differences.

All models contained six movement covariates to account for head movements during the task, and all regressors were convolved with a canonical hemodynamic response function (HRF). The GLM analyses modeled the BOLD activity for a period of 2,000 ms starting at the moment of feedback presentation, based on previous EEG-work showing that the processes of feedback evaluation and knowledge updating last approximately this long (van den Berg et al., 2019). A high-pass filter with a 128-s time constant was used to remove low frequency drifts. All second-level contrasts were evaluated by whole-brain voxel-wise t-tests with a p-value threshold of 0.001 (uncorrected) and a minimal cluster-size of five voxels. Furthermore, FWE-corrections at the cluster level were applied (pFWE < 0.05).





RESULTS


Behavioral Results
 
Learning Rate

Analyses of task performance showed that the probability of choosing the block winner increased across the block for both young and older participants, indicating the ability to learn which stimulus was more likely to yield a gain within the block [χ2(2) = 151.75, p < 0.01] (Figure 2A). Post-hoc tests revealed that, at the start of the block (i.e., on the 1st trial), both younger and older participants chose the block winner around chance level (younger adults: p(chooseblockwinner) = 0.52 vs. older adults: p(chooseblockwinner) = 0.53; odds ratio = 0.06, SE = 0.21, n.s.). At the end of the block (i.e., on the 20th trial), the probability of choosing the block winner was higher in both age groups, but was higher in younger participants compared to older participants [p(chooseblockwinner) = 0.88 vs. p(chooseblockwinner) = 0.77, respectively; odds ratio = 0.80, SE = 2.06, p < 0.01], reflecting a higher learning level for the younger group.
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FIGURE 2. Learning rate data (lines depict the logistic model fit with a 95% CI in gray, raw data represented as separate points). (A) Probability of choosing the block winner on the different trials across the block for young and older adults; (B) estimated individual learning rates, gray diamonds represent the average learning rate per group.


On average, younger participants had a steeper learning curve than older adults [χ2(2) = 16.78, p < 0.01; average learning rateyoung = 0.11 (SD = 0.07); average learning rateold = 0.07 (SD = 0.07)]. However, we also observed large individual differences in learning rate (Figure 2B). Hence, to further investigate if differences in brain activity in subsequent analysis of the fMRI BOLD signal can be explained by general age-related differences or by differences in learning rate, we took into consideration learning rate as a potential confounding factor in these analyses.



Switch Behavior

Switch probability (i.e., choosing a different stimulus category [houses or faces] on the current trial than on the previous trial) decreased over the course of a 20-trial block [χ2(1) = 24.16, p < 0.01]. Although on average the older group switched more often than younger participants [mean number of switches (SD): young = 29 (19), old = 46 (26); χ2(1) = 8.52, p < 0.01], the decrease in switch probability over the block was not significantly different between the two age groups [χ2(1) = 0.18, n.s.]. When taking into account the individual differences in learning performance in the mixed model, we found that higher learning rates were associated with a lower average switch probability [χ2(1) = 12.40, p < 0.01]. These effects were found to be dependent on an interaction between age and trial number [Age × Trial number × Learning rate: χ2(1) = 6.52, p = 0.01]. Post-hoc testing showed that switch probability during the block was similar for young adults with low learning rates and older adults with high learning rates. Young adults with high learning rates had a lower switch probability compared to the other groups and older adults with low learning rates had significantly higher switch probabilities compared to the other three groups (Figure 3A).


[image: Figure 3]
FIGURE 3. Switch behavior [lines depict the logistic model fit with a 95% CI in gray, raw data (indicating the proportion of switch) are depicted as separate points]. (A) switch probability across the block for young and older participants with high and low learning rates (median split per age group); (B) switch probability per feedback sequence for young and older adults; (C) switch probability across the block per feedback type and age group.




Effects of Feedback Information

In a further analysis we examined whether switch behavior was modulated by feedback history. More specifically, we inspected the impact of feedback valence (gain or loss) on the probability to make a switch by taking into account in the model both feedback on the previous trial (feedbackn−1) and feedback on the trial before that (feedbackn−2). Switch probability was higher following a loss compared to a gain [Feedbackn−1: χ2(1) = 110.68, p < 0.01]. In addition, feedback on the trial two trials back also influenced the switch probability [Feedbackn−2: χ2(1) = 42.68, p < 0.01]; however, this effect was dependent on feedbackn−1 [Feedbackn−1 × Feedbackn−2: χ2(1) = 16.57, p < 0.01]. As reflected through post-hoc tests, the probability to make a switch was highest if both feedbackn−1 and feedbackn−2 were losses, and lowest after receiving two gains or a loss followed by a gain [p(switch)loss−loss = 0.36, p(switch)gain−loss = 0.18, p(switch)loss−gain = 0.08, p(switch)gain−gain = 0.06]. Feedback history effects were found not to differ between the two age groups in the model without the individual learning slopes [Feedbackn−2 × Feedbackn−1 × Age: χ2(1) = 0.02, n.s.] (Figure 3B), but the higher switch rate in older compared to young adults was more pronounced following a gain as compared to a loss [Age × Feedbackn−1, χ2(1) = 4.59, p = 0.03]. After adding individual learning slopes to the model, the age effects were no longer significant [main effect of Age: χ2(1) = 2.28, n.s.; Age × Feedbackn−1 interaction: χ2(1) = 2.98, n.s.]. Instead, learning rate was predictive of the switch probability, with higher learning rates being related to a lower overall switch probability [χ2(1) = 5.73, p = 0.02]. After accounting for individual learning slopes, no interactions between feedback history and age or learning rate remained.

Lastly, in addition to our planned analyses we examined whether the relation between feedback and switch probability changed over the course of the 20-trial block. An interaction was found [Feedbackn−1 × Trial position: χ2(1) = 3.85, p = 0.05], indicating that whereas the switch probability following a gain remained the same over the course of the block, switch probability following a loss decreased over the block (Figure 3C). This effect was found not to differ with age [Feedbackn−1 × Trial position × Age: χ2(1) = 2.95, n.s.] or learning rate [Feedbackn−1 × Trial position × Age: χ2(1) = 1.36, n.s.]. Hence, overall we found that older adults switched more compared to young adults, but we found no evidence for different learning behavior between the two groups.




fMRI Results
 
Feedback Evaluation

We found clusters with higher levels of BOLD activity following gains compared to losses throughout the brain, in frontal, parietal, temporal, occipital, and subcortical regions, in line with previous research (e.g., Cohen et al., 2008; Drueke et al., 2015; Andreou et al., 2017) (See Supplementary Table S1 for a full overview of clusters). Conversely, we also found a trend toward higher activity following a loss compared to a gain in a small part of the frontal operculum, a part of the superior frontal gyrus, and in a part of the supplementary motor area and middle and anterior cingulate cortex (more superior compared to the gain activity effect), areas previously reported as being more active following negative feedback (Cohen et al., 2008; Bischoff-Grethe et al., 2009; Amiez et al., 2016). In addition to the general effects of feedback valence, we also found differences in feedback-related BOLD activity between the two age groups (contrast: younggain>loss > oldgain>loss), especially in parts of the middle frontal gyrus, anterior cingulate cortex, and angular gyrus. The involvement of these areas in feedback evaluation (Cox et al., 2005; Cohen et al., 2008; Mies et al., 2011; Jahn et al., 2014; Lee and Kim, 2014; Drueke et al., 2015) and the diminished increase in activity following gains in older compared to younger adults observed here (Figure 4A), suggest that especially the processing of positive feedback is reduced with age. Although previous studies have reported a stronger ventral striatal response to positive feedback in older adults (Schott et al., 2007; Widmer et al., 2017), we did not find an effect of age in this area. In addition to the age effects, our results showed that activity following feedback was also different for participants with a low versus a high learning rate. More specifically, the difference between gains and losses was more pronounced for the participants with a high learning rate in three frontal lobe clusters covering areas related to executive functioning, such as the supplementary motor cortex, middle cingulate gyrus and the postcentral gyrus.
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FIGURE 4. fMRI results (p < 0.001 uncorrected voxel level, pFWE−cluster < 0.05) (A) Cluster covering the anterior cingulate cortex where the difference in brain activity between gains and losses was bigger in young compared to older participants. Bar graph was based on a 5 mm sphere ROI centered around the approximate center of the ACC cluster (MNI −4, 40, 8); (B) Clusters where the difference in BOLD activity preceding a switch on the next trial compared to a no-switch is bigger in young as compared to older participants. Bar graph is based on a 5 mm sphere ROI centered around the peak voxel in the left anterior cingulate gyrus (MNI −6, 28, 29).




Switch-Related Activity

In order to examine knowledge-updating effects, we compared levels of BOLD activity following feedback presentation on trials preceding a trial on which participants switched to the other stimulus category (switch trials), relative to trials preceding a no-switch trial. Of particular interest were the frontal and centro-pariatal brain areas, given that they are thought to be the origin of the LPC component linked to switch behavior by EEG research (Chase et al., 2011; San Martin et al., 2013). In the visualization (Figure 4B) we focused on the anterior cingulate cortex given its role in the processing of feedback and the updating of beliefs (Shenhav et al., 2013).

We found higher levels of activity preceding switch trials in frontal and parietal brain areas, the cerebellum, and the insular cortices (for a full overview of significant clusters see Supplementary Table S2). A direct comparison between the two age groups showed that switch-specific activity was more pronounced in young compared to older participants in three clusters, one covering parts of the anterior and middle cingulate cortex, the superior frontal gyrus, and the supplementary motor cortex, one covering parts of the precentral and postcentral gyrus, and one covering parts of the middle and superior frontal gyrus (Figure 4B). These results suggest enhanced knowledge updating in young adults prior to making a switch. Switch-related enhancement of activity was not observed in the older group, suggesting a less pronounced link between knowledge updating and choice behavior in this group. Besides the age-related effects, the increase in activity preceding switch compared to no-switch trials was found to be more pronounced in the group with high learning rates compared to low learning rates in parts of the middle frontal gyrus, medial superior frontal gyrus, and anterior cingulate cortex related to executive functioning.



Feedback History

The integration of feedback information over trials was examined by comparing neural activity following different feedback sequences to investigate if activity following current feedback depended on feedback on the previous trial (e.g., comparing a gain-loss sequence to a loss-loss one). Our results showed that neural activity after receiving gains and losses depended on the feedback received on the previous trial. When a gain was preceded by a loss as compared to a gain, more activity was found in areas related to reward processing, including the superior frontal gyrus, the supramarginal gyrus, and the anterior insula, suggesting that receiving negative feedback enhances reward processing of positive feedback on the next trial (see Supplementary Table S3 for full results). No significant clusters were found where activity was higher when the gain was preceded by a gain as compared to when it was preceded by a loss. With regard to receiving negative feedback, we found enhanced activity in the inferior temporal gyrus and fusiform gyrus when a loss was preceded by a gain compared to a loss. When a loss was preceded by another loss we found higher levels of activity in areas involved in feedback evaluation and decision making, including like the medial superior frontal gyrus and anterior insula, suggesting that receiving negative feedback enhances processing of the subsequent loss.

Taken together, these results suggest that feedback processing is impacted by preceding feedback, and especially by negative feedback. Direct group comparisons did not reveal any significant differences in the effect of feedback history between young and older participants. In participants with a high learning rate compared to a low learning rate, however, we did find a larger enhancement of activity in the right anterior insula and frontal operculum when a loss was preceded by another loss compared to a gain, suggesting a more prominent effect of previous feedback in participants with high learning rates when receiving negative feedback.





DISCUSSION

In this study, we aimed to elucidate age-related differences in the neural mechanisms underlying learning. Older and younger adults performed a probabilistic learning task in which they were asked to learn which one out of two stimulus types was more likely to lead to a gain. The behavioral results indicate that over the course of a block of 20 trials, participants increasingly chose the option that was more likely to yield a gain, showing that they were able to learn from the feedback. However, in line with previous research, we also found that older participants had more difficulty learning from the probabilistic feedback compared to young participants, as indicated by a lower learning rate (Mell et al., 2005; Hämmerer et al., 2011). This diminished performance in older adults coincided with altered choice behavior, as well as in differences in feedback evaluation and knowledge updating at the neural level.

In order to gain more insight in how differences in learning performance arise, it is valuable to examine the choice behavior leading up to this performance in more detail. During our task, participants were given feedback on each trial, and based on this information they could decide whether or not to switch their choice from one stimulus to the other on the next trial. Our results show that participants indeed used feedback information to adapt their choice behavior, switching more often following a loss compared to a gain. However, because of the probabilistic nature of the feedback, participants knew to expect a loss occasionally even when choosing the correct stimulus (i.e., block winner). Therefore, feedback information should not be used only at a trial level, but it should also be integrated over trials in order to learn which of the two choice options was more likely to be the block winner and to choose that option more and more often. In line with this, the probability to switch to the other stimulus was found to not only depend on the most recent feedback, but also on feedback history. Furthermore, switch behavior was shown to be related to learning performance, with the making of fewer switches in general being associated with a higher learning rate. Together these results indicate that switch choice behavior was guided by feedback information and linked to learning performance, underlining its relevance in the study of feedback related learning.

As feedback information was accumulated over the course of each 20-trial block, participants were expected to become more certain about which stimulus was the block winner and, as a result, become more consistent in their choices. This was reflected in the decreasing number of switches across the block, in combination with the increasing chance of choosing the block winner. At the same time, this growing bias toward choosing the block winner across the block can be expected to coincide with requiring more conflicting evidence before switching to the other stimulus. In other words, because of the probabilistic feedback, participants will be more likely to accept more losses when they are more convinced their choice is right. As certainty about the identity of the block winner is higher at the end of the block compared to the beginning, participants are expected to accept more losses at the end of the block before adapting their choice behavior. We indeed showed that switch probability following a loss decreased across the block, indicating that the information value of the feedback decreased as participants became more certain of the block winner. These results show how choice behavior was not only adapted based on feedback information received, but also as participants learned the right choice (e.g., with time on task).

Importantly, switch choice behavior and its modulation depended on age. First of all, older adults were found to switch more in general compared to younger adults, regardless of feedback valence or trial number within the block. One of the factors that might be related to this difference in switch tendency is the uncertainty of probabilistic feedback. It could be argued that older adults are less able to use relative uncertainty to guide learning (Nassar et al., 2016). Given that the value of feedback at the start of the 20-trial block is more uncertain compared to the end of the block when the participant has learned the stimulus reward associations, optimal use of uncertainty in the learning process would implicate a decreasing switch tendency following negative feedback across the block associated with the declining level of uncertainty. Suboptimal use of uncertainty in older adults would therefore imply a reduced adaptation of switch tendency across the block, which is not in line with our findings of a comparable modulation of the probability that participants shift between the choice options across the block in the two age groups following negative feedback, suggesting that the higher switch rate in older adults is most likely not driven by a less efficient use of uncertainty during learning. However, the higher general switch rate in older adults in combination with the fact that this higher tendency was more pronounced following positive compared to negative feedback, might also suggest that older adults adhere to a different learning strategy that results in alternative choice behavior and less successful learning. Our findings are in line with findings of Hämmerer et al. (2011), who also reported a larger age-related difference in switch rate following positive feedback. They argued that this suggests that switch choice behavior is affected less strongly by positive feedback in older compared to younger adults, meaning that that older adults learn less from positive feedback compared to negative feedback. Taken together, our results suggest that age impacts learning-related behavior at the trial level, both with regard to the magnitude of switch choice tendency and how it is affected by feedback valence.

In line with the fact that the influence of positive feedback on subsequent choice behavior was different between the two age groups, our fMRI analysis showed age-related differences related to the processing of positive feedback. More specifically, we found that even though neural activity levels following gains were higher compared to losses in both age groups, older adults demonstrated a less differential BOLD response to gains and losses in brain areas that have been associated with, amongst other things, feedback evaluation (e.g., ACC, Alexander and Brown, 2011; Neubert et al., 2015; Kolling et al., 2016; Bradley et al., 2017; Wiseman et al., 2018). ROI visualizations indicate that this smaller differential response to gains and losses was due to a diminished neural response to positive feedback (i.e., because BOLD activity increased less compared to baseline following positive feedback in the older adults, the activity levels following gains and losses were more similar in this group). A less differential neural response to feedback valence in older adults has also been reported in EEG-studies in which smaller differences in the feedback related negativity (FRN) component were found (Mathewson et al., 2008; Hämmerer et al., 2011), which has been argued to reflect a reduced ability to discriminate feedback valence in light of the task goal (Hämmerer et al., 2011). Our results show that age effects were specifically driven by a smaller increase in activity in brain areas following positive feedback in older compared to younger adults. In combination with our behavioral results, this suggests that positive feedback is processed differently in the older group, potentially altering its contribution to the learning process, and resulting in a diminished ability to make optimal behavioral changes. We did not replicate previous findings of a stronger ventral striatal response to the rewarding feedback in older as compared to younger adults (Schott et al., 2007; Widmer et al., 2017), which might be related to differences in task characteristics between our study and previous research. In the probabilistic learning task that we used, participants had to continuously learn which stimulus type was associated with a higher chance of winning, while the stimulus-reward associations in these previous studies were known beforehand, thereby reducing the degree of uncertainty in a task. This difference might have an impact on the information value of feedback information and the influences of feedback on subsequent behavior.

When comparing neural activity related to the different feedback sequences, higher levels of activity were found in the inferior temporal gyrus and fusiform gyrus when negative feedback was preceded by positive versus negative feedback. As these brain areas have been associated with the processing of faces and houses, it could be that these results reflect cortical (re)activation of stimulus processing areas as part of establishing, updating and storage of stimulus-reward associations, as we reported earlier in van den Berg et al. (2019). However, our dataset does not lend itself for a more detailed analysis of this effect, and thus this interpretation remains speculative and would need to be confirmed by future research.

In addition to feedback evaluation, we examined the neural processes related to switch choice behavior in order to investigate potential age-related differences in knowledge updating. Previous EEG-research showed that making a switch on the next trial was accompanied by a larger Late Positive Complex (LPC) component from 300 to 600 ms post feedback stimulus, which was thought to reflect enhanced brain activity in frontal and centro-parietal brain areas prior to a switch (Fischer and Ullsperger, 2013; San Martin et al., 2013). One of the potentially contributing brain areas of particular interest is the anterior cingulate cortex (ACC), which is thought to be serving as a central hub in the allocation of cognitive control and is involved in processing of feedback and updating of beliefs (Shenhav et al., 2013).

In line with the EEG-studies (Chase et al., 2011; San Martin et al., 2013; Correa et al., 2018), our results indeed showed increased activity in the ACC following feedback presentation on the trial prior to a switch in young adults, which might reflect increased levels of knowledge updating prior to behavioral adjustment. In older adults, however, no evidence was found for increased ACC activity on the trial prior to a switch, suggesting that updating of knowledge was less effective in this group. Based on the results of the present study, we cannot be certain whether the equivalent levels of switch- and no-switch related neural activity in older adults specifically reflected relatively diminished knowledge updating prior to a behavioral switch or relatively enhanced knowledge updating prior to not switching in comparison to young adults. In addition, as switch choice behavior is inherently linked to feedback valence (higher switch tendencies following negative compared to positive feedback), and fMRI has limited temporal resolution, distinguishing between feedback evaluation and knowledge updating processes is limited with this method. The low temporal resolution of fMRI does not allow us to temporally distinguish processes related to feedback evaluation feedback integration and knowledge updating, thus restricting us to interpreting our results based on the specific contrasts showing the differences in activation. This however does not guarantee that the activation patterns are exclusive for these processes. Nevertheless, the distinct spatial locations of the reported feedback-evaluation and knowledge-updating effects, corresponding to diminished brain activity in feedback-evaluation areas following positive feedback in older adults, and a less prominent increase of activity in areas involved in the updating of beliefs prior to adaptations in choice behavior in this group, seem to indicate that age impacts both feedback processing and knowledge updating during learning.

In conclusion, successful learning requires the evaluation of feedback, updating of knowledge, and adaptation of behavior. We provided evidence showing that diminished learning performance in older adults corresponded with making more switch choices. In addition, older adults were shown to process positive feedback to a lesser extend compared to young adults, which might have led to the reduced knowledge updating we found in this group. Together our findings showed how learning-related processes are impacted by age both at the behavioral and neural levels, and how different feedback-evaluation processes could lead to reduced learning performance across trials.
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Background: There is increasing evidence to support the efficacy of transcranial direct current stimulation (tDCS) applications in cognitive augmentation and rehabilitation. Neuromodulation achieved with tDCS may further regulate regional cerebral perfusion affiliated through the neurovascular unit; however, components of cerebral perfusion decrease across aging. A novel neuroimaging approach, functional near-infrared spectroscopy (fNIRS), can aid in quantifying these regional perfusional changes. To date, the interaction of the effects of tDCS on cognitive performance across the lifespan and obtained fNIRS hemodynamic responses remain unknown.

Objective: This review aims to examine the effects of tDCS on cognitive performance and fNIRS hemodynamic responses within the context of cognitive aging.

Methods: Six databases were searched for studies. Quality appraisal and data extraction were conducted by two independent reviewers. Meta-analysis was carried out to determine overall and subgroup effect sizes.

Results: Eight studies met inclusion criteria. The overall effect size demonstrates that tDCS can alter cognitive performance and fNIRS signals, with aging being a potential intermediary in tDCS efficacy.

Conclusion: From the studies included, the effects of tDCS on cognitive performance and fNIRS metrics are most prominent in young healthy adults and appear to become less robust with increasing age. Given the small number of studies included in this review further investigation is recommended.

Keywords: cognition, transcranial direct current stimulation (tDCS), functional near infrared spectroscopy (fNIRS), aging, cerebral perfusion, cerebral hemodynamic functional response


INTRODUCTION

Interventions to enhance cognitive functioning are increasingly being used as a potential avenue to combat the effects of dementia and age-related cognitive decline. These range from behavioral training programs to non-invasive brain stimulation (Butler et al., 2018; Song et al., 2018; Zhang et al., 2019; Chou et al., 2020). Transcranial direct current stimulation (tDCS), one type of non-invasive brain stimulation, involves the application of a low-dose electrical current across the brain. tDCS is often paired with behavioral training protocols and is hypothesized to alter the efficacy of training-induced cognitive performance. Increasing evidence suggests that tDCS acts beyond neuronal structures and may modulate cerebral perfusion (Stagg et al., 2013). The relationships between the mechanisms of cognition, cerebral perfusion, and neuronal activity remain poorly understood, especially when considering healthy and pathological cognitive aging. With the use of functional near-infrared spectroscopy (fNIRS) to measure key factors in perfusion, as well as cognitive performance metrics, the impact of aging on these mechanisms can be explored. The purpose of this systematic review is to begin to explore the effects of tDCS on cognitive performance and fNIRS signals, with an emphasis on how these may differ across age.


Non-invasive Electrical Brain Stimulation

Among available transcranial electrical current stimulation modalities, tDCS, and transcranial alternating current stimulation (tACS) are the most commonly reported techniques within the literature (Polanía et al., 2018). Direct current (DC) stimulation is utilized in tDCS, compared to an oscillating sinusoidal-current at a set frequency used in tACS. The physiological effects of tACS neuromodulation are thought to target specific neuronal frequency bands (Polanía et al., 2018), compared to neural polarity modulation involving voltage-dependent ion channels in tDCS (Nitsche et al., 2003). These differences in electrical properties may result in different neurophysiological responses. In this review, we focus on the cognitive and cerebral perfusion effects of tDCS, in combined tDCS and fNIRS protocols.



Transcranial Direct Current Stimulation

Transcranial direct current stimulation (tDCS) is one form of non-invasive brain stimulation that has been used in numerous healthy and clinical populations (Meinzer et al., 2015; Prehn and Flöel, 2015; Smith et al., 2015; Cappon et al., 2016; Berryhill and Martin, 2018; Ke et al., 2019; Martinotti et al., 2019; Matar et al., 2020). Low-dose direct current applied to the brain is thought to modulate resting membrane threshold with application-dependent stimulation montages producing a differential increase or decrease in neuronal excitability (Nitsche and Paulus, 2000, 2001; Paulus, 2011; Stagg and Nitsche, 2011). The effects of tDCS are often examined using behavioral task metrics but reported results have been variable (Prehn and Flöel, 2015; Cappon et al., 2016; Woods et al., 2018; Rose et al., 2020).

Neuronal modulation induced by tDCS works in a summative fashion across neurons. Anodal tDCS is believed to invoke hypopolarization without reaching the depolarization threshold, whereas cathodal stimulation is thought to further shift the neuron into a hyperpolarized state (Stagg and Nitsche, 2011). These effects have proven beneficial in cognitive studies across aging and clinical populations; anodal tDCS has been demonstrated to increase performance on working memory (Ohn et al., 2008), cognitive control (Boudewyn et al., 2020), and language (Flöel et al., 2008). In contrast, cathodal stimulation has been demonstrated to decrease cognitive control (Wolkenstein et al., 2014). Thus, the potential clinical utility of tDCS targeting cognitive augmentation in aging and in cognitive disorders such as Mild Cognitive Impairment (MCI) may be of significant value.

tDCS can be easily paired with other treatment modalities, including cognitive rehabilitation protocols. For instance, researchers have reported that anodal-tDCS paired with cognitive training in young adults resulted in higher performance on a working memory task compared to the sham condition (Ke et al., 2019). Although these findings are promising, wide variability in terms of results and effect sizes exists within the tDCS literature. Numerous methodological variables including tDCS dosage, location, and length of stimulation, as well as population parameters such as age, education, and health status, may impact reported results. Overall, a consensus seems to be emerging that there is no clear advantage of adding tDCS to cognitive protocols (Cruz Gonzalez et al., 2018). Even with this uncertainty, the use of tDCS has been demonstrated to increase regional blood flow in those receiving tDCS paired with cognitive training (Das et al., 2019). Therefore, tDCS may potentially evoke other physiological and neurological mechanisms beyond behavioral responses.

Working memory is a cognitive function, which has been shown to be affected by age-related changes (Dickstein et al., 2013). In turn, aging may impact the efficacy of tDCS during working memory tasks. In a meta-analysis specifically examining the effects of tDCS on working memory in healthy young adults, no significant differences in performance were reported (Mancuso et al., 2016). However, when tDCS was paired with cognitive training, a small yet significant effect size was observed on working memory performance (Mancuso et al., 2016). A separate study investigating the effects of tDCS on working memory in older adults reported increased functional connectivity in the group receiving active anodal stimulation compared to the sham stimulation group during an n-back task (Nissim et al., 2019). Despite the increase in functional connectivity in the anodal group, no significant differences in performance were noted on the n-back task (Nissim et al., 2019).

Age and disease status may play a pivotal role in tDCS outcomes, including aging-related cognitive disorders. A meta-analysis conducted by Hsu et al. (2015) examined the effects of non-invasive brain stimulation, including tDCS, on cognitive function in healthy older adults and those with Alzheimer's dementia. A small effect size was reported in healthy older adults, and a large effect size was found in older adults with Alzheimer's (Hsu et al., 2015). Similar results in healthy older adults were reported by Summers et al. (2016) with a moderate effect size. When examining effect sizes obtained across studies, there appears to be a trend of tDCS augmenting performance to a greater degree in those with lower cognitive functioning. That is, older adults with cognitive impairment seem to receive a greater benefit than healthy older adults, who in turn receive a greater benefit than young healthy adults (Hsu et al., 2015; Mancuso et al., 2016; Summers et al., 2016; Nissim et al., 2019). This finding should be interpreted with caution, however, as methodological and population variability is present across studies included within the published literature.



Cerebrovascular Perfusion Changes Across Aging and tDCS Considerations

In addition to neuro-cognitive modulation, tDCS may invoke cerebroperfusional modulation associated with cortical hemodynamic functions (Zheng et al., 2011; Takai et al., 2016; Quinn et al., 2020). However, the interaction between tDCS induced effects on cognition and cerebral perfusion across aging remains widely unknown. Post-tDCS cerebral perfusion changes have been measured using neuroimaging techniques such as functional magnetic resonance imaging (fMRI) (Antal et al., 2011) and functional near-infrared spectroscopy (fNIRS) (Patel et al., 2020). Widespread decreases in cerebral perfusion after cathodal and anodal tDCS have been reported using arterial spin labeling (Stagg et al., 2013). Furthermore, regional decreases in blood-oxygen-level-dependent signals have been reported beyond, but not within, the region of stimulation (Antal et al., 2011). Regarding fNIRS, significant interindividual and methodological variability on reported tDCS effects exists in tDCS-fNIRS study designs (Patel et al., 2020). However, increases in cortical activation are reported during resting state; interestingly, a decreased level of cortical activation has also been reported during online tasks (Patel et al., 2020).

Changes in cerebral blood flow and cerebrovascular structure such as plaque formation, rarefaction, and vascular-wall connectivity appear to be aging dependent [see Sonntag et al. (2019) for an overview]. Moreover, disorders impacting both systemic and cerebral vasculature are associated with pathological age-related cognitive decline (Gasecki et al., 2013; Hardigan et al., 2016; Iadecola and Gottesman, 2019). Current evidence suggests a decrease in cerebral blood flow occurs in individuals with MCI beyond the extent of normal cognitive aging (De Eulate et al., 2017; Leeuwis et al., 2018; McKetton et al., 2019; Kim et al., 2020), yet it remains unclear whether this is an accompanying or a causal factor. Consequently, normal and pathological vascular changes may impact tDCS-evoked neuromodulation and cerebral perfusion modulation in older adults relative to young adults. Ultimately, when considering the potential effects of tDCS on cognitive performance and cerebral perfusion, different responses may occur across age and disease status.

It is important to consider structures and mechanisms beyond the neuron and their potential impacts on cognition, such as the neurovascular unit. The neurovascular unit comprises a dynamic interaction between the neuron, vasculature, and glial cells (Iadecola, 2004); the mechanism in which tDCS directly acts upon the neurovascular unit beyond the neuron itself remains unclear. Applied stimulation appears to alter vessel diameter to accommodate for the regional increase in neuronal metabolism (Iadecola et al., 1997). tDCS may also alter astrocytic mediated responses resulting in downstream vascular responses (LeMaistre Stobart et al., 2013). tDCS induced perfusional modulation occurs across cortical and subcortical structures (Stagg et al., 2013). Thus, perfusion changes may underlie behavioral-induced tDCS effects (Stagg et al., 2013), potentially through neurovascular coupling.

Investigating the interaction of cerebral perfusion and cognition, total cerebral blood flow appears to decrease across healthy aging. In an investigation of cerebral perfusion and cognitive aging, Catchlove et al. (2018) report a cerebral blood flow difference of roughly 84.15 mL min−1 between the younger and older adult groups. Interestingly, the investigators reported an interaction between total cerebral blood flow and attention in older adults, but not in younger adults. This interaction between cognitive performance and cerebral blood flow in older adults demonstrates an unexpected inverse relationship, with increased performance associated with a decrease in cerebral blood flow, potentially suggesting higher neural efficiency mechanisms (Catchlove et al., 2018).

There appears to be a trend toward declining cerebral blood flow in older adults with pathological cognitive impairment. Kitagawa et al. (2009) report a statistically significant lower cerebral blood volume in older adults with cognitive impairment compared to cognitively healthy age-matched controls. In addition to certain subcortical structures, significant differences in frontal, temporal, parietal, and occipital cortices were all present between groups differing in cognitive status (Kitagawa et al., 2009). Similarly, significantly lower cerebral blood flow was reported in older adults with Alzheimer's dementia compared to those with subjective cognitive impairment (Leijenaar et al., 2017).

Again, a general trend may be arising from the literature, suggesting that the greatest tDCS modulation of cerebral blood flow occurs in healthy young adults, followed by healthy older adults, and finally older adults with cognitive impairment. Note, this is in the opposite direction of the previously hypothesized trend of tDCS impacting behavioral performance to a greater degree in those with cognitive impairments. To summarize, the neurophysiological mechanisms of tDCS may act downstream on the neurovascular unit. When tDCS is applied, both neuronal and perfusional modulation occurs. As vasodilation results in a localized influx of blood, these perfusional changes may be quantified using fNIRS.



Functional Near-Infrared Spectroscopy

fNIRS is a novel functional neuroimaging technique that utilizes near-infrared light to measure hemoglobin chromophores (oxyhemoglobin; HbO, deoxyhemoglobin; HbR, and total hemoglobin; HbT) (Wilcox and Biondi, 2015). Concentrations of each chromophore can be calculated by applying the measured optical properties in a modified Beer-Lambert equation (Wilcox and Biondi, 2015). Under normal circumstances, cortical activation increases oxyhemoglobin concentration with an associated decrease in deoxyhemoglobin concentration (Wilcox and Biondi, 2015). These concentrations can quantify local perfusion changes within the first few centimeters of the brain cortex and has been previously correlated with fMRI BOLD signals (Huppert et al., 2006). fNIRS has been used increasingly within cognitive neuroscience research, and signal responses are sensitive to both cognitive load and cognitive state (Fishburn et al., 2014). As fNIRS primarily measures the superficial cerebral structures composed of gray matter (Quaresima et al., 2005; Bigio and Fantini, 2016) it can be a useful neuroimaging tool for examining the effects of tDCS.

fNIRS has several advantages over other neuroimaging methods. fNIRS devices tend to be more cost-efficient than an fMRI or EEG, user-friendly, and increasingly portable (with lightweight wireless options that can pair over Bluetooth). fNIRS is advantageous in that it can control for movement and be applied to individuals who have contraindications for MRI (Obrig, 2014; Almajidy et al., 2020), and may be better tolerated by older adults (Stephens and Berryhill, 2016). While the temporal resolution is significantly higher than fMRI, spatial resolution is limited to the superficial layers of the cortex (Obrig, 2014; Almajidy et al., 2020). Given this expanding area of research, further discussion regarding the utility of fNIRS in cognitive paradigms as a function of aging is required.



Purpose

Previous studies have successfully utilized fMRI with tDCS during cognitive tasks, though only a handful have implemented fNIRS with tDCS [see Patel et al. (2020) for a review]. As methodological and perfusional considerations differ between fNIRS protocols and other types of neuroimaging, this study will solely review tDCS-fNIRS protocols targeting cognition. Specifically, the purpose of this systematic review is to explore the neuromodulatory effects of tDCS delivery on cognitive performance and oxygen hemodynamics. Furthermore, the variable of age will be explored across reported metrics. The proposed research questions are as follows:

1. Does tDCS alter cognitive performance and regional oxygenation during cognitive tasks as measured by fNIRS?

2. Does aging impact the efficacy of tDCS on cognitive performance and fNIRS signals?

Based on the literature, it is hypothesized that tDCS effects on cognitive performance will be greater in older adults compared to younger adults. Regarding fNIRS metrics, we hypothesize young adults will experience greater perfusional change than older adults due to decreasing cerebral blood flow rates in aging.




METHODS


Search Strategy

Electronic searches were conducted using the following databases: CINAHL, Embase, Medline, PsychInfo, Pubmed, Scopus, and Web of Science using Boolean operators in consultation with a research librarian. Search terms included (transcranial direct current stimulation OR tDCS) AND (near-infrared spectroscopy OR functional near-infrared spectroscopy OR fNIRS). This search method resulted in all available tDCS and fNIRS articles; cognitive-orientated studies were then manually extracted. Database searches were conducted on February 19, 2020, and updated on December 27, 2020. No date restrictions were placed on the literature search. Compiled results were imported into Covidence (Covidence Systematic Review Software, Veritas Health Innovation, Melbourne, Australia), where inclusion and exclusion criteria were applied.



Inclusion and Exclusion Criteria

Full-text journal articles published in English were included if they applied tDCS (either concurrent or sequential) and fNIRS to a cognitive paradigm. Non-cognitive study protocols (such as motor function) and review articles were excluded. Further, articles were included if they reported baseline and post-tDCS stimulation metrics on both cognitive performance and recorded fNIRS signals. To compare the efficacy of tDCS, studies were included if they reported a control (sham) and treatment group, or a crossover design study. No restrictions were placed on tDCS type, duration, current intensity, or time of stimulation. Other non-invasive brain stimulation methods such as transcranial magnetic stimulation and transcranial alternating current stimulation were excluded as physiological effects may differ from tDCS. Within this review focusing on cognition, articles reporting healthy adults, or older adults with MCI or dementia were included, with no boundaries on age limits. All other medical diagnoses and mental health disorders were excluded. If studies reported additional metrics in addition to a cognitive paradigm, only the reported interaction between tDCS on performance and fNIRS recordings within the context of the cognitive domain was included within the analysis.



Quality Assessment

Each article was reviewed and underwent quality appraisal by two independent reviewers. Six articles were found in the initial search, and two additional articles were included in the updated literature search. Appraisal checklists were selected according to study design using The Joanna Briggs Institute Critical Appraisal Checklist for Randomized Controlled Trials (Joanna Briggs Institute, 2017) or the Ding et al. (2015) checklist for crossover design. Traditional quality appraisal tools may bias crossover research designs, hence to minimize bias, the proposed checklist outlined in Ding et al. (2015) was applied. Quality assessment tools for other study designs were not required for the final selection of articles due to a relative homogeneity in study designs. Discrepancies in the quality assessment were discussed and resolved. Scores were assigned to each study according to checklist criteria to allow for comparison. Fleiss's kappa was calculated in SPSS Version 26 (IBM Corporation, Armonk, NY, USA) to determine the initial inter-reliability between the reviewers.



Meta-Analysis

Appropriate statistical values for effect size calculations (including: means, medians, standard deviations, standard errors, p-values, F-Values, and regression coefficients) in addition to sample sizes were extracted from the identified articles. Data was extrapolated from reported figures when necessary. Cohen's d effect sizes were calculated for the changes in cognitive performance and fNIRS signals reported within each study. If regression-based beta-estimates were reported without an r value, an estimated r value was calculated using the criteria outlined by Peterson and Brown (Peterson and Brown, 2005). This imputed r value was then utilized within the conventional effect size analysis outlined by Cohen (Cohen, 1988). Effect sizes were interpreted as: small (d = 0.2), medium (d = 0.5), and large (d = 0.8).

These effect sizes were then imported into Stata (Version 16; StataCorp, College Station, TX, USA) to further process and run the meta-analysis. To investigate the variable of age, a subgroup meta-analysis was performed. A random-effects model using restricted maximum likelihood was utilized to conduct the meta-analysis. REML minimizes bias while reducing mean squared error compared to other meta-analysis approaches (Langan et al., 2019). It should be noted that with the small number of studies present with varying protocols, a high level of heterogeneity is suspected. We will report overall heterogeneity I2 statistics, however, REML derived point-heterogeneity in limited meta-analysis sample sizes should be interpreted with caution and reported with confidence intervals (Von Hippel, 2015; Langan et al., 2019).




RESULTS


Study Selection

Of the 302 references identified during the initial database search, 196 duplicates were removed. 106 studies were screened, 29 of which underwent full-text review. Twenty-one articles were excluded for the following reasons: lacking a cognitive protocol (n = 9), wrong patient population of interest (n = 4), not an empirical research study (n = 4), lacking a fNIRS protocol (n = 2), lacking application of tDCS (n = 1), and lacking cognitive task measures with fNIRS (n = 1) resulting in eight studies suitable to be included within the review (Jones et al., 2015; Choe et al., 2016; Ehlis et al., 2016; Stephens and Berryhill, 2016; Herrmann et al., 2017; Borragán et al., 2018; Di Rosa et al., 2019; McKendrick et al., 2020). Please refer to the PRISMA diagram in Figure 1 for details. Table 1 describes the participant demographics across all included studies.


[image: Figure 1]
FIGURE 1. PRISMA flow diagram.



Table 1. Characteristics of participants.

[image: Table 1]



Quality Assessment

Quality scores ranged widely depending on the appraisal tool used. Four articles were appraised using the Ding et al. (2015) crossover study checklist, and each had a total score of 3/9, though the scoring of individual items varied (see Table 2) (Jones et al., 2015; Ehlis et al., 2016; Borragán et al., 2018; Di Rosa et al., 2019). Four articles were appraised using the JBI Critical Appraisal Checklist for Randomized Controlled Trials (Joanna Briggs Institute, 2017) with a mean score of 10/13 (Choe et al., 2016; Stephens and Berryhill, 2016; Herrmann et al., 2017; McKendrick et al., 2020). The mean quality percent score of all articles was 57.5% with a range of 33.3–84.6%. Descriptions of the individual items and corresponding scores are described in Tables 2, 3. Inter-rater reliability was considered strong with a Fleiss' κ of 0.851.


Table 2. Quality assessment—crossover studies.
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Table 3. Quality assessment—randomized control trials.
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Impact of tDCS on Cognitive Task Outcomes

All eight studies reviewed investigated anodal tDCS compared to sham stimulation, with two of these studies also including a cathodal tDCS stimulation condition (Ehlis et al., 2016; Herrmann et al., 2017). Only two articles reported an increase in immediate cognitive performance (Di Rosa et al., 2019; McKendrick et al., 2020). A third study reported no increase in cognitive performance, however, an increase in an untrained task at 1-month follow-up was evident, dependent on dose (i.e., the greatest increase in those receiving 2 mA, followed by 1 mA, compared to sham) (Stephens and Berryhill, 2016). There were no reported effects of tDCS on verbal fluency task performance. The two studies which included older adult participants (Stephens and Berryhill, 2016; Di Rosa et al., 2019) both reported improvements in cognitive performance. Only one of the six studies with young adult participants reported an increase in accuracy and precision on a spatial memory task (McKendrick et al., 2020). tDCS parameters and cognitive effects are presented in Table 4.


Table 4. tDCS parameters and effects on cognition.

[image: Table 4]

All eight studies were eligible to be included in the cognitive performance meta-analysis. A moderate level of overall heterogeneity was observed [I2 = 50.43%, [image: image] = 19.06, p =0.01]. An overall effect size for tDCS effects on cognitive performance of d = 0.26 (95% CI: −0.03 to 0.55, p = 0.077) was obtained. A non-significant trend-wise decrease in the effects of tDCS on cognition was seen in the pooled effect sizes of tDCS as age increased. Figure 2 provides a summary of the calculated tDCS effect sizes on cognitive performance.


[image: Figure 2]
FIGURE 2. tDCS effects on cognitive performance by age.




Impact of tDCS on fNIRS Outcomes

Studies differed in reported fNIRS measures (HbO, HbR, HbT, and calculated oxygenation metrics). Within the context of a cognitive task, three studies reported no effects of anodal tDCS on HbO (Choe et al., 2016; Stephens and Berryhill, 2016; Herrmann et al., 2017). Three studies reported an increase in HbO signals following anodal tDCS (Jones et al., 2015; Ehlis et al., 2016; Di Rosa et al., 2019), one study reported a trend-wise decrease in HbO signals following cathodal stimulation (Ehlis et al., 2016), and another study reported no cathodal tDCS effects (Herrmann et al., 2017). When considering HbR, one study reported an increase in HbR concentration within the frontotemporal cortex following anodal stimulation (Herrmann et al., 2017). Hemispheric differences were reported in two studies (Borragán et al., 2018; Di Rosa et al., 2019). Lastly, when examining oxygenation-derived values from HbO and HbR signals, two articles report decreases in regional oxygenation hemodynamic responses with anodal stimulation compared to sham (Borragán et al., 2018; McKendrick et al., 2020), fNIRS parameters are highlighted in Table 5 below.


Table 5. fNIRS parameters.
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All eight articles were eligible for inclusion within the fNIRS meta-analysis. A moderate level of heterogeneity remained present when examining the overall effects of tDCS on obtained fNIRS signals [I2 = 44.63%, [image: image] = 13.71, p = 0.09]. Effect sizes were calculated, however consideration of the signal directionality (i.e., if the effect size corresponds to an increase or decrease of an fNIRS signal) in the overall meta-analysis model was not taken into account. An overall effect size of d = 0.63 (95% CI: 0.32–0.94, p < 0.001) was obtained. Further, a statistically significant effect size of d = 0.82 (95% CI: 0.48–1.16, p < 0.001) was present in young adults, whereas non-significant effect sizes of 0.48 (95% CI: −0.47 to 1.43) and 0.53 (95% CI: −0.28 to 1.34) were determined in the middle-aged adult and older-aged adult groups, respectively. Figure 3 provides a forest plot of the included studies and their respective calculated effect sizes.


[image: Figure 3]
FIGURE 3. Effect of tDCS on cortical activation measured with fNIRS.





DISCUSSION

In this systematic review, we explored the effects of tDCS on cognitive performance and fNIRS-based hemodynamics. A secondary question explored how these measures are affected by aging. The studies reviewed included RCTs (n = 4) and within-subject crossover designs (n = 4). Four studies included young adults (mean age <25) (Jones et al., 2015; Herrmann et al., 2017; Borragán et al., 2018; McKendrick et al., 2020), two included older adults (mean age > 65 years old) (Stephens and Berryhill, 2016; Di Rosa et al., 2019), one included middle-aged adults (mean age between 25 and 38 years old) (Choe et al., 2016), and one study had both a young-adult and middle-adult group as participants (Ehlis et al., 2016). Based on the studies included in this review, tDCS does have an impact on cognitive performance and cerebral hemodynamics, as measured by fNIRS metrics. Further, as expected, aging processes appeared to alter the effectiveness of tDCS applications.

Five studies, all of which included young adults, reported no cognitive performance gains following anodal stimulation when compared to sham. Interestingly, in the subgroup meta-analysis, the pooled effect size was greatest in young adults under the age of 25 (d = 0.48), followed by middle-aged adults aged 25–38 (d = 0.37), and older adults over 65 (d = 0.13). This trend was in the opposite direction from our initial hypothesis, which was based on previous reports of tDCS effects being greater in studies with older or cognitively impaired participants (Hsu et al., 2015; Summers et al., 2016; Ke et al., 2019; Nissim et al., 2019). Nonetheless, there are other reports of aging-related resistance to tDCS effects. For instance, Leach et al. (2019) reported tDCS-evoked cognitive gains in associative memory in young adults, which was absent in older adults in the same study. This is further in line with a previous tDCS meta-analysis specific to older adults, where no significant gains were reported in any cognitive domain (Horvath et al., 2015). Yet others have proposed that factors such as baseline performance or education level, as opposed to age, may modulate tDCS efficacy in older adults (Berryhill and Jones, 2012; Learmonth et al., 2015). Clearly, this is an area that warrants further study, and may even require tDCS protocols that are adapted to address the structural and neuroanatomical changes associated with aging brains (Habich et al., 2020).

For the purposes of the specific questions in this review, we included studies that explored the effect of tDCS on some aspect of cognition. Undoubtedly, there was much variability in the cognitive tasks used in the studies, including verbal fluency tasks (n = 2) (Ehlis et al., 2016; Herrmann et al., 2017), spatial memory tasks (n = 1) (McKendrick et al., 2020), and working memory tasks (n = 5) (Jones et al., 2015; Choe et al., 2016; Stephens and Berryhill, 2016; Borragán et al., 2018; Di Rosa et al., 2019). Within this latter category, there was a large amount of procedural variability. One WM task was a modification of the n-back task called T-load D-back, which incorporates both the n-back and a number decision task into one process (Borragán et al., 2018). Another was a novel visuospatial task that required both identification and location memory of pictures and letters (Di Rosa et al., 2019). A third study utilized an operation span task while another conducted a battery of n-back and letter span tasks (Jones et al., 2015). This heterogeneity in the behavioral assessment of WM introduces a potential reason/confound for the variability of tDCS effects. Though not within the scope of this review, two of the included studies further assessed the role of motivation on tDCS efficacy, both of which found that higher motivation via financial incentive augmented behavioral performance to a greater extent in anodal tDCS groups (Jones et al., 2015; Di Rosa et al., 2019). Further, one tDCS and fNIRS study examined additional variables related to flight simulation, however only the cognitive component was included in this review (Choe et al., 2016). It is possible the variation in effect sizes reported in this review is reflective of the differences in cognitive tasks used across the various studies.

The majority of articles reviewed utilized a working memory paradigm as the cognitive measure. The impact of tDCS on enhancing working memory task performance in younger adults has previously been reported (Katsoulaki et al., 2017). However, tDCS effect sizes within the cognitive domain of working memory also appear to differ across adulthood, and in older adults with mild cognitive impairment or dementia (Hsu et al., 2015; Mancuso et al., 2016; Stephens and Berryhill, 2016; Summers et al., 2016; Di Rosa et al., 2019). Although our search did not yield any studies of tDCS and fNIRS in individuals with cognitive impairments, this is a population in which further study could be illuminative of the impact of tDCS on cognitive performance and cerebral perfusion. Future investigations based on theoretical models of cognitive aging, such as the Hemispheric-Asymmetry Reduction in Older Adults (HAROLD) (Cabeza, 2002), Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) (Reuter-Lorenz and Cappell, 2008), and the Scaffolding Theory of Aging and Cognition (STAC) (Park and Reuter-Lorenz, 2009) may provide useful frameworks for further inquiry.

The studies reviewed lacked a standardized metric of cerebral oxygenation, reflected in the variety of fNIRS signals reported (Table 5). Even within studies reporting the same metric however, effects of tDCS on cerebral oxygenation were mixed. For instance, three studies reported increases in HbO following tDCS stimulation (Jones et al., 2015; Ehlis et al., 2016; Di Rosa et al., 2019) while three studies reported no significant changes (Choe et al., 2016; Stephens and Berryhill, 2016; Herrmann et al., 2017). One study reported an increase in HbR following anodal stimulation (Herrmann et al., 2017) and another two studies reported decreases in oxygenation when estimated as a function of HbO and HbR (Borragán et al., 2018; McKendrick et al., 2020). As there is little consensus on the downstream cognitive effects of changes in HbO and HbR concentration, this is an area where future studies may help to further elucidate the mechanisms underlying tDCS-induced cognitive enhancement.

In the studies reviewed, tDCS was found to impact cerebral perfusion as measured by fNIRS, demonstrated by our overall statistically significant moderate effect size of d = 0.63. We hypothesized that young adults would exhibit greater perfusional change relative to older adults following tDCS, as measured by fNIRS metrics. This hypothesis was supported by our subgroup analysis. A statistically significant effect size of d = 0.82 was present within the younger adults, whereas non-significant effect sizes were reported for middle-aged and older adults. It is possible that the large effect sizes calculated for the studies reporting decreased oxygenation (Borragán et al., 2018; McKendrick et al., 2020) may have skewed the overall effect size, therefore these results should be interpreted with caution due to the limited number of studies and level of heterogeneity present.

The theoretical grounding of this review is based on the premise that the interaction between the neuron (when modulated by tDCS) and associated cerebral perfusion at the neurovascular unit impacts cognitive performance. However, other changes beyond the level of the neurovascular unit, such as cerebral atrophy should be considered. In a study investigating cerebral blood flow changes across aging, Meltzer et al. (2000) noted there were no age-related cerebral perfusion differences using positron emission tomography (PET), after correcting for brain volume. This suggests that cerebral atrophy, not cerebral blood flow, may underlie functional deterioration, Conversely, another study using arterial spin labeling found that cerebral perfusion was significantly correlated with cortical thickness and total brain volume, as well as performance on executive function tasks (Alosco et al., 2013). However, there was no direct association between brain volume and cortical thickness with cognitive function. Another study using PET in participants with hypertension and lacunar infarcts or white matter lesions reported that lower cerebral blood flow precedes cognitive decline 3 years later, measured using the Mini-Mental State Examination tool (Kitagawa et al., 2009). From these findings, it appears possible that cerebral blood flow underlies a common mechanism present in both cognitive decline and cerebral atrophy.

No articles with individuals with MCI or dementia were identified in our search, demonstrating the need for cognitive-based tDCS and fNIRS research protocols with these populations. Significant effects of tDCS on cognitive performance have previously been reported in the literature (Cruz Gonzalez et al., 2018), and there is evidence the effectiveness of non-invasive brain stimulation may vary among older adults with MCI (Chu et al., 2021). Further research is needed to investigate potential age-related changes in cognitive mechanisms to explain this variability.


Limitations and Future Directions

With the limited number of articles suitable for review, studies were grouped by age despite having varying cognitive tasks. Although spatial memory and working memory may represent similar cognitive mechanisms, verbal fluency tasks may be grounded in an alternative cognitive domain altogether. The studies using verbal fluency tasks were conducted in younger adults, which potentially impacted the effect sizes reported (Figure 2). Nonetheless, studies employing working memory tasks were included across all subgroups included in effect size calculations. With ongoing research in the field, it is recommended that future reviews conduct an analysis accounting for the different cognitive tasks utilized in addition to age.

Research investigating aging-related differences in tDCS and cognition as it relates to cerebral perfusion yields meaningful insight into the current understanding of these cognitive processes and the ability for neuromodulation. Future directions should also aim to investigate populations with microvascular changes (such as diabetes and chronic hypertension) in addition to larger vascular changes (such as aortic and carotid stenosis), using a cognitive-orientated tDCS and fNIRS paradigm to further assess the role of cerebral blood flow and vascular health in cognitive task performance.

There exists a possibility in which repeated tDCS sessions might induce different physiological changes within and beyond the stimulated brain region, and this should further be assessed within the context of cognitive aging. In addition to tDCS stimulation frequency, the effects of current intensity, time, regions of stimulation, and montage (anodal or cathodal) require further investigation regarding cognitive performance across normal and pathological cognitive aging. tDCS effects and direction of change (i.e., increases or decreases) of specific chromophores (HbO, HbR, HbT) or oxygenation is yet to be determined. With the limited number of cognitive-oriented tDCS and fNIRS studies, it is recommended that additional studies be conducted before establishing the directionality of these unknown variables in meta-analysis. With interindividual differences, it is recommended to perform electric field modeling using structural neuroimaging of each participant if available to assist in optimizing tDCS parameters and regions of stimulation. Lastly, to the author's knowledge, no widely available graphical user interface or software is available to model the effects of tDCS current on cerebral perfusion, which is an avenue to explore in the future using perfusional neuroimaging methods including fNIRS.




CONCLUSION

With the eight included tDCS and fNIRS studies on cognition, we report significant overall effect sizes on cognitive performance and fNIRS signals due to tDCS-evoked neuromodulation. Further, age-related differences appear to alter the efficacy of tDCS effects. With the limited number of studies and heterogeneity in combined tDCS, fNIRS, and cognitive testing parameters, further research is required to test the efficacy and directionality of fNIRS signals. Confounding variables such as baseline performance, education, health status, and factors impacting cerebral blood flow should further be investigated and included in future study designs. In conclusion, tDCS may be a promising tool for neuromodulation and cerebral perfusion modulation, however, significant research is still needed to determine which groups are more susceptible to tDCS-evoked effects.
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Objectives: Working memory is essential for daily life skills like reading comprehension, reasoning, and problem-solving. Healthy aging of the brain goes along with working memory decline that can affect older people’s independence in everyday life. Interventions in the form of cognitive training are a promising tool for delaying age-related working memory decline, yet the underlying structural plasticity of white matter is hardly studied.

Methods: We conducted a longitudinal diffusion tensor imaging study to investigate the effects of an intensive four-week adaptive working memory training on white matter integrity quantified by global and tract-wise mean diffusivity. We compared diffusivity measures of fiber tracts that are associated with working memory of 32 young and 20 older participants that were randomly assigned to a working memory training group or an active control group.

Results: The behavioral analysis showed an increase in working memory performance after the four-week adaptive working memory training. The neuroanatomical analysis revealed a decrease in mean diffusivity in the working memory training group after the training intervention in the right inferior longitudinal fasciculus for the older adults. There was also a decrease in mean diffusivity in the working memory training group in the right superior longitudinal fasciculus for the older and young participants after the intervention.

Conclusion: This study shows that older people can benefit from working memory training by improving their working memory performance that is also reflected in terms of improved white matter integrity in the superior longitudinal fasciculus and the inferior longitudinal fasciculus, where the first is an essential component of the frontoparietal network known to be essential in working memory.

Keywords: working memory training, working memory, healthy aging, diffusion tensor imaging, white matter integrity, tractography


INTRODUCTION

Working memory (WM) is defined as the ability to maintain and manipulate goal-relevant information in the face of interference (Baddeley, 2002, 2003; Jonides et al., 2008). WM is essential for daily life skills including reading comprehension (de Jonge and de Jong, 1996), reasoning, and problem-solving (Shah and Miyake, 1999; Pickering, 2006). Healthy aging of the brain is associated with WM decline that can affect the capability of older people to live independently. Therefore, research on how to prevent WM decline with aging is highly demanded, especially given the current demographic change the world is facing (World Health Organization, 2015).

While advances of pharmacological studies did not find adequate therapies so far, recent studies aimed at non-pharmacological intervention, such as cognitive training and physical exercise (Lautenschlager et al., 2008; Geda et al., 2010; Pieramico et al., 2014). Cognitive training interventions are a promising tool for delaying age-related cognitive decline (Kelly et al., 2014) or even improving cognitive functions (Mahncke et al., 2006; Wolinsky et al., 2006; Cheng et al., 2012; Anguera et al., 2013). The vast majority of cognitive interventions target WM (Kelly et al., 2014).

However, the neural mechanisms underlying the beneficial effects of WM training on aging brains remain unclear and are subject to debate. Neuroimaging techniques facilitate the investigation of the impact of WM training on aging individuals and the exploration of its mechanisms. Several neuroimaging meta-analyses demonstrated that frontoparietal regions are consistently activated during different WM tasks and modalities (Wager and Smith, 2003; Owen et al., 2005; Rottschy et al., 2012; Salmi et al., 2018; Emch et al., 2019). The frontoparietal network typically consists of the lateral prefrontal cortex (PFC), which is associated with encoding, manipulation, and response selection (D’Esposito et al., 2000), and the posterior parietal cortex (PPC), which is relevant for storing, maintaining, and retrieving information (Jonides et al., 1998; Guerin and Miller, 2011; Nielsen et al., 2017). In addition, modality-dependent higher-level sensory areas are also shown to be essential for WM functions (Jung and Haier, 2007).

Thus, efficient communication between these brain areas appears crucial for WM performance. Evidence from functional neuroimaging has revealed increased functional connectivity between PFC and PPC as WM load increases (Ma et al., 2012; Dima et al., 2014). Moreover, coupling between visual areas and the parietal and inferior temporal regions, known as the ventral and dorsal visual stream (Goodale and Milner, 1992; Hebart and Hesselmann, 2012), have been linked to WM performance (Hampson et al., 2006; Cocchi et al., 2013; Langer et al., 2013; Shen et al., 2015). Various WM training studies in healthy young adults revealed alterations in brain characteristics of the frontoparietal network (Langer et al., 2013; Finc et al., 2020). A recent meta-analysis has further substantiated induced functional brain changes in the frontoparietal network following WM training (Duda and Sweet, 2019).

Considerable evidence indicates that in addition to the transformation of functional brain characteristics, WM training can even lead to underlying structural brain plasticity in gray and white matter. Prior longitudinal studies identified gray matter changes in brain areas of the frontoparietal network after cognitive (including WM) training in healthy young and older adults (Lampit et al., 2015; Jiang et al., 2016; Metzler-Baddeley et al., 2016; Román et al., 2016).

The relevant cortical brain regions of the frontoparietal network are connected through several axonal bundles, which can be investigated with diffusion tensor imaging (DTI). However, the literature on WM training investigating effects on diffusion metrics is rather scarce. A few studies indicate WM training might induce changes to frontoparietal network relevant white matter fiber tracts such as the superior longitudinal fasciculus (SLF) (Burzynska et al., 2011; Salminen et al., 2016), the inferior fronto-occipital fasciculus (IFOF) (Salminen et al., 2016), the inferior longitudinal fasciculus (ILF) (Nagy et al., 2004) and the forceps minor (Takeuchi et al., 2011; Salminen et al., 2016). However, only Salminen included an active control condition, so it is unknown whether previously reported training effects were specific to WM training or if the neural changes would have been seen with any intensive training task, regardless of cognitive domain. Moreover, white matter changes following WM training were only investigated in young participants. Thus, it remains unclear to what extent WM training has the potential to induce white matter plasticity in older adults.

The present paper aims to investigate the effects of WM training on white matter integrity in young and older participants. Hereby, an improvement in white matter integrity denotes potentially beneficial changes in neuronal microstructure (e.g., increased myelination or spatial rearrangement of fibers) that are operationalized as changes in diffusivity measures from DTI scans. For this purpose, we conducted a longitudinal DTI study to investigate the effects of an intensive four-week adaptive WM training intervention on white matter integrity quantified by the diffusivity measure mean diffusivity (MD). We compared MD for young and older adults who were randomly assigned to an adaptive working memory training group (WM) or an age-matched adaptive active control group (AC). The data presented here are part of a larger study in which we investigated WM training effects on cognitive performance (von Bastian et al., 2013a) and resting-state EEG (Langer et al., 2013) in which we found gains in the trained tasks in both young and older adults. In this study, using a subset of the larger study including participants that completed DTI scans, we expected to replicate the behavioral findings of an improvement in WM performance after the WM training for both age groups in the WM group compared to both age groups of the AC group. Based on previous studies, we expect that WM training induces increased white matter integrity in fiber tracts of the frontoparietal network and ventral visual WM stream, including the superior longitudinal fasciculus (SLF) (Vestergaard et al., 2011; Salminen, 2016), the inferior fronto-occipital fasciculus (IFOF) (Salminen, 2016), the inferior longitudinal fasciculus (ILF) (Salminen, 2016) and the corpus callosum (CC) (Nagy et al., 2004; Charlton et al., 2010; Takeuchi et al., 2010).

Consequently, we hypothesize that both age groups show significantly decreased MD values, reflecting increased white matter integrity, in the above white matter tracts after WM training.



METHODS


Participants

This study focuses on a subset of 52 participants who took part in a larger research project and completed additional neurophysiology recordings and neuroimaging scans. In the larger research project, we investigated the effects of WM training on cognitive outcomes and changes in EEG resting-state activity, which have been published elsewhere (von Bastian et al., 2013a; Langer et al., 2013); data from the brain imaging measures have not been analyzed previously. The sample consisted of 32 young (19 women, 13 men; mean age = 23, SD = 3.34, age range 19 – 36 years) and 20 older participants (8 women, 12 men; mean age = 69, SD = 3.57, age range 65 – 77 years). Each participant was randomly assigned either to a working memory group (WM) (16 young, 10 older) or an active control group (AC) (16 young, 10 older). The corresponding age groups did not differ regarding their demographic variables of age (young: t(30) = −1.01, p = 0.32; older: t(17) = 0.76, p = 0.46), gender (χ2 = 0.02, p = 0.89), education (young: z = −0.80, p = 0.42; older: z = 0.91, p = 0.36), their experience in using a computer (young: all p > 0.26; older: all p > 0.07), and cognitive activity in daily life (young: t(30) = 0.77, p = 0.45; older: t(17) = −0.12, p = 0.91). Basic demographics of the groups are listed in Table 1. Descriptive statistics regarding the experience using a computer are shown in Supplementary Tables 1a,b. Further information regarding the assessment of education is given in the Supplementary Section B. All participants were consistently right-handed according to the Annett-Handedness-Questionnaire (Annett, 1970), and highly proficient Swiss German or standard German speakers. Participants reported no history of psychiatric or neurological disease, neuropsychological problems, or medication and drug abuse. All participants gave written informed consent to participate in the study. This study was conducted according to the principles expressed in the Declaration of Helsinki and was approved by the Institutional Review Board of “Kantonale Ethikkommission” (EK: E-80/2008).


TABLE 1. Participants demographics as a function of group.
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Procedure

All participants were asked to complete 20 sessions of training (approx. 25 – 30 min per session) over a period of four weeks. Participants assigned to the WM group practiced WM tasks. Training for the participants assigned to the AC group comprised tasks that were not expected to have an effect on WM performance but were similarly challenging and motivating. The study was conducted double-blinded, so that neither participants nor experimenters were aware of the group participants were assigned to. Participants were also not informed about the intended effect of the training. An AC group was incorporated into this study design to control for expectancy effects (Oken et al., 2008) and intervention effects (Mahncke et al., 2006), which here would be the adherence to regular training and the completion of computer-based tasks that demand considerable concentration. Each session consisted of three tasks in randomized order with a duration of approximately 10 min per task. All groups started their first session at the same level of difficulty. Consecutive task difficulty (i.e., level) was adapted based on individual performance (see below in the task description for the details on difficulty adaption). The training was executed at home via the open-source software Tatool (von Bastian et al., 2013b) and results of each session were uploaded to a web server to monitor participants’ commitment. Before and after the training period, participants completed a cognitive test battery comprising a series of cognitive tasks, EEG, and, for the subgroup analyzed in the present article, MRI scans (DTI and T1-weighted scans) in the laboratory. The present study only focuses on diffusivity measures from DTI that quantify neuroanatomical microstructures. Cognitive WM training outcomes were analyzed in terms of a partial replication as premise for subsequent analysis of neuroanatomical measures. The full results of the cognitive outcomes are reported in von Bastian et al. (2013a), and resting-state EEG analysis are reported in Langer et al. (2013).



Training Intervention


Working Memory Training Tasks

The WM training was based on the facet model of WM described in Oberauer et al. (2000, 2003). This model was established using a factor-analytic approach, following the framework of facet theory (Guttman, 1954; Canter, 1985) which suggests the differentiation of the WM along two main facets: cognitive functions and content domains (Oberauer et al., 2000). The function facet can further be divided into three categories: storage and processing, relational integration, and supervision. Storage and processing refer to simultaneously processing and storing information (Salthouse, 1990) and are often assessed with complex span tasks. Relational integration (also referred to as monitoring) is the coordination of information elements into new structures (e.g., Halford et al., 1998). Finally, supervision represents the selective activation of goal-relevant and inhibition of goal-irrelevant information, and is typically measured with task switching paradigms (Oberauer et al., 2000, 2008). The content domains comprise verbal, numerical, and spatial materials. For each of these categories participants in the WM group trained one specific task in each session: a numeric complex span task for storage and processing, a task switching task for supervision, and the tower of fame task for relational integration (Langer et al., 2013; von Bastian et al., 2013a). The tasks were chosen based on the results of a previous study, which examined the effects of training on the three functional categories separately (von Bastian and Oberauer, 2013).


Storage and processing: numerical complex span

Each trial started with the central display of a memory item (a two-digit number, printed in black) for 0.5 s. After that, a distractor (a single-digit number, printed in blue) was presented for which participants had to judge the parity (odd or even) as quickly and as accurately as possible within 3 s. The digit remained on the screen until the participant’s response, and a blank screen was shown until the 3 s passed. This was followed by another memory item and then another distractor-decision (see Figure 1). The length of the item-distractor sequence depended on the difficulty level. Afterward, participants had to recall all memory items in the correct order. There was no time limit set for the recall. Each session consisted of 12 recall trials. The achieved level of difficulty was used as a performance measure.
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FIGURE 1. Storage and processing task (complex span) (reused and adapted with permission from Langer et al., 2013). Participants had to memorize the blue digits which were interrupted by a distractor item on which they needed to judge the parity (Langer et al., 2013; von Bastian et al., 2013a).




Relational integration: tower of fame

The Tower of Fame task (see Figure 2) required participants’ ability to integrate single information elements and the relations between them. Participants had to imagine a tower with six floors, each consisting of four apartments (A, B, C, and D). They were then sequentially presented with statements about the location of famous people’s apartments. Each trial started with a statement about one particular apartment (e.g., “Tom Cruise lives in apartment 2A.”) and was then followed by statements with information relative to the first statement (e.g.,“Brad Pitt lives two floors above Tom Cruise in the apartment to the right.”). At the end of each trial, participants had to recall the apartments for each of the people mentioned (e.g., “Tom Cruise lives in? – 2A” and “Brad Pitt lives in? – 4B”). At increased difficulty levels the order of recall was randomized and more statements were presented. Hence, participants had to memorize the binding between apartment numbers (e.g., “2A”) and names (e.g., “Tom Cruise”). Each session comprised 15 trials. Performance was measured by the achieved level of difficulty.
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FIGURE 2. Relational integration task (tower of fame) (reused and adapted with permission from Langer et al., 2013). Participants needed to integrate information into the tower of fame and were then asked about the apartments people lived in Langer et al. (2013); von Bastian et al. (2013a).




Supervision: figural task switching

In this task, participants were presented with bivalent stimuli (simple geometrical shapes, see Figure 3). These stimuli had to be categorized based on set criteria that switched every two trials. For example, participants had to switch between determining whether a shape had a border and whether it was dotted or striped. The decision had to be made as accurately and as quickly as possible. At increased difficulty levels, display duration, and therefore the time to respond to the stimulus was set to the 99th percentile of the individual reaction times (RT) based on all previous trials since the last adjustment (see von Bastian and Oberauer, 2013). Additionally, in every fifth session, the sets of stimuli were replaced (i.e., new stimuli and new categorization rules) in order to enhance variability. Each session consisted of 384 trials. Performance was measured as the proportional switch cost, which is the reaction time difference between task switch trials and repetition trials divided by the average reaction time of both switch and repetition trials.
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FIGURE 3. Executive processes task (task switching) (reused and adapted with permission from Langer et al., 2013). Participants were presented with stimuli on which they had to decide if they were round vs. angular or green vs. blue dependent on the current task (Langer et al., 2013; von Bastian et al., 2013a).




Active Control Training Tasks

To hold the variability of the training tasks constant, the AC group completed three different tasks in each training session as well. As the WM group, the AC group performed 20 sessions of training at home with approximately the same duration. Their training consisted of a general knowledge quiz, a visual search task, and a counting task (von Bastian et al., 2013a; Langer et al., 2013).


Quiz

Participants had to answer questions taxing general knowledge by choosing one of four response options within 60 s. The training consisted of 3’507 questions provided by the Quiz-Fabrik GmbH. Each session comprised 100 trials. Task difficulty was increased according to the item difficulty provided by Quiz-Fabrik. Performance was measured by the percentage of correct answers.



Visual search

Participants were presented multiple circles with two gaps and were asked to search for a target item, a circle with only one gap. Participants then had to point out the direction of the gap with the arrow keys within 60 s. In trials without a target, participants had to press “A.” At increased difficulty levels a larger number of circles was displayed. In each session, participants had to complete 70 trials. Performance was measured as the percentage of correct answers. If there was no answer given by the participant in a trial, the response was treated as incorrect.



Counting

Blocks of identical digits were presented for 60 s. These blocks followed the rule that they contained as many digits as the digit indicated (e.g., a sequence of three 3s, or a sequence of five 5s). Participants were asked to determine whether any block presented broke this rule, and then press the respective number. If all blocks were correct, participants had to press “0.” Each session comprised 70 trials. The percentage of correct answers was used as the performance score. In the case of not providing a response, the trial was counted as incorrect.



Pre- and Post-assessment

Before and after the training intervention, participants completed a cognitive test battery comprising the three trained WM tasks, three structurally similar tasks with different materials, three structurally different WM tasks, and one (older adults) or two (young adults) reasoning tasks (for detailed descriptions, see von Bastian et al., 2013a). In a supplementary analysis (see Supplementary Section B) of the behavioral data, that is a partial replication of a previous study (see von Bastian et al., 2013a), we found that the WM training group showed performance gains in all training tasks; however, only for the complex span and the Tower of Fame task, but not for the switching task, were these improvements were significantly different from those observed in the AC group. This supplementary analysis on behavioral training effects served as a prerequisite for the consecutive DTI analysis, demonstrating WM training gains are also present in the subsample for which we had DTI data. In line with the previous larger study (see von Bastian et al., 2013a; Langer et al., 2013), in the present study, we focused exclusively on data from the complex span and the Tower of Fame task. The pretest/posttest versions of these tasks were exactly identical to the training versions, except that the difficulty levels were fixed. The complex span task comprised 15 trials with set sizes ranging from 3-7 numbers, and the Tower of Fame task comprised 18 trials with 2-4 statements and pseudo-randomized order of recall. We computed a composite WM score for pretest and posttest by averaging the z-transformed scores of both tasks as follows:
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MRI Data Acquisition

The magnetic resonance imaging (MRI) scans were acquired on a 3.0 T Philips Achieva whole-body scanner (Philips Medical System, Best, The Netherlands) equipped with a transmit-receive body coil and a commercial eight-element sensitivity encoding (SENSE) head coil array. Volumetric 3D T1-weighted gradient-echo sequence scans were obtained with a measured spatial resolution of 0.94 × 0.94 × 1 mm (acquisition matrix 256 x 256 pixel, 160 slices). Further imaging parameters were: field of view FOV = 240 × 240 mm, echo time TE = 3.7 ms, repetition time TR = 8.06 ms, flip angle = 8, and SENSE factor R = 2.1.

Diffusion-weighted spin echo-planar (EPI) sequence scans were obtained with a measured spatial resolution of 2.0 × 2.0 × 2.0 mm (acquisition matrix 112 × 112 pixels, 75 slices). Further imaging parameters were: field of view FOV = 224 × 224 mm, echo time TE = 55 ms, repetition time TR = 13.006 ms, flip angle FA = 90, and SENSE factor R = 2.1. Diffusion was measured in 64 non-collinear directions preceded by a non-diffusion-weighted volume (reference volume). The b-value was 1.000 s/mm2.


Preprocessing

Diffusion-weighted images of all participants and both time points underwent identical processing steps using the FMRIB Software Library (FSL) version 6.0 (Jenkinson et al., 2012). First, the FSL Brain Extraction Tool (BET) was applied, extracting the brain from non-brain tissue from the whole head image resulting in a binary brain mask (Smith, 2002). The brain mask was created with a fractional anisotropy (FA) threshold of 0.2. In the following step, eddy current-induced distortions, which are a common artifact of diffusion images, were removed from the data using the FSL tool “eddy_cuda”. This tool also corrects for artifacts of participant’s in-scanner head motion (Andersson and Sotiropoulos, 2016; Andersson et al., 2016, 2017). In detail, the eddy_cuda tool was applied with the number of iterations set to 8 and decreasing smoothing full-width-half-max parameters (10,6,4,2,0,0,0,0) in each iteration. Outlier detection and replacement were enabled for slice-wise outliers which concern signal dropouts that occur within a single slice. Furthermore, the parameters of eddy_cuda were set to run additional 8 iterations for the slice-to-volume correction, which considers movement within a volume instead of between volumes by modeling 9 degrees of freedom in movement for each volume. Eddy_cuda was chosen over previous eddy versions as it additionally implements intra-volume movement correction and therefore reduces remaining artifacts and its potential impacts on measures extracted further down in the processing pipeline (Andersson et al., 2017).

The subsequent preprocessing steps included diffusion tensor fitting to obtain diffusion measures (e.g., FA and MD) at each voxel by calculating the tensors of the diffusion weights images based on a linear regression using the tool “dtifit” from FMRIB’s Diffusion Toolbox. This step was followed by ac-pc alignment on a T1-weighted image from Talairach coordinates into MNI space by using the function “mrAnatAutoAlignAcpcNifti” from the vista-soft toolbox developed by the Stanford Vista Lab, 20161. The T1-weighted image served as an anatomical reference for subsequent extraction of measures of white matter integrity using the Automated Fiber Tract Quantification (AFQ) toolbox version 1.2 (Yeatman et al., 2012) in MATLAB 2015b.

AFQ is a deterministic tractography algorithm that identifies 20 major fiber tracts and calculates diffusion properties for 100 equidistant nodes of each tract yielding individual fiber tract profiles. Relevant to the present study, tractography was obtained on fiber tracts, which belong to the frontoparietal network and revealed a significant relationship with WM performance in previous publications (Nagy et al., 2004; Charlton et al., 2010; Takeuchi et al., 2010; Vestergaard et al., 2011; Salminen, 2016). Specifically, tractography was conducted for the callosum forceps minor, the left and right IFOF, the left and right SLF, the left and right ILF, and the left corticospinal tract (CST). The latter was chosen as a control tract expecting to have no training-induced changes.

In brief, the AFQ tractography algorithm is implemented as follows: first, a whole-brain tractography was estimated with a deterministic streamline tracking algorithm (STT) (Mori et al., 1999) by seeding voxels with FA values greater than 0.2. The tracking was interrupted when either (1) the FA value at that specific position dropped below 0.25 or (2) the minimal angle between the current and the following segment was greater than 35° implying an unusual fiber orientation. Second, fiber tracts were segmented by a waypoint ROI procedure where all fibers passing through the same two ROIs, as identified by the participant’s T1-weighted scan, were assigned to the identical fiber group (Wakana et al., 2004). Third, each fiber tract was matched with fiber tract probability maps as created by Hua et al. (2008). Fibers exceeding a maximum aberrance of 0.25 were excluded from further analyses. Fourth, fibers deviating more than 4 standard deviations from the mean fiber length or more than 5 standard deviations from the core of the fiber tracts were iteratively eliminated at this point. Fifth, after eliminating all potential outliers, the fiber tracts were clipped at the two waypoint ROIs and then resegmented into 100 equidistant nodes where diffusion properties (i.e., FA and MD) were computed (Yeatman et al., 2012). These properties were computed as weighted averages of the diffusion properties of all fibers within the node, with the weights being the probability that the fibers are part of the fiber group.

DTI allows for the extraction of various microstructural measures based on the diffusion of water molecules that is restricted by impermeable tissue. Water can diffuse best along the direction of myelinated fiber tracts, microtubules, and cell membranes. Therefore, measures of diffusivity can be leveraged to quantify neuroanatomical microstructures. These diffusivity measures include axial diffusivity (AD), radial diffusivity (RD), FA, and MD. AD represents the diffusion rate along the principal axis (Soares et al., 2013; Curran et al., 2016), whereas RD reflects the perpendicular diffusivity to the principal axis, respectively. FA characterizes the restriction of diffusion and is defined as the degree of anisotropy of water diffusion at a given voxel. FA is commonly associated with increased myelination and white matter fiber health although it is strongly influenced by various other factors such as axon branching, packing density, axon diameter, number of axons, and fiber crossing (Zatorre et al., 2012). The latter has often been referred to as the “crossing fiber problem” in literature (Alexander and Seunarine, 2010; Tournier, 2010; Jones et al., 2013). Finally, MD is a measure reflecting overall diffusivity in any direction and is defined as the mean of the three eigenvectors of the diffusion tensor (Soares et al., 2013). In a study by Cox et al. (2016), they compared various microstructural diffusion measures on a large sample from the United Kingdom Biobank. They found MD to be most sensitive to identify white matter changes in aging populations. In contrast to FA, MD was non-linearly associated with increased age reflected in a steeper slope and thus stronger differentiation in older age (Cox et al., 2016). In addition, several papers have demonstrated that MD is more sensitive to study short-term plasticity. Sagi et al. (2012) and Tavor et al. (2013) also chose MD as a measure of microstructural fiber organization, to investigate short-term plasticity changes after learning. Their choice of using MD over other measures is based on a previous study by Hofstetter and Assaf (2017) in which rapid MD changes were evident after short periods of training. Therefore in this paper, statistical analysis was conducted using MD as the measure quantifying change in white matter integrity with the focus on older participants.

Here, we investigated tract-wise MD, for the eight above mentioned fiber tracts. For those we extracted MD for each of the 100 nodes between the ROI of the tract using AFQ and presented the descriptive statistics of the individual nodes. For statistical analyses, we calculated the average MD value along these 100 nodes. Hence, we obtained one MD value per tract for the eight previously mentioned tracts of interest. Furthermore, we also investigate MD changes on the whole-brain level, subsequently referred to as global MD.



Quality Metrics

Beyond the extraction of measures of interest, DTI data were also analyzed for metrics reflecting imaging quality for both time points separately. We used the “eddy_openmp” tool and the “eddy_quad” (QUality Assessment for DMRI) tool from FSL version 6.0.03 to extract estimates of in-scanner head motion and b-shell-wise CNR metrics (Bastiani et al., 2019). The final CNR score was defined as the average value across all b-shell metrics as reported by eddy_quad (Bastiani et al., 2019). In-scanner head motion was calculated as the average relative motion across all volumes.

Two participants of the older WM group showed a disproportional low CNR for the DTI scan of the first time point (i.e., 5 median standard deviations from the median over all subjects for each specific analysis), for which reason they were excluded from subsequent analyses of neuroanatomical measures. Exclusion of those two participants served to maintain high image quality regarding the small sample sizes of the subgroups and ensure data quality differences are not biasing group results.



Statistical Analyses

All statistical analyses were conducted using the Statistics and Machine Learning Toolbox version 11.5 in MATLAB 2019a. In the following formulas fixed effects are denoted by a “+” symbol and interaction effects by an “∗” symbol in line with the Wilkinson notation (Wilkinson and Rogers, 1973). All effect sizes of significant effects from the generalized linear mixed-effects model analyses were calculated using Cohen’s f2 (Selya et al., 2012).

For a replication of the behavioral training gains in each task within the subsample used in this study see Supplementary Section B.


Behavioral Training Effects

Behavioral training effects were analyzed with a generalized linear mixed-effects model using the composite WM score of the pre- and post-assessment as the dependent variable, age (young/older), training (WM group/AC group) and time point (pre-assessment/post-assessment) as the fixed effects and subject as the random effect. We also specified random slopes for age, training, and time point, resulting in the following formula used:
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Effects on In-Scanner Head Motion

For assessing the effects on in-scanner head motion a generalized linear mixed-effects model was used that specified the head motion as dependent variable and age (young/older), training (WM group/AC group) and time point (pre-assessment/post-assessment) as fixed effects in addition to a random effect of subject and random slopes for age, training, and time point. Therefore, the model was specified as follows:
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Effects on CNR

Effects on contrast-to-noise-ratio (CNR) were estimated using a generalized linear mixed-effects model. Hereby, the dependent variable was the CNR value and age (young/older), training (WM group/AC group), time point (pre-assessment/post-assessment) and in-scanner head motion were defined as fixed effects and subject as random effect. Additionally, there were also random slopes defined for age, training, time point, and in-scanner head motion yielding the following model:
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Effects on White Matter Integrity

To investigate the effects of the WM training on measures of MD, generalized linear mixed-effects models were calculated. This was performed for global MD and for the previously mentioned tract-wise MD values. For the subsequent analysis, the following generalized linear mixed-effects model was calculated separately for global MD and tract-wise MD.
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Hereby, the dependent variable global MD and tract-wise MD, respectively, were estimated by the fixed effect of age (young/older), training (WM group/AC group), time point (pre-assessment/post-assessment), CNR, and in-scanner head motion, as well as by a random effect of subject, while considering random slopes for each of the above fixed effect variables.

To interpret the threefold interactions of age, time point, and training, the same generalized linear mixed-effects model was calculated separately for each age group, thus reducing the model to the following:
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RESULTS


Pre- and Post-assessment of Working Memory Performance

First, we applied an unpaired t-test independently for the young and the older group to review potential pre-assessment differences between the WM and AC group. The results indicated no difference in the composite WM score between the WM group and the AC group at the time of pre-assessment for the young group, t(30) = −1.54, p = 0.13, and the older group, t(18) = −0.22, p = 0.83. To investigate the effect of age, training, and time point, we conducted a generalized linear mixed-effects model analysis as introduced above.

The analysis from pre- to post-assessment (see Table 2) yielded a significant main effects of age on the composite WM score, β = 1.13, p = 2.481×10−6, 95% CI = [0.68, 1.58], f2 = 1.17, indicating higher WM scores for the young participants compared to the older participants. The interaction of training × time point yielded significant effects on the composite WM score, β = 0.74, p = 0.005, 95% CI = [0.23, 1.26], f2 = 0.10, indicating for both age groups greater increases in WM performance for the WM group than for the AC group. There was no interaction effect of age, training, and time point.


TABLE 2. Generalized linear mixed-effects model results for the composite WM score.
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DTI Scan Quality Metrics

To assess the effect of age, training, and time point on the quality metrics of the DTI scans, a generalized linear mixed-effects model was fit with the dependent variable being (1) the averaged relative in-scanner head motion estimate and (2) the average CNR.


In-Scanner Head Motion

The model for in-scanner head motion revealed significance for the main effect of age, β = 0.10, p = 0.03, 95% CI = [0.01, 0.18], f2 = 0.07, indicating increased motion in young participants. There was also a significant interaction effect of training × time point, β = −0.17, p = 0.01, 95% CI = [−0.31, −0.04], f2 = 0.06, revealing a decrease of in-scanner head motion in the WM group from pre-assessment to post-assessment compared to the AC group. Therefore, in-scanner head motion was used as random effect in all subsequent analyses studying the effects of WM on white matter integrity. Complete model results are included in Supplementary Table 2.



Contrast to Noise Ratio (CNR)

For the average CNR the model yielded a significant effect only for the main effect of age, β = 0.22, p = 9.661×10−5, 95% CI = [0.11, 0.33], f2 = 0.33, suggesting greater CNR in young participants. As a consequence, CNR was used as a random effect in all subsequent analyses. Detailed results of this model are provided in Supplementary Table 3.



Neuroanatomical Results


Global Mean Diffusivity

A generalized linear mixed-effects model was used to assess the effect of age, training, and time point on the measure of global MD. The model revealed a significant main effect of age, β = −0.12, p = 0.001, 95% CI = [−0.19, −0.05], f2 = 0.11, indicating increased MD in the older group. No other effects and interaction effects reached significance. The results for this model are shown in Supplementary Table 4a. When splitting the model into the two age groups there was no effect of concern that reached significance in either of the age groups (see Supplementary Tables 4b–c).



Tract-Wise Averaged Mean Diffusivity

A generalized linear mixed-effects model was calculated to assess the effect of age, training and time point on the tract-wise averaged MD for each of the predefined fiber tracts: the callosum forceps minor, the left, and right IFOF, the left and right SLF, the left and right ILF, and the left CST, where the latter served as control tract in which we were not expecting any training-induced changes. Only the models for the right ILF and the right SLF yielded significant results. Therefore, these are presented in more detail below. The complete results for all fiber tracts are shown in Supplementary Tables 5a–h.


Right inferior longitudinal fasciculus

The model for the averaged MD of the right ILF revealed a significant interaction effect of training × time point, β = −0.12, p = 0.047, 95% CI = [−0.24, 0.00], f2 = 0.04, suggesting a stronger decrease in MD from pre- to post-assessment in the WM group compared to the AC group. We also observed a significant interaction effect of age × training × time point, β = 0.17, p = 0.024, 95% CI = [0.02, 0.33], f2 = 0.05 (see Supplementary Table 5g).

To interpret the interaction effect of age × training × time point on MD changes, separate generalized linear mixed-effects models were calculated disjoint for the young and the older group. For the older group the model for the right ILF revealed a significant interaction effect of training × time point, β = −0.14, p = 0.028, 95% CI = [−0.27, −0.02], f2 = 0.15, suggesting a decrease of MD in the right ILF in the WM group compared to the AC group after the training intervention (see Table 3 and Figure 4 and for a full report Supplementary Table 7).


TABLE 3. Generalized linear mixed-effects model results for average MD in the right ILF for older participants.

[image: Table 3]
[image: image]

FIGURE 4. Averaged MD residuals corrected for CNR, in-scanner head motion, and global MD for the right ILF of the WM group and AC group at pre-assessment and post-assessment of the generalized linear mixed-effects model including only older participants.


There was no significant interaction effect of training and time point for the young participants in the separate generalized linear mixed-effects model (see Supplementary Figure B2). See Figure 5 for an illustration of a comparison of segment-wise MD changes in the right ILF for the young and the older participants.
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FIGURE 5. Tract-wise averaged mean diffusivity in the right inferior longitudinal fasciculus (ILF). (A) location of the right ILF. (B) change in MD from pre- to post-assessment along the tract segments for the young WM group and young AC group separately. (C) change in MD from pre- to post-assessment along the tract segments for the older WM group and older AC group separately. Note: the shaded areas represent the standard error, whereas the lines show the mean across all participants within the corresponding group. Subfigure (B) was illustrated for completeness although there was no significant interaction effect of training and time point for the young participants for the right ILF.




Right superior longitudinal fasciculus

In the model for the averaged MD of the right SLF, there was a significant interaction effect of training × time point, β = −0.14, p = 5.094×10−5, 95% CI = [−0.20, −0.07], f2 = 0.09, which indicates a decrease of MD in the WM group from pre- to post-assessment. The interaction effect of age × training was also significant, β = −0.13, p = 0.008, 95% CI = [−0.22, −0.03], f2 = 0.08, suggesting a stronger decrease in MD for the older participants of the WM group. Finally, there was a significant three-way interaction of age × training × time point, β = 0.09, p = 0.026, 95% CI = [0.01, 0.17], f2 = 0.15 (see Supplementary Table 5e).

Again, to interpret the significant three-way interaction, separate generalized linear mixed-effects models were calculated independently for the young and the older group to interpret the effect of training and time point on MD. The model for the right SLF considering only older participants yielded a significant interaction effect of time point × training, β = −0.11, p = 0.040, 95% CI = [−0.20, −0.01], f2 = 0.04, revealing that MD decreased in the right SLF in the WM group compared to the AC group after the training intervention (see Table 4 and Figure 6 and for a full report Supplementary Table 8a).


TABLE 4. Generalized linear mixed-effects model results for average MD in the right SLF for older participants.
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FIGURE 6. Averaged MD residuals accounting for CNR, in-scanner head motion, and global MD for the right SLF of the WM group and AC group at pre-assessment and post-assessment of the generalized linear mixed-effects model for each age group separately. (A) comparison of young WM group and young AC group. (B) comparison of older WM group and older AC group.


For the young participants, the model on average MD in the right SLF revealed a significant interaction effect of training × time point, β = −0.05, p = 0.003, 95% CI = [−0.08, −0.02], f2 = 0.06, showing that MD decreased in the right SLF in the WM group compared to the AC group after the training intervention (see Table 5 and Figure 6 and for a full report Supplementary Table 8b). Figure 7 illustrates a comparison of segment-wise MD changes in the right SLF for the young and the older participants.


TABLE 5. Generalized linear mixed-effects model results for average MD in the right SLF for young participants.
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FIGURE 7. Tract-wise averaged mean diffusivity in the right superior longitudinal fasciculus (SLF). (A) location of the right SLF. (B) change in MD from pre- to post-assessment along the tract segments for the young WM group and young AC group separately. (C) change in MD from pre- to post-assessment along the tract segments for the older WM group and older AC group separately. Note: the shaded areas represent the standard error, whereas the lines show the mean across all participants within the corresponding group.




DISCUSSION

The objective of the present study was to identify the neural mechanisms of white matter changes underlying the benefits of an intensive, double-blinded four-week adaptive WM training in young and older participants. Using DTI, we examined MD in fiber tracts that are associated with WM, such as the SLF, ILF, IFOF and the forceps minor of the corpus callosum (Nagy et al., 2004; Burzynska et al., 2011; Takeuchi et al., 2011; Salminen et al., 2016). During preprocessing, we applied within-volume motion correction and quality control such that throughout the statistical analyses we corrected for these potential confounding variables such as in-scanner head motion and the CNR of the scan.

We could demonstrate that for the young and the older participants the training had a positive effect on white matter integrity reflected by decreased MD in tracts associated with the frontoparietal network. The analysis revealed a decrease in MD in the right ILF in the older WM group. There was also a decrease in MD in the right SLF in both the young and the older WM group. Our control analysis demonstrated that WM training-related white matter integrity changes were specific to these tracts, as the control analysis did not show any changes in the left CST after the WM training.

In the following we will first discuss the behavioral results in more detail, followed by the interpretation of the findings of the white matter changes.


Behavioral Results

The analysis of overall WM performance included a comparison of test performance at all training levels between pre- and post-assessment (i.e., the composite WM score). The results revealed that also within this subsample of the larger study there was an improvement in overall WM performance reflected by the significant main effect of time. This partial replication is in line with a previous study that examined WM performance on the whole study sample (von Bastian et al., 2013a) and as such served as the premise for the analysis of white matter integrity changes. The results indicated an improvement for both the young and the older group. In particular, the results showed higher WM scores for the young participants in comparison to the older participants by the significant main effect of age. In the additional analysis of training gains (Supplementary Section B), we have also observed an increased training gain in the young group. These findings are not surprising, as age-related cognitive decline also affects WM (Mahncke et al., 2006; Wolinsky et al., 2006; Cheng et al., 2012; Anguera et al., 2013; Kelly et al., 2014) and is the main incentive of this study to which we have demonstrated an impactful intervention. Furthermore, we have also observed an improvement in WM performance in the AC groups. This observation is not surprising, as a possible explanation for an improvement in the composite WM score of the AC group might lie in the general effect of retesting, that has been shown in a recent meta-analysis (Scharfen et al., 2018). More importantly, with the design of an AC and a WM group we could differentiate between the improvement of WM performance in the WM group and the retest effects in the AC group and it further allowed us to distinguish changes that were due to intensive training, regardless of the cognitive domain, to changes that could be attributed specifically to the WM training we designed. Thereby, we observed that WM training indeed resulted in an increased improvement in WM performance compared to the improvement in the AC group, that can only be attributed to the specific WM training tasks. The results showed that the improvement of the WM composite score of the AC group was significantly lower than in the WM group, demonstrated by the significant interaction effect of time point and training. Nonetheless, the improvement on WM performance must be considered domain specific. Although in a previous study we demonstrated that the training in one domain resulted in a near transfer to other modalities of the same task (numeric complex span task and verbal complex span task), in the present study, we have not investigated these transfer effects. Instead we leveraged the result of improved performance after the four-week adaptive WM training as a premise for subsequent analysis of white matter integrity changes.



White Matter Integrity Results

Diffusion metrics are a frequently used measure to quantify neuroanatomical characteristics of white matter structures. MD is a rotationally invariant diffusivity measure reflecting the average amount of water diffusion or displacement of water molecules in a voxel (Soares et al., 2013). Biological factors like cell membranes, myelin sheath, and microtubules hinder water diffusion. Yet, diffusion is fairly unrestricted along the axons of a fiber tract. Dense packing of cell and axonal membranes decrease MD. Therefore, its value is the lowest in complex tissue (Curran et al., 2016). In previous studies on healthy aging, increase in MD has been also linked to aging (Sexton et al., 2014). In particular, the sensitivity of MD compared to other diffusivity measures in identifying healthy aging-related white matter changes was strongest in advanced age, reflected by a pronounced increase of MD in this population (Cox et al., 2016). Thus, we have focused on MD in the present study. This study is the first to investigate WM training effects in white matter in older adults. We have investigated several fiber tracts that were previously associated with WM performance. Observing a decrease in MD after intensive four-week training is in contrast to the general age-related increase in MD (Cox et al., 2016). Accordingly, the observed WM training-related decrease in MD in tracts that are related to WM might be interpreted as plastic neuroanatomical changes in response to the increased WM demand, counteracting the aging-related increase of MD. We could demonstrate that the WM training-induced white matter integrity changes in the older adults in tracts which are part of the frontoparietal network and the ventral visual WM stream. In detail, after four weeks of intensive adaptive WM training, MD was decreased in the right ILF and the right SLF in the WM group compared to the AC group. In the young participants, we observed white matter integrity changes reflected in a decrease of MD in the right SLF, which is a tract of the frontoparietal network, in the WM group compared to the AC group. In addition, we also inspected the left CST as a control tract in which we did not expect any changes and accordingly did not find any WM training-induced changes in both age groups, as this tract is not directly associated with WM.


Inferior Longitudinal Fasciculus (ILF)

We have identified WM training-related changes in the right ILF. The ILF is an associating fiber tract located in the temporal and occipital lobe and is part of the ventral visual WM stream (Latini et al., 2017). It resembles a U-shape that connects the extrastriate visual association areas with the temporal regions involved in transferring visual signals to anterior temporal regions. In more detail, the ILF mostly connects the lingual and the superior occipital gyrus to the middle and superior temporal gyrus (Panesar et al., 2018). As such, the ILF is a crucial component of the ventral visual stream responsible for object recognition identification (Latini et al., 2017). The function of the ILF also comprises attention, integration of visual information in visually guided behavior, as it is the case in scanning and discriminating and ordering visual features, object processing, lexical and semantic processing (Choi et al., 2012; Herbet et al., 2018). These are cognitive components essential for the visuo-spatial WM (Herbet et al., 2018).

Although previous studies linked the ILF with the visuo-spatial WM and visuoconstructive abilities, their samples consisted of adolescents (Krogsrud et al., 2018), young adults (Salminen et al., 2016), or a pathological group of participants with multiple sclerosis (Dineen et al., 2009). The present study is the first DTI study to investigate white matter integrity changes after WM training in older adults and further contributes to previous literature providing evidence that the ILF is a relevant tract of visuo-spatial WM, by demonstrating its plasticity due to WM training. The observed decrease in MD in the ILF in the older participants after the WM training intervention can be interpreted as a plasticity response causing improved communication between visual areas and anterior temporal regions responsible for processing of visual information. The absence of a significant reduction of MD in the right ILF in the AC group allows us to account the observed changes in the WM group to the adaptive WM training.

In fact, the effect was driven by a combination of an MD decrease in the training group and an MD increase in the control group. Since there were no significant baseline differences in MD for both groups (see Supplementary Section B), this observation is due to the interaction effect of training × time point. This is in line with previous studies that have demonstrated an age-related increase in MD that is in the normal course of healthy aging (Cox et al., 2016). Whereas the decrease in MD in the training group can be interpreted as being indicative for neural changes that were induced by the WM training and thus potentially indicate a means for counteracting cognitive decline in aging.

Particularly, the relational integration task and the storage and processing task highly require the integration of visual and lexical as well as semantic information. Therefore, it is not surprising to see a decrease in MD and thus improved white matter integrity of the right ILF in the older adults after the training.



Superior Longitudinal Fasciculus (SLF)

The SLF is an association fiber tract that mainly projects from the temporal and parietal regions to the frontal cortex. It further receives input from the occipital lobe that it projects to the frontal lobe (Schmahmann et al., 2008). The SLF consists of three components: the dorsal, the major, and the ventral component. In particular, the major and the ventral part are involved in WM. The major component bidirectionally links areas of the prefrontal with areas of the parietal cortex and thus constitutes the main fiber tract of the frontoparietal network, which is considered a main neurocircuit of WM. This connection is necessary for the control of spatial attention and visual perceptions and hence is particularly important for visual WM (Vestergaard et al., 2011).

Our observation of decreased MD after the WM training intervention in the older participants suggests that increased white matter integrity of the right SLF is a consequence of neuronal plasticity providing an improvement in processing and retrieval of spatial information. This is in line with the role of the SFL in visuo-spatial awareness and attention (Schmahmann et al., 2008; Chang et al., 2015). Potentially these changes can be associated with the relational integration task that demands visuo-spatial WM. Information about the location of famous people’s apartments in the Tower of Fame task had to be integrated to recall other people‘s apartment locations. Similarly, to the interpretation in 4.2.1, MD increased in the AC group that can be explained on a physiological basis in the sense of the normal age-related course of cognitive aging (Cox et al., 2016), since there were no statistically significant baseline differences in MD between both groups at the time point of pre-assessment (see Supplementary Section B).

There is a substantial body of literature linking the SLF to various facets of WM. In line with our results, Salminen et al. (2016) found increased white matter integrity in the SLF to be related to WM training, yet their study focused on young participants. Another example is a previous lesion study, which identified the SLF to be correlated with spatial WM deficits (Kinoshita et al., 2016). In addition, a study by Burzynska et al. (2011) on young adults also identified that greater WM performance is connected to higher white matter integrity in the SLF. However, the present study is the first to demonstrate white matter integrity changes in the SLF after adaptive WM training in older adults.

Similarly to the ILF, also for this tract, we can disentangle the general learning effects from the effects which are attributed to the WM training as there was no significant decrease in MD in the AC group.



Limitations and Future Directions

As with all diffusivity measures derived from DTI (i.e., FA, AD, and RD), MD comes with the risk of incorrectly quantifying diffusion in voxels that contain more than one dominant orientation of a fiber (e.g., crossing or bending fibers). Whilst a voxel-wise change in MD cannot be directly linked to the specific type of change in neuronal microstructure (e.g., increased myelination or spatial rearrangement of fibers), MD as a whole is still suitable to identify any change of such kind. Although we cannot directly infer increased myelination or denser packing of membranes from a decreased MD value, we can infer neuroanatomical changes improving the magnitude of water diffusion along a defined direction, such as the direction of a tract. A decrease in MD in association with an improvement in WM performance is likely to be the effect of beneficial microstructural changes in terms of increased white matter integrity.

A major limitation of this study is the small number of participants in each of the four groups (older/young vs. training/control). Although the overall sample size of 52 participants is comparable to previous neuroimaging studies on WM training effects (Burzynska et al., 2011; Takeuchi et al., 2011; Lampit et al., 2015; Jiang et al., 2016; Metzler-Baddeley et al., 2016; Román et al., 2016; Salminen et al., 2016), when being split into the groups, each group size is rather small. However, the small group size is a consequence of the study design that included two age groups and an active control group in both age groups in a longitudinal design. In the future, larger studies are required to confirm these results before the findings can be generalized beyond the context of this study. With additional studies including larger sample sizes cumulatively generalizable outcomes can be derived to design clinical interventions for maintaining or enhancing cognitive capabilities in older people and improving their quality of life.

Furthermore, whilst these results demonstrated that healthy, older people’s improvements in WM tasks (see also previous study von Bastian et al. (2013a)) manifest in neuroanatomical changes in fiber tracts, we did not investigate the long-term continuity of the behavioral and neuroanatomical WM-related changes. Thus, it remains unclear how long these changes will persist and to what extent they can be preserved with or without a continuation of training. Similarly, this study was not designed to assess the course of improvement and determine at which point gains would reach a plateau. Therefore, future research may focus on the optimal amount of training and follow-up training for sustainable and efficient WM improvement. It may also consider DTI scans during the course of learning to gain more detailed insights into the trajectory of WM improvements and its underlying neuroanatomical changes. Finally, it is yet unknown how changes in fiber tracts translate into everyday life functioning, such as in accomplishing daily activities. Future research would benefit from investigating whether WM training can help older people to live independent lives for longer.



CONCLUSION

This study is one of a few that longitudinally examined white matter plasticity using diffusion metrics to quantify the structural change in response to a WM training intervention. Although there are several studies that investigated WM training-induced white matter changes, these only included young participants. The present paper offered the first insight into neuroanatomical effects of WM training in older adults.

In this project, we investigated white matter integrity changes using DTI after four weeks of adaptive WM training in older participants. The results of the study first show that an adaptive WM training lead to an improved WM performance. In addition, this study confirms the hypothesis that components of the frontoparietal network, including the dorsal (SLF) and ventral (ILF) visual WM pathway, underwent structural change after WM training. Thus, in line with previous studies, the present findings suggest that these fiber tracts are essential for WM. Incorporating an AC group into the study design allowed for increasing the explanatory power of the observed white matter integrity changes. In particular, this allowed for differentiating changes that were due to intensive training, regardless of the cognitive domain, to changes that were attributed to WM training, thereby increasing the explanatory power of the observed white matter integrity changes.

The present results support the idea that age-related cognitive decline can be counteracted or partially reversed by adequate training that provokes white matter integrity improvements on the basis of neural plasticity. This outcome helps understanding the potential of neural plasticity in older adults. Although healthy aging is supposed to be unavoidably associated with cognitive decline, this study’s evidence of efficacious neural plasticity in old age can provide a basis that cumulatively with additional studies can be used to develop clinical interventions and age-appropriate therapy that is potentially enhancing end prolonging cognitive abilities.
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Cross-sectional studies indicate that normal aging is accompanied by decreases in brain structure. Longitudinal studies, however, are relatively rare and inconsistent regarding their outcomes. Particularly the heterogeneity of methods, sample characteristics and the high inter-individual variability in older adults prevent the deduction of general trends. Therefore, the current study aimed to compare longitudinal age-related changes in brain structure (measured through cortical thickness) in two large independent samples of healthy older adults (n = 161 each); the Longitudinal Healthy Aging Brain (LHAB) database project at the University of Zurich, Switzerland, and 1000BRAINS at the Research Center Juelich, Germany. Annual percentage changes in the two samples revealed stable to slight decreases in cortical thickness over time. After correction for major covariates, i.e., baseline age, sex, education, and image quality, sample differences were only marginally present. Results suggest that general trends across time might be generalizable over independent samples, assuming the same methodology is used, and similar sample characteristics are present.
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INTRODUCTION

Normal aging can be accompanied by a decline in cognitive abilities (Hedden and Gabrieli, 2004) and changes in brain structure (Sowell et al., 2003). Both phenomena show high inter-individual variability, especially during later decades of life (Habib et al., 2007; Dickie et al., 2013). Results derived from cross-sectional studies have revealed a negative relationship between age and brain structure across adulthood, with differential effect sizes for specific brain regions (Fjell et al., 2009; Jockwitz et al., 2019), depending on the functional properties of the brain region of interest as well as the brain structure metric investigated (e.g., brain volume-based versus surface-based metrics or cortical thickness versus surface area) (O’Sullivan et al., 2001; Sowell et al., 2003; Salat et al., 2005; Walhovd et al., 2011; Ziegler et al., 2012; Dickie et al., 2013; Hogstrom et al., 2013; Fjell et al., 2014a, b; Liem et al., 2015).

While the associations between brain structure and age are rather heterogenous across studies, we recently showed consistent cross-sectional age associations for two different cohorts when applying the same analysis protocol [e.g., age range, processing of the neuroimaging data (Jockwitz et al., 2019)]. At the same time, cross-sectional studies inherit a potential problem concerning the validity of inferences: Cross-sectional studies assess age-related differences between individuals, which is not comparable to age-related changes within individuals. One important disadvantage of cross-sectional studies concerns interindividual differences that might obscure intraindividual changes of aging (Raz and Lindenberger, 2011).

Longitudinal studies are still relatively rare and inconsistent with respect to their outcomes, preventing the deduction of general trends of age-related changes in brain structure. When comparing cross-sectional and longitudinal research designs, different patterns were shown for structural brain aging (Hedden and Gabrieli, 2004; Pfefferbaum and Sullivan, 2015). Large between-study heterogeneity of designs and methods, differences in sample characteristics and the generally larger inter-individual variability in samples of older adults make it difficult to extract general trends. However, general decreases in brain structure have been reported, although to a lesser degree than those reported in cross-sectional research designs [for a recent review, see Oschwald et al. (2019)].

To extract general age trends for brain structure, comparability between independent study samples is necessary. A few studies have already performed comparability analyses of cross-sectional age-related differences in brain structure metrics (i.e., brain volume or cortical thickness) between different samples, e.g., Fjell et al. (2009); Jockwitz et al. (2019). These studies indicate that general associations between age and brain structure are similar across independent samples, assuming that the same methodology and analysis protocol was used. However, such between study comparisons are lacking for investigations of longitudinal aging trajectories, especially in the older adult population, where inter-individual variability is particularly high. With the growing trend of large imaging consortia, e.g., UK Biobank (Miller et al., 2016), ENIGMA (Thompson et al., 2014), German National Cohort Study [NaKo; Bamberg et al. (2015)], or ADNI [Alzheimer’s Disease Neuroimaging Initiative; Jack et al. (2008)] which aim at pooling datasets from a variety of study centers to increase sample size and statistical power, it will be crucial to establish the validity of age-related changes in brain structure. Therefore, the current study aimed to compare longitudinal age-related changes in brain structure in two large independent samples of healthy older adults: The Longitudinal Healthy Aging Brain (LHAB) database project at the University of Zurich (Switzerland; Zollig et al. (2011)] and 1000BRAINS at the Research Centre Juelich (Germany; Caspers et al. (2014)].



MATERIALS AND METHODS

Participants included in the current research project were recruited from two longitudinal studies investigating brain-behavior relationships in older adults located in the larger Zurich area (Switzerland) and in the Ruhr district (Germany).

The first sample comprised the ongoing LHAB database project at the University Research Priority Program (URPP) “Dynamics of Healthy Aging” of the University of Zurich (Zollig et al., 2011). LHAB investigates age-related dynamics of brain-behavior relationships in healthy older adults. A particular focus is placed on assessing and explaining interindividual variability in the observed aging trajectories. For this purpose, a broad spectrum of factors assumed to influence such trajectories (e.g., lifestyle, sleep, and nutrition) is collected. In LHAB, older adults from Zurich and surrounding areas are observed longitudinally with between-measurement intervals of one to 2 years. Inclusion criteria for study participation at baseline were age ≥ 64, right-handedness, fluent German language proficiency, a score of ≥ 26 on the Mini Mental State Examination [MMSE; Folstein et al. (1975)], no self-reported neurological disease of the central nervous system and no contraindications to MRI. The study was approved by the ethical committee of the canton of Zurich. Participation was voluntary and all participants gave written informed consent in accordance with the declaration of Helsinki. The initial sample of LHAB was comprised of 232 participants ranging from 64 to 87 years of age. Data acquisition in the LHAB project started in 2011. Currently the dataset covers an observation period of 7 years.

The second sample comprised 1000BRAINS at the Institute of Neuroscience and Medicine, Research Centre Juelich. 1000BRAINS is a longitudinal population-based study that assesses variability in brain structure and function during aging with respect to various influencing factors (Caspers et al., 2014). The 1000BRAINS sample is drawn from the 10-year follow-up cohort of the Heinz Nixdorf Recall Study, an epidemiological population-based study of risk factors for atherosclerosis, cardiovascular disease, cardiac infarction, and death (Schmermund et al., 2002) and the affiliated MultiGeneration study. In 1000BRAINS, adults aged 55 and older (at baseline) from the Heinz Nixdorf Recall study and their relatives (spouses and offspring; sampled from MultiGeneration study) were recruited, and were examined two times over a period of about 3 to 4 years. In contrast to the LHAB study, inclusion in the study was only dependent on the eligibility requirements for the MR acquisition based on the MR safety guidelines (e.g., stents and heart pacemakers led to exclusion from the study). The study protocol was approved by the University of Duisburg-Essen. Participation was voluntary and all participants gave written informed consent in accordance with the declaration of Helsinki. The initial sample of 1000BRAINS was comprised of 1,315 participants ranging from 18 to 87 years of age.

For the current study, we focused on two time points in both samples (LHAB: baseline and 4-year follow-up; 1000BRAINS: baseline and 3 to 4-years follow-up). Participants with missing values for the brain data were excluded. In order to assure comparability between the two samples, we matched them with respect to baseline age and sex using propensity score matching implemented in R (Stuart et al., 2011).

This resulted in 161 participants for each of the two final samples with the following demographic characteristics: LHAB: mean age = 69.9 ± 4.1; 85 females, mean interval = 4.2 ± 0.1; 1000BRAINS: mean age = 69.2 ± 4.6, 76 females, mean interval = 3.7 ± 0.7. For an overview of demographic variables of the two samples at both timepoints, see Table 1. Education was measured according to the international classification of education (ISCED) and afterward divided into three educational classes: 1. school and/or vocational training, 2. grammar school or vocational baccalaureate, specialized secondary school/diploma, or commercial school degree, and 3. Bachelor, Master, Doctorate or equivalent.


TABLE 1. Demographics of the two samples and group comparisons (Independent T-test for continuous and Wilxon-Cox test for categorical variables) with corresponding T/W and p-values.
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Data Acquisition

For LHAB, anatomical T1-weighted images of both timepoints were acquired on a 3.0 T Philips Ingenia scanner (Philips Medical Systems, Best, The Netherlands). T1-weighted structural brain images were measured per visits with: TR = 8.18 ms, TE = 3.8 ms, Flip Angle = 8°, FoV = 240 mm × 240 mm, isotropic voxel size = 1 mm × 1 mm × 1 mm, 160 slices per volume. For 1000BRAINS, anatomical T1-weighted images of both timepoints were acquired on a 3.0 Tesla TIM-Trio MR scanner (Siemens Medical System, Erlangen, Germany). The T1-weighted structural brain images were scanned per visit with: TR = 2.25 s, TE = 3.03 ms, flip angle = 9°, FoV = 256 mm × 256 mm, voxel resolution = 1 mm × 1 mm × 1 mm, 176 slices per volume. In both studies, T1-imaging was part of a larger MR imaging protocol [see Caspers et al. (2014); Zollig et al. (2011)].



Preprocessing

Anatomical images from both samples were preprocessed using the same automated surface-based processing stream for longitudinal analyses of the FreeSurfer Software package [1000BRAINS: version 6.0.0; LHAB: FreeSurfer BIDS App v6.0.0-2; Gorgolewski et al. (2017)]. A detailed description of this pipeline is provided by Reuter et al. (2012); Dale et al. (1999), Fischl et al. (1999) as well as on http://surfer.nmr.mgh.harvard.edu. In short, first the cross-sectional surface reconstruction pipeline was applied to every subject, which includes (a) the segmentation of the structural brain images into gray matter, white matter, and cerebrospinal fluid, (b) motion correction, (c) intensity normalization, (d) transformation into Talairach space, (e) tessellation of the gray/white matter boundary, and (f) correction of topological defects. The gray/white matter interface was then (g) expanded to create the pial surface (boundary between gray matter and cerebrospinal fluid), which finally consists of about 150,000 vertices per hemisphere with an average surface area of 0.5 mm2. Afterwards, each subject was preprocessed using the longitudinal surface reconstruction pipeline (Reuter et al., 2012) in which, based on the results of the cross-sectional preprocessing pipeline, a within-subject anatomical template was built across the two timepoints. Subsequently, cortical thickness was calculated based on the cross-sectional as well as longitudinal information from each subject. This procedure has previously been shown to be more sensitive in calculating surface-based brain metrics, since, due to the common template for the two timepoints, within-subject variability is reduced (Reuter et al., 2012). No manual correction of the reconstructed surfaces (white matter and pial surface) was performed in the two studies.



Regions of Interest

For the current study, we used the widely used Desikan-Killiany atlas (Desikan et al., 2006) as implemented in FreeSurfer to extract cortical thickness from left and right cortices. Specifically, for each of the 68 regions of interest (ROIs), mean cortical thickness was calculated as the average shortest distance between the white matter surface and the corresponding vertex within the respective ROIs on the pial surface.



Cognitive Performance

Participants from both LHAB and 1000BRAINS took part in a large neuropsychological assessment consisting of tests in the domains attention, executive functions, working memory, episodic memory and language functions. For comparison between the two samples, the following tasks were chosen: Trail Making Test A: processing speed, B: concept shifting; Morris et al. (1989), LPS50 + subtest three [reasoning; Sturm et al. (1993)] and [Regensburger Wortflüssigkeitstest (RWT), semantic condition (verbal fluency); Aschenbrenner et al. (2000)]. For descriptives of cognitive tasks, see Table 2.


TABLE 2. Raw cognitive performance values for TP1 and 2, as well as the APC together with T and p-values for the APC (Sig. of APC; one sample T-test) and F and p-values for sample homogeneity (Levene’s test).

[image: Table 2]


Statistical Analysis

The purpose of the current research project was to compare intra-individual changes in brain structure (cortical thickness) across the ROIs of two independent population-based cohort studies. We calculated annual percentage changes to estimate yearly changes in cortical thickness and cognitive performance. Annual percentage changes were calculated as the following: [(Value at last measurement occasion in the study/Value at baseline)1/(total years in study)−1] × 100. Positive values represent increases and negative values represent decreases. We next identified outliers for all annual percentage changes (mean annual percentage change ± 3 SD) and excluded those values that deviated more than 3 SD from the mean.

To examine whether the two samples showed similar changes in cortical thickness over time, we first used a one sample t-test to estimate general changes in cortical thickness for the two groups separately. To investigate whether the two samples differed concerning their variances, we conducted Levene’s test for sample homogeneity. Finally, between sample differences in cortical thickness annual percentage changes were assessed using a General Linear Model (GLM) with cortical thickness as the dependent variable and sample and sex as fixed factors. Baseline age (TP1), education, and Euler number were included as covariates of non-interest. Euler number represents a marker of image quality that summarizes the topological complexity of the reconstructed cortical surface (Rosen et al., 2018).

Subsequently, we assessed the cortical thickness annual percentage changes with the mentioned covariates (baseline age, sex, education, and Euler number) separately for the two samples to examine whether changes in cortical thickness would be driven by one sample. Finally, we additionally assessed the relation between annual percentage changes of cortical thickness and cognitive performance for the two samples separately.




RESULTS

When matching the two samples for baseline age and sex, the two samples did not differ in the respective variables (baseline age: T = −1.39, p = 0.166; and sex: W = 13,685, p = 0.317). However, we found significant differences in terms of education (W = 11,000, p = 0.01), with participants included in LHAB generally showing a higher formal education as compared to participants included in 1000BRAINS. Furthermore, the time intervals between the two measurements differed, with a longer interval between measurements in the LHAB project (1000BRAINS: 3.7 ± 0.7 years; LHAB: 4.2 ± 0.1 years; T = −8.02; p < 0.001; for group differences, see Table 1). To address this difference in time intervals we calculated annual percentage changes of cortical thickness. Table 3 includes cortical thickness values for the two hemispheres at both timepoints as well as the annual percentage change in cortical thickness for the two samples separately (for all ROIs see Supplementary Table 1).


TABLE 3. Cortical thickness values for TP1 and 2, as well as the annual percentage change (APC) together with T and p-values for the APC (Sig. of APC; one sample T-test) and F and p-values for sample homogeneity (Levene’s test).

[image: Table 3]

Cortical Thickness

With respect to cortical thickness, the LHAB sample showed slightly stronger annual percentage changes (i.e., decreases) in cortical thickness over time as compared to 1000BRAINS (see Figures 1A,B). On the other hand, we found 1000BRAINS to generally show more variance between participants regarding the annual percentage change in most of the ROIs (for Levene’s test, Supplementary Table 1), although variances in mean CT did not differ significantly between the two samples (see Table 3). Figure 1C shows difference maps in terms of standard deviations of the annual percentage changes. For example, one of the most significant differences in standard deviations is observed in the right postcentral gyrus (see Figure 1C for a density plot; 1000BRAINS: SD = 0.7, LHAB: SD = 0.5; Levene’s test: F = 14.64, p < 0.001).


[image: image]

FIGURE 1. Annual percentage changes (APC) in cortical thickness for (A) 1000BRAINS and (B) LHAB. Differences in SD between the two samples is shown in (C) together with a corresponding density plot (D) showing the variance in cortical thickness for 1000BRAINS and LHAB within the postcentral gyrus.


Next, we again used GLMs to examine sample differences in annual percentage changes in cortical thickness with age, sex, education and Euler number as covariates (for all significant influences, see Table 4 and Supplementary Table 2). Overall, after correcting for the different covariates and for multiple comparisons, only very few sample differences in terms of annual percentage change were present, i.e., inferior frontal gyrus pars triangularis (lh: F = 13.67, rh: F = 16.54) and inferior frontal gyrus pars opercularis (rh: F = 21.43) and transverse temporal gyrus (rh: F = 20.47).


TABLE 4. F and p-values derived from general linear models assessing annual percentage changes in cortical thickness in relation to sample, age, sex, education, and data quality (Euler number).
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In addition, after correcting for the above-mentioned variables, only a few regions showed significant intercepts (i.e., main effects of time), age effects or relations to sex, education or the Euler number (almost no effects did survive correction for multiple comparisons). Figure 2 shows age-related annual percentage changes in cortical thickness for left and right hemispheres. As one can see in the two plots, the annual percentage change was not significantly related to baseline age for the left hemisphere (F = 2.41; p = 0.121) but was at trend level for the right hemisphere (F = 4.95; p = 0.027). The plots also show that the relationship between age and annual percentage change follows a linear, rather than a non-linear trend.


[image: image]

FIGURE 2. Mean thickness annual percentage changes for the left (A) and right (B) hemispheres. With increasing age, there are slightly decreasing annual percentage changes for both samples.


For a better understanding of the regional specificity of sample differences in the cortical thickness annual percentage changes, we projected the effect sizes (partial eta squared) of the sample differences onto the brains surface (Figure 3). Effect sizes ranged from 0 to 0.06, being interpreted as small to medium effects. Regarding the covariates, we only found sporadic effects on cortical thickness annual percentage change. After correcting for these subtle, mostly non-significant influences, and even the intercepts (i.e., main effects of annual percentage change) became non-significant. To verify that these influences were not driven by only one of the two samples, we further calculated the GLMs for the two samples separately (see Supplementary Table 3).


[image: image]

FIGURE 3. Effect sizes of sample differences using partial eta square.


Finally, we assessed the relation between annual percentage changes of cortical thickness and cognitive performance for the two samples separately, which, after correcting for multiple comparisons, revealed non-significant results (see Tables 2, 5 and Supplementary Table 4).


TABLE 5. F and p-values derived from general linear models assessing the relation between annual percentage changes in cortical thickness with annual percentage changes in cognitive performance, calculated separately for the two samples, corrected for age, sex, education, and data quality (Euler number).
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DISCUSSION

Generalizability and replicability of age effects on brain and behavior are vital requirements to understand major aging mechanisms in our older adult population. The complexity of the aging process, in which the effect of single contributing factors, i.e., lifestyle or genetics, is assumed to be highly individual and rather small. To unravel even subtle brain-behavior relationships during aging (Button et al., 2013; Wiseman et al., 2019) there is an upcoming trend of data pooling approaches to increase statistical power. However, data pooling procedures, particularly in imaging consortia, require proof of generalizability of observed age-related brain changes. The present study set out to meet this need and assessed age-related changes in brain structure (measured by global and regional cortical thickness) in two closely matched samples of older adults over an average time period of three to four years. Despite significant differences in demographics between the two independent samples, we observed highly similar patterns of age-related changes in brain structure, when using the same methodology and analysis.

Cross-sectional age-related atrophy patterns have been reported by many previous studies (Walhovd et al., 2011; Storsve et al., 2014; Jancke et al., 2015). From those studies we would have expected to see a pattern of small but consistent cortical thickness decline in our two studies.

Overall, this decrease was found for both studies (cf. Figure 1) with participants included in the LHAB study showing a slightly more pronounced decline in cortical thickness. Highest annual percentage changes were found for pre- and postcentral gyri together with medial and lateral temporal and parietal brain regions in both samples. In turn, the anterior cingulate cortex showed slight increases in cortical thickness over time. Importantly, the results are in line with previous longitudinal studies on cortical thickness investigating the whole adult lifespan (Storsve et al., 2014). Further, sample inhomogeneity testing revealed a higher between-subject variance for 1000BRAINS as compared to the LHAB study.

When adjusting the longitudinal effects of time for sex, education, baseline age and data quality (Euler number), only sporadic brain areas exhibited significant sample effects in annual percentage changes, i.e., left and right inferior frontal gyrus, pars triangularis, right inferior frontal gyrus pars opercularis and the right transverse temporal gyrus. Here, participants included in the LHAB study showed a more pronounced decrease over time. Based on sample characteristics, e.g., higher education in the LHAB sample, one would expect 1000BRAINS to show a more pronounced cortical thinning. However, especially for the inferior frontal gyrus (i.e., Broca’s region involved in language functions), it has been shown that a higher brain reserve, in terms of higher gray matter volume, may diminish during the aging process, i.e., at older ages (Heim et al., 2019). If this holds true, then it might be the case that participants of the two samples assimilate during older ages in terms of brain structure. However, further research is necessary to unravel this complex relationship of age and brain structure.

Thus, the analysis of cortical thickness in two samples of healthy older adults revealed only marginal changes over time and only minimal sample differences. We are aware that our models include more covariate variables (age, sex, education, and data quality) than previous studies [e.g., Walhovd et al. (2011); Storsve et al. (2014); Thambisetty et al. (2010)]. We deliberately decided to include this set of variables since we know from previous research that cross-sectionally, the factors age, sex, education and data quality have an impact on brain structure (Sowell et al., 2003; Jancke et al., 2015; Jockwitz et al., 2019). Interestingly, when examining “raw annual percentage changes,” these changes were partly in accordance with previous studies investigating changes in cortical thickness over time (Walhovd et al., 2011; Storsve et al., 2014). For example, Storsve found a mean annual percentage change of −0.35 in a sample ranging from 23 – 87 years and Fjell et al. (2014b) reported a mean annual percentage change of −0.59 in a sample of older adults. While we found a mean annual percentage change of −0.29 for the LHAB study, in 1000BRAINS this was slightly less pronounced, i.e., −0.15. In addition, we showed that the investigated covariates, i.e., baseline age, sex, education, and image quality, might be important in the investigation of longitudinal changes of brain structure. As an example, we found slightly negative relationships between baseline age and annual percentage changes in cortical thickness for the right hemisphere, which supports previous results (e.g., Fjell et al., 2009).

Finally, it has to be mentioned that neither of the two studies showed significant relations between annual percentage changes in cortical thickness and cognitive performance (i.e., processing speed, concept shifting, verbal fluency, and reasoning). First, these results complement previous results of our research group. In this cross-sectional study, no relation between cortical thickness and cognitive performance could be established in neither of the two study samples (Jockwitz et al., 2019). Likewise, other studies also revealed no associations between cognitive performance and particularly cortical thickness (in contrast to, e.g., brain volume [Cox et al., 2019], or white matter [Ziegler et al., 2012]). Furthermore, research regarding changes in both, brain structure and cognitive performance is quite heterogeneous. In the literature review of Oschwald et al. (2019) half of the studies revealed no association between changes in brain structure and cognitive performance, which fits to the current observation. In turn, those studies showing a significant association between changes in particularly cortical thickness and cognitive performance, differed from the current study. First, other cognitive functions were investigated, such as episodic memory or composite scores of executive functions (Fjell et al., 2014b; Möller et al., 2016; Sala-Llonch et al., 2017) and second, the above-mentioned studies included less or no covariates. Thus, when correcting for major confounding effects, cortical thickness changes were not related to cognitive performance changes over time. This is also well in line with the idea that in healthy older adults, correlations between changes in brain structure and simultaneous changes in cognitive performance are expectedly small and accompanied by high amounts of variability due to potential compensation mechanisms (Oschwald et al., 2019).


Methodological Considerations

The current study assessing longitudinal changes in brain structure has several advantages as well as limitations that we would like to address. With respect to the brain metric used in the current study, we chose cortical thickness, since it represents a prominent brain metric that seems to be sensitive to the aging process. However, it should also be mentioned that other metrics might be useful when comparing effects of aging, i.e., brain volume or gray matter density (Jäncke et al., 2019). Also, future studies may adopt Deformation-Field Morphometry methods, such as Tensor-based morphometry (TBM), in order to compute longitudinal change in structural MRI data (Hua et al., 2008). Furthermore, with regard to the atlas used in the current study, i.e., Desikan-Killiany atlas, it needs to be stressed that other atlases might be more sensitive to functionally dependent changes in brain structure, such as the cytoarchitectonic Juelich Brain Atlas (Amunts et al., 2020) or functionally derived brain parcellations (Schaefer et al., 2018). In addition, future studies should also investigate longitudinal changes in brain structure and function with samples that are matched not only for age and gender, but also education or cognitive abilities. In the current study, we showed that covariates, such as age and education might explain small parts of the changes seen over time. Future studies should elaborate on these influencing factors to explore intra-individual aging processes.




CONCLUSION

Taken together, the current study showed that age-related changes in cortical thickness are relatively small, when adjusting for the most common influencing factors. This effect was seen in both independent studies, suggesting that general patterns of longitudinal changes in brain structure may be generalizable if the same methods are used and similar study populations with similar age and sex distributions are selected. However, fine-grained change patterns differ and the question whether results can be generalized over different samples cannot easily be answered because of the between-study differences regarding demographics (e.g., age ranges and education) or methodology (e.g., time intervals, different brain metrics, and such as brain volume versus cortical thickness). Furthermore, differences in covariates often hamper the extraction of generalizable age trends in different samples. With our study, we contribute to the field by showing that patterns of age-related changes in brain structure in two independent cohorts of older adults are highly similar when using the same methodological approach.
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Background: While it is well-known that deficits in motor performance and brain structural connectivity occur in the course of healthy aging, it is still unclear if and how these changes are related to each other. While some cross-sectional studies suggest that white matter (WM) microstructure is positively associated with motor function in healthy older adults, more evidence is needed. Moreover, longitudinal data is required to estimate whether similar associations can be found between trajectories of change in WM microstructure and motor function. The current study addresses this gap by investigating age-associations and longitudinal changes in WM microstructure and motor function, and the cross-sectional (level-level) and longitudinal (level-change, change-change) association between these two domains.

Method: We used multiple-occasion data (covering 4 years) from a large sample (N = 231) of healthy older adults from the Longitudinal Healthy Aging Brain (LHAB) database. To measure WM microstructure, we used diffusion-weighted imaging data to compute mean FA in three selected WM tracts [forceps minor (FMIN); superior longitudinal fasciculus (SLF); corticospinal tract (CST)]. Motor function was measured via two motor speed tests (grooved pegboard, finger tapping) and one motor strength test (grip force test), separately for the left and the right hand. The statistical analysis was conducted with longitudinal growth curve models in the structural equation modeling framework.

Results: The results revealed longitudinal decline and negative cross-sectional age-associations for mean WM FA in the FMIN and SLF, and for motor function in all tests, with a higher vulnerability for left than right hand motor performance. Regarding cross-domain associations, we found a significant positive level-level correlation among mean WM FA in the FMIN with motor speed. Mean FA in SLF and CST was not correlated with motor performance measures, and none of the level-change or change-change associations were significant. Overall, our results (a) provide important insights into aging-related changes of fine motor abilities and FA in selected white matter tracts associated with motor control, (b) support previous cross-sectional work showing that neural control of movement in older adults also involves brain structures outside the core motor system and (c) align with the idea that, in healthy aging, compensatory mechanisms may be in place and longer time delays may be needed to reveal level-change or change-change associations.

Keywords: white matter microstructure, motor function, longitudinal, correlated change, healthy aging, fractional anisotropy, structural equation modeling (SEM), latent growth curve model (LGCM)


INTRODUCTION

Life expectancy has risen steadily due to innovations in medicine and improved living standards. In 2015, life expectancy at birth exceeded 80 years in 22 European countries (World Health Organization, [WHO], 2016). Globally, it is estimated to increase by a further 6 years until 2050 (United Nations, 2017). Understanding how the central nervous system changes with age contribute to declines in function is critically important for enhancing productivity and quality of life for this aging population. It is well known that aging is associated with degeneration of the central nervous system and decreases in motor performance (Seidler et al., 2010). To date, however, work in this area has been largely cross-sectional and more focused on regional measures of brain structure and function rather than network connectivity (Oschwald et al., 2019a). The brain’s network structure underlies neural communication and functional activity; thus, studying how it changes over time may provide key insights into age-related functional declines.

Diffusion-weighted MRI (DW-MRI) allows investigation of structural integrity of the brain’s white matter (WM) connectivity pathways. This technique is sensitive to diffusion of water molecules, which is spatially bounded by large WM tracts in the brain. Cross-sectional DW-MRI studies generally report lower fractional anisotropy (FA) in older individuals (reviewed in Oschwald et al., 2019a). A few longitudinal DW-MRI studies have been conducted; similar to what has been reported with other imaging modalities, prefrontal WM exhibits accelerated declines relative to other areas of the brain (cf. Barrick et al., 2010; Sullivan et al., 2010; Teipel et al., 2010) while sensorimotor WM exhibits less change (de Groot et al., 2016). In contrast, a recent, large (n > 900) cross-sectional study challenges the notion that sensorimotor regions exhibit reduced aging effects relative to more anterior prefrontal cortex; Taubert et al. (2020) found disproportionately reduced brain volume, iron, and myelin in the pre- and postcentral gyri in older individuals. This study did not evaluate WM tracts, however, leaving open the questions of how sensorimotor WM tracts change over time and whether such changes are correlated with motor function.

Whether or not the sensorimotor fibers are spared with age, there is certainly evidence of age effects on motor function. Gait and balance (Studenski et al., 2011), grip force (Bohannon, 2008), and other activities in everyday life decline with age and impact quality of life. Interestingly, performance of these behaviors is associated with prefrontal activity (Heuninckx et al., 2008; Seidler et al., 2010; Carson, 2018) as well as with prefrontal (Verlinden et al., 2016; Moscufo et al., 2018; Massa et al., 2019) and corpus callosum (Fling et al., 2011; Fling and Seidler, 2012). WM integrity in older adults, potentially reflecting compensation (Heuninckx et al., 2008). However, more evidence on the association between WM connectivity and motor function in healthy older adults is needed. Importantly, longitudinal data are required to more precisely delineate the trajectories of decline and to better understand if the associations between WM microstructure and motor behavior, and particularly associations of their changes, are reflective of compensation, maintenance, or other patterns in healthy older adults (Zahodne and Reuter-Lorenz, 2019).

In the current study, we leverage data from the Longitudinal Healthy Aging Brain (LHAB) database to evaluate cross-domain associations between brain WM microstructure and measures of manual motor function (motor strength: grip force; motor speed: grooved pegboard test and tapping speed) in healthy older adults. The LHAB database project is currently conducted at the University Research Priority Program (URPP) “Dynamics of Healthy Aging” of the University of Zurich (Zöllig et al., 2011). Our analyses include data that were acquired at four time points spanning over 4 years.

We used latent growth curve models (LGC) estimated in the structural equation modeling framework (SEM) to examine change in WM microstructure and motor function, as well as cross-sectional, and longitudinal associations among the two domains.

LGC is a statistical technique for the analysis of longitudinal data (McArdle and Epstein, 1987; McArdle, 2009; for a tutorial see Ghisletta and McArdle, 2012). LGC models estimate longitudinal growth processes as latent (i.e., unobserved) variables, including a latent intercept which reflects the initial level of a variable of interest (e.g., WM microstructural properties or motor performance at baseline) and a latent slope, which reflects the rate of change in this variable over time. An advantage of LGC models over traditional regression models is that besides such average (i.e., fixed) effects, they can capture interindividual variances (i.e., random effects) in intraindividual change. Of specific interest in the present study, two univariate LGCs (i.e., LGC that estimate the growth process in one variable) can be combined into a bivariate LGC to model parallel change processes, including cross-domain associations between baseline levels of two variables (level-level), baseline level in one variable and changes in the other (level-change) and between two change processes (change-change) (Oschwald et al., 2019a). Importantly, advanced statistical techniques such as LGC are required to appropriately estimate within-person change (King et al., 2018), and to disentangle the complex longitudinal associations between changes in multiple variables – both questions of pivotal importance in the field of aging neuroscience.

Cross-sectional age-associations and longitudinal decline was estimated in the forceps minor (FMIN), the superior longitudinal fasciculus (SLF), and the corticospinal tract (CST). The CST is the main motor control projection tract. It plays a critical role in fine motor control of hand and finger movements (cf. Isa, 2012) such as those required for the tasks studied here. The FMIN connects the two prefrontal cortices via the anterior corpus callosum, whereas the SLF connects prefrontal cortex largely with parietal regions. While all three tracts have been implicated in motor function (Farbota et al., 2012; Henley et al., 2014; Wang et al., 2016; Reid et al., 2017; Giacosa et al., 2019; Maltais et al., 2020), the SLF and FMIN largely support executive functions such as attention and working memory (Mamiya et al., 2018; Nakajima et al., 2020) and do not have direct projections to spinal motor neurons. Thus, here, we refer to the CST as belonging to the motor system, and FMIN and SLF as being outside of the motor system. To measure WM microstructure, we chose to follow a region-of-interest (ROI) based approach in the present study, averaging WM FA across the selected fiber tracts, since the extraction of ROIs (as opposed to voxel-wise estimates) enabled us to estimate parallel change in the SEM framework. We used FA as an index of WM microstructure as it is a comparatively well-researched metric and provides a general estimate of the change in the WM fiber organization (see Jones et al., 2013, for considerations on the interpretation of FA).

Age-associations and change in motor performance was assessed with finger tapping, pegboard performance and grip force given that performance in these tests has been previously shown to decline with age. Based on the findings of de Groot et al. (2016), we hypothesized that the FMIN and SLF would exhibit greater change over time than the CST, and would be more correlated with changes in manual motor function. Furthermore, we hypothesized that baseline levels and longitudinal WM microstructural change in the tracts of interest would be most correlated with left hand and weakly or not correlated with right hand motor performance levels/change, since right-hand performance is well-trained and might be more adept at compensation.



MATERIALS AND METHODS


Participants

Longitudinal motor and MRI data were taken from the Longitudinal Healthy Aging Brain (LHAB) database (Zöllig et al., 2011). We used data from the first four measurement occasions (baseline, 1-year follow-up, 2-year follow-up, 4-year follow-up). The baseline dataset included 232 participants (M age = 70.8; range: 64–87; females: 114). At each measurement occasion, participants completed an extensive battery of neuropsychological and psychometric cognitive and motor assessments and underwent brain imaging. The brain imaging session was conducted in close temporal proximity to the behavioral assessments [difference between behavioral and MRI assessments in days (M ± SD): baseline: 2.2 ± 5.2, 1-year follow-up: 2.6 ± 5.2, 2-year follow-up: 4.3 ± 13.0, 4-year follow-up: 4.6 ± 9.3]. Inclusion criteria for study participation at baseline were age ≥ 64, right-handedness, fluent German language proficiency, a score of ≥26 on the Mini Mental State Examination (MMSE; Folstein et al., 1975), no self-reported neurological disease of the central nervous system and no contraindications to MRI. The study was approved by the Ethics Committee of the Canton of Zurich. Participation was voluntary and all participants gave written informed consent in accordance with the declaration of Helsinki. Self-reported physical and mental health of the sample at baseline, as measured by the SF-12 (Ware et al., 1996), were 50.9 ± 7.4 (M ± SD) and 54.8 ± 6.3, respectively, which indicates above-average health compared to a normative population (Ware et al., 1995). As expected, sample means for these general health indicators slightly declined over time, but still indicated above-average health at 4-year follow-up (physical health score: 50.5 ± 6.9, mental health score: 53.1 ± 8.0, MMSE = 28.3 ± 1.3). At 4-year follow-up, the dataset still comprised 74.57% of the baseline sample (n = 173). As reported in other publications with this sample (Oschwald et al., 2019b; Malagurski et al., 2020), selectivity analyses showed that the participants remaining in the study at the 4-year follow-up did not substantially differ from the baseline sample in terms of age, education, physical and mental health, or head motion in the scanner.

For the present analysis, participants were excluded if either motor behavior or DW-MRI data were missing for all measurement occasions. With this criterion we were able to include 231 participants from the LHAB baseline sample (M age at baseline = 70.8; females: 113). Of those 231 participants, 172 were still participating at the 4-year follow-up. Participant characteristics at each measurement occasion are presented in Table 1.


TABLE 1. Participant characteristics of the full sample at baseline and at each follow-up wave.

[image: Table 1]


Brain Measures


MR Imaging

MRI measurements were conducted on a Philips Ingenia 3T scanner equipped with a commercial 32-element sensitivity encoding (SENSE) head coil array. The DW-MRI protocol employed an echo-planar (EPI) sequence [TR = 23.918 s, TE = 55 ms, FoV = 224 × 224 mm, acquisition matrix = 112 × 112, slice thickness = 2 mm, 75 contiguous slices, 2 mm3 isotropic voxel, flip angle = 90°, Echo Train Length (ETL) = 59, NSA = 1, SENSE factor R = 2.0]. One non-weighted image (b-value = 0 s/mm2) and 32 diffusion-weighted images (b-value of 1,000 s/mm2) were acquired. The diffusion-weighted directions were equally distributed in space. The same scanner and sequence were used at all measurement occasions.



MRI Data Preprocessing

To facilitate analysis, data were organized according to the brain imaging data structure (BIDS) (Gorgolewski et al., 2016). Diffusion data were processed with a nipype pipeline (v0.14.0) (Gorgolewski et al., 2011) using tools from MRtrix (3-rc2) (Tournier et al., 2012), FSL (v5.0.9) (Jenkinson et al., 2012), and ANTs (2.1.0) (Avants et al., 2011). The analysis code is publicly available: https://github.com/fliem/extract_FA, and a BIDS-Apps-compatible (Gorgolewski et al., 2017) software container to reproduce the analysis can be found here: http://hub.docker.com/r/fliem/extract_fa/.

The diffusion data were denoised (Veraart et al., 2016a,b) and corrected for eddy current distortions and head motion (Andersson and Sotiropoulos, 2016; Andersson et al., 2016). Subsequently, the data were bias-corrected (Tustison et al., 2010) and a white matter mask was created (Dhollander et al., 2016). Tensor maps were calculated (Veraart et al., 2013) and FA maps were derived (Basser et al., 1994; Westin et al., 1997). ANTs was used to register FA maps to the JHU-ICBM-FA template (included in FSL). Mean FA was extracted for tracts of the JHU WM tractography atlas (thresholded at 25% probability) for voxels with FA > 0.2 (Hua et al., 2008). The tracts considered here are: Forceps minor (FMIN), left and right hemispheric superior longitudinal fasciculi (SLF) and corticospinal tracts (CST). The size of the FMIN was 19407 voxels. For the SLF and CST, we averaged left and right hemispheres, weighted by the total number of voxels of the respective tract (SLF: 17657, CST: 10739). For the statistical analyses, we multiplied the FA values by 100 (now ranging from 0 to 100) to ensure a more intuitive interpretability of these scores for the reader and avoid any model estimation problems that might occur when bringing two domains together that are on very different scales.



Head Motion Control

As a means of ensuring sufficient quality of the data, we removed FA values for 56 individual observations (i.e., 7% of the total N of 787 observations) at which participants showed excessive head motion. As a measure of head motion, we used the summary statistic of average RMS motion as compared to the previous slice in a volume, which was calculated during preprocessing (Andersson and Sotiropoulos, 2016). Excessive values were defined as any value more than three median absolute deviations (MADs) above the median of the sample distribution across measurement occasions (Leys et al., 2013). We used the median as a reference, since it is more robust to the influence of extreme values than the mean.



Motor Performance Measures

Motor performance was assessed by three motor tests described in detail below. Specifically, we used two tests to measure motor speed and one test to measure motor strength. First, all dependent values of interest were individually standardized by using the mean and standard deviation of the first measurement occasion, and then transformed into a T-statistic to achieve better interpretability.


Motor Speed


Grooved pegboard test

The grooved pegboard test (Merker and Podell, 2010) comprises a board with a cavity in the upper region, in which small metal sticks in key-like shapes (pegs) are stored. In the bottom area, the board has 25 holes (5 columns × 5 holes), each including a slit on the side to fit the key-shape of the pegs. However, these holes are oriented in a random fashion, such that the matching of a peg to the hole might require a turn of the peg. The test requires participants to sequentially place pegs into the corresponding holes in the board as quickly as possible. Participants are asked to complete the test with their left hand (proceeding from right to left) and with the right hand (proceeding from left to right). The dependent measure is the time the participant needs to place all pegs into the holes, separately measured for the left and the right hand.



Finger tapping

Finger tapping speed was assessed with the MLS (Motorische Leistungsserie; Schoppe, 1974). This test is based on a work panel that allows participants to perform a series of different uni- or bimanual tasks designed to assess fine motor skills. Specifically, the finger tapping task required participants to tap as quickly as possible on one of two small squares located on the bottom left and right of the panel with the tip of a pen. Performance was separately measured for the right and the left hand and participants were asked to target the square that was located on the same side as their respective hand. The dependent measure of interest was the number of taps within 32 s, separately measured for the left and the right hand.



Motor Strength


Grip force

Grip force was measured with a hydraulic hand dynamometer (Merker and Podell, 2010) (Model SH5001, Sae-han Corporation, Korea) to assess the isometric maximum grip force of the right and the left hand. Participants were instructed to sit upright, with their feet positioned flat on the ground, their shoulders and forearm in a neutral position, their elbow in 90° flexion and the wrist in an extension of 0° to 30°. Participants were asked to press the dynamometer for 4 s with maximum force, beginning with the dominant hand. After a 30 s break, they had to switch hands and repeat the task with the non-dominant hand. Overall, three repetitions were conducted for each hand. If the maximum grip force in one hand was higher in the third as compared to the first two rounds, data collection was continued until the final measurement was smaller than the previous one. The dependent measure of interest was the average grip force across the three highest measurements, separately computed for the left and the right hand.



Covariates

To control for potential confounding influences, we included age at baseline (Agebase), level of education (on a scale from 1 to 3; 1 = high school with or without vocational education, 2 = higher education entrance qualification, business school or university of applied sciences, or 3 = university degree) and gender (0 = female, 1 = male) as covariates on the intercept and slope terms in all statistical analyses. Furthermore, for the FA models, we also included head motion in the scanner as a time-varying covariate on the manifest indicators at each measurement occasion. To facilitate model interpretation, age was centered at 70 years (median of the sample), and education at level 2. Head motion was left uncentered, since a value of zero was meaningful (i.e., reflecting no head motion).



Statistical Analysis

All statistical analyses were run in R version 3.3.3 (R Core Team, 2019). Outlier correction in each motor performance measure was done using a cut-off of three MADs above or below the median of the sample distribution across measurement occasions, resulting in the removal of 58 individual values [i.e., between 0.1% and 3.2-% of the total N of observations for each test; Grooved Pegboard left: n (%) = 25 (3.2%) and right n (%) = 21 (2.7%); Finger tapping left: n (%) = 3 (0.4%) and right n (%) = 7 (0.9%); Grip Force left: n (%) = 1 (0.1%) and right n (%) = 1 (0.1%)]. We refrained from outlier control in FA measures, since FA can largely vary between individuals (e.g., Veenith et al., 2013), and no clear consensus exists on normative cut-offs. However, we excluded individual observations with excessive head motion values (see section on “Head motion control” above).


Latent Growth Curve Modeling (LGC)

In the present study, we first used univariate LGC to model change in FA and motor performance measures individually, and bivariate LGC to model cross-domain interactions between these measures. We estimated the LGC models in the SEM framework using the lavaan package version 0.5-23.1097 (Rosseel, 2012) in R.


Univariate models

We estimated separate univariate LGC models for FA in each of the WM tracts and for motor function in the tests assessed. For each univariate LGC we estimated the (1) initial level, i.e., the intercept of the measure of interest, (2) its rate of (linear) change, i.e., the slope, and (3) the association between the initial level and the rate of change of the measure of interest. To avoid confounding of initial level/rate of change estimation, we added baseline age and gender as covariates to all models. For the univariate FA models, we additionally added head motion as a time-varying covariate. To illustrate, Figure 1 shows a path diagram of a univariate LGC model for motor strength.
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FIGURE 1. Example diagram of a univariate LGC model for motor strength (MS) in the grip force test (Grip). For a detailed description see methods section (univariate models). All unlabeled paths are fixed to 1. Parameters with the same label are fixed to be equal. The manifest indicator intercepts are not shown for visual clarity. Intercept and slope variance is controlled for age at baseline (Agebase) and gender.


From bottom to top, the Figure shows the observed measurements of grip force at each time point (Grip0… Grip4yr). These measurements load on the latent estimates of motor strength (Ms0…Ms4yr). In other words, the motor strength variables represent latent estimations of grip force at each measurement occasion, separated from measurement error. Further, a latent intercept (I) and slope factor (S) was estimated on top of the latent estimates of motor strength, to capture initial levels and overall rate of change across time. The means of these factors reflect the average baseline value (μI) and change (μS) in a variable across the entire sample (i.e., fixed effects). The variances of these latent factors reflect the variability between persons (i.e., random effects) in their individual baseline values (σ2I) and change trajectories (σ2S). We estimated the loadings of the change slope to reflect a linear change trajectory (i.e., slope loadings of 0, 1, 2, 4). As is the standard in longitudinal SEM modeling, we treated missing values as missing at random (MAR; Little, 1995) and retained them in the model by using the full information maximum likelihood estimation (FIML; Finkbeiner, 1979; Schafer and Graham, 2002) to deal with incomplete data.



Bivariate models

We estimated a series of bivariate LGC models, combining the univariate LGC models for each of the WM tracts and for each of the motor function tests, resulting in 18 models. To illustrate, Figure 2 shows a path diagram of a bivariate LGC model for motor strength (i.e., grip force test) and WM FA in the SLF.


[image: image]

FIGURE 2. Example diagram of a bivariate LGC model for motor strength (MS) in the grip force test (Grip) and WM FA in the SLF. Blue paths illustrate the cross-domain associations between (1) initial WM FA and motor performance at study baseline (level–level), (2) initial WM FA and subsequent change in motor performance (level-change), change in WM FA and change in motor performance (change–change). Single-headed arrows represent regression effects and double-headed arrows represent (co)variances and correlations. Circles represent latent, unobserved variables and squares represent manifest, observed variables. Triangles stand for constants, such as means and intercepts. All unlabeled paths are fixed to 1. Parameters with the same label are fixed to be equal. The manifest indicator intercepts are not shown for visual clarity. Intercept and slope variance for motor strength and WM FA is controlled for age at baseline (Agebase) and gender. The observed variables of WM FA in the SLF are controlled for head motion (HM) at each measurement occasion.


In each bivariate LGC model, we estimated the following cross-domain interactions between FA and motor function (blue pathways in Figure 2): (1) the level-level (i.e., intercept-intercept) correlation, to investigate the association between baseline FA values in each of the WM tracts and baseline motor function in each of the motor function tests. As an example, a positive level-level association would suggest that at study initiation, individuals with higher WM FA show better motor performance than individuals with lower WM FA values. (2) The level-change (i.e., intercept-slope) correlation to examine the association between baseline FA values and motor performance changes. As an example, a positive level-change association would indicate that people with higher WM FA at baseline show reduced motor performance declines over the study period (3) the change-change (i.e., slope-slope) correlation, to investigate the association between change in WM FA and change in motor function. As an example, a positive change-change association would mean that people with steeper declines in WM FA also show steeper declines in motor performance over the study period. Note that these examples are formulated based on the assumption that individuals experience declines in WM FA and motor performance over time.

We only evaluated these longitudinal cross-domain effects, if there was sufficient variance in the intercepts and slopes of the respective univariate models of the combined variables. We defined sufficient variance as intercept or slope variance that is significantly (p <.05) different from zero, suggesting that individuals show substantial heterogeneity with regards to their baseline levels or their longitudinal change trajectories in WM FA or motor performance. While intercept variance was substantial in all univariate models, this was not the case for slope variance in some of the models. As a significance test relies on an arbitrary cut-off, we additionally calculated effective curve reliability (ECR) for each univariate model. ECR is a reliability index for LGC model slope variance that can be interpreted as a standardized effect size statistic of the slope variance (Kelley and Preacher, 2012; Brandmaier et al., 2018). It is computed as the slope variance scaled as a proportion of the sum of slope variance and slope measurement error. ECR ranges from 0 to 1, with larger values reflecting increased true population slope variance and/or increased study design precision (and thus reduced effective error) (Brandmaier et al., 2018).



Evaluation of model fit

Overall model fit was evaluated by the χ2 test, specifically, by the ratio of the χ2 test statistic to the respective degrees of freedom (Jöreskog and Sörbom, 1993). Furthermore, the Comparative Fit Index (CFI; Bentler, 1990), and the root mean square error of approximation (RMSEA; Steiger and Lind, 1980) were used to evaluate goodness-of-fit. Good model fit was defined as a ratio of χ2/df ≤ 2, CFI > 0.97, RMSEA ≤ 0.05, and adequate fit was defined as χ2/df ≤ 3, CFI > 0.95, RMSEA between 0.05 and 0.08 (see Jöreskog and Sörbom, 1993; Schermelleh-Engel et al., 2003). Models were compared using the difference χ2 test (for nested models) and the sample size adjusted Bayesian Information Criterion (BIC; Raftery, 1995). The BIC is not interpretable in isolation, however, in model comparisons, smaller values indicate a closer fit of the model to the data (Kass and Raftery, 1995; Raftery, 1995). Given that we tested a large number of hypotheses, we applied a correction for multiple comparisons using the False Discovery Rate (FDR) correction, to reduce the likelihood of false positive findings, i.e., Type 1 errors (Benjamini and Hochberg, 1995). The FDR correction was applied to each LGC model separately, and across all effects of interest within the structural part of the model. For the univariate LGC models, we included the means and variances of intercept and slope, covariate effects and within-domain correlations of intercept and slope as effects of interest. For the bivariate LGC models, we only considered cross-domain correlations between intercept and slopes as effects of interest.



RESULTS

Raw FA declined annually for the FMIN and SLF by –0.20 ± 1.18% and –0.56 ± 0.88%, respectively. In the CST, annual increases were observed in average FA values (0.25 ± 0.92%). This effect, however, did not manifest itself in the univariate LGC models described below. Potential explanations for this divergence between raw change and modeled change values will be addressed in the discussion. Average annual declines were observed in all motor function tests [annual percentage change (APC) ranging between –0.24% and 1.21%]. Grip force and tapping speed of the left hand declined more strongly compared to the right (dominant) hand, while we observed the reversed pattern (higher annual decline in the right hand) for performance in the pegboard test. Table 2 contains a detailed overview of the raw annual change and APC in FA and motor functioning.


TABLE 2. Raw annual change and annual percentage change of WM microstructure and motor function.
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Univariate LGC Models: FA

We fit univariate LGC models for mean FA in each of three WM tracts (FMIN, SLF, CST). Model fit statistics and parameter estimates are shown in Table 3.


TABLE 3. Parameter estimates and model fit statistics of best fitting univariate LGC models for WM FA.

[image: Table 3]Fit statistics ranged from adequate to good for all models [χ2(24) = 31.733–67.697, χ2/df = 1.32–2.82, RMSEA = 0.037–0.089, CFI = 0.960–0.988]. With regards to the parameter estimates, substantial individual differences (i.e., significant intercept variance) were observed for baseline mean FA in all WM tracts. On average, mean scaled FA declined in the FMIN and SLF (–0.15 and –0.20 per year). In contrast, as we hypothesized, no substantial average FA changes were observed in the CST. Moreover, substantial interindividual differences in longitudinal change (i.e., significant slope variance) were observed for the FMIN and SLF. However, the univariate LGC model for the CST initially converged with a negative slope variance. Constraining the CST slope variance to a positive value resulted in the estimation of a slope variance of zero (see Table 3), suggesting the absence of interindividual differences in longitudinal average FA change trajectories for the CST. Accordingly, ECR could not be calculated for the CST. As sufficient variance in change trajectories is necessary to estimate cross-domain parallel change correlations, only the FMIN and SLF were retained for the bivariate modeling of change-change associations. ECR for the FMIN and SLF were 0.44 and 0.30 (see Table 3), respectively, suggesting a small to medium effect size of the slope variance for these tracts (Cohen, 1988, 1992). Covariance between intercept and slope was not significant for any of the WM tracts.

With regard to covariate effects on intercept and slope (see Table 4), baseline age was significantly associated with baseline mean FA in the FMIN and SLF, in the direction that older individuals had lower FA values in these tracts at baseline than their younger peers. Baseline age was also significantly related to changes in mean FA over time in the FMIN and CST, suggesting that participants showed accelerated annual FA decline with increasing age (mean scaled FA of –0.01 and –0.02). Specifically, as no significant main effect of mean FA change was observed for the CST, this result suggests that FA decline was predominantly observed for the older participants in the sample. Gender had a significant effect on average baseline FA in the FMIN, and FA changes in the CST: Male participants had lower mean FA in the FMIN at baseline (–0.64, SE = 0.29, p = 0.026), and showed less annual mean FA change in the CST (0.22, SE = 0.06, p < 0.001) than female participants.


TABLE 4. Effects of Age at baseline and Gender on intercept and slope of best fitting univariate LGC models for WM FA.

[image: Table 4]Finally, we also investigated the impact of head motion at each measurement occasion (see Table 5). Head motion was significantly associated with FA in all WM tracts on at least one measurement occasion, such that more motion in the scanner was associated with significantly lower average FA. This effect was most consistently observed for the CST. Note that one unit increase in head motion amounts to almost five times the average head motion present in the sample (from 0.24 to 0.27 across measurement occasions; cf. Table 1).


TABLE 5. Effects of head motion on FA at each measurement occasion of best fitting univariate LGC models for WM FA.
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Univariate LGC Models: Motor Function

We fit univariate LGC models to estimate longitudinal performance change in each of the motor function tests (motor speed: pegboard, tapping; motor strength: grip force), and separately for each hand. Model fit statistics and parameter estimates of these models are presented in Table 6.


TABLE 6. Parameter estimates and model fit statistics of best fitting univariate LGC models for motor function.

[image: Table 6]Fit statistics ranged from adequate to good for all models [χ2(12) = 15.972–31.070, χ2/df = 1.33–2.59, RMSEA = 0.038–0.083, CFI = 0.980–0.993]. Substantial interindividual differences were observed for motor performance at baseline in all tests. On average, motor performance declined in all tests (between –0.39 and –0.56 per year) but one (Pegboard left hand performance). Mirroring the raw performance changes reported in Table 2, larger declines were observed for left hand than right hand motor function. Regarding longitudinal change trajectories, substantial interindividual variance was only observed for motor strength in the grip force test (left and right hand). In contrast, the slope variance was not significantly different from zero for any of the motor speed tests1. Mirroring this result from the significance test, ECR and therefore slope variance effect size was below the cut-off of a small effect size for the motor speed tests (between 0.03–0.15) and of medium size for the Grip Force test (left hand: 0.47, right hand: 0.60) (Cohen, 1988, 1992). Due to the lack of substantial change variability in the motor speed tests, only the grip force test (left and right hand) will be retained for the estimation of change-change associations in the bivariate modeling section. The covariance between intercept and slope was significant only in the grip force test (left hand: –1.15, SE = 0.53, p = 0.029, right hand: –1.57, SE = 0.60, p = 0.009), in the direction that individuals with higher motor function at baseline tended to show accelerated declines in motor function over 4 years.

Baseline age was significantly negatively associated with motor function across all tests, such that older individuals had a lower performance at baseline than younger peers (Table 7). In addition, baseline age was significantly negatively associated with performance changes in two motor speed tests (pegboard right hand: –0.13 and left hand tapping: –0.07), indicating that older participants’ motor function declined more rapidly as compared to their younger peers.


TABLE 7. Effects of Age at baseline and Gender on intercept and slope of best fitting univariate LGC models for motor function.

[image: Table 7]Gender was significantly related with motor function at baseline, such that male participants showed better motor performance in the tapping (left hand: 5.43, SE = 1.32, p < 0.001; right hand: 6.16, SE = 1.20, p < 0.001) and grip force tests (left hand: 15.34, SE = 0.78, p < 0.001; right hand: 15.66, SE = 0.77, p < 0.001). In addition, male participants showed steeper declines in left hand grip force performance over 4 years than female participants (–0.34, SE = 0.17, p = 0.045), however, this effect was no longer significant after correction for multiple comparisons.



Bivariate LGC Models: FA and Motor Function

We fit bivariate LGC models to estimate cross-domain relationships between mean WM FA in each of the three WM tracts and motor function in each of the six motor tests, resulting in overall 18 separate models. Fit statistics of these models are presented in Table 8, and standardized parameter estimates are shown in Table 9.


TABLE 8. Model fit statistics of bivariate LGC models (for parameter estimates see Table 9).
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TABLE 9. Results of bivariate LGC models (level-level, level-change, change-change).

[image: Table 9]Model fit statistics ranged from adequate to good for all models [χ2(65–68) = 71.231 - 131.512, χ2/df = 1.06–2.02, RMSEA = 0.017–0.067, CFI = 0.970–0.996]. First, in each of the 18 bivariate LGC models, we estimated level–level (i.e., intercept–intercept) correlations between baseline mean FA values and baseline motor function. The results revealed a significant positive correlation for the FMIN and motor speed performance: higher baseline mean FA in the FMIN was associated with faster motor performance in the pegboard (fully standardized estimate: 0.16, SE = 0.08, p = 0.035) and tapping tests (fully standardized estimate: 0.19, SE = 0.07, p = 0.006) for the left, but not for the right hand. These estimates correspond to a small to typical effect size if compared to the norms in interindividual difference research (Gignac and Szodorai, 2016). We also observed a positive correlation for the FMIN and right-hand grip force performance, however, this result was no longer significant after correction for multiple comparisons. None of the other level–level correlations were significant.

In addition, we estimated level-change (i.e., intercept-slope) correlations to investigate the association between baseline mean FA values and motor performance changes. As the motor speed tests did not show sufficient slope variance, we only estimated level-change correlations for the motor strength tests (grip force left and right hand). None of these results were significant.

Finally, to investigate the association between changes in mean WM FA and changes in motor function, we estimated change–change (i.e., slope–slope) correlations between motor strength in the grip force test and mean FA in those WM tracts that showed sufficient slope variance (FMIN, SLF). Again, none of these correlations were significant.



DISCUSSION

In the current study we followed > 200 healthy older adult participants over 4 years of longitudinal DW-MRI and manual motor performance assessments. To optimally harvest insights from longitudinal data, we conducted our analyses using LGC models in the SEM framework, which enable the separation of interindividual variability from intraindividual change trajectories. We specifically targeted the FMIN, SLF, and CST for their purported roles in motor and cognitive function. Cross sectional associations with age at baseline indicate that mean FA values in these tracts as well as motor performance indicators are lower in older individuals, similar to what has been shown previously (Ruff and Parker, 1993; Jiménez-Jiménez et al., 2011; Bennett and Madden, 2014; Cox et al., 2016). We observed longitudinal declines over time in all measures except for average FA in the CST. Baseline age was also related to changes in mean FA over time in the FMIN and CST, suggesting that changes accelerated with advancing age in the FMIN. In case of the CST, this finding suggests that longitudinal decline is restricted to the oldest participants, as no decline was observed in average FA for the overall sample in this tract. We found that FMIN tract average FA values correlate positively with motor speed and motor strength measures, suggesting that maintenance of WM structure in the anterior corpus callosum is associated with better manual motor function. We did not observe significant longitudinal level-change or change-change associations, suggesting that – at least over the timescale studied here – age-related baseline levels and changes in WM microstructure within these tracts do not associate with changes in motor speed and grip force.


Longitudinal Change in and Cross-Sectional Age Effects on Motor Speed and Motor Strength

Our LGC models for motor function reveal both longitudinal declines over time and cross-sectional effects of age, consistent with previous literature (Kallman et al., 1990; Ruff and Parker, 1993; Vianna et al., 2007). In addition, our results point to an acceleration of motor performance declines in older individuals. In light of the recent proposition that changes in grip strength are not simply an index of muscle mass loss but should be viewed as a marker of brain health given the complex neural circuitry that it engages (Carson, 2018), the loss of left-hand grip strength with an annual decline rate of 1.2% (Table 2) is particularly interesting. While some studies have reported greater grip strength loss with age in the right hand (Teixeira, 2008), others have shown more selective loss of neural control of the left (non-dominant) hand (Sale and Semmler, 2005). Here, we observed greater declines for the left hand, supporting our hypothesis of right-hand performance preservation due to stronger lifelong practice of the dominant hand. With respect to gender, we expectedly found significant cross-sectional effects for baseline grip force and tapping performance, with males having higher grip strength and faster tapping speeds. This is in accordance with previous work (Hubel et al., 2013; Yorke et al., 2015; Wong, 2016).



Longitudinal Change in and Cross-Sectional Age Effects on Fractional Anisotropy

We found that both FMIN and SLF WM indices significantly declined over time, whereas CST did not. However, age was significantly negatively associated with CST change, implying that CST changes over time only occurred for the oldest participants in our sample. It should be noted that, in the case of the CST, the results from the univariate LGC model diverged from the annual change computed based on the raw FA values. While the modeled change values suggested stability in mean FA over 4 years, annual mean FA increases were observed in the raw values (0.25% ± 0.92%). This divergence most likely is a result of the inclusion of head motion and baseline age as covariates in the LGC models, but not in the calculation of the raw change values. While head motion had a significant impact on all WM tracts, the CST was most affected. Especially, head motion had an impact on the CST at the first three measurement occasions (i.e., by underestimating mean FA values), but not at the last occasion, which was also spaced further apart and thus had more weight for the change calculation. If not adjusted for, this imbalance in the FA estimation might result in the finding of FA increases over time instead of stability. The strict control for head motion, both by excluding observations with extreme motion, and including head motion as a covariate into the estimation of FA, is a major strength of this study. It has been previously reported that participant’s head movements in the scanner can result in biased FA estimates (Yendiki et al., 2014; Baum et al., 2018). Despite this common knowledge, head motion is often neglected in DW-MRI studies.

We have recently shown that a global WM decline factor is not a good fit to our data (Oschwald et al., 2019b). Lövdén et al. (2013) have also reported that aging differentially impacts individual WM tracts. Further, studies investigating gray and WM volume and WM diffusion changes with age largely provide evidence for the “last in, first out” hypothesis. This conceptual model proposes that tracts which are later to mature developmentally will be more sensitive to aging effects (Raz, 2000, 2001; Bender et al., 2016). Some studies have shown that primary motor and somatosensory cortex volumes are relatively spared by aging (Raz et al., 1997). In contrast, other studies have suggested disproportionate age effects on pre- and postcentral gyrus volume (Good et al., 2001; Taubert et al., 2020), cortical thickness (Salat et al., 2004), iron and myelin content (Taubert et al., 2020). It should be noted, however, that these studies were all cross-sectional and did not quantify longitudinal changes. In the current longitudinal investigation, we see more robust declines in WM microstructure for the FMIN and SLF than for the CST, which is consistent with the idea of a higher susceptibility of association and commissural fibers for detrimental effects of aging (Madden et al., 2012; Bender et al., 2016).



Cross-Sectional and Longitudinal Brain-Behavior Associations

With regard to cross-sectional brain-behavior associations at baseline, left hand pegboard and tapping speed measures were significantly correlated with FMIN FA, with higher average FA values being associated with faster performance. There was also a trend for a level-level association between mean FA in the FMIN and right-hand grip force, but this association did not survive correction for multiple comparisons. We have previously shown that corpus callosum WM integrity is correlated with unimanual and bimanual task performance in older adults (Fling et al., 2011; Fling and Seidler, 2012). Interestingly, the pegboard and tapping performance measures were not significantly correlated with mean FA in the CST or SLF at study baseline. CST microstructure has been linked to better motor performance in young adults; for example, CST FA increases with motor practice (Reid et al., 2017) and is higher in the hand and arm motor tracts of musicians (Giacosa et al., 2019). It is well established, however, that motor control relies more upon frontal brain activity in older adults than young adults (Seidler et al., 2010; Hawkins et al., 2018). This additional frontal activity during motor task performance in older adults is often interpreted as compensatory (Heuninckx et al., 2008); that is, it is positively associated with better task performance. Davis et al. (2012) have reported that anterior corpus callosum microstructure predicted the strength of functional connectivity between the left and right prefrontal cortex in older adults performing a letter matching task as well as task performance that relied on interhemispheric communication. It is not clear whether the same type of compensation process is taking place in our study, but it is compelling that only FMIN FA was correlated with task performance.

We hypothesized that SLF FA would also correlate with motor performance in our sample, given its potential link to frontal compensation. The SLF connects the frontal, occipital, parietal and temporal lobes (Wang et al., 2016) and SLF FA has been recently shown to predict increasing frailty over a 5 years follow-up (Maltais et al., 2020). It has also been shown to be correlated with tapping speed in individuals with frontotemporal dementia (Henley et al., 2014) and in those who have suffered traumatic brain injury (Farbota et al., 2012). However, the degree of interindividual variance in SLF microstructure in these populations is likely greater than that observed with healthy aging, potentially resulting in the lack of association seen here.

We did not observe any change-change associations in our data; that is, change in WM microstructure was not associated with change in motor performance. Moreover, there were no level-change associations, meaning that average FA at baseline did not predict future motor declines. This is perhaps to be expected given the lack of change over time in CST mean FA and the small slope variance in our measures. Of note, due to the lack of variance in the change trajectories of the motor speed tasks, we could only evaluate longitudinal level-change and change–change associations of WM FA with motor strength in the grip force task. Very recently, grip force has been associated with cognitive decline in healthy aging and demented patients (Cui et al., 2021) and is therefore being discussed also as an early marker of cognitive degradation. While we are still in the beginning of understanding how changes in brain structure impact on changes in motor function, previous longitudinal studies on brain structure and cognitive performance have reported inconsistent results with respect to change-change associations, especially when examining healthy older adults (Salthouse, 2011; Oschwald et al., 2019a).

This is perhaps a reflection of several factors: the good health status and thus high capacity for adaptive compensation for neural decline in this population (Reuter-Lorenz and Park, 2014), the complexity of the cognitive aging process itself, involving a multitude of driving factors (Grady, 2012), and the challenge of modeling the intricate temporal dynamics between two developmental aging processes (King et al., 2018). While the sample that is studied here comprises highly functioning, healthy individuals with expectedly high compensatory ability, they still showed average declines in grip force over the time period studied. These declines, however, are small if compared to previous reports (Auyeung et al., 2014; Patel et al., 2018). Moreover, age-related changes in grip force may be especially multidetermined given its above-mentioned association with cognitive decline (Cui et al., 2021), and its relation to several neural substrates (Carson, 2018). Together, this may serve as an explanation why changes in grip force and FA are not significantly related to each other in our analyses. In addition, while the longitudinal nature of this study is one of its major strength and sets it apart from most of the literature investigating the relations between brain and motor aging, modeling the temporal dynamics between these two developmentally distinct domains still presents a major challenge. In the present study, we used growth modeling to capture simultaneous change-change associations between WM microstructure and motor function. However, more fine-grained temporal investigations of leading-lagging relationships may have been more sensitive to uncover a relationship between these domains (see McArdle et al., 2004; Grimm et al., 2012; Estrada et al., 2019 for such applications in the field of cognitive neuroscience).

In a recent study with the same sample, we reported that changes in SLF FA predict changes in processing speed 2 years later (Oschwald et al., 2019b). It is possible that effects of WM microstructure degradation do not exert immediate effects on motor function, but manifest only after a certain time lag. Unfortunately, the fact that most of the motor function measures in the present study showed only very limited between-person slope variance prohibited reliable modeling of more complex lagged dynamic change processes. However, even in our previous study, only a small subset of the WM tracts investigated (i.e., SLF and anterior thalamic radiation) showed lagged change associations over the studied 4-year interval, which promotes the hypothesis that in the context of healthy aging, with compensation mechanisms being in place, longer time delays might be needed to reveal consistent change-change associations between brain structural and behavior changes.

The high level of health in our participants can also be considered a strength, since many other studies investigate mild cognitive impairment, Alzheimer’s disease patients, or other pathological samples. Understanding the trajectories of neural decline and the related motor impairment in healthy old age is of high practical relevance in our aging society.

To quantify slope variance reliability, we calculated ECR, an index reflecting the slope variance scaled on the effective error and interpretable as a standardized effect size. Effective error variance reflects the size of unsystematic variance in the measure of interest over several measurement occasions. It is influenced by the number of measurement occasions, temporal spacing between these occasions, the overall duration of the study, and the reliability of the measurement instrument itself (Brandmaier et al., 2018). Thus, small slope variance reliability as it was observed for several motor function measures in this study, can reflect a lack of true variance in change and/or low measurement precision that is influenced by a number of study design features. To gain more insights into the longitudinal associations between brain structural and behavior changes, we will have to await future studies that can exploit datasets with more measurement occasions spanning longer time periods. It will be of interest to compute similar measures of slope variance reliability as in this study, to be able to compare these effects across different study designs.

We decided to follow a strictly hypothesis-driven approach in the present study, evaluating only selected WM fiber tracts that have been reportedly involved in motor and cognitive functions relevant for the motor performance tests studied here. It is possible that an analysis approach that evaluates the detailed properties of the tracts (i.e., by running voxel-wise analyses) would have revealed effects that are masked via the averaging of FA values over the entire tract. However, this would have greatly increased the amount of multiple comparisons that would require correcting for, thus substantially lowering power to detect any effects of interest. Furthermore, ROI-based analyses allow the application of sophisticated statistical growth models to our longitudinal data to analyze parallel change processes (which is not feasible in the context of voxel-wise approaches, such as TBSS, which allow only the longitudinal modeling of one change process).



CONCLUSION AND FUTURE DIRECTIONS

The current study features the inclusion of multiple longitudinal assessments of both WM microstructure and motor function in a large sample of healthy older adults. Longitudinal assessments across multiple measurement occasions are crucial to better understand trajectories of neural and motor function change in old age and to unravel the effects of central nervous system decline on motor behavior decline over time (Oschwald et al., 2019a). We report evidence for both motor performance and mean WM FA declines over 4 years and negative associations with age. Interestingly, we observed declines in mean FA of the CST only in the older participants but not in the whole sample, which provides support for the “last in, first out” hypothesis of aging which postulates less decline for evolutionarily and developmentally older brain regions and pathways. Mean FA in the FMIN, but not the SLF or CST, correlated with motor speed at baseline. We did not find any longitudinal associations between neural and motor functioning, however. Overall, our results (a) provide important insights into aging-related changes of fine motor abilities and FA in selected WM tracts associated with motor control, (b) support previous cross-sectional work showing that neural control of movement in older adults also involves brain structures outside the core motor system and (c) align with the idea that, in healthy aging, compensatory mechanisms may be in place and longer time delays may be needed to reveal level change or change-change associations. More longitudinal assessments with multiple follow-ups are required to precisely delineate the complex dynamic change associations between neural and motor functioning in aging research.
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FOOTNOTES

1 In case of the tapping test (left hand), the univariate LGC model did initially converge with a negative slope variance. Constraining the slope variance to a positive value still did not result in an ideal solution, as it produced a warning message (covariance matrix of latent variables non-positive definite). Since these issues were most likely produced by the lack of sufficient slope variance, we added further constraints to the model, fixing the intercept-slope covariance to zero. This resulted in convergence without any warning messages, and a good model fit (see Table 6).
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Midcingulate cortex
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Left and right thalamus

Left hippocampus

Right hippocampus

Estimate

-0.16
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—0.03
-0.22

0.01

0.00
—0.07
—0.13

SE

0.05
0.11
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0.08
0.10
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0.06
0.06

t

-3.29
—0.84
—2.06
—0.43
—2.82

0.06

0.02
—1.24
—2.21

P

0.002
0.402
0.043
0.673
0.006
0.954
0.986
0.219
0.031

d

-0.83
—0.21
—0.53
—0.11
-0.72

0.01

0.00
—0.31
—0.56

aDoes not survive Bonferroni-Holm correction for multiple comparisons.

OLM training group is contrasted against active control group. P-values are uncorrected. Cohen’s d is based on parameter estimates from linear mixed effects regression
models. Statistically significant effects surviving multiple comparisons correction appear in bold. PFC, prefrontal cortex; OFC, orbitofrontal cortex; PCC, posterior cingulate

cortex.
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Younger adults/no training Older adults/single-task training Older adults/task-switching training

Trial type ] sp ] sp M sp

RTs (in ms) at pretest

Single 543 90 776 73 743 108
Repeat 611 115 838 182 854 157
Switch 641 122 909 153 882 170
RTs (in ms) at posttest

Single 506 81 693 9% 659 %
Repeat 551 17 782 140 714 138
Switch 557 129 817 159 738 166
Error rates (in %) at pretest

Single 2.60 1.61 647 4.48 696 576
Repeat 474 368 11.38 956 10.46 10.78
Switch 454 351 14.47 790 1351 7.90
Error rates (in %) at posttest

Single 292 233 4.46 257 4.49 2.43
Repeat 631 1.78 1147 617 9.33 535

Switch 4.04 301 10.12 5.75 729 451
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Group

Younger Single-task  Task-switching

adults (1 =31) training (1 =34) training (n = 30)

adults (0 =31)

M (SD) M (sD) M (sD)

Mean age (years) 22.9(2.74) 7035 (4.68) 68.27 (3.97)
DSST test score. 61.97 (11.2) 42.29 (8.94) 46.30 (9.70)
Spot-a-word test score  22.29 (3.5) 27.68(3.80) 27.43(2.78)
RT mixing costs (ms) 67 (61.0) 123 (93.0) 124 (96.1)

DSST, Digit Symbol Substitution Test; RT, Reaction Time.
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Training Semantic task Categories Perceptual task Categories Example stimuli
session (task A) (task A) (task B) (task B)

Session 1 Transportation Planes/cars Number One/two m @

Session 2 Hobby Music/sports Color Blue/orange ﬁ @
Session 3 Animal Bird/fish Direction Left/right ’ w

Session 4 Plant Leaf/flower Chromaticity Colored/black- Q

and-white

Session 5 Clothing Hat/shoe Texture Dotted/squared ‘ ‘

Session 6 Landscape Building/tree Orientation Upright/rotated % !
Session 7 Gadget Toy/tool Luminance Bright/dark ‘M /

Session 8 Gender Male/female Hair-color Blond/brown Q h
@

As in the pretest and posttest sessions, the cues for each the task A and task B refered to the first two letters of the German translation of each task: transformation task
(TR = “Transportmittel’; number task (ZA = “Zahl’); hobby task (HO = “Hobby’); color task (FA = “Farbe’); animal task (Tl = “Tier’); direction task (Rl = “Richtung’); plant task
(PF = "Pflanze’); chromaticity task (SA = “Séttigung"); clothing task (KL = “Kleidung’); texture task (MU = “Muster’); landscape task (TE = “Terrain’); orientation task (OR = “Orientierung’);
gadget task (O ‘Object”); luminance task (LU = “Luminanz”); gender task (GE = “Geschlecht”); hair-color task (HA = “Haarfarbe”).
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Younger adults/no training Older adults/single task training Older adults/task-switching training

Trial type ] sp ] s ] sp
RTs (in ms) at pretest

c-indep 477 66 77 173 655 125
c-dep 572 124 952 159 911 202
RTs (in ms) at posttest

c-indep 429 66 614 118 555 106
o-dep 498 144 801 229 702 188
Error rates (in %) at pretest

c-indep 1.23 1.50 492 11.74 138 225
o-dep 377 3.00 15.06 12.36 1173 12.40
Error rates (in %) at posttest

c-indep 076 123 272 598 084 1.75

c-dep 3.64 225 1.77 14.08 6.36 7.09
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NIRS optode placement Concurrent
Isequential
to tDCS

Bllateral Superior Frontal Concurrent

Cortex

Inferior and Midfrontal Gyri, Concurrent

Supplementary motor area,

intraparietal sulcus

Bllateral frontotemporal Sequential

regions

Left prefrontal cortex Sequential

Bilateral prefrontal cortices Concurrent

Bilateral prefrontal cortices Sequential

M1, Right dorsolateral Concurrent

prefrontal cortex

Bilateral prefrontal cortices Concurrent

(Anterior and dorsolateral
prefrontal cortices, Pars
Triangularis, Pars Opercularis)

Signals reported

COE (HbR-HbO)

HbO, HbR

HbO, HbR

HbO

HbO, HbR

HbO

HbO, HbR, HoT

HbO, HbR,

Oxygenation
(HBO-HBR)

Recording parameters

Channels: 24 channels
SDD: 3em

A: 685 and 830nm
Sampling rate: 20 Hz
Other: Triggered to event
onset/offset of
ToadDback task

Channels: 4 laser diodes
and 8 photo-multiplier
tubes. 38 channels, 2
short channels
A:690nm and 83nm
SDD: 8om, Short
channels: 0.8cm
Sampling rate: 7.8 Hz

Channels: 44 channels (2
x 22)in two 3x5 optode
arrays.

A: 695  20nm and 830
+20nm

Sampling rate: 10Hz

Channels: 3 channels
A:690 and 830nm
SDD: 2.6cm
Sampling rate: 50Hz

Channels: 52; Three rows
(each with 11 optodes,
SSD 3om). 33 optodes
(17 laser diodes and 16
photodetectors)

SDD: 3em

Sampling rate: 10Hz

Channels: 14
Sampling rate: 50Hz

Channels: 20 channels
(10 channels over M1; 10
channels over the right
dorsolateral prefrontal
cortex).

SDD: < 35¢m

Sampling rate: 8Hz

Channels: 16
A: 730 and 850nm
SDD: 2.50m
Sampling rate: 2 Hz

Signal processing and analysis Cognitive task
measured with
NIRS

Software: HomER TLoadDBack

Filter: Low pass (0.009-0.08 Hz)
Analysis: Grand averaging of COE by 4min
blocks, ANOVA

Software: HomER2
Fiter: Band pass fiter (0.01 and 3Ha);
Corrections: Removal of signal-noise ratio <2 and
motion artifacts. Age-dependent DPF.
Consolidation: GLM approach of hemodynarmic
modeling with Gaussian functions. Mean HbO,
mean HoR, mean hemodynamic responses in
interval 511 after stimulus onset.

Analysis: ROI, ANOVA

Software: MATLAB
Filter: Low pass (0.3Hz)

Corrections: Linear fit function (10's baseline, last
105 of rest), noise correction by interpolation of
mean adjacent channel signals

Analysis: Means of the last 20's of individual
averaged activation was calculated (across each
individual, condition, tDCS stimulation session, and
channe). Channel wise t-maps, ROI

Analysis, ANOVA

Software: HomeER2

Filter: Low pass filter (0.5 Hz)

Cortections: Removal of first 5 of each 255 block
and motion artifacts.

Consolidation: Mean HbO per condition; recorded
over final 20 of each 25 s block.

Normalization of HbO difference scores.

Analysis: ANOVA

Software: MATLAB

Filter: Low pass (0.5Hz) and discrete cosine fiters
Cortections: Removal of high-frequency ariifacts
using 5 moving average, a common average
reference to removing physiological noise, DPF.
Analysis: Effect size (baseline to task performance),
t-maps, ROI, ANOVA

Software: HomER2

Filter: Low pass fiter (0.5 Hz);

Corrections: Removal of motion artifacts.
Normalization of each channel

Analysis: Peak HbO ampiitude per channel
standardized per participant across time,
transformed into an overall percentage of channels
with decrease activation across time.

Software: nirsLab, SPM
Fiter: Band-pass fiiter (0.01 Hz - 0.2Hz)
Cortections: Inter-tral signals removed from
time-series. Average baseline concentration
subtracted from task-evoked concentration
changes

Analysis: HbO, HbR, HbT average concentrations
ran for each channel, participant, task, and time.
Concentrations were averages within time (days)
across all n-back trials. Concentrations were further
region and grouped averaged across the total time
difference. General linear model-based SPM was
performed, multiple comparison correction

of channels,

Software: COBI Studio software

Filter: Low pass filtered (0.1 Hz)

Cortections: Motion artifact assessment

Analysis: Temporal hemodynamic function
temporally group averaged. Linear mixed effect
modeling with restricted maximum likelihood.
Bayesian information criterion to determine random
and fixed effects. False discover rate corrections.

Visuospatial WM
task, reward
incentives

Verbal Fluency Test

WM Change
Detection Task

Verbal Fluency Test

nn-Back Task

n-Back Task

Spatial memory task

COE, Cerebral Oxygen Exchange; HbO, Oxyhemoglobin; HbR, Deoxyhemoglobin; HbT, Total Hemoglobin; ROI, Region of Interest; ANOVA, Analysis of Variance; SDD, Source-Detector Distance; DPF, Differential Pathlength Factor;

A, Wavelength.





OPS/images/fnhum-15-623315/fnhum-15-623315-t004.jpg
Reference

Borragan et al.,
2018

Di Rosa et al., 2019

Ehlis et al., 2016

Jones et al., 2015

Herrmann et al.,
2017

Stephens and
Berryhil, 2016

Choe et al., 2016

McKendrick et al.,
2020

Montage

Anodal/Sham

Anodal/Sham

Anodal/Sham,
Cathodal/Sham

Anodal/Sham

Anodal, Sham,
Cathodal

Anodal/Sham

Anodal/Sham

Anodal/Sham

Participant Age (SD)

grouping

Within Subject 23(2.28)

Within Subject 69.7 6.1)

Within Subject (1)82.1 (10.5)
(2)243(2.4)

Within Subject 238(3.7)

Between Group  24.3 (NR)

Between Group  Sham: 69.9 (NR)
Active2: 68.6 (NR)

Active?: 68.6 (NR)

Between Group

DLPFC Stim: 35 (1)
DLPFG Sham: 42 (13)

MiStim: 41 (16)
MiSham: 81 (5)

Within Subjectand 203 (NR)
Between Group

#1DCS sessions

1 Active/1 Sham

1 Active/1 Sham

1 Active/1 Sham

1 Active/1 Sham

5

4

2
Control: Sham & Sham
Active: Sham & Active

NR, Not Reported; WM, Working Memory; VFT, Verbal Fluency Task; DLPFC, Dorsolateral prefrontal cortex.

Active tDCS
parameters

1.5 mA for 25 min

1.5mA for 26 min

1mA for 20 min

1.5mA for 10min

1.5mA for 26 min

1 0or2mA two
separate groups)
for 15min

2mA for 60 min

1mA for 15 min

tDCS
administration
(Online/offline to
cognitive task)

Region stimulated

Anode: left dorsolateral
prefrontal cortex (F3) cathode:
tight forearm

Left PFC between F3 and F7; Oniine
reference on contralateral

shoulder

Online

Broca's area (between C3, 3, Offine to VFT
F7); reference on contralateral
supraorbital region

Anode over left prefrontal  Offine
cortex (between F3 and F7);

cathode over the contralateral

cheek

Blateral Prefrontal Cortex  Online

Anode over F4; reference on  Offine (DCS was
the contralateral cheek paired with WM
training)

Right dorsolateral prefrontal ~ Online (motor
cortex: Anodes: F6 and FC6; _finger-tapping task
Cathodes: Fp2, AF4, and AF8 done prior)

Left Motor Cortex: Anodes:

CP1 and CP3; Cathodes:

Fp1, FO, F8

Right ventrolateral prefrontal ~ Online
cortex: Anode over F10;

cathode over F2

Significant changes in
cognitive performance?

No

Yes: Anodal tDCS with reward
motivation increased WM
performance (Baseline WM as
amodulator)

No

No

No

n-back, No significant
differences, however, a trend
was seen in the Active? group
of increased benefit
“2mA1DCS did significantly
increase far transfer tasks
after 1 month

n-Back, No significant
diferences between DLPFC
stimulation condition as well
as M1 stimulation conditions.
on acouracy

*Reduced variabilty within
individual learning rates with
DLPFC stimulation, however,
the trend appears to be
minimal with M1 stimulation.
Yes: Anodal tDCS increased
spatial memory task
performance
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Reference JBI critical appraisal checklist for randomized controlled trials (Joanna Briggs Institute, 2017)

U] @ ® @ ®) ] m ® © (109) an 12

Herrmann et al., 2017 1 0 0 1 1 1 1 1 1 1 1 1
Stephens and Berryhill, 1 0 1 1 0 0 1 1 1 1 1 1
2016

Choe etal., 2016 1 0 o 1 1 o 1 1 1 1 1 1
McKendrick et al., 1 0 0 1 0 0 1 1 1 1 1 1
2020

Total item score 44 o4 174 a4 24 14 44 4/4 a4 44 4 a4

Each item was scored according to answer: 1 yes, 0 unclear or N/A, —1 no.

Total score
(13)
1 113
1 1013
1 1013
1 o3
414

(1), Was true randomization used for assignment of participants to treatment groups? (2), Was allocation to treatment groups concealed? (3), Were treatment groups simier at baseline?
(4), Were participants blind to treatment assignment? (5), Were those delivering treatment biind to treatment assignment? (6}, Were outcomes assessors blind to treatment assignment?
(7), Were treatment groups treated identically other than the intervention of interest? (8), Was follow up complete and if not, were differences between groups in terms of their follow
up adequately described and analyzed? (9), Were participants analyzed in the groups to which they were randomized'? (10), Were outcomes measured in the same way for treatment
groups? (1), Were outcomes measured in a reliable way? (12), Was appropriate statistical analysis used? (13), Was the tral design appropriate, and any deviations from the standard

RCT design (individual randomization, parallel groups) accounted for in the conduct and analysis of the trial?





OPS/images/fnhum-15-623315/fnhum-15-623315-t002.jpg
References Checklist from Ding et al. (2015) for cross-over studies Total score

) @ ® @ ® © @ ® ©)
Borragan et al., 2018 1 -1 [ 0 0 1 1 1 o 3/9
Di Rosa et al., 2019 1 —1 o o o 1 1 1 0 39
Ehiis etal., 2016 1 0 0 0 1 1 0 0 0 39
Jones et al., 2015 1 -1 [ o o 1 1 1 0 39
Total item score 44 —3/4 o4 o/4 174 4/4 3/4 3/4 /4

Each item was scored according to the risk of bias: 1 low risk, 0 unclear, —1 high risk.
(1), Appropriate crossover design; (2), Randomized treatment order; (3), Carryover effect; (4), Unbiased data; (5), Allocation concealment; (6), Blinding; (7), Incomplete outcome data;
(8), Selective outcome reporting; (9), Other bias.
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Reference

Borragdn et al,, 2018

DiRosaet al., 2019

Ehlis et al., 2016

Jones et al., 2015

Herrmann et al., 2017

Stephens and Berryhill,
2016

Choe et al., 2016

McKendrick et al., 2020

Population

Healthy young aduits
(n'=22; 20 in final sample)

Healthy older aduits (60-80
years) (n = 24; 21 in final
sample) (*Experiment 1)

Healthy young adults;
(Group 1 = 23; Group 2
n=23

Healthy young aduits
(n'=24) (Experiment 1)

Healthy young adults
(n=61)

Healthy older aduts
(n'=90; 30 in each group

Sham, Active1-1mA,
Active2—-2mA)

Healthy adults (1 = 32)
DLPFC Active:n =7

M1 Sham: n = 11

Cognitively healthy young
adults (Sham: n = 10;
Active: n = 11)

Exclusion criteria

Poor sleep qualty;
moderate-high usual CF
(cognitive fatigue),
excessive sleepiness,
excessive
anxiety/depression
History of
neurological/psychiatric
illness, contraindications
101DCS, left-handed
Left-handied, history of
mental/neurologic
disorder
contraindications to tDCS

Neurological/psychiatric
symptoms or head
injuries; medications
Mental, neurological, or
psychiatric ilness; current
use of
psychopharmaceuticals,
contraindications to tDCS

Neurologic/psychiatric
diseases,
contraindications to tDCS,
seizure disorders,
medications, MMSE < 22
Poor visual acuity, history
of epipetic seizures,
history of known
neurological disorders,
pregnancy (or likely to
become pregnant during
the study)

Curtent use of
psychopharmaceutical
agents

Sex

8M, 14F

oM, 12F

1:9M, 14F
2:12M, 11F

12M, 12F

31M, 30F

Sham: 14M, 16F
Activel: 14M, 16F
Active2: 13M, 17F

M: 31
=]

M: 10
F11

NR, Not Reported: M, Male; F. Female; MMSE, Mini-Mental State Examination; M, Male; . Female.

Mean age (SD if
reported)

23(2.28)

69.7 (5.1)

238(3.7)

243

Sham: 69.9

Activel: 68.6
Active2: 68.6

DLPFC Stim: 85 (11)
DLPFC Sham: 42 (13)

MiStim: 41 (16)
MiSham: 31 (5)

203

Mean education (SD)

NR

14.1(3.3) years

NR

NR; University students

NR; 55 College students;
6 with 10 years of
education

Sham: 16.2 years

Activet: 15.8 years
Active2: 1.7 years

NR

NR; University students
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Effect of tDCS on Cortical Activation Measured With INIRS

Comve v

sy s s Pt
Yo et 29

) e miom e s
o 000, 1) Y haae —— omom 160 et
ey —. o om 121 ne
i 120 ey —— om0 143 260
ke O st sic) e usieaem e
gy 000,060 - 150 - ot o 116
Tt 5,00 138,9-085

Wi Ao s 2539

D 020, s A A e sani e
Cron 00108 1) . ocat o, oan 1157
ety 0%, 75751401 oo 1y
Tt 5,001 4049601

et

o 020, 08 —m— siomim s
Sesprs 020, —-— g
e 022 P 157 200 i asom 134

Tte.4;00) 2009201

- a0 v
gt 0, < 4635 151

Tt 5.0 1371 500

Tt S 02 7602088





OPS/images/fnhum-15-623315/fnhum-15-623315-g002.gif
1DCS Effects on Cognitive Performance by Age:
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Name Estimate p 95% ClI 2

training 0.012 0.455 [-0.019, 0.042] n/a
time point 0.013 0.228 [—0.008, 0.035] n/a
training x time point —0.047 0.003** [-0.076, —0.017] 0.063

*0 <0.05, ”p < 0.005, *p < 0.0005. training (0 = control, 1 = training); time point
(0 = pre-assessment, 1 = post-assessment); df = 57.
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Name Estimate p 95% ClI 2

training 0.134 0.042* [0.005, 0.263] 0.095
time point 0.049 0.125 [-0.014, 0.111] n/a
training x time point —0.105 0.0407 [—0.204, —0.005] 0.041

*0 <0.05, ”p < 0.005, *p < 0.0005. training (0 = control, 1 = training); time point
(0 = pre-assessment, 1 = post-assessment); df = 31.
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Name Estimate p 95% ClI 2

training 0.058 0.092 [-0.010, 0.126] n/a
time point 0.102 0.021* [0.017, 0.188] 0.029
training x time point —0.141 0.028* [-0.265, —0.016] 0.149

*0 <0.05, ”p < 0.005, *p < 0.0005. training (0 = control, 1 = training); time point
(0 = pre-assessment, 1 = post-assessment); df = 30.





OPS/images/fnhum-14-565927/inline_39.gif





OPS/images/fnhum-15-605213/fnhum-15-605213-t002.jpg
Name

age
training

time point

age x training

age x time point
training x time point

age x training x time point

o < 005 *p < 0.005

assessment); df = 96.

Estimate

1.134
0.067
0.350
0.282
0.185
0.743
0.088

P

2.481 x 1076
0.809
0.060
0.426
0.432
0.005*
0.792

95% CI 2

[0.684,1.584] 1.168
[-0.481, 0.616] n/a
[-0.015, 0.716] n/a
[-0.418,0.981] n/a
[-0.281, 0.651] n/a

[0.226, 1.260] 0.104
[-0.571, 0.746] n/a

**p < 0.0005. age (0 = older, 1 = young);
training (O = control, 1 = training); time point (O = pre-assessment, 1 = post-
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Age group Young Older

Group WM AC WM AC
Sample size (n) 16 16 10 10

Age (M + SD) 22.38+2.33 23.56 £4.10 69.70 +£3.89 68.44 £+ 3.28
Gender (w : m) 9:7 10:6 6ib 3u7
Education (M £ SD) 541 541 6+2 541

WM, working memory; AC, active control group; w, women; m, men. Education is
shown in ranks ranging from 1 (no formal education) to 8 (doctorate).
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MD ~ training # time point + CNR + head motion +
(1|subject) 4 (—1 + training|subject) +
(—1 + time point|subject) + (—1 + CNR|subject) +

(—1 + head motion|subject)
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MD ~ age * training * time point + CNR + head motion
+ (1]subject) + (—1 + agelsubject) + (—1 + training|subject) +
(~1 + time point|subject) + (—1 + CNR|subject) +

(—1 + head motion|subject)
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CNR ~ age * training * time point + head motion +
(1]subject) + (—1 + age|subject) + (—1 + training|subject) +
(=1 + time poi jiect) + (—1 + head
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head motion ~ age * training * time point + (1|subject) +
(—1 + age|subject) + (—1 + training|subject) +

(—1 + time point|subject)
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composite WM score ~ age * training * time point +
(1|subject) + (—1 + age|subject) + (—1 + training|subject) +

(=1 + timepoint|subject)
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Correlation WM tract Motor speed Motor strength
Pegboard (/) Pegboard (r) Tapping (/) Tapping (r) Grip Force (/) Grip Force (r)
Level-level FMIN 0.16 (0.08) * 0.13 (0.07) 0.19 (0.07)** 0.13(0.07) 0.13 (0.07) 0.16 (0.07)*@
SLF 0.14 (0.08) 0.10 (0.08) 0.14 (0.07) 0.02 (0.08) 0.01 (0.07) 0.04 (0.08)
CST -0.03 (0.08) -0.01 (0.07) -0.05 (0.07) -0.04 (0.07) -0.07 (0.07) -0.14 (0.07)
Level-change FMIN - - - - 0.00 (0.13) -0.12 (0.11)
SLF - - - - 0.07 (0.13) -0.05 (0.12)
CST - - - - -0.00 (0.12) -0.03 (0.11)
Change-change FMIN - - - - -0.13(0.19) —-0.06 (0.16)
SLF - - - - 0.01 (0.23) 0.04 (0.20)
CST - - - - - -

Parameter estimates are standardized, with standard errors in parentheses. Results that were significant (*p < 0.05, **o < 0.01) are marked with stars. Results that were
still significant after FDR correction for multiple comparisons are highlighted in bold font.

FMIN, Forceps Minor; SLF, Superior Longitudinal Fasciculus; CST, Corticospinal Tract, |, left;

aNo longer significant (p < 0.05) after correction for multiple comparisons.

1, right.
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x2 (df)

x2/df

CFI

BIC

WM tract Motor function

FMIN Pegboard
Pegboard

U
N
Tapping (/)
Tapping ()
Grip Force (/)
Grip Force ()

SLF Pegboard (/)
Pegboard ()

Tapping (/)

Tapping ()

Grip Force (/)

Grip Force (r)

CST Pegboard (/)
Pegboard ()
Tapping (/)
Tapping (1)
Grip Force (/)
Grip Force (r)

RMSEA, Root Mean Square Error of Approximation; CFI, Comparative Fit Index; BIC, Bayesian Information Criterium; |, left; r, right.

94.089 (67)
79.877 (67)
110.001 (68)
92.599 (67)
102.529 (65)
96.723 (65)

113.834 (67)
107.235 (67)
122.849 (69)
109.217 (67)
123.705 (65)
131.512 (65)

1.40
1.19
1.62
1.38
1.68
1.49

1.70
1.60
1.81
1.63
1.90
2.02

1.19
1.06
1.28
1.19
1.46
1.61

RMSEA [95% CI]

0.042[0.019-0.061]
0.029 [0.000-0.050]
0.052 [0.033-0.069]
0.041 [0.017-0.060]
0.050 [0.030-0.068]
0.046 [0.025-0.064]

0.055 [0.037-0.072]
0.051 [0.032-0.068]
0.059 [0.042-0.076]
0.052 [0.034-0.070]
0.063 [0.046-0.079)]
0.067 [0.050-0.088]

0.028 [0.000-0.050]
0.017 [0.000-0.043]
0.035 [0.000-0.055]
0.029 [0.000-0.050]
0.044 [0.023-0.068]
0.047 [0.026-0.065]

0.984
0.992
0.977
0.986
0.985
0.987

0.972
0.976
0.970
0.977
0.976
0.973

0.990
0.996
0.986
0.991
0.985
0.983

8421.788
8488.734
8387.129
8329.705
7684.128
7779.699

8188.823
8255.944
8156.749
8098.732
7453.513
7549.944

8802.741
8868.370
8770.575
8709.157
8061.218
81564.132
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Agebase Gender
Tract Estimate SE p-value Estimate SE p-value
Motor Speed
Pegboard (/) Intercept -0.86 0.12 <0.001 -0.57 117 0.629
Slope -0.03 0.03 0.374 -0.27 0.28 0.345
Pegboard (r) Intercept -0.86 0.12 <0.001 -2.26 117 0.053
Slope -0.13 0.03 <0.001 -0.25 0.28 0.370
Tapping (/) Intercept -0.43 0.13 0.001 5.43 1.32 <0.001
Slope -0.07 0.03 0.006 0.21 0.24 0.387
Tapping (r) Intercept -0.60 0.12 <0.001 6.16 1.20 <0.001
Slope -0.01 0.03 0.740 0.17 0.25 0.490
Motor Strength
Grip Force () Intercept -0.47 0.08 <0.001 15.34 0.78 <0.001
Slope -0.01 0.02 0.632 -0.34 017 0.0457
Grip Force (r) Intercept -0.45 0.08 <0.001 16.66 0.77 <0.001
Slope -0.01 0.02 0.549 -0.22 0.19 0.246

Agenase, age at baseline; |, left; r, right. Parameter estimates are unstandardized. Results that were significant after FDR correction for multiple comparisons (p < 0.05)

are highlighted in bold font.

aNo longer significant (o < 0.05) after correction for multiple comparisons.
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Mean () Variance (o 2) Model fit

LGC model/WM tract Estimate SE p-value Estimate SE p-value ECR x2(df) x 2/df RMSEA[95% CI] CFl BIC
Motor Speed
Pegboard () Intercept  51.06  0.84 <0.001 6050 7.48 <0.001 15.972(12) 1.33  0.038[0.000-0.082] 0.993 6907.057
Slope -0.31 021 0.138 027 044 0545 0.09
Pegboard (1) Intercept  51.83  0.84 <0.001  59.07 7.44 <0.001 19.685(12) 1.64  0.053[0.000-0.093] 0.987 6972.606
Slope -0.56 021  0.007 025 046 0584 0.09
Tapping () Intercept ~ 47.60 095 <0.001 8514 881 <0.001 27.957(13) 2.15 0.071[0.034-0.107] 0.980 6875.361
Slope -0.53 0.18 0.003 006 029 0842 0.03
Tapping (1) Intercept ~ 47.15  0.86 <0.001 6898 7.68 <0.001 23.735(12) 1.98 0.065[0.024-0.103] 0.984 6813.738
Slope -0.44 018 0.014 035 033 0289 0.15
Motor Strength
Grip Force () Intercept 4231 056 <0.001 3021 327 <0.001 31.070(12) 2.59 0.083[0.048-0.119] 0.986 6164.275
Slope -0.45 013 <0.001 050 0.6 0.002 047
Grip Force (1) Intercept 4220 056 <0.001 2882 319 <0.001 21.785(12) 1.82 0.059[0.013-0.099] 0.993 6260.735

Slope -0.39  0.14  0.005 0.80 020 <0.001 0.60

ECR, Effective Curve Reliability; RMSEA, Root Mean Square Error of Approximation; CFl, Comparative Fit Index; BIC, Bayesian Information Criterium; |, left; r, right.
Parameter estimates are unstandardized, and adjusted for effects of age at baseline, and gender (on intercept and slope). Motor function values are T-distributed for
all tests (pegboard, tapping and grip force), with higher values reflecting better performance. Results that were significant after FDR correction for multiple comparisons
(p < 0.05) are highlighted in bold font.

aThe slope variance of this model was constrained to be positive and the intercept-slope covariance was fixed to zero.
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Head Motiony, ¢ Head Motionyyear Head Motiongyears Head Motiongyears

Tract Estimate SE p-value Estimate SE p-value Estimate SE p-value Estimate SE p-value
FMIN -1.76 087 0.002 -0.49 0.46 0.289 -0.70 0.46 0.128 -1.10 0.73 0.134
SLF -0.90 0.49 0.069 -2.02 0.40 <0.001 -1.73 0.39 <0.001 -0.52 0.60 0.384
CST -2.51 0.83 0.002 -2.11 0.68 0.002 -2.29 0.66 0.001 -0.89 0.95 0.346

Base, baseline. Parameter estimates are unstandardized. Results that were significant after FDR correction (p < 0.05) are highlighted in bold font.
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Agebase Gender
Tract Estimate SE p-value Estimate SE p-value
FMIN Intercept -0.18 0.03 <0.001 —0.64 0.29 0.026
Slope —0.01 0.01 0.029 0.05 0.05 0.316
SLF Intercept —-0.13 0.03 <0.001 0.36 0.25 0.148
Slope —0.01 0.00 0.122 0.01 0.04 0.692
CST Intercept 0.00 0.03 0.892 0.51 0.29 0.075
Slope —0.02 0.01 0.017 0.22 0.06 <0.001

AQepase, age at baseline. Parameter estimates are unstandardized. Results that were significant after FDR correction for multiple comparisons (p < 0.05) are

highlighted in bold font.





OPS/images/fnhum-14-565927/inline_55.gif





OPS/images/fnhum-15-621263/fnhum-15-621263-t003.jpg
Mean () Variance (¢?) Model fit

LGC model/WM tract Estimate SE pvalue Estimate SE pvalue ECR ¥2(df) ¥2/df RMSEA [95% CI] CFI BIC

FMIN Intercept 37.36 0.24 <0.001 4.30 0.44 <0.001 42.695(24) 1.78 0.058[0.028-0.086] 0.983 3257.441
Slope -0.15  0.06 0.014 0.04 0.01 0.001 0.44

SLF Intercept 36.19 0.21  <0.001 3.27 0.33 <0.001 67.697(24) 2.82 0.089[0.064-0.114] 0.960 3023.458
Slope -0.2 0.05 <0.001 0.02 0.01 0.024 0.30

CST Intercept 54.52 0.27 <0.001 3.90 0.44 <0.001 31.733(24) 1.32 0.037[0.000-0.069] 0.988 3634.188
Slope -0.04 0.08 0.628 0.002 000 <0001 -°

ECR, Effective Curve Reliability; RMSEA, Root Mean Square Error of Approximation; CFl, Comparative Fit Index; BIC, Bayesian Information Criterium. Parameter estimates
are unstandardized, and adjusted for effects of age at baseline, and gender (on intercept and slope), and for head motion at each measurement occasion. FA values are
raw scores, multiplied by 100. Results that were significant after FDR correction for multiple comparisons (o < 0.05) are highlighted in bold font.

aThe slope variance was constrained to be positive, which resulted in a slope variance of zero.
PECR could not be calculated because the slope variance was zero.
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Variable/change score Raw annual change APC (%)

n M SD M SD
WM microstructure (raw FA scores x 102)
FMIN 197 -0.07 0.42 -0.20 1.18
SLF 197 -0.20 0.31 —0.56 0.88
CST 197 0.13 0.50 0.25 0.92
Motor function (standardized T-scores)
Pegboard (left) 202 -0.22 2.79 —-0.24 7.16
Pegboard (right) 206 —0.46 2.96 -0.78 7.38
Tapping (left) 205 —0.45 2.37 —1.09 5.07
Tapping (right) 204 —-0.32 258 —0.67 6.02
Grip force (left) 210 —0.63 1.63 —1.21 3.68
Grip force (right) 210 —0.49 1.74 —0.91 422

Raw annual change, raw annual change score, calculated as [(Value at last measurement occasion in the study-Value at baseline)/total years in study]; APC, annual
percentage change, calculated as [(Value at last measurement occasion in the studly/Value at baseline)!/(totalyearsinstudy) _q p 700,
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Variable Baseline (n = 231) 1-year follow-up (n = 210) 2-year follow-up (n = 196) 4-year follow-up (n = 172)

n M SD n M SD n M SD n M SD
Baseline age (years) 231 70.82 5.08 210 70.92 5.16 196 70.64 4.80 172 7012 4.43
Gender (m/f) 231 118/113 - 210  109/101 - 196  105/91 - 172 93/79 -
Education (1-3) 224 2.23 0.86 209 2.24 0.86 194 2.23 0.87 170 2.28 0.84
Mental health 211 54.78 6.26 194 54.60 6.40 183 54.54 6.26 158 54.68 5.74
Physical health 211 50.85 7.37 194 50.97 7.37 183  51.11 6.86 158 51.52 6.32
Head motion? 228 0.24 0.15 206 0.25 0.16 189 0.27 0.17 164 0.26 0.19

m, male; f, female.

Education was measured on a scale from 1 to 3 (1 = high school with or without vocational education, 2 = higher education entrance qualification, business school or
university of applied sciences, or 3 = university degree). Mental and physical health scores were computed based on the SF12 questionnaire, which participants filled out
at home (Ware et al., 1996).

2Head motion was assessed at each measurement occasion. All other variables were assessed at baseline.
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Processing speed Concept shifting Verbal fluency Reasoning

1000BRAINS LHAB 1000BRAINS LHAB 1000BRAINS LHAB 1000BRAINS LHAB

Mean CT left 0.21 (0.651) 5.45 (0.021) 1.27 (0.263) 0.31(0.581) 0.26 (0.609) 0.00 (0.997) 2.40(0.124) 1.03 (0.311)
Mean CT right 1.56 (0.215) 2.63 (0.107) 0.03 (0.864) 0.00 (0.971) 0.45 (0.505) 0.41(0.522) 0.49 (0.484) 3.50 (0.063)
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Intercept Age (TP1) Sex Education Euler Sample

Mean CT left 1.83(0.177) 2.41(0.121) 0.00 (0.966) 0.10 (0.756) 0.94 (0.334) 7.5(0.007)
Mean CT right 4.35(0.038) 4.95 (0.027) 0.44 (0.508) 0.95 (0.331) 0.32(0.572) 8.85 (0.003)






OPS/images/fnhum-14-565927/inline_48.gif





OPS/images/fnhum-15-635687/fnhum-15-635687-t003.jpg
1000BRAINS LHAB

Tp1 Tp2 APC Sig. of APC Tpi Tp2 APC Sig. of APC Levene’s test

Mean CT left —4.17 (<0.001) —8.21 (<0.001) 0.17 (0.677)
Mean CT right —4.49 (<0.001) —9.07 (<0.001) 0.19 (0.664)
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Processing speed
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APC Sig. of APC Levene’s test

2.35 4+ 3.70 7.99 (<0.001) 10.66 (0.001)

1000BRAINS LHAB
Tp1 Tp2 APC Sig. of APC Tp1 Tp2
4022 £12.46 41.12+14.12 0.34+7.06 0.61(0.54) 37.16 £12.90 39.37 +£16.156 1.07 £6.88 1.93(0.056) 0.25 (0.614)
9320+ 4155 96.87 £43.33 0.84+7.98 1.32(0.188) 86.69+33.86 94.22+39.77 2.04+6.83 3.63(<0.001) 2.40(0.122)
23.96 + 6.67 22.81 +£6.73 —1.31£576 —2.81(0.006) 26.06 + 6.46 25.98 + 5.83 017 £4.41 0.47 (0.633) 9.59 (0.002)
20.99 + 4.65 20.56 +5.42 —-0.13+5.14 —0.31(0.757) 24.02 +4.45 26.48 + 4.75
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TE2r+time 898 864 1.076 0475 0.005 0336 1.820
T 898 870 0.222 0284 0.436 —0.365 0826
c 898 870 —0.421 0218 0579 —0.554 0320
THime 898 866 —0.027 0.600 0.964 —1.238 1.457
Crime 898 866 0533 0.411 0.198 —0.285 1.879
E2 898 a76 0414 0.248 0.004 —0.080 0912
THime 898 867 1.185 0643 0.073 —0.124 2434
E2'time 898 867 —1.008 0.395 0013 —1.785 —0.217
CAG repeat*time 898 L —0.081 0.079 0312 —0.238 0077

N, 97: T, Tastosterone; C, Cortisol: E2, Estradiol: AICO, Akaike criteron of the null model: AIC, Akaike criterion; SE, standard error; p, p-value; Cl, Confidence interval.
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Baseline Follow-Up

N M/Freq. SD/% N M/Freq. SD/%
Age a7 61.26 10.02 a7 65.18 998
BMI %5 25.16 257 a7 2551 431
Fat mass in percent (%) %5 22.42 5.43 97 2058 7.03
CAG repeats - - - 94 17.8 3.07
C (pg/m)) %5 1,424.3 1,396.5 97 2,169.9 1,5975
T (pg/mi) o 4253 18.44 9% a7.88 26.28
E2 (pg/m) %% 1.46 1.06 97 1.63 1.69
Physical health a7 65.47 3.93 9% 65.36 4.09
Psychological well-being a7 25.58 2.87 9% 25,67 2.87
Marital status (%) o7 9%
Single 8 825 5 5.21
In relationship 8 825 10 1042
Married 70 72.46 70 72.92
Divorced 10 10.31 10 1042
Widowed 1 1.08 1 1.04
Education (%) a7 9%
Middle school 8 825 9 938
Secondary school 23 237 23 23.96
Grammar school 7 7.22 7 7.29
University degree 43 44.33 46 47.92
other 16 16.49 11 11.46
Income (in CHF, %) a7 9%
Noincome 1 1.08 1 1.04
Up to 30,000 3 3.09 3 313
30,001-50,000 7 7.22 4 447
50,001-1,00,000 35 36.08 a8 3958
1,00,001-1,50,000 35 36.08 a8 3958
1,50,001-2,00,000 12 12.37 7 7.29
More than 2,00,000 4 4142 5 5.21
Smoking (%) a7 9%
Non-smoking 82 84.54 83 86.46
Smoking 15 15.46 13 13.54
Medication (%) a7 9%
No 59 60.08 51 53.13
Yes (details see below) 38 39.18 45 46.88
Type of medication® (%) a8 45
Antihypertensives 23 45.09 28 45.16
Vitarins and minerals 1 1.96 5 8.06
Other 27 52.94 29 4677
Physical activity (%) a7 9%
Lessthan 1 h 1 1.08 1 1.04
1-3h 32 32.99 20 20.83
46h 40 41.24 51 53.13
7 or more 24 2474 24 25.00

articipants could indicate more than one medication. Note. N, Number of participants; M, Mean; Frec., Frequency; SD, Standard dleviation; %, Percent; C, Cortisol; T, Testosterone;
E2. Estradiol: CHE Swiss Francs.





OPS/images/fnhum-14-00238/fnhum-14-00238-g003.gif
Files with FETs Files with AFTs

Files with FSTs

20 .. r=-17
15
L
1@ 2
® ®
5 0? 3w %q _©
L £ 2 6“.*
B st s B o) ce
Age at Testing (Years)
@ =-11
150 ®
1
: ‘b"' ﬂ' I
0 0‘0 o‘.o b )
aQ
Age at Testlng (Years)
5 [ ]
4 r=-25 Y
3 [
2 .. .“ ..‘ ® ~
@ ‘ {0’. *Q o p
Ole ® ~
&5 7 ) ] Ba &

Age at Testing (Years)





OPS/images/fnhum-14-00238/fnhum-14-00238-g004.gif
.30

T o®

© © < &

< N3 Jod slieleq [ejoL Bay

90

70

65

() -8
@
g ©® e
b it}
i e® P8
= ( ]
@ ’ (1]
S ©
@ o
v(..\ "o
9 @
£ (]
3 ()
[ 0
®
g o
< ..
T )
ege
® < &

@ W3 Jad sireeq oiposidg Bay

920

r=-30

Age at Testing (Years)
&

+ ® & « O

© W3 1ad sireye@ onuewss Bay

Age at Testing (Years)





OPS/images/fnhum-14-00238/fnhum-14-00238-g001.gif
Scoring Examples

Past Sound File: .. upstate [state] and [city 1] (not scored). Real nice guy (semantic).
Wonderful gentleman (semantic). He was um more senior than me at the time (semantic). He
was like the dean of our hospital association group (semantic). I look down (episodic) and I see
[name] his name (episodic). I see his name plate there, but he is not at his seat (episodic). And
um I didn't think much of it (episodic). I figured he is in the bathroom or something (episodic).

And um time goes by (episodic) and then all of a sudden someone taps me on the shoulder

(episodic). It is the guy from the [city 2] Hospital Association (episodic). He said (not

scored)...”

Future Sound File: “We got to get to the post office (episodic). We have to get to the post office
(not scored). We have to get to [name of first person]’s (episodic). We have to get to [name of

second person]'s (episodic).”
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Format

P&P

NPA

Instrument (References)

Instrument developed for the present study (n.a.)

Brief Symptom Checklist

(Franke, 2017)

NEO-Five Factor Inventory
(Borkenau and Ostendorf, 2008)
Cognitive Emotional Regulation Questionnaire
(Loch et al., 2011)

Resilience Scale

(Schumacher et al., 2004)

Health Questionnaire

(Morfeld et al., 2011)

Pittsburgh Sleep Quality Index
(Buysee et al., 1989)

Satisfaction with Life Scale
(Glaesmer et al., 2011)

Sense of Coherence Scale
(Schumacher et al., 2000)

General Self-Efficacy Scale
(Beierlein et al., 2012)
Incongruence Questionnaire
(Grosse Holtforth and Grawe, 2003)
Social Support Questionnaire
(Fydrich et al., 2007)

Adult Attachment Scale —R
(Schmidt et al., 2016)

Relationship Questionnaire
(Bartholomew and Horowitz, 1991)
Retrospective 1-item measurement
(Neumann, 2002)

Saarbricken Personality Questionnaire
(Paulus, 2011)

Wechsler Adult Intelligence Scale (WAIS)
(Petermann and Petermann, 2013)

Zurich Neuromotor Assessment ||
(Kakebeeke et al., 2018)

Materialien und Normwerte fUr die neuropsychologische

Diagnostik
(Balzer et al., 2011)

Trail Making Test
(Tombaugh, 2004)

Stroop Test
(Strauss et al., 2006)

Hopkins Verbal Learning Test
(Brandt and Benedict, 2001)

Rey Complex Figure Test
(Rey, 1941)

Instrument developed for the present study (n.a.)
n.a.

Subconstruct

Physical Health

Physical Activity

Sleep Patterns

Nutrition

Demographic Variables
Biographical Cornerstones
Evaluation of Study Participation
Psychiatric Symptoms

Personality

Emotion Regulation

Resilience

Subjective Physical and Psychological Functioning

Sleep Quality

Satisfaction with Life

Sense of Coherence

Self-Efficacy

Basic Psychological Needs

Perceived Social Support

Attachment Behavior

Attachment Style

Attachment to Own Parents

Empathy

Fluid Intelligence

Crystalline Intelligence
Verbal Intelligence

Working Memory
Numbers-Symbols Test
Fine and Gross Motor Skills

Fluency

Cognitive Flexibility

Inhibition

Verbal Learning and Memory

Visual Construction, Figural Learning and Memory

Assessment-Related Health Issues
Body Weight and Height
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Wave Type of data Instrument (References) Subconstruct

1 Administrative records and information n.a.
provided by staff members of the care
institutions

Demographic Variables/Family background

Contact with the family
Information on institutional stay
Health status

Childcare circumstances and practices (on
institutional level)

Brunet-Lézine
(Brunet and Lézine, 1955)

Termann—Merill (Terman and Merrill, 1937)

Standardized tests Overall development (children up to 2.7 years)

Overall development (children up to 4.6 years)

Schweizertest Overall development (children up to 7.6 years)
(Biasch and Fischer, 1969)
n.a. Body Weight and Height
Observational data n.a. (part of the data scored according to Thalmann’s Behavior
symptom-burden scale, Thalmann, 1971)
Interaction

Childcare circumstances and practices (on
institutional level)

2 Administrative records and information n.a. Demographic Variables/Family background
provided by parents/caregivers
Care history
Academic career
Health status and pubertal development
Standardized tests/questionnaires WIP Cognitive abilities
(Dahl, 1972)

Semi-structured interviews

Kinder-Angst-Test
(Thurner and Tewes, 1969)
Rorschach-Test

(Bohm, 1965)
Foto-Hand-Test
(Belschner et al., 1971)

Mental health

Personality

Aggressive behavior

Sohnaufsatz Graphology

(Ungricht, 1955)

Baumtest Character/affective development

(Koch, 1957)

Sociogram Social status

(Bastin, 1967)

Polaritatenprofil Personality, learning and academic behavior

(Instrument developed for the present study)
n.a.

n.a. (part of the data scored according to Thalmann’s
symptom-burden scale, Thalmann, 1971)

Body Weight and Height

Care histories, development, social relationships,

and education
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Individuals placed in institutions as infants (Marie Meierhofer Children's Institute)

Wave 1: 1958-1961 i Exploratory study:
420 children born Wa"l‘zg'cﬁzrleﬁgn 2012-2013 Wave 3: 2019-2022
between 1952-1959 16 individuals Wave 1 cohort

(subsample) (subsample)

administrative records administrative records biogr. narrative interviews questionnaire
standardized tests standardized tests neuropsychological testing
observational data guestionnaires & interviews biogr. narrative interviews

Children growing up in families (Zurich Longitudinal Studies)

. Current assessment
Continuous assessments between ages 0-18 2019-2022

445 children born between 1954-1961 Original cohort
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H BA k x y z t ES [95% CI]
Multiple Regression Navigation
time/[Landmark > Control]
Inferior temporal gyrus R 21 40 45 22 —16 5.08 033 0.24[0.16, 0.32]
51 —31 —13 4.80 0.280.19, 0.38]
Lingual gyrus L - 27 -30 —58 5 469 0.14 0.40[0.26, 0.54]
—24 —46 5 466 0.46 [0.80, 0.62]
Lingual gyrus R - 15 320 —49 2 464 0.19 0.54[0.35, 0.73]
[Middle temporal gyrus] 42 —49 5 365 0.22[0.12, 0.32]
Middle frontal gyrus R 9 35 18 44 2 459 0.09 0.19[0.13, 0.26]
Cerebellum Vermis R - 67 3 —55 —4 459 0.15 0.39[0.25, 0.53]
3 —43 —13 3.92 0.40 [0.24, 0.57]
Middle temporal gyrus R 20 10 45 8 —a7 456 029 0.23[0.15, 0.32]
Parahippocampal gyrus L 19 13 -3 —40 —4 4.47 0.16 0.36 [0.23, 0.49]
Middle frontal gyrus R 10 23 15 65 20 437 0.09 0.65 [0.41, 0.90]
[Superior frontal gyrus] 6 68 14 375 0.61[0.34, 0.88]
Cerebalium lobule VI R E 13 27 —55 —31 426 024 0.20[0.13, 0.28]
Superior occipital gyrus L 18 11 —21 —97 23 426 011 0.50[0.31,0.70]
Angular gyrus L 39 53 —54 —61 29 4.01 022 0.53[0.31,0.75]
—45 -79 35 4.00 0.37 [0.22, 0.52]
—54 -70 2 3.94 0.30[0.18, 0.43]
Angular gyrus R 39 13 45 —58 32 4.01 0.11 0.51[0.80, 0.72]
Superior frontal gyrus L 8 10 -9 35 47 3.97 0.13 0.22[0.43, 0.31]
Multiple Regression
Age/[Landmark > Control]
Superior temporal gyrus L 22 31 —45 -1 —16 5.61 026 0.16[0.12, 0.21]
38 —51 8 —16 354 0.08 [0.05, 0.12]
Brainstem R - 17 3 -7 -1 5.40 011 0.20[0.14, 0.26]

The statistical threshold was defined as p < 0.001 uncorrected for multple comparisons at voxek-level with an extent voxel threshold set at 10 voxels. For each cluster, the region with
the meximun t-value is listed first and other regions in the cluster are listed fin square brackets]. Montreal Neurological Institute (MNI) coordintes (, y, 2 of the peak activation and the
number of voxels (k) in a cluster are also shown. All values inclucing t-values, effect sizes, and 95% confidence intervals were provided for the peak voxel coordinate but the 2 values
were provided for the entire cluster. H, hemisphere; R, right hemisphere; L, left hemisphere; BA, Brodmann area; ES, effect size; Cl, confidence interval.
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Group analyses [Landmark > Control] H BA k x y z t ES [95% CI]

Within-group
[Young] Inferior Occipital Gyrus R 18 65 30 88 {0 507  449[3.04,5.95]
Superior Temporal Gyrus L a8 21 48 20 25 454  255[1.68,347)
—42 11 22 401  252[1.49,3.55)
Gerebellum Crus -1 R . 19 83 82 -84 449  275[1.74,376
Middle Occipital Gyrus L 18 a7 -80 97 -7 442 338[212,464]
[Inferior Occipital Gyrus] 19 -89 -85 13 354  8.25[1.74,4.76)
Inferior Temporal Gyrus L 554 15 -30 —1 -2 437  143(089,197)
(Amygdala/Hippocarmpus)
Middle Occipital Gyrus R 19 16 48 79 2 420 185[1.13,257)
[Older] No significant activation
Between-group
[Young > Older] Inferior Temporal Gyrus L - 12 -33 2 —25 386  249[1.43,3.56]
(Amygdala/Hippocarmpus) -3 -7 -25 882  213[121,3.08
[Older > Young] No significant activation

The statistical threshold was defined as p < 0.001 uncorrected for multiple comparisons at voxek-level with an extent voxel threshold set at 10 voxels. For each dluster, the region with
the meximun t-value is listed first and other regions in the cluster are listed fin square brackets]. Montreal Neurological Institute (MNI) coordinates (, y, 2 of the peak activation and the
number of voxels (k) in a cluster are also shown. H, hemisphere; R, right hemisphere; L, left hemisphere; BA, Brodmann area; ES, effect size; G, confidence interval.
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Group analyses [Control > Fixation] H BA & x y z t ES [95% CI]

[Young > Older] No significant activation
[Older > Young] Superior Frontal Gyrus L - 0 27 32 56 556  3.18[2.06,4.30]
[Middle Frontal Gyrus] 8 -3 23 56 458  2.44[1.39,3.48

The statistical threshold was defined as p < 0.05 FWE-comected for multiple comparisons at cluster-level with an extent voxel threshold set at 10 voxels. For each cluster, the region
with the maximum t-value is isted first and other regions in the cluster are isted fin square brackets]. Montreal Neurological Institute (VINI) coordinates (x, y, 2) of the peak and number
of voxels (k) of clusters are also shown. H, hemisphere; R, right hemisphere; L, left hemisphere: BA, Broomann area; ES, effect size; Cl, confidence interval.
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Group analyses [Landmark > Fixation] BA k x y z t ES [95% CI]
[Young > Older] No significant activation
[Older > Young] Middle Frontal Gyrus 10 22 24 47 -1 806 095[0.69,1.21]
Angular Gyrus 7 228 30 64 47 566 243[1.72,3.14]
[Superior Parietal Gyrus] 39 -3 55 44 559 226[159,2.99
[Supramarginal Gyrus] 40 —48 48 44 582 161[.41,2141]
Middle Frontal Gyrus 10 34 39 a8 17 537 1.51[1.051.97]
33 47 20 447 140[0.88,1.92)
Cerebellum - 23 3 -73 -22 519  2.90[198,382
Middle Frontal Gyrus 6 27 42 5 4 514 178[1.21,235)
9 —45 26 26 513  160[1.09,2.11]
6 —45 5 50 512 1.73[1.18,2.20]
Superior Parietal Gyrus 39 36 30 55 44 489 187[1.24,250]
[Angular Gyrus] 7 30 64 53 464  3.34[216,4.53)

The statistical threshold for the cluster was defined as p < 0.05 FWE-corected for multiple comparisons at the cluster-level with an extent voxel threshold set at 10 voxels. For each
cluster; the region with the maximum t-value is listed first and other regions in the cluster are listed fin square brackets]. Montreal Neurological Institute (VN coordinates (, y, 2) of
the peak and number of voxels (k) of clusters are aiso shown. H, hemisphere; R, right hemisphere; L, left hemisphers; BA, Brodmann area; FEW, family-wise error; ES, effect size; G,

confidence interval.
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Groups

Mean (+ SEM)
Sex (M/F) Young 18/7 Older 7/10 p-value ES* 95% Cl of the difference
Age' 25.4(+0.5) 73.0 (+09) p <0001 14.8 497)

Total brain volume” (cre) 1301 (+ 18) 1061 (& 23 p <0001 —2.67

MMSE2 30.0 (+0.0) 28.8(+0.4) p <0001 —061

3D mental rotation’ 18.3(+0.9) 127 (£1.2) p <0001 -1.20

Corsi forward? 72(£02) 44(£02) p <0001 —080

Corsi backward? 62(+03) 46(£02) p <0001 —054

Perspective taking? 153 (£ 1.7) 46.4 (£6.7) p <0001 0.65

M, male; F; female; SEM, standard error of the mean; ES, effect size (*Hedges’ g was computed for independent samples t-tests and r was computed for Mann-Whitney U tests);
Cl, confidence interval (95% Cl of the difference between means was computed for independent samples t-tests and 95% CI of the difference between medians for Mann-Whitney U

tests); MMSE, mini-mental state examination; "independent samples t-test; 2Mann-Whitney U test.
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Trial type Task block Monolinguals Bilinguals
Response latencies in ms
Switch Cued 1,475 (330) 1,288 (305)
Memory 1,353 (322) 1,821 (328)
Cued-Memory 123 (158) —33(158)
Repeat Cued 1,327 (291) 1,158 (209)
Memory 1,086 (234) 1,018 (250)
Cued-Memory 260 (220) 140 (155)
Non-switch Single task 921 (181) 787 (239)
Error rates in %
Switch Cued 8.35(5.5) 555 (4)
Memory 6.25 (4) 4.05(3)
Repeat Cued 73(55) 26(2)
Memory 505 (2) 35(2)
Non-switch Single task 1.15(0) 1.45 (1)
Switch and mixing costs
Switch costs Cued 148 (189) 130 (119)
Memory 286 (179) 308 (155)
Mixing costs Cued 406 (181) a71 (187)
Memory 145 (179) 231 (151)

SDs for RTs and Medians for error rates are shown in parentheses.
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Spanish use (% week) 40 (21.82)

German use (% week) 60 (21.95)
Age of acquisition 199 (7.41)
BLP global score —28.66(61.93)
Language history —12.3(23.29)
Language use —11.35 (23.93)
Language proficiency —0.67 (9.49)
Language attitudes —5.09 (15.77)

"Bilngual Language Profile (BLP; Birdsong et al, 2012). Negative values indicate
dominance in German. SDs are shown in parentheses.
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Monolinguals ~~ Bilinguals

(n=20) (n=20) P
Men/women 8/12 4116 0176
Age 72.25 (6.38) 72.65 (9.12) 0873
Education’ 4.55 (2.08) 4.65(1.42) 0859
MMSE2 28.85 (1.04) 20.3(0.8) 0134
Depression” 1.2(12) 0.7(082)  tay=-1.480  0.147

"Level of educational attainment was defined as folows: 1 = Primary education,
2 = Lower secondary education, 3 = Post-secondary non-tertiary education,
4 = Upper secondary education, 5 = Short-cycle tertiary education, 6 = Bachelor’s or
equivalent, 7 = Doctoral or equivalent. 2Mini-Mental State Examination (Folstein et al,
1975). 3Short Form of the Geriatric Depression Scale (GDS; Yesavage et al, 1983). SDs
are shown in parentheses.
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A Cued switch trial

Targets:

“Decide the shape of the target “Decide the color of the target”
Fixation Blank Cue Target Feedback Blank

T T T T T T
350 ms 150 ms 800 ms Until response 300 ms 350 ms

B Memory-based switch trial

Fixation Blank Target Feedback Blank
T T T T T
350 ms 150 ms Until response 500 ms 350 ms
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Week Session Exercise

i 1 MAT
2 MAT
2 3 MAT
4 MAT
3 <] MAT
6 MAT/Sudoku
4 7 MAT/Sudoku
8 MAT/Sudoku
5 ] Mental-Aktiv/Ahano/Sudoku
10 Mental-Aktiv/Ahano
6 11 Mental-Aktiv/Ahano
12 Mentaga/Mental-Aktiv/Ahano
7 13 Mentaga/Mental-Aktiv/Ahano
14 Mentaga/Ahano
8 18 Mentaga/Ahano
16 Mentaga/Ahano/Sudoku
9 17 Mentaga/Ahano/Sudoku
18 Mentaga/Sudoku
10 19 Mentaga/Sudoku
20 Mentaga/Sudoku
iyl 21 Mentaga
22 Mentaga
12 23 Mentaga/Ahano
24 Mentaga/Ahano
13 25 Mentaga/Sudoku
26 Mentaga/Ahano
14 27 Mentaga/Ahano
28 Mentaga/Ahano
16 29 Mentaga/Ahano
30 Mentaga
16 31 Mentaga/Ahano/Sudoku
32 Mentaga/Sudoku
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Psychometric task CT Passive control Active control

d2 test 1.00 0.29 0.24
Digit symbol test 0.48 0.06 0.08
Word fluency test 0.46 0.15 0.07
Stroop task (part 1) —-0.25 —0.01 —-0.11
Stroop task (part 2) —-0.41 —-0.19 —-0.16
Stroop task (part 3) —0.43 —0.09 -0.32
Stroop (part 3—part 2) -0.32 —0.01 -0.27
MWT-B 0.30 0.12 0.05

Positive values reflect an increased number of correctly performed symbols or
words, negative values are due to faster performance in the Stroop task at
post- vs. pre-test.
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Outcome Predictor Estimate SE t P d

Average hits Sex@ —0.66 0.73 —0.90 0.370 —0.23
Age —0.04 0.09 —0.40 0.691
T1 average hits 0.60 0.07 8.12 <0.001
Group® 1.79 0.73 2.47 0.016 0.63
T3° 1.56 0.44 3.54 <0.001
T4° 0.04 0.45 0.08 0.93
Group® X T2 1.62 0.89 1.83 0.070 0.33
Group® X T3 0.72 0.89 0.81 0.421 0.14
Group®X T4 3.04 0.90 3.39 <0.001 0.60
Hit RT Sex? 9.78 22.20 0.44 0.662 0.1
Age 1.02 2.75 0.37 0.711
T1RT 0.78 0.07 10.64 <0.001
Group® —11.40 2210 —0.52 0.608 —0.13
T3° —32.30 11.80 —2.74 0.007
T4¢ 1.33 12.00 0.1 0.911
Group® X T2 —0.24 25.90 —0.01 0.993 0.00
Group® X T3 14.42 25.90 0.56 0.580 0.1
Group® X T4 —48.46 26.30 —1.84 0.068 —0.35

aMale contrasted against female.

boLm training group contrasted against active control group.

CContrasted against the preceding time of assessment.

P-values are uncorrected. Cohen’s d for between-subjects effects based on parameter estimates from linear mixed effects regression models. Statistically significant
effects surviving Bonferroni correction appear in bold. RT, reaction time.
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OLM group

Active control group

Network Condition Mean SD Mean SD t P d

Dorsal DMN Encoding —0.41 0.23 —0.44 0.21 0.68 0.501 0.17
Recognition —0.20 0.23 —0.26 0.27 1.02 0.309 0.25

Ventral DMN Encoding 0.12 0.32 0.16 0.28 —0.57 0.571 —0.14
Recognition 0.56 0.21 0.45 0.29 1.80 0.077 0.45
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OLM group Active control group

Dependent variable Mean SD Mean SD t P d
Average hits® 57.03 4.71 57.44 5.21 —0.34 0.738 —0.08
Hit reaction time (ms) 1292.88 169.96 1240.40 148.53 1.38 0.171 0.34

aRefers to the number of correct responses on the scanner task out of 72 items for each run, averaged across two runs.
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Transition time (s) Coefficient t-statistic P-value 95% Confidence interval

fPC1 —0.07 —1.36 0173 -0.173 0.081
fPC2 0.04 0.81 0.420 —0.061 0.146
fPC3 0.08 1.44 0.151 —0.029 0.186
fPC4 017 3.16 0.002 0.065 0.276
fPC5 —0.47 —8.87 <0.001 -0.570 —0.363
Age 0.06 8.43 <0.001 0.045 0.072
Sex 0.63 5.87 <0.001 0.408 0.866
BMI 0.12 10.47 <0.001 0.095 0.140
Antidepressants 0.48 242 0.016 0.092 0.877
Antihypertensives 0.20 171 0.088 —0.029 0.429
MAP —0.01 —1.46 0.144 -0.015 0.002
Intercept -0.26 -0.35 0723 —1.680 1.166

Adjusted RZ

.12, p-values < 0.05.
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Condition Predictor Estimate SE t P d

Encoding Sex? —0.08 0.05 —1.565 0.127 —0.39
Age 0.01 0.01 1.33 0.190
T1 activation 0.67 0.08 8.02 <0.001
Average hits 0.01 0.00 1.78 0.076
Group? 0.03 0.05 0.61 0.547 0.15
T3ed 0.07 0.03 2.1 0.036
T4° -0.10 0.03 —2.97 0.004
Group® X T2 0.07 0.06 1.19 0.236 0.20
Group® X T3 0.02 0.06 0.30 0.768 0.05
Group® X T4 0.00 0.06 —0.06 0.956 —0.01
Recognition Sex? 0.01 0.04 0.37 0.713 0.09
Age 0.01 0.00 1.30 0.199
T1 activation 0.77 0.08 9.60 <0.001
Average hits 0.01 0.00 2.63 0.009
GroupP 0.05 0.04 1.22 0.226 0.31
T3e.d 0.06 0.03 2.20 0.030
T4° —0.08 0.03 —2.86 0.005
Group® X T2 0.07 0.05 1.46 0.147 0.26
Group® X T3 0.02 0.05 0.38 0.702 0.07
Group® X T4 0.06 0.05 1.10 0.273 0.19

aMale contrasted against female.

bOLM training group contrasted against active control group.

®Contrasted against the preceding time of assessment.

dDoes not survive multiple comparison corrections (alpha = 0.05/2).

P-values are uncorrected. Cohen’s d for between-subjects effects based on parameter estimates from linear mixed effects regression models. Statistically significant
effects surviving Bonferroni correction appear in bold.
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Condition Predictor Estimate SE t p d

Encoding Sex? -0.12 0.05 —2.45 0.017 —0.62
Age 0.00 0.01 0.24 0.808
T1 deactivation 0.76 0.11 7.16 <0.001
Average hits 0.00 0.00 0.68 0.500
Group® -0.12 0.05 2.42 0.019 —0.61
T3 0.01 0.03 0.32 0.747
T4° —0.04 0.03 —1.17 0.245
Group® X T2 —0.06 0.06 —1.01 0.315 -0.18
Group® X T3 -0.14 0.06 —2.40 0.018 -0.43
Group® X T4 -0.15 0.06 —2.44 0.016 -0.43
Recognition Sex? —-0.04 0.04 —-1.02 0.314 —-0.26
Age 0.00 0.01 0.61 0.543
T1 deactivation 0.57 0.09 6.34 <0.001
Average hits 0.01 0.00 1.49 0.137
Group® —0.06 0.04 —-1.29 0.202 —0.33
T3¢ 0.00 0.03 —0.08 0.939
T4¢ 0.02 0.03 0.77 0.442
Group® X T2 —0.02 0.05 —0.34 0.738 —0.06
Group® XT3 —0.10 0.05 —1.95 0.054 —0.36
Group® X T4 —0.05 0.05 —0.91 0.367 —0.16

aMale contrasted against female.

bOLM training group contrasted against active control group.

®Contrasted against the preceding time of assessment.

P-values are uncorrected. Cohen’s d for between-subjects effects based on parameter estimates from linear mixed effects regression models. Statistically significant
effects surviving Bonferroni correction appear in bold.
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Age (years) 64.2 +7.9(39-93] .

Sex Meale: 45.8% (1,261) Female: 54.3% (1,495) -

Highest education achieved Primary/none: 16.2% (445)  Secondary: 40.4% (1,113)  Thirc/higher: 43.5% (1,198) -
Hypertensive Yes: 85.3% (971) No: 64.7% (1,781) Missing: 4
Taking any anti-hypertensives (ATC C02, C08, CO7, C08, C09)  Yes: 36.8% (1,015) No: 63.2% (1,741) -

CES-D (Centre for Epidemiological Studies Depression scale) 2.9+ 85 Missing: 10
Taking at least one anti-depressant (ATC NOBA) Yes: 7.4% (203) No: 92.6% (2,558) =
Orthostatic hypotension Yes: 13.1% (361) No: 86.9% (2,395) .

Smoking history Current: 9.7% (266) Past: 42.5% (1,172) Never: 47.8% (1,818) -

Body mass index 283+4.7 Missing: 3

Orthostatic hypotension was defined as those who had a blood pressure deficit of =20 mmhg systolic or =10 mmhg diastolic at 40 s after stand given that a previous study shows
that most people have recovered by then (Finucane et al., 20
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Transition time(s) Coefficient t-statistic P-value 95% Confidence interval
fPC1 -0.10 —1.90 0.058 —0.206 0.003
fPC2 0.11 1.98 0.048 0.001 0.210
fPC3 0.1 1.99 0.047 0.001 0.211
fPC4 0.28 5.30 <0.001 0.179 0.388
fPC5 —0.54 —10.13 <0.001 —0.647 —0.437
Intercept 7.26 135.91 <0.001 7.164 7.37

Adjusted A2

)05, p-values < 0.05.
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Domain

Physical health
Audiometry

Blood pressure and
heart rate

Anthropometric
measures

Visual acity
Lung function
Grip strength
Blood sample
Hand X-ray
Motor abilities

Fine motor abilties
Pure motor abities
Balance

Cognitive abilities
Verbal
comprehension
Perceptual
organization

Alertness

Processing speed

Working memory

Fluency

Cogitive flexibility

Inhibition/Interference

Planning
Verbal memory
Visuo-spatial
memory

Further assessments

Dementia screening

Dual-Task Walking

Emotion perception

Photograph

Current mood

Assessment instrument

Interacoustics audiometer (AD629)

Boso-Carat professional

Portable stadiometer (Seca 213), scale
(Seca)

Snellen Eye Test, Lang-Stereo Test
CareFusion MicroLab spirometer

Meartin Vigorimeter

Standardized X-ray of left hand

Zurich Neuromotor Assessment - 2
(Kakebeeke et al., 2018)
Zurich Neuromotor Assessment - 2
(Kakebeeke et al., 2018)
Zurich Neuromotor Assessment - 2
(Kakebeeke et al., 2018)

Similarities (Petermann and Petermann,

2012)
Block Design (Petermann and
Petermann, 2012)

Matrices (Petermann and Petermann,
2012)

Tests of Attentional Performance (TAP),
(Zimmermann and Fimm, 2009)
Coding (Petermann and Petermann,
2012)

Symbol Search (Petermann and
Petermann, 2012)

Digit Span (Petermann and Petermann,
2012)

Phonetic (S-Words) (Aschenbrenner
etal, 2000)

Semantic (Animals, Fruits)
(Aschenbrenner et al., 2000)

Design (Regard et al, 1982)

Trail Making Test (Strauss et al., 2006)
Stroop (Strauss et al,, 2006)

TAP Go/No-Go (Zimmermann and
Fimm, 2009)

Tower Task (Unterrainer et al., 2019)

Hopkins Verbal Learning Test (Brandit
and Benedict, 2001)

Rey-Osterrieth Complex Figure (Rey.
1941)

Montreal Cognitive Assessment
(Nasreddine et al., 2005)

Subtracting 7 from 250 while walking
(Abernethy, 1988); automatic
assessment of gait parameters with
Optogait (Lienhard et al., 2013)
Computerized emotional rating task
(Chiu et al,, 2018)

Nonstandardized and standardized
facial photograph and full-body
photograph

Multigimensional Mood Questionnaire
(Steyer et al., 1997)

Order of
assessment®

16

11

18

13

14

25
24
5,22¢

21

23

26
12,159

6,10°

20

19

27

17

28

The assessment protocol is equivalent for participants of the ZLS-1 and the ZLS-2
cohorts. Potential adeptations for the assessment of ZLS-3 participants (iitiated after
recnuitment of ZLS-1 and ZLS-2 participants has been completed) will be kept minimel
to ensure comparabilty between the three cohorts. @Tasks are applied in fixed order (1
= assessed first. Tasks 1 through 18 (and 28) are part of the short-form assessment
protocol. Due to logistic reasons, these measures were not always taken at the same
time-point during the assessment. The exact time of the assessment is recorded to
take potential effects of timing into consideration for further analyses as appropriate;
both measures are voluntary subparts of the assessment protocol. ©12: Digit Span
forward/backward, 22: Digit Span sequential. 4Leaning and recallrecognition conition.
°Copy and delayed recall condition.
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Physical health and development
Pregnancy and birth

Neonatal development

linesses and accidents

General physical health status
Anthropometry

Neurology

Hearing and vision

Pubertal development

Bone age

Dental status

Orthopedic information and podogram
Bowel and bladder control

Feeding and nutrition

Sleep

Motor development

Motor milestones

Fine and gross motor abilties
Cognitive development

General intellectual abilties®
Visuo-motor abilties

Language development

Academic abiities

Social development

Attachment, parent-chid interaction
Emotional development
Psychosocial development and integration
Environment

Socio-economic status

Living situation

Parenting behavior

Critcal lfe-events

The study teem gladly provides details on specific parameters that were traced
across chidhood and adolescence as they become avaiable in the course of the
ongoing cateloging, preprocessing and digitization of the ZLS-Childhood deta; readers
are encouraged to contact the authors. “See Figure 8 for deteiled information on
how intellectuzl abilties were assessed across chidhood and adolescence in the

three ZLS-cohorts.
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Topic o construct

General information about you

Socio-demographic
information

General information about
personal life
Your health

General perception of own
health

Information on current health

Information on previous
ilnesses and accidents

Health-related quality of ife
Handedness

Physical activity

Diet

Sleep quantity and quality
Subjective memory complaints
Your life

Biographical transitions

Sense of Coherence
Your well-being

Life satisfaction
Psychological Wellbeing

Domain-specific satisfaction

Beliefs about Aging

Mental health

Describing your personality
Personaliiy traits

Empathy

Coping with difficult situations
Resilience

Basic psychological needs
Cognitive Emotion Regulation
Self-Efficacy

Your relationships
Attachment behavior
Attachment style

Attachment to Parents
Loneliness

Social Support

Additional information
Evaluation of study
participation

Impact of COVID-19
pandemic®
Sleep-activity diary®

‘Questionnaire

rself

Questions based on the SHP and SHS or study specific: Education, current working and lving situation,

income, civil status, children

Questions based on the SHP and SHS or study specific: Leisure activies, poliical and religious

engagement

Question of the SHS

Questions based on the SHP and SHS or study specific: Drinking, smoking, drug consumption,
medication intake, current ilnesses, support measures (e.g., hearing aid)

Based on the questionnaires applied as part of ZLS-Childhood

Short Form Health Survey (Vorfeld et al., 2011; Wirtz et al., 2018)
Edinburgh Handedness Inventory - Short Form (Veale, 2014)
Based on the questionnaires applied as part of ZLS-Childhood and on the SHP and SHS

Based on the questionnaires applied as part of ZLS-Childhood and a questionnaire of the “Swiss Society

for Nutrition”

Pittsburgh Sieep Quality Index (Hinz et al., 2017)
Memory Complaint Questionnaire (Crook et al., 1992)

Study speciic questions: Age at and appraisal of different biographical transitions and critical lfe events
puberty, transition to parenthood, serious illness, unemployment,

Sense of Coherence L9 (Schuhmacher et al., 2000)

(e

Satisfaction with Life Scale (Glaesmer et al., 2011)
Ryff Inventory (Ryff and Keyes, 1995; Staudinger et al., 1999)

Study specific questions, partly based on the SHP and the PFB-K: Evaluation of satisfaction with various
life domains (e.g., health, work, personal relationships...)

Essentialist Beliefs About Aging Scale (Weiss et zl., 2016)
Mini-Symptom-Checkist (Franke, 2017)

NEO-Five-Factor Inventory - 30-item short form (K&rer et al., 2008)
Saarbriicker Persénlichkeits-Fragebogen (based on the Interpersonal Reactivity Index) (Davis, 1983;

Paulus, 2011)

Resiience Scale ~ 13-item form (Schuhmacher et al., 2000)
Incongruence Questionnaire (Grosse Holtforth and Grawe, 2003)

Cognitive Emotional Regulation Questionnaire (Garefski et al., 2001; Loch et al., 2011)
General Seff-Efficacy Scale (Beierlein et al., 2012)

Adult Attachment Scale — Revised (Schmict et al., 2016)

Adapted from Relationship Scales Questionnaire (Bartholomew and Horowitz, 1991)
Retrospective 1-item assessment (Neumann, 2002)

6-Item Scale for Overall, Emotional, and Social Loneliness (Gierveld and Tilburg, 2008)
Social Support Questionnaire (Fydrich et al., 2007)

Study specific questions

Study specific questions to assess the impact of the Covid-19 pandemic on the lives of study
participants (Supplementary Material 2)

Study specific diary on sleep (at night and naps during the day) and activity (e.g., sports, alcohol
consumption) to be completed in the mornings and evenings for seven consecutive days.

Abbrev.

SF-12
EHI

psQl
MAC-Q

SOC-L9

swis

Mini-SCL

Neo-FFI-30
SPF/RI

RS-13

CERQ

AAS-R
RS-Q

F-SozU

Included in
short form

yes (less
detailed)

yes

yes

yes

yes

no

no

no

yes

yes

no

yes

no

no

no

yes
no
no

yes

no

yes

no

no

The assessment protocol s equivalent for participants of the ZLS-1 and the ZLS-2 cohorts. Potential adaptations for the assessment of ZLS-3 participants (nitated after recruitment
of ZLS-1 and ZLS-2 participants has been completed) will be kept minimal to ensure comperabillty between the three cohorts. Questionnaires are grouped themeticall and presented
after the respective sub-headings. PFB-K, Partnerschaftsiragebogen Kurzform (Relationship Questionnaire Short Form) (Kiem et al, 2012); SHR, Swiss Household Panel (Voorpostel
et al, 2016); SHS, Swiss Health Survey (Bundesat i Stetistik, 2014). 4 These questions were aded to the questionnaire in June 2020. ®The diary is not part of the questionnaire but

completed on paper by all participant

ts.
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Regions Slope Slope x Entry-Age Loss 20 years Random Slope SD Random SexP

Slope P value

value

Caudal Middle Frontal —0.556 (—0.398, —0.707) —0.010(0.013, —0.034) —12.726 (—10.593, —14.891)  0.125 (0.008, 0.356) 0.563 0.074
Frontal Pole —0.663 (—0.443, —0.871) —0.010(0.022, —0.044) —14.831(—11.681, —18.038)  0.458 (0.197, 0.656) 0.076 0.479
Lateral Orbitofrontal —0.385 (—0.260, —0.508) —0.011 (0.008, —0.031 —9.546 (—7.719, —11.354) 0.108 (0.003, 0.288) 0.887 0.125
Medial Orbitofrontal —0.363 (—0.178, —0.559) —0.015 (0.012, —0.042 —9.726 (—7.288, —12.093) 0.162 (0.007, 0.427) 0.937 0.371
Para-Central —0.533 (-0.376, —0.686) —0.002 (0.019, —0.025)  —11.065 (—8.933, —13.215) 0.173 (0.005, 0.360) 0.912 0.044
Pars Opercularis —0.626 (—0.503, —0.751) —0.005 (0.013, —0.024) —13.394 (—11.692, —15.086)  0.154 (0.024, 0.303) 0.347 0.026
Pars Orbitalis —0.737 (-0.597, —0.873) 0.002 (0.023, —0.020)  —14.437 (—12.487, —16.419)  0.001 (0.000, 0.291) 1.000 0.367
Pars Triangularis —0.682 (—0.546, —0.812) 0.005 (0.026, —0.016)  —12.808 (—10.902, —14.795)  0.212 (0.085, 0.354) 0.003 0.168
Pre-Central —0.631 (-0.486, —0.770) —0.005 (0.016, —0.027) —13.446 (—11.422, —15.498)  0.214 (0.013, 0.373) 0.359 0.051
Rostral Middle Frontal —0.533 (—0.378, —0.690) —0.003 (0.019, —0.027)  —11.261 (—9.235, —13.200) 0.043 (0.000, 0.109) 0.633 0.024
Superior Frontal —0.548 (—0.401, —0.691) —0.004 (0.017, —0.026)  —11.655 (—9.734, —13.585) 0.178 (0.012, 0.341) 0.342 0.010
Inferior Parietal —0.677 (—0.563, —0.791) —0.008 (0.008, —0.026) —14.904 (—13.277, —16.545)  0.190 (0.011, 0.312) 0.487 0.113
Post-Central —0.627 (—0.502, —0.749) —0.000 (0.017, —0.018) —12.633 (—10.944, —14.291)  0.194 (0.013, 0.338) 0.560 0.630
Pre-Cuneus —0.641 (—0.533, —0.750) —0.015 (0.002, —0.033) —15.256 (—13.451, —17.065)  0.186 (0.012, 0.323) 0.548 0.015
Superior Parietal —0.592 (—0.457, —0.725) —0.008 (0.010, —0.027) —13.117 (=11.419, —14.860)  0.072 (0.013, 0.299) 0.203 0.010
Supra Marginal —0.577 (—0.463, —0.688) —0.014 (0.002, —0.031) —13.769 (—12.304, —15.320)  0.209 (0.023, 0.303) 0.143 0.015
Banks Sup Temporal —0.505 (-0.390, —0.621)  —0.020 (-0.001, —0.040) —13.354 (—11.381, —15.374)  0.223 (0.062, 0.341) 0.110 0.019
Entorhinal —0.379 (-0.141, —0.629)  —0.062 (-0.027, —0.095) —17.423 (—13.676, —21.288)  0.782 (0.613, 0.965) 3e-06 0.025
Fusiform —0.564 (—0.457, —0.674)  —0.029 (-0.012, —0.046) —15.856 (—14.099, —17.708)  0.210 (0.038, 0.328) 0.188 0.206
Inferior Temporal —0.525 (-0.399, —0.647)  —0.022 (—0.003, —0.041) —14.035 (-12.156, —15.990)  0.267 (0.099, 0.388) 0.105 0.062
Middle Temporal —0.536 (—0.420, —0.652)  —0.017 (=0.001, —0.035) —13.515(—11.896, —15.192)  0.266 (0.168, 0.353) 0.019 0.069
Para-Hippocampal —0.395 (-0.270, —0.522)  —0.036 (-0.015, —0.057) —13.702 (—11.561, —15.930)  0.341 (0.224, 0.445) 0.004 0.033
Superior Temporal —0.660 (—0.535, —0.786) —0.006 (0.011, —0.024) —14.250 (—12.696, —15.852)  0.224 (0.057, 0.341) 0.172 0.021
Temporal Pole —0.545 (-0.357, —0.738)  —0.042 (-0.013, —0.073) —17.623 (—14.605, —20.960)  0.598 (0.475, 0.721) 1e-08 0.300
Transverse Temporal —1.206 (—1.032, —1.376) 0.013(0.038, —0.013)  —22.089 (—19.577, —24.551)  0.211 (0.024, 0.422) 0.374 0.004
Cuneus —0.624 (—0.492, —0.758) 0.011(0.033, —0.012)  —10.844 (—8.562, —13.146) 0.213 (0.028, 0.399) 0.152 0.128
Lateral Occipital —0.743 (-0.616, —0.869) 0.006 (0.026, —0.015)  —13.958 (—12.028, —15.979)  0.257 (0.103, 0.361) 0.068 0.433
Lingual —0.618 (—0.502, —0.736) 0.006 (0.024, —0.012)  —11.457 (—9.581, —13.374) 0.340 (0.245, 0.446) 4e-04 0.101
Peri-calcarine —0.674 (—0.446, —0.899) 0.032 (0.063, 0.003) —8.330 (—5.440, —11.149) 0.490 (0.277, 0.668) 0.016 0.616
Caudal Anterior Cingulate —0.282 (—0.154, —0.407) —0.012 (0.005, —0.030) —7.575 (—5.864, —9.296) 0.005 (0.004, 0.290) 0.992 0.010
Isthmus Cingulate —0.437 (—0.309, —0.566) —0.018 (0.005, —0.041)  —11.589 (—9.262, —13.941) 0.328 (0.216, 0.432) 0.002 0.026
Posterior Cingulate —0.544 (-0.415, —0.672)  —0.026 (—0.004, —0.047) —15.013 (-=12.996, —17.032)  0.200 (0.018, 0.325) 0.457 0.005
Rostral Anterior Cingulate —0.289 (—0.144, —0.439) 0.001 (0.022, —0.022) —5.709 (—3.663, —7.796) 0.021 (0.001, 0.093) 0.900 0.013
Accumbens —1.439 (—1.142, —1.750) 0.007 (0.047, —0.034)  —27.643(—23.398, —32.031)  0.429 (0.105, 0.843) 0.063 0.956
Amygdala —0.383(-0.250, —0.517)  —0.024 (-0.003, —0.043) —11.455 (—9.269, —13.621) 0.481 (0.392, 0.578) 6e-14 0.573
Caudate —0.585 (—0.450, —0.718) 0.021 (0.044, —0.002) —8.305 (—5.956, —10.606) 0.463 (0.385, 0.555) 3e-12 0.568
Hippocampus —0.784 (—0.666, —0.904)  —0.040 (-0.018, —0.061) —21.999 (—19.656, —24.339)  0.441 (0.366, 0.518) 1e-13 0.286
Insula —0.499 (-0.374, —0.623) —0.008 (0.011, —0.028)  —11.262 (—9.342, —13.373) 0.307 (0.198, 0.423) 0.003 0.016
Pallidum 0.069 (0.161, —0.024) —0.013 (0.003, —0.029) —0.703 (0.991, —2.446) 0.203 (0.065, 0.316) 0.230 0.986
Putamen —0.639 (—0.529, —0.748) 0.031 (0.046, 0.016) —7.850 (—6.318, —9.386) 0.326 (0.254, 0.405) 1e-05 0.697
Thalamus —0.832 (—0.745, —0.920) 0.008 (0.021, —0.006)  —15.409 (—14.043, —16.777)  0.240 (0.170, 0.304) 3e-04 0.385
Ventral DC —0.516 (—0.438, —0.593) 0.006 (0.018, —0.006) —9.409 (—8.180, —10.632) 0.210 (0.146, 0.276) 0.001 0.016
Brain Stem —0.411 (-0.362, —0.461) —0.000 (0.007, —0.007) —8.268 (—7.493, —9.028) 0.112 (0.042, 0.164) 0.075 0.607
Cerebellum Cortex —0.494 (-0.418, —0.572) 0.000 (0.012, —0.011) —9.818 (—8.654, —10.960) 0.147 (0.027, 0.219) 0.193 0.827

Slope = expected volumetric annual changes at age 65. Slope x Entry-Age =

Separate parameters.

interaction slope with entry-age. Loss 20 years = expected volumetric loss over the span of
20 years (starting at age 65 with an updated slope every 4 years until age 85) extrapolated from the linear combination of the slope and the slope x entry-age interaction
parameters. Random Slope P value = p-value comparing a random slope model to a random intercept model with a likelihood ratio test. Sex P value = p-value obtained
with a likelihood ratio test comparing a model including a separate slope and a separate slope x entry-age interaction parameter for men and women to a model without
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