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Abstract  

Working memory (WM), which underlies the temporary storage and manipulation of information, is 

critical for multiple aspects of cognition and everyday life. Nevertheless, research examining WM 

specifically in older adults remains limited, despite the global rapid increase in human life expectancy. 

We examined WM in a large sample (N=754) of healthy older adults (aged 58-89) in a non-Western 

population (Chinese speakers) in Taiwan, on a digit n-back task. We tested the influence not only of 

age itself and of load (1-back vs. 2-back), but also effects of both sex and education, which have been 

shown to modulate WM abilities. Mixed-effects regression revealed that, within older adulthood, age 

negatively impacted WM abilities (with linear, not nonlinear, effects), as did load (worse performance 

at 2-back). In contrast, education level was positively associated with WM. Moreover, both age and 

education interacted with sex. With increasing age, males showed a steeper WM decline than females; 

with increasing education, females showed greater WM gains than males. Together with other findings, 

the evidence suggests that age, sex, and education all impact WM in older adults, but interact in 

particular ways. The results have both basic research and translational implications, and are consistent 

with particular benefits from increased education for women.  
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1. Introduction  

Working memory (WM) is generally considered to be the domain of human cognition that 

underlies the temporary storage and manipulation of information (Baddeley, 1992, 2003a, 2012, 

Cowan, 1998, 1999, 2010). As such, this capacity appears to play an important role mediating 

between the processing of stored or incoming information and its use for specific cognitive goals, as 

diverse as orientation, reasoning, language processing, planning, and spatial processing (Cansino et 

al., 2013; D’Esposito, 2007). WM is generally conceptualized as involving various components that 

work together. An executive or attentional component is often assumed to focus on the relevant 

information, which is thought to be maintained in either temporary or long-term storage (Baddeley, 

1992, 2003a, 2012, Cowan, 1998, 1999, 2010). The executive/attentional component also seems to 

underlie various functions such as focusing attention, switching between information or tasks, and 

interfacing with long-term memory (Baddeley, 2012; Cowan, 1999). The capacity of WM is quite 

limited, in that the amount of information that it can maintain is finite and relatively small, although 

the size of this capacity (‘span’) varies as a function of various factors (Cowan, 2010; Miller, 1956).  

Although WM has been the focus of a very large literature (e.g. Baddeley, 2003a, 2007; 

Conway, Kane, & Al, 2005; D’Esposito, 2007; D’Esposito & Postle, 2015), there has somewhat been 

less research on the effects of aging on this domain. Yet, given the importance of WM in various 

aspects of cognition (e.g., language, math) (Baddeley, 2003b; Raghubar, Barnes, & Hecht, 2010) and 

everyday life (e.g., reading, typing, orienting in space, planning what to do and when to do it ) (G. 

Cohen & Conway, 2007; Kane, Brown, et al., 2007), and considering the rapidly aging population 

globally (Phillips, 2002; Rechel et al., 2013), a thorough understanding of aging and WM is 

warranted. Additionally, because healthy aging typically constitutes the baseline comparison for 

disorders that are associated with aging as well as WM deficits, such as Alzheimer’s disease, 

Parkinson’s disease, and aphasia (Pfeiffer, Løkkegaard, Zoetmulder, Friberg, & Werdelin, 2014; 

Whitwell et al., 2015), elucidating WM in healthy aging may have important translational impacts.  

Of particular interest here is the fact that, although quite a number of studies have examined 

how WM abilities may change between younger and older adulthood, less research has investigated 
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WM trajectories within old age. Yet, the nature of potential WM changes during old age, including the 

rate of any changes and the factors and mechanisms involved, could be different from WM changes 

between younger and older adults; indeed, evidence suggests that some cognitive abilities show 

nonlinear declines over the adult lifespan (Nyberg, Lövdén, Riklund, Lindenberger, & Bäckman, 

2012). Importantly, the average duration of ‘old age’ (reasonably defined from about 60 till the 

inevitable demise) (Scullin & Bliwise, 2015), as well individuals’ activity during old age, are both 

increasing (Cassel, 2001). Thus, a thorough understanding of WM trajectories across older years 

seems valuable.  

In the remainder of the Introduction, we first briefly review the literature on WM and aging as 

examined in comparisons between younger and older adults.  We then more comprehensively review 

the small number of studies focusing on the issue examined in the present study, that is, research that 

probes whether ageing within older adults is associated with differential WM effects.  

1.1. Brief review of effects of age, sex, and education across younger and older adults 

Most studies examining aging effects on WM have compared younger and older adults. These 

have generally found that aging detrimentally affects various aspects of WM, for both verbal and non-

verbal information (Grady & Craik, 2000; Orsini et al., 1986; Park et al., 2002; Reuter-Lorenz & 

Sylvester, 2005), including in tasks probing verbal span, visual object manipulation, updating and 

switching, and the temporary storage of information (Atkinson, Baddeley, & Allen, 2017; Bopp & 

Verhaeghen, 2005; Federico, Delogu, & Raffone, 2014; I. E. Nagel et al., 2011; Pertzov, Heider, 

Liang, & Husain, 2015; Peterson & Naveh-Benjamin, 2016; van Gerven, Meijer, Prickaerts, & Van 

der Veen, 2008); for  a recent comprehensive review, see Bopp & Verhaeghen (2018). For example, 

Johnson and colleagues (2010), who tested a large sample of participants from early adulthood to old 

age, grouped in 5-year age cohorts, reported significant age-related declines in tasks tapping several 

aspects of working and short-term memory. Some evidence also suggests that verbal WM might be 

less severely affected by ageing across the adult lifespan than visuospatial WM (Hale et al., 2011). Of 

particular relevance here, Cansino and colleagues (2013) tested a large cohort of healthy participants 

aged between 21-80 on ‘verbal’ (visual presentation of letters) as well as visuospatial versions of the 
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n-back task, each with both 1-back and 2-back subtasks to probe different WM loads (which seems to 

tap WM span; see below for details about the n-back task, which is also employed in the present 

study). The authors reported that aging negatively impacted WM performance, across both versions of 

the task and in both subtasks (note that here and below we use the term ‘subtask’ only to refer to 

subtasks of a given WM task with different loads; e.g., 1-back vs. 2-back subtasks.) Additionally, they 

observed both a main effect of subtask (worse performance at the 2-back than 1-back subtask), as well 

as an interaction between age and subtask, with declines in performance observed during older ages 

for both subtasks, but during younger ages mainly for the 2-back subtask (across both the verbal and 

visuospatial domains).  

The mechanisms underlying WM changes between younger and older adults are not yet clear, 

and various explanatory accounts have been proposed. Cognitive accounts have attributed the 

observed age-related WM changes to a general slowing of cognitive processing (Salthouse, 1996), to 

declines in attentional resources (Craik & Byrd, 1982), to reduced efficiency of inhibitory processes 

(Hasher & Zacks, 1988; Rypma & D’Esposito, 2000), or to slower retrieval speed (Dehn, 2011). From 

a neural perspective, WM changes have been linked to age-related changes in the prefrontal cortex, a 

region important for WM (Braver et al., 1997). Consistent with this view, in functional neuroimaging 

studies of WM, age-related reductions in activation in the left prefrontal cortex have been observed, 

though these can be accompanied by increased activity in the right prefrontal cortex, which may play 

a compensatory role (Esposito, Kirkby, Van Horn, Ellmore, & Berman, 1999; Reuter-Lorenz et al., 

2000).  

However, the age-related changes in WM also seem to be modulated by factors that may not 

be well captured by the proposed explanatory accounts, and thus warrant further examination. 

Importantly for the present study, these include the key demographic factors of sex and education.  

First of all, some evidence suggests that WM may be differentially impacted by aging in 

males and females, although findings have been inconsistent. In younger adults, a number of studies 

suggest that females show better performance than males at verbal WM tasks, whereas males 

outperform females at visuospatial WM tasks (Duff & Hampson, 2001; Kaufman, 2007; Lejbak, 
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Crossley, & Vrbancic, 2011; Loring-meier & Halpern, 1999; Lynn & Irwing, 2008; Postma, Jager, 

Kessels, Koppeschaar, & van Honk, 2004; Voyer, Voyer, & Saint-Aubin, 2017). However, other 

evidence suggests that males can outperform females in verbal as well as visuospatial WM (Zilles et 

al., 2016). Moreover, a fair number of studies examining younger adults report no sex differences at 

all in a variety of WM tasks (Brockmole & Logie, 2013; K. L. Evans & Hampson, 2015; Goldstein et 

al., 2005; T. Li, Luo, & Gong, 2010; Robert & Savoie, 2006; Schmidt et al., 2009).  

The picture is also somewhat mixed in older adults. While some studies of older adults have 

reported no sex differences in verbal WM (Doppelt & Wallace, 1955) or visuospatial WM (Ruggiero, 

Sergi, & Iachini, 2008), others have found male advantages in aspects of verbal, visual, or 

visuospatial WM (Cansino et al., 2013; Fournet et al., 2012). Of interest here, in their n-back study 

Cansino and colleagues (2013) reported better performance in males than females on visuospatial 

WM (across the 1-back and 2-back subtasks) between ages 41 and 70, on verbal WM between ages 

41-50, and on the 2-back subtasks (across the verbal and visuospatial versions) between ages 21-30 

and again between 41-60, with no differences on the 1-back subtasks. No male advantages were 

observed at the highest age range, 71-80. Additionally, in no case was superior WM performance 

observed in females compared with males. Overall, the evidence seems to suggest that sex differences 

in WM are often (though not always) observed, but that this pattern is at least somewhat modulated by 

age, with the possibility of male advantages across both verbal and non-verbal WM in mid-to-older 

ages. However, the available evidence is still relatively sparse, and further elucidation of the potential 

effects of sex on WM and aging seems warranted.  

Evidence also suggests that education may play a role in WM, though this has been less well 

studied than the role of sex in WM. Indeed, we are aware of only a handful of studies that have 

examined the relation between education and WM across younger and older adults. Van Gerven and 

colleagues (2007) found that, across both younger adults and (somewhat) older adults (aged 50-60), 

participants with higher education outperformed those of lower education on a numerical n-back task; 

however, education did not have differential effects in the younger and older groups. Dorbath and 

colleagues (2013), who examined aspects of verbal WM, also found better performance on high-
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educated as compared to low-educated participants, but only in older adults (59-80 years), not in 

younger adults (19-35). In Cansino and colleagues (2013), education was not included as a factor in 

their regression models, but was examined separately, though without testing for interactions with 

age, sex, load, or verbal/visuospatial WM. The analyses revealed that higher education predicted 

better performance at the n-back task. Similarly, Brockmole and Logie (2013), who examined a wide 

age range between childhood and old age, found that education correlated positively with visual WM 

performance across the lifespan, although the study did not report interactions with age or examine 

education separately at different ages. In sum, education appears to show a positive relation with WM, 

perhaps especially at older ages, although there is still little research on the role of education on WM, 

let alone on how it may interact with aging and WM.   

In sum, the literature examining WM effects across adulthood thus far suggests that WM 

shows declines between younger and older adulthood, and that sex and perhaps education might 

modulate WM declines. However, these findings do not in themselves shed light on how WM is 

affected by age or other factors over the course of old age. Indeed, most studies examining younger 

and older adults have grouped older adults together across a range of ages, which moreover can be 

quite large (e.g., 55-81 in Atkinson et al., 2017), thus precluding the examination of age effects within 

old age. Such coarse-grained categorization of age seems to implicitly assume that few if any changes 

in WM abilities take place within older ages, although such patterns are still unclear.  

1.2. Review of effects of age (and sex and education) within older adults 

We are aware of three studies that have examined effects of ageing on WM within older 

adults (Cansino et al., 2013; Fournet et al., 2012; Kumar, Priyadarshi, & Sah, 2017). All three of these 

studies treated age as a categorical rather than continuous variable. Although treating age as a 

categorical variable can provide advantages, such as reducing the effect of extreme age outliers, 

examining age as a continuous variable can reveal more fine-grained patterns of aging, including 

more easily revealing the exact (linear or nonlinear) shape of declines. Moreover, extreme age outlier 

effects can be addressed through other means in studies using age as a continuous variable (see 

Methods). Note that there is also a rich literature investigating how training impacts WM in older age 
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(S.-C. Li et al., 2008; Schmiedek, Lövdén, & Lindenberger, 2009; see also Karbach & Verhaeghen, 

2014, for a meta-analysis). However, since these studies examine effects of training, rather than 

unveiling the trajectory of WM decline in older years, and how this is predicted by education and sex, 

we do not review this literature here.  

Here we summarize the results and gaps of the three studies. First, in the earliest of these 

studies, which most clearly focused on old age, Fournet and colleagues (2012) tested a large group of 

older participants (55-85 years) on a set of tasks tapping verbal, visual, and visuospatial WM. They 

found that age (grouped in age decades: 55-65, 66-75 and 76-85 years) predicted WM declines in all 

domains, with a steeper decline for visuospatial than verbal WM (visual WM was not included in this 

comparison), consistent with Hale et al. (2011). The analyses did not reveal whether the declines were 

linear or nonlinear. Fournet and colleagues (2012) also found male advantages and positive education 

effects, across verbal, visual, and visuospatial WM, but did not examine interactions between either 

sex or education and age. Second, as described above, Cansino and colleagues (2013) examined WM 

in adults by age decades from 21-30 to 71-80. With respect to older individuals (above 60), they 

found WM declines between the 61-70 decade and the 71-80 decade, but solely for men in 

visuospatial WM (main effect, across 1-back and 2-back subtasks), with no declines for verbal WM, 

nor for either the 1-back or 2-back subtasks (main effects, across verbal and visuospatial WM) (see 

Fig. 2 in Cansino et al. 2013). As with Fournet and colleagues (2012), the analyses did not reveal any 

indication of the shape of the decline. As indicated above, within the older age range, sex differences 

were observed only in the 61-70 decade for visuospatial WM, with a male advantage. Education was 

not examined separately in older adults. Third and most recently, Kumar and colleagues (2017) tested 

adults between 40 and ~85 years of age in tasks designed to tap aspects of spatial, visual and 

visuospatial WM. Again, they analysed their participants in groups by age decade. They found that all 

WM abilities declined between the ages of 40 and 60, with this decline continuing across older ages 

only for the spatial and visuospatial WM tasks. The analyses did not reveal whether the decline was 

linear or nonlinear. Effects of sex and education were not examined.  
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In sum, the small number of studies published thus far suggests that WM may decline within 

old age, although the fine-grained pattern is not yet clear, including whether any declines are linear or 

nonlinear. There are also gaps regarding whether and how sex and/or education, as well as load, and 

interactions among these variables, may modulate these declines.  

1.3. The present study 

Thus, although there is by now a reasonable body of literature examining how and why WM 

changes between younger and older adults, there are gaps regarding whether, how, and why there may 

be WM changes during ageing within older ages. The present study attempts to address these lacunae.  

The study examines effects of ageing on WM abilities in a relatively large sample (N = 754) 

of older Chinese-speaking adults from Taiwan. Thus, unlike most research on WM (and 

(neuro)cognition more generally), this study investigates a non-Western population. The study should 

therefore elucidate the nature of WM in aging beyond Western populations, who in fact constitute 

only a portion of the global population. The adults ranged in age from 58 to 89 (with further analyses 

including extreme-aged individuals up to 98). Unlike previous studies of aging in older adults, we 

used mixed effects regression modelling, with age examined as a continuous variable for both linear 

and nonlinear effects. We also controlled and tested for potential roles of both sex and years of 

education (across a wide range, from 0-17 years of education), as well as load. Moreover, all main 

effects as well as all interactions among these variables were examined, to fully reveal their influence 

on WM in old age.  

Importantly, as we have seen, both sex and education are associated with WM, including in 

old age, and thus warrant careful examination. Moreover, both sex and education are potentially 

confounding variables with respect to age. Women tend to live longer than men (Austad, 2006; Ginter 

& Simko, 2013), and older individuals may be less well educated, especially in recently developing 

countries such as Taiwan (Thornton, Chang, & Sun, 1984; Tsai, Gates, & Chiu, 1994). In addition (or 

alternatively), lower educated individuals often have lower socio-economic status, and thus may have 
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a shorter life expectancy (Marmot, 2005). Thus, if these variables are not taken into account, apparent 

age effects could in fact be due in part to sex and/or education.  

To examine WM abilities, we gave participants an n-back task (Owen, McMillan, Laird, & 

Bullmore, 2005; Schmiedek, Li, & Lindenberger, 2009). In its most typical form, which probes what 

are generally considered verbal aspects of WM, participants view a series of letters or digits, 

presented one at a time for a brief duration in the middle of a computer screen, and have to indicate 

whether each item is the same as that presented n items earlier on the list. For example, in a 1-back 

task participants are asked to indicate whether each item is the same or not as the item just presented, 

while in a 2-back task they must indicate whether each item is the same or not as the item presented 

penultimately (i.e., 2 items previously). Such parametric differences (e.g., 1-back vs. 2-back) are often 

referred to as ‘load’ or ‘difficulty’, and seem to probe aspects of WM capacity, or span. Indeed, it has 

been shown that performance on n-back tasks correlates well with performance on tasks designed to 

measure WM span (e.g., counting, reading, or rotation span tasks), suggesting that both types of tasks 

measure (at least in part) the same construct (Schmiedek, Hildebrandt, Lövdén, Wilhelm, & 

Lindenberger, 2009; Schmiedek, Lövdén, & Lindenberger, 2014; Shamosh et al., 2008, but see also 

Redick & Lindsey, 2013, for a discussion). In n-back tasks participants are generally assessed 

regarding the accuracy of their responses, which are often computed as d-prime measures to avoid 

bias (see Methods), though in some studies response times are also collected.  

The n-back task is one of the most widely used tasks in the study of WM (Braver et al., 1997; 

J. D. Cohen et al., 1997; Jaeggi, Buschkuehl, Perrig, & Meier, 2010; Kane, Conway, Miura, & 

Colflesh, 2007; B. Nagel, Ohannessian, & Cummins, 2007; Owen et al., 2005). The task seems to 

involve several aspects of WM, including the temporary storage of items, binding items to their 

temporal order, item retrieval, updating both items and their order, and monitoring and control over 

non-target items (Cansino et al., 2013). Therefore, the task can capture broad WM functioning, and so 

can indicate if such broad functioning is indeed affected by aging or other factors. The task also has a 

number of other desirable characteristics. In particular, it is not only a relatively conceptually simple 

task, but in addition it seems to be much less dependent on (and so less influenced by) extraneous 
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information and processes (e.g., in language or maths) than various other tasks commonly employed 

to examine WM (e.g., listening, reading, or operation span tasks) (Alptekin & Erçetin, 2009; Janusik, 

2007; Unsworth, Heitz, Schrock, & Engle, 2005). Thus, it appears to be a relatively pure probe of 

WM-related processes.  

In the present study, participants were given a digit n-back test (rather than a version with 

letters) (Owen et al., 2005), to ensure that all the participants would be familiar with the items, given 

that Chinese-speaking people in Taiwanese commonly use Arabic numerals. Participants were given 

both 1-back and 2-back subtasks, allowing the examination of load effects. A 3-back subtask was not 

included as it was deemed to be too taxing for most older participants (Grigorova, Sherwin, & 

Tulandi, 2006).  

Based on previous findings from the WM literature examining age effects within old age, we 

expected that WM abilities would decline with increasing age. A main effect of load was also 

predicted, with worse performance at 2-back than 1-back, as is generally found in n-back studies 

(Cansino et al., 2013; van Gerven et al., 2007, 2008). Additionally, we expected that the examination 

of main effects and interactions involving sex and education, and their interactions with age, might 

reveal patterns found in previous studies. In particular, we expected that males might show better WM 

performance than females, especially at the lower age range examined here (see discussion above), 

and that, perhaps across the age range and across both sexes, participants with higher education would 

perform better than those with lower education. 

 

2. Methods  

2.1. Participants 

The present study was part of the Social Environment and Biomarkers of Aging Study (SEBAS), 

which, together with its parent study (the Taiwan Longitudinal Study of Aging), has collected a wide 

range of social, demographic and health related data, as well as performance and biomarker measures, 

on elderly and near elderly in Taiwan (Cornman et al., 2016; Goldman et al., 2004; Weinstein et al., 
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2014). During the 2011 SEBAS data collection, three computer-based cognitive tasks were also 

included: the ANT attention task (Fan, McCandliss, Fossella, Flombaum, & Posner, 2005), a 

recognition memory task to examine learning in declarative memory (Hedenius, Ullman, Alm, 

Jennische, & Persson, 2013; Lukács, Kemény, Lum, & Ullman, 2017), and the n-back task of working 

memory that is reported in the present paper.  

In this collection wave a variety of demographic and related information was also acquired. 

This included sex, date of birth, total years of education (0-17, where 17 also included any additional 

years of education), handedness as measured by four questions modified from the Edinburgh 

Handedness Inventory (Oldfield, 1971) for the population being tested (targeting writing and the use 

of chopsticks, scissors, and brushing teeth), and information on any history of neurological, 

psychiatric, learning, cognitive, or other brain-related problems. This research was approved by the 

Georgetown University Institutional Review Board and the University of Kent Research Ethics 

Committee (the first author was previously at the University of Kent). Data requests for the present 

study should be sent to: Health Promotion Administration; Ministry of Health and Welfare; 6th Floor, 

No 95 Mincyuan Road; West District, Taichung City; Taiwan, 40341 ROC.  

A cohort of 1031 individuals participated in the 2011 wave of SEBAS, of whom 963 were 

given the n-back task. All were native speakers of Chinese, in particular Hakka, Mandarin, or 

Taiwanese (Taiwanese Hokkien). Of these, 39 participants were excluded because they did not 

perform the entire task to completion without interruptions; 5 because of coding errors, which made it 

impossible to match their n-back performance data with their demographic measures; 71 because of a 

diagnosis of a neurological, psychiatric, or other brain-related disorder, including stroke, brain 

embolism, intracranial haemorrhage, cerebral vascular sclerosis, brain atrophy/degeneration, 

concussion, hypoxia, recurrent headaches and dizziness, Parkinson’s disease, epilepsy, meningitis, 

brain tumour, schizophrenia, depression, and bipolar disorder; and another 50 because their date of 

birth could not be obtained. The ages of the remaining 798 participants were calculated by subtracting 

their date of birth from the date of testing. Finally, to avoid extreme age outlier effects, we excluded 

the small number of participants (n = 12) in their 9th decade (aged 90 or above; range 90-98).  
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Performance on the task was assessed by computing d-prime (d’) scores for each of the 786 

remaining participants, separately for the 1-back and 2-back subtasks (see below for details regarding 

the calculation of d’). Some participants produced only a small number of valid responses (“same” or 

“different” responses within the allotted time) and/or showed reverse discrimination (negative d’ 

scores, indicating that the participants may have been performing the task incorrectly) in one or both 

of the subtasks. We excluded from analyses any participant’s subtask with 10 or fewer valid trials 

(i.e., about one quarter of the trials) and/or with negative d’ scores. Thus, participants for whom both 

subtasks met one or both of these exclusion criteria were fully excluded (n = 32). Statistical analyses 

were performed on the data of the resulting 754 participants, as reported below. Mean age and years 

of education for these participants are presented in Table 1. Also see Table in Appendix for a 

breakdown of these demographics for participants grouped into 5-year age brackets.  

 

Table 1: Demographic information 

 N Age Years of education 

Male 398 69.05 (8.79) 8.61 (4.33) 

Female 356 67.82 (8.25) 6.11 (4.56) 

Total 754 68.47 (8.56) 7.43 (4.61) 

Note. Mean age (in years) and years of education, with standard deviations in parentheses. Males and 

females differed both in age (t(752) = 1.97, p = .049) and years of education (t(752) = 7.69, p < .001). 

Also see Data Analysis.  

 

2.2. Materials and Design 

The n-back task was adapted from a similar task developed by Benjamin Robinson and Rebecca 

Fuller at the University of Maryland, School of Medicine (http://step.talkbank.org/scripts-plus/). 

http://step.talkbank.org/scripts-plus/
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Participants viewed a series of digits (0-9) presented one at a time on a computer screen. Each digit 

was presented in Palatino Linotype font (72 point). For each digit, participants were asked to judge 

whether that digit was or was not the same as the digit that appeared immediately prior (1-back) or 

that appeared two items previously (2-back). 

The 1-back subtask always preceded the 2-back subtask. Each of the two subtasks consisted of a 

single experimental block of 45 items, preceded by 12 practice items. In each of the two subtasks, one 

third of the items were selected to be targets (i.e., identical to the item that appeared 1 or 2 items prior, 

respectively in the two subtasks); the first three items in each experimental block were not selected as 

target items. The remaining two thirds of the items were randomly selected as digits between 0 and 9. 

Thus the appearance of ‘lure’ items (trials that match an earlier item in the sequence, but not the item 

n items back; e.g., not 2 back in the 2-back subtask) was random. Lures are therefore likely to occur 

with similar probability across the variables of interest (age, sex, education). Lure effects are not 

examined here; for discussion of lures and their effects on aging, see Schmiedek, Li and colleagues, 

(2009). When a randomly selected item was identical to the item that was presented one or two items 

before, it was appropriately treated as a 1-back or 2-back item in the analysis.   

2.3. Procedure 

Participants were given written instructions with Chinese characters, which were read orally in their 

native Chinese dialect (Hakka, Mandarin, or Taiwanese). They were asked to judge whether each digit 

was the same as the digit presented one or two items previously (in the respective subtasks). To 

perform this judgement, they were asked to press one of two buttons (left or right) on a Psychology 

Software Tools Serial Response Box (SRBox). These indicated yes or no answers, with the left/right 

order counterbalanced across participants. A reminder indicating which button to press (left or right) 

was displayed at the bottom of the screen during every trial (a green circle for ‘yes’, a red X for ‘no’). 

Participants received training to ensure that they understood the task. This training included a running 

display of previous items to help the participant. This running display of numbers did not appear in 

the practice or experimental sessions. After training, the participants proceeded to the practice session, 
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where 12 items were presented in the same manner as the subsequent experimental items. In cases 

where the participant had clear difficulties or requested a repetition, the practice session was repeated. 

In the experimental (and practice) blocks, each trial involved the presentation of a digit for 

500 milliseconds (ms), followed by a blank screen for a maximum of 2500 ms, or until a response was 

given, at which point the next trial began. The task was presented in black on a white background on a 

laptop with Windows XP, using E-Prime Version 2.0 (Schneider, Eschman, & Zuccolotto, 2002a, 

2002b).  

 

2.4. Data analysis 

As stated above, d’ was computed for both the 1-back and 2-back subtasks (experimental items only) 

for each participant (consistent with most previous studies of n-back, we focus on accuracy rather 

than response times). According to signal detection theory (Stanislaw & Todorov, 1999), d’ scores 

measure discrimination independent of response bias, that is, independent of any tendencies for 

participants to give one or the other type of response (in this case, yes or no). D-prime is calculated 

from hits, misses, false alarms, and correct rejections. In the context of this task, when the item is the 

same as the one presented n back, a correct response (yes) is a hit, while an incorrect response (no) is 

a miss. When the item is not the same as the one presented n back, an incorrect response (yes - that is 

incorrectly indicating that the item is the same as the item n back) is a false alarm, while a correct 

response (no) is a correct rejection. 

To compute d’, we first calculated the Hit Rate and the False-Alarm Rate over valid trials, 

that is, trials for which a yes or no response was given within the time limit. The Hit Rate (HR) is the 

proportion of correct hits over hits plus misses. The Hit Rate was adjusted by the loglinear method, to 

avoid infinite or indeterminate d’ scores (Hautus, 1995; Stanislaw & Todorov, 1999). That is, 0.5 was 

added both to hits and to misses in the computation of HR. Thus, HR = (hits+0.5) / ((hits+0.5) + 

(misses+0.5)). The False-Alarm Rate (FAR) is the proportion of false alarms over false alarms plus 

correct rejections. Thus, FAR = (false alarms+0.5) / ((false alarms+0.5) + (correct rejections+0.5)). In 
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order to compute d’, z-scores were first computed from these raw probabilities, separately for HR and 

FAR for each subtask for each participant. Finally, d′ for each subtask for each participant was 

computed by subtracting the FAR z-score from the HR z-score (Macmillan, 1993; Stanislaw & 

Todorov, 1999). Higher d’ values reflect better discrimination. A value of zero corresponds to chance 

performance, while negative values reflect reverse discrimination (Stanislaw & Todorov, 1999).  

The participant d’ scores were analysed with mixed-effects linear regression, with participant 

as a random effect. The following fixed predictors were included, as well as all of their interactions: 

load (2 levels: 1-back, 2-back), age in years (as a continuous variable), years of education (also as a 

continuous variable), and sex (2 levels: males, females). In order to obtain estimates of ‘main effects’ 

for all predictors (analogous to those obtained for main effects in AN(C)OVAs), continuous 

predictors (i.e., age and education) were mean-centred, whereas categorical predictors (i.e., load and 

sex) were assigned sum-coded contrasts (i.e., -0.5 and 0.5) (e.g., Barr, Levy, Scheepers, & Tily, 2013; 

Levy, 2014). Note that an alternative type of ‘main effect’ coding for categorical predictors is to 

convert them to numeric variables and then mean-centring them (e.g., Fraundorf & Jaeger, 2016; 

Montero‐Melis, Jaeger, & Bylund, 2016). We also ran the regression model using this coding 

approach. The exact same pattern of significance (i.e., ps < .05, ps < .10) for main effects and 

interactions (as shown in Table 3 below) was obtained when using the alternative approach as our 

primary approach in coding the two categorical variables.  

Because all predictors were simultaneously included in the regression analyses, this allowed 

us to control for any correlations between them. Specifically, estimates in multiple regression, 

including with mixed-effects models, reflect the unique variance of each predictor (i.e., the part of 

each variable that cannot be predicted by all others in the regression model). Effects should therefore 

be interpreted as the “pure” contribution of each variable, beyond any correlations with the others 

(e.g., Wurm & Fisicaro, 2014). For example, any differences between males and females in age or 

education (Table 1) do not explain the observed sex differences.  

Finally, we computed standardized effect sizes for all critical significant effects. The 

computation of standardized effect sizes for mixed-effects regression is not straightforward, and 
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indeed, these are often not reported for mixed-effects models. Here we follow Westfall, Kenny and 

Judd (2014), and compute a mixed-effects model analogue of Cohen’s d by dividing regression 

estimates (b) by the expected variation of individual data points. For the mixed-effects model reported 

here, this expected variation is defined as the square root of the total variance (i.e., the sum of the 

subject intercept variance and the residual variance). Note that, in the case of continuous predictors, 

regression estimates (including in mixed-effects regression) do reflect a comparison between two 

groups (the typical use case for Cohen’s d), but instead correspond to changes in the dependent 

variable for each unit in the predictor. Thus, in order to calculate an interpretable effect size, we 

calculated Cohen's d for the two continuous predictors (age, education, and their interactions with sex) 

by first fitting a regression model in which these predictors were standardised and then dividing the 

regression coefficients obtained in this model by the square root of the total variance, as above. Thus, 

Cohen's d value for each continuous predictor captures the effect size for each standard deviation in 

the predictor (i.e., for age, education), allowing for comparability across predictors. Interpretation of 

the magnitude of Cohen's d values follows Cohen's (1988) recommendation of 0.2 as a small effect 

size, 0.5 as a medium effect size, and 0.8 as a large effect size. For terminological precision, here we 

interpret 0.10-0.30 as small, 0.31-0.39 as small-to-medium, 0.40-0.60 as medium, 0.61-0.69 as 

medium-to-large, and 0.70 or above as large.  

 

3. Results 

Table 2 presents mean (by participant) d’ scores in each of the n-back subtasks (1-back and 2-back), 

both across all participants and separately for males and females. The results of the mixed-effects 

regression model are shown in Table 3, which presents regression estimates (b), standard errors (SE), 

t-values, and p-values for every main effect and interaction. 

 

Table 2: Mean d’ values (and SDs) for the 1-back and 2-back subtasks  
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 1-back 2-back 

Male 2.36 (1.11) 1.52 (1.09) 

Female 2.05 (1.29) 1.27 (1.01) 

Total 2.21 (1.21) 1.40 (1.06) 

 

 

Table 3: Main effects and interactions from the mixed-effects linear regression model on n-back d’ 

scores 

 b SE t p  

Intercept (estimated grand mean) 1.9747 0.0319 61.87 <.001 * 

Load (1-back vs. 2-back) 0.8441 0.0465 18.16 <.001 * 

Age -0.0345 0.0039 -8.76 <.001 * 

Education 0.0702 0.0068 10.30 <.001 * 

Sex (males vs. females) 0.1238 0.0638 1.94 .053 # 

Load x Age 0.0055 0.0058 0.95 .344  

Load x Education -0.0074 0.0100 -0.74 .461  

Load x Sex 0.0578 0.0929 0.62 .534  

Age x Education 0.0009 0.0008 1.07 .286  

Age x Sex -0.0171 0.0079 -2.18 .030 * 

Education x Sex -0.0332 0.0136 -2.44 .015 * 

Load x Age x Education 0.0016 0.0012 1.32 .188  
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Load x Age x Sex 0.0110 0.0115 0.96 .339  

Load x Education x Sex -0.0294 0.0200 -1.47 .142  

Age x Education x Sex 0.0009 0.0016 0.59 .557  

Load x Age x Education x Sex -0.0026 0.0024 -1.10 .274  

Notes. * p < .05; # p < .10. P-values were obtained from t-tests with 1373 degrees of freedom, 

calculated as number of data points (i.e., 1389) minus the number of fixed effect estimates (i.e., 16) 

(Baayen, Davidson, & Bates, 2008). All continuous predictors were mean-centred; all categorical 

predictors were assigned sum-coded contrasts (see Methods).  

 

Significant main effects were obtained for load, age, and years of education, while a borderline 

significant main effect was observed for sex. The main effect of load, which showed a large effect size 

(Cohen’s d = 0.95; see Methods), was due to better n-back performance (i.e., higher d’ scores) in the 1-

back subtask than in the 2-back subtask (see Table 2). The borderline significant main effect of sex 

reflected the overall better performance by males than females (see Table 2). The main effects of the 

continuous variables of age and years of education on d’ scores are displayed, respectively, in Figures 

1 and 2. Whereas increasing age was associated with worse n-back performance, with a small-to-

medium effect size (Cohen’s d = 0.33) (Figure 1), a higher number of years of education was associated 

with better n-back performance, also with a small-to-medium effect size (Cohen’s d = 0.36) (Figure 2). 

The main effect of age was qualified by a significant interaction between age and sex, with a 

small effect size (Cohen’s d = 0.16). As shown in Figure 3, although the negative effect of age on n-

back performance was present for both males (b=-0.0430, SE=0.0046, t=-9.36, p<.001; Cohen’s d = 

0.41) and females (b=-0.0259, SE=0.0064, t=-4.06, p<.001; Cohen’s d = 0.25), the effect was more 

pronounced for males (medium effect size) than females (small effect size). (These follow-up 

analyses were computed by refitting the model with sex as a dummy-coded variable.) Moreover, at 

the minimum age in our sample (58 years), the predicted d’ score (i.e., from the regression model) for 
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males was significantly higher than for females (b=0.2977, SE=0.0931, t=3.20, p=.001; Cohen’s d = 

0.34), with a small-to-medium effect size. (This ‘endpoint’ comparison was computed by refitting the 

model after subtracting the minimum age value, i.e., 58, from each participant’s age; the endpoint 

analyses below were computed in an analogous manner.) In contrast, at the maximum age of 89, the 

predicted n-back performance of males and females did not significantly differ (b=-0.2332, 

SE=0.1861, t=-1.25, p=.211).  

Moreover, the main effects of years of education was qualified by a significant interaction 

between education and sex, with a small effect size (Cohen’s d = 0.17); see Figure 4. Although 

increasing education had a positive effect on n-back performance in both males (b=0.0536, 

SE=0.0093, t=5.78, p<.001; Cohen’s d = 0.27) and females (b=0.0868, SE=0.0100, t=8.69, p<.001; 

Cohen’s d = 0.45), this effect was larger for females (medium effect size) than males (small effect 

size), as can also be seen by the steeper slope of the dashed line in Figure 4. In addition, at the 

minimum level of education in our sample (0 years), the predicted d’ score for males was significantly 

larger than for females (b=0.3777, SE=0.1173, t=3.22, p=.001; Cohen’s d = 0.41), with a medium 

effect size. In contrast, at the maximum level of education (17 years), this difference between the two 

sexes disappeared (b=-0.1875, SE=0.1474, t=-1.27, p=.204).   

We emphasize that the sex difference endpoint tests at low and high age and education are not 

simple comparisons of mean d’ scores of males and females at those points, but rather comparisons of 

predicted d’ scores from the regression model. Note also that for all male vs. female comparisons at 

minimum and maximum age and education, both sexes were represented; that is, there were both 

males and females with 58 and 89 years of age and with 0 and 17 years of education; see Discussion 

regarding participants with 0 years of education.  
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Figure 1. Performance on the n-back task as a function of age. In all figures, regression line(s) 

represent the effect(s) of interest while holding all other predictors constant at their means. Also in all 

figures, the value of each plotted data point is an individual participant’s mean d’ score in the n-back 

task, averaged over the 1-back and 2-back subtasks. Before computing this average, d’ scores were 

adjusted by subtracting the summed effect of all predictors, except the plotted predictors of interest 

(see Prado & Ullman, 2009, p.859, footnote 3). Shaded bands represent pointwise standard errors 

(95% confidence intervals are approximately twice the width of standard error bands). 
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Figure 2. Performance on the n-back task as a function of years of education. Each data point represents 

an individual participant’s n-back performance, which has been adjusted by subtracting the effect of all 

other predictors; see Note for Figure 1. Shaded bands represent pointwise standard errors (95% 

confidence intervals are approximately twice the width of standard error bands). 
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Figure 3. Performance on the n-back task as a function of age, separately for males (solid line, 

squares) and females (dashed line, circles). Each data point represents an individual participant’s n-

back performance, which has been adjusted by subtracting the effect of all other predictors; see Note 

for Figure 1. Shaded bands represent pointwise standard errors (95% confidence intervals are 

approximately twice the width of standard error bands).  
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Figure 4. Performance on the n-back task as a function of years of education, separately for males 

(solid line, squares) and females (dashed line, circles). In this plot, an offset of 0.2 years was added to 

the education level of females, in order to avoid overlapping data points between males and females; 

thus, data points which are in close horizontal proximity correspond to the same number of years of 

education. Each data point represents an individual participant’s n-back performance, which has been 

adjusted by subtracting the effect of all other predictors; see Note for Figure 1. Shaded bands 

represent pointwise standard errors (95% confidence intervals are approximately twice the width of 

standard error bands). 

 

These patterns were robust, with the exact same pattern of significance (i.e., ps < .05, ps<.10) 

for main effects and interactions (as shown in Table 3) being obtained in a range of different alternate 

analyses. First, as indicated in the Methods, the same patterns were obtained with two types of ‘main 

effect’ coding, that is, regardless of whether categorical predictors were assigned sum-coded contrasts 

or were converted to numerical variables and then mean-centred. Second, it might be argued that the 
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higher order interactions should not be retained in the regression model, since they were not 

significant, and might reduce the statistical power for lower order effects. However, when the four-

way interaction and all four three-way interactions were removed from the model, again the same 

pattern of significance was obtained for the remaining effects. Third, it is possible that handedness, 

which was not included as a covariate, might bias the results. However, when handedness (coded as -

100 to 100; Oldfield, 1971) was included as a covariate, for those 742 participants for whom 

handedness values were available, again the same pattern was obtained (though in fact in this case the 

main effect of sex reached statistical significance). Finally, the same pattern of significant results was 

also observed when the 10 participants who were 90 or older (and did not meet any other exclusion 

criterion) were added in to the analyses. Thus, even the inclusion of these extreme-aged individuals 

did not affect the results.  

Given that both age and education had linear effects on d’ scores, and given that both 

predictors interacted with sex, we performed exploratory analyses asking how these two interactions 

additively combined to determine sex differences. As described above, males outperformed females at 

the lower age endpoint of our sample, but increasing age was associated with a reduction and eventual 

elimination of sex differences. Similarly, at zero years of education males outperformed females, but 

this difference disappeared with increasing education. We can thus examine whether at younger ages 

(i.e., among older adults) higher levels of education eliminate sex differences and, conversely, 

whether at lower education higher ages eliminate sex differences. 

Figure 5 displays the estimated sex difference (panel a) and the t-value (allowing for the 

computation of statistical significance) of this difference (panel b) as a function of age, for five 

different years of education (in the sample of 754 participants): i) the minimum education in our 

cohort, 0 years (n = 109); ii) the most common education level in our cohort, 6 years (i.e., the mode; n 

= 299); iii) the mean level of education, 7.43 years; iv) the second most common education level in 

our cohort, 12 years (n = 109); and v) the maximum education level, 17 years (n = 5). This provides 

estimations not only for common statistics in our sample (minimum, maximum, mean, mode), but 

more generally for levels of education that may be pertinent in the real world: no education (pertinent 
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in developing or formerly developing countries such as Taiwan; see Discussion), some 

primary/middle school, secondary/high school education, and higher/university education. Estimates 

and t-values were computed by refitting the model presented in Table 3 with both education and age 

centred around specific values (every year of age between the minimum and maximum points, 

combined with the five levels of education described above).  

As can be seen in Figure 5, at the lowest level of education (0 years), our regression model 

predicts that males have numerically higher d' scores than females throughout much of the age range, 

a difference that is significant from 58 until 74 years of age, inclusive (significance corresponds to an 

absolute t-value of 1.962 or higher, given the size of our sample; 1373 degrees of freedom). However, 

as expected, with increasing education, the age at which the male advantage disappears is 

progressively reduced. At 6 years of education, a significantly higher d' for males than females is 

predicted until 70 years of age. At the mean level of education in our sample (7.43 years), a 

significant male advantage is present until 68 years of age. Finally, at higher levels of education (12 

and 17 years), females show a numerical advantage throughout much (at 12 years of education) or all 

(17 years) of the age range, though this advantage never reaches statistical significance. The finding 

that similar patterns are observed at both of these higher levels of education argues against spurious 

results from the small sample size at maximum education.  

Thus, at the lowest education levels males show clear advantages, at least up to fairly old age, 

whereas at the highest education levels no sex differences are found, and indeed females generally 

show a quantitative advantage. From the perspective of age, at lower ages males tend to show 

advantages, except at the highest education levels, while at higher ages there are no significant sex 

differences at any education level, though females show a consistent quantitative advantage. 
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Figure 5. Estimated sex difference between males and females in d’ scores (panel a) and t-value of 

that difference (panel b) as a function of age, for 5 different levels of education (coloured lines), 

obtained from the mixed-effects regression model. Dashed lines on panel b indicate statistical 

significance. See main text.  

Finally, we tested for potential non-linearities in the relation between age and d’ scores, by 

including an additional quadratic term for age in the mixed-effects regression model (for the original 

data set of 754 participants). In order to eliminate the correlation between the quadratic and linear 

terms of age, the quadratic term was included in the model as an orthogonal polynomial. A likelihood 

ratio test revealed that this model did not have a significantly higher goodness-of-fit than the linear 

model presented above; that is, the quadratic term for age failed to reach significance (χ²(1) = 0.50, p 

= .477). Additionally, we ran a more complex model in which the quadratic term of age was allowed 

to interact with all other predictors, that is, with the (linear) predictors of load, education, and sex 

(thus, in this model, both age as a linear term and age as a quadratic term interacted with these other 

predictors). Again, a likelihood ratio test revealed that this more complex model did not differ in 

goodness-of-fit from the linear model (χ²(8) = 9.28, p = .319), or from the simpler model with only a 
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quadratic term of age (χ²(7) = 8.78, p = .269). Because the inclusion of a quadratic term of age failed 

to improve model fit, cubic and other higher-order polynomials were not tested for inclusion. 

 

4. Discussion  

This study investigated working memory (WM) within older adults. Specifically, we examined WM 

in 754 healthy older adults in Taiwan (aged 58-89), on a ‘verbal’ (digit) version of the n-back task, 

with both 1-back and 2-back subtasks. With mixed-effects linear regression, we investigated the 

influence not only of age and load (1-back vs. 2-back), but also effects of sex and education, and all 

interactions among these variables.  

4.1. Interpretation of Results  

The results suggest the following. First, the striking main effect of load is consistent with the pattern 

more generally observed in n-back studies (see Introduction). Indeed, the result is consistent with the 

finding from Cansino and colleagues (2013) of worse performance at 2-back than 1-back across 

younger and older adults. Thus, the present study suggests that higher load also leads to greater 

difficulties specifically within older adults, even when accounting for age, sex, education, and their 

interactions. In addition, the results suggest that the effect of load is not particularly modulated by 

aging (within old age), since load did not interact with age, or indeed with any of the other factors. 

This in turn suggests that the effects of aging on WM might primarily impact aspects of WM other 

than load (span) (Hasher & Zacks, 1988; Rypma & D’Esposito, 2000). 

Second, and more importantly, the findings suggest that aging has a detrimental effect on 

WM not only between younger and older adults (Introduction), but also within old age. The analyses 

revealed that this is a linear rather than a nonlinear effect. Given that the age range examined in this 

study is quite large (between 58 and 90, and even to about 100 years in the analyses including the 

extreme-aged participants), the findings suggest that age has a negative linear effect on WM across 

much of old age. Note that the age by sex interaction does not obviate the general negative effect of 

age on WM, since both males and females showed this pattern. Unlike the three previous studies that 
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examined WM within old age (Cansino et al., 2013; Fournet et al., 2012; Kumar et al., 2017), our 

study included age as a continuous variable, and probed for nonlinear as well as linear effects, 

revealing only linear age-related declines. Verbal WM was examined in two of these studies (Cansino 

et al., 2013; Fournet et al., 2012), one of which reported declines (Fournet et al., 2012). The present 

study suggests that, consistent with Fournet and colleagues, aspects of verbal WM indeed show 

declines within old age. This conclusion is strengthened by the fact that our study examined a large 

sample of older adults, that the findings held across both the 1-back and 2-back subtasks, that our 

analyses held constant certain potentially moderating factors, and that that the results were robust. 

Together with other studies (Cansino et al., 2013; Fournet et al., 2012; Kumar et al., 2017), the 

evidence suggests that verbal as well as visuospatial WM shows declines within old age, and thus 

WM may weaken during old age quite generally. Finally, note that the absence of nonlinear effects 

within old age does not preclude nonlinear declines across the full adult lifespan (as have been found 

in other cognitive domains; Nyberg et al., 2012), since declines may be quite shallow during early 

adulthood, and only later show steep declines, which may be captured here.  

Third, the finding that education has a positive linear association with WM abilities is 

consistent with previous studies of younger and older adults that have examined this issue. As we saw 

in the Introduction, previous studies have reported positive main effects of education across younger 

and older adults (Brockmole & Logie, 2013; Cansino et al., 2013; van Gerven et al., 2007), with one 

study finding positive effects in older but not younger adults (Dorbath et al., 2013). Additionally, 

Fournet and colleagues (2012) reported that education was positively associated with WM 

performance in their sample of older adults (aged 55-85). Neither of the other two studies of WM 

within older adults (Cansino et al., 2013; Kumar et al., 2017) examined effects of education within old 

age. Together with the present study, which reveals positive effects of education on verbal WM in 

older adults while accounting for the influence of age, the available research seems to suggest that 

higher education is indeed associated with improved WM quite generally, across both verbal and 

visual/spatial WM tasks, but perhaps in particular in older adults. Note however that observations of 

greater effects of education on WM in older than younger adults (Dorbath et al., 2013) could be partly 
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due to decreased WM abilities at older ages, which may be accompanied by increased variability (thus 

increasing the likelihood of observing effects of education or other factors). Importantly, the 

education by sex interaction does not obviate the general positive association between education with 

WM, since both males and females showed this pattern. Note also that the present study examined a 

very large range of education, including participants with zero years of education, and thus constitutes 

an important extension of the investigation of the relation between education and WM.  

Interpretation of the positive association between education and WM is not straightforward. 

One possibility is that the observed association is explained by a positive effect of education on WM. 

For example, education may lead to strengthened long-term memory representations (Ritchie, Bates, 

& Deary, 2015), which themselves are associated with better WM performance (Engle, Nations, & 

Cantor, 1990; Gregg, Freedman, & Smith, 1989; see also Cowan, 1999, for the relationship between 

long-term memory and working memory). Such strengthened representations could come about from 

greater input and/or cognitive stimulation, from schooling itself and/or from resulting social or 

professional outcomes of increased education (Adey, Csapó, Demetriou, Hautamäki, & Shayer, 2007). 

Strengthened long-term memory representations could also be explained by improved learning and 

memory (declarative memory) as a result of greater education, since such improvements have been 

linked to increased studying (Draganski et al., 2006; Ullman & Pullman, 2015). Education may also 

have more direct benefits on WM. Indeed, some evidence suggests that WM training may improve 

WM performance (Morrison & Chein, 2011), though this remains controversial (Melby-Lervåg & 

Hulme, 2013; Ritchie et al., 2015), and the equivalence between WM training and greater education is 

not clear. More generally, although a causal effect of education on WM (whether indirect or direct) is 

difficult to specifically test for, some evidence supports such a causal view, at least for certain 

cognitive functions, though not WM (Ritchie et al., 2015). This causal perspective jibes with the view 

that education-related WM advantages within old age may be explained by education-related 

improvements in ‘cognitive reserve’, which are posited to lead to decelerated rates of cognitive 

decline in more highly educated individuals (Anderson, Saleemi, & Bialystok, 2017; Dorbath et al., 

2013; Haut et al., 2005; Stern, 2002). This notion of cognitive reserve is consistent with recent 
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findings that higher levels of education are related to less age-related loss of volume in frontal regions 

of the brain, as well as higher activation of these regions in older participants (>67 years old) in the n-

back task (Boller, Mellah, Ducharme-Laliberté, & Belleville, 2017). Thus overall, it is quite plausible 

that education leads to improved WM.  

However, we emphasize that other accounts of the positive association between education and 

WM are also possible. For example, perhaps better WM leads to higher levels of education, that is, to 

more years of schooling. Note that this is a different and perhaps somewhat less likely possibility than 

the suggestion that higher WM leads to better educational outcomes, such as improved scores in 

reading and mathematics assessments (Pickering, 2006). It is also possible that one or more other 

factors (e.g., motivation, or perhaps socio-economic status) could lead to improvements in both WM 

and education. Indeed, socio-economic status (SES) generally correlates both with educational level 

(White, 1982) and chronic stress (G. W. Evans & Schamberg, 2009), which in turn can negatively 

impact WM (Lupien, Maheu, Tu, Fiocco, & Schramek, 2007). Thus overall, the positive association 

between education and WM must be interpreted with caution.  

Fourth, the significant interaction between age and sex reveals that, holding education 

constant, age negatively impacts WM more in males than females within old age. Moreover, whereas 

males showed WM advantages at about 60, no sex differences were observed at about 90. These 

findings are consistent with, as well as extend, the results reported by Cansino and colleagues (2013). 

As discussed above, in that study male advantages were observed for verbal and visuospatial WM 

(with no female advantages), mainly at middle age to earlier stages of old age (i.e., in the 41-50, 51-

60, and 61-70 age decades), with no sex differences observed at the oldest decade tested (71-80). 

Thus, both the present study and Cansino and colleagues suggest that earlier stages of older 

adulthood, males have WM advantages, but that these gradually disappear during old age.  

This pattern may be at least partly explained as follows. First of all, females may show a 

particular decrease in WM abilities during menopause, likely due to estrogen loss (Almela, van der 

Meij, Hidalgo, Villada, & Salvador, 2012; Weber & Mapstone, 2009; Weber, Mapstone, Staskiewicz, 

& Maki, 2012). Indeed, research has shown a positive association between estrogen and WM 
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performance (Grigorova et al., 2006; Keenan, Ezzat, Ginsburg, & Moore, 2001). A menopause-related 

decline in WM in females is also consistent with the suggestion from the broader literature that male 

advantages in WM are less reliably observed in younger adults, in particular for verbal WM (see 

Introduction). Menopause typically occurs between about 49 and 52 years of age (Palacios, 

Henderson, Siseles, Tan, & Villaseca, 2010; Takahashi & Johnson, 2015), suggesting that most, if not 

all, of the women in our sample had completed menopause, and thus menopause-related declines in 

WM would likely have already occurred. Therefore, the male advantage observed at the lower end of 

our age range (58 years of age) seems likely to be at least partly explained by a decrease in WM 

abilities in women during menopause.  

The observed ‘recovery’ of females in older age, both in the present study and in Cansino and 

colleagues (2013), is potentially an even more interesting finding. Rather than suggesting an 

improvement in females’ WM, the observed effect seems instead to reflect a steeper WM decline in 

males than females over the course of old age, eventually resulting in similar WM abilities between 

the sexes. This in turn could be due in part to the gradual decrease of testosterone in men in old age, 

since in males estrogen is derived from testosterone (Mooradian & Korenman, 2006). Thus, a gradual 

decrease in estrogen in males could help account for the pattern, although it remains unclear whether 

or to what extent estrogen in fact declines in men during old age (Mooradian & Korenman, 2006).  

Fifth, the study shows for the first time an interaction between education and sex in older 

individuals, with greater WM gains related to education in females than males. Moreover, whereas we 

found a male advantage at zero years of education, no sex differences were observed at a high level of 

education, that is, at 17 or more years of schooling, more or less corresponding to a university 

education.  

The mechanisms underlying this pattern remain to be clarified. One possibility is that the 

female WM disadvantage at low education simply reflects a more general female WM disadvantage 

in old age, especially at earlier stages of older adulthood, perhaps due to the effects of menopause (see 

above). On this view, overlaying this effect there is a stronger positive association between education 

and WM in women than men, at least in older adults. Such an association could be due to various 
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factors. For example, perhaps the female disadvantage from menopause allows for greater gains from 

education, leading to greater education benefits in women than men. Alternatively, since evidence 

suggests female advantages at declarative memory (Ullman, Miranda, & Travers, 2008), more 

education in females might lead to correspondingly stronger memory representations (see above) in 

females than males, thus providing greater female benefits for working memory. Conversely, it is 

plausible that better WM is more likely to lead to higher levels of education in women than men, since 

in the sample examined here women were less likely to be educated (see Table 1, and Tsai et al., 

1994), and thus WM (or other) advantages might be more likely to lead to more schooling for girls or 

women.  

Another possibility is that at lower levels of education men in this sample may have tended to 

have substantially more cognitive stimulation than women, since men may have been more likely to 

be employed, while women tended to stay at home and raise children (Thornton et al., 1984; Tsai et 

al., 1994). In contrast, at higher education levels the amount of cognitive stimulation might have been 

more similar between the sexes. On this view, it is not the case that higher education is more 

beneficial to women than men, but rather that low education does not adequately capture individuals’ 

cognitive stimulation. Indeed, Ardila and  colleagues (2010) found a similar pattern of greater sex 

differences at lower than higher education with respect to other cognitive abilities in adults in Latin 

America, and posited a similar account. Note that such an explanation might be expected to hold not 

just in older adults, but also at younger ages, as indeed was found by Ardila and colleagues. Overall, 

though the mechanisms of the observed education by sex interaction are unclear, further studies 

examining the pattern seem desirable, given the potential importance of the finding.  

It is worth noting that a significant portion of our participants had zero years of education. 

This is not surprising for older adults in Taiwan. Thornton and colleagues (1984) reported that a 

considerable portion of the population born in the 1930s and 1940s in Taiwan (i.e. people between the 

ages of 60-80 in our sample) received no formal education, with percentages ranging from 35.4% of 

women and 15.6% of men born in the early 1930s, to 16% of women and 1% of men born in the late 

1940s. Thornton and colleagues (1984) attributed these percentages to cultural factors (e.g. the 
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expectation that women will be less educated than the men they will marry; see  Tsai et al., 1994) and 

socioeconomic reasons (e.g. father’s education), as well as to the gradual establishment of a formal 

educational system during and after the Japanese colonial period (1895-1945), which might also 

explain the drop in these percentages in the 40s. 

Sixth, we found that the combination of lower ages (within old age) and lower education was 

associated with a clear male advantage at WM, whereas the combination of higher ages and higher 

education was associated with no sex difference in WM, and in fact quantitative advantage for 

females. Thus, whatever the mechanisms for age, education, and their interactions with sex regarding 

WM abilities, it appears that together, the factors of age and education are associated with substantial 

sex differences that moreover differ across both age and education.  

 

4.2. Implications  

The findings have a number of implications and suggest various lines of future research. The study 

suggests that WM and other aspects of cognition can and should be examined not just across the 

lifespan, but also specifically within old age. It supports the view that age can be profitably examined 

in studies of WM (and other cognitive functions) in older adults as a continuous predictor, which can 

reveal fine-grained linear or nonlinear patterns. The study also underscores the feasibility of 

examining non-Western populations, who have been under-represented in the populations examined 

in experimental psychology. The results emphasize the importance of including other, potentially 

moderating variables, in particular sex and education, as well as corresponding interactions, in the 

examination of WM and other effects in aging. Although the mechanisms underlying the interplay 

between sex, age, and education cannot be unpacked with our study, the results clearly reveal that 

both age and education are associated with WM abilities within old age, and that both of these interact 

with sex.  

The sex differences, including the male-female differences in WM found at lower old age and 

at low education, were not negligible. The results suggest that sex differences in WM may be real, 

despite the controversy over whether neurocognitive sex differences actually exist (Denworth, 2017; 
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Ingalhalikar et al., 2014). However, since sex appears to interact with other factors, sex differences 

may not be apparent without examining such interactions.  

The findings also suggest that greater education could have positive effects on WM in older 

adults. Indeed, based on the (unstandardized) regression estimates (b), each additional year of 

education has about as much positive impact as the negative impact of two years of age (b is more 

than twice as large for education as for age; see Table 3). Moreover, as we have seen, such effects 

may benefit women more than men. This clearly warrants further study, given that globally, females 

often still have lower levels of education (Bradley, 2014), and that at least at earlier points of old age, 

women appear to have lower WM abilities than men, especially at lower levels of education.  

Finally, the findings have potentially important translational implications. Given the 

importance of WM in cognition and everyday life, the age-related declines in WM during old age 

suggest the possible value of prevention or remediation. For example, education, or a more targeted 

approach focusing on whichever mechanisms may underlie possible positive WM effects of 

education, could potentially either delay WM declines (from education early in life), or ameliorate 

them in old age (from further education in old age). This may provide an argument for further efforts 

to increase the educational level of women, in particular in non-Western societies such as Taiwan, 

where the educational level of females has only started to approach that of males in the past 50 years 

(Thornton et al., 1984; Tsai et al., 1994). It is also possible that pharmacological analogues of sex 

hormones, or perhaps other pharmacological agents that improve memory, could be employed in older 

adults to ameliorate WM (Grigorova et al., 2006; Keenan et al., 2001; Ullman & Pullman, 2015). 

4.3. Conclusion  

In conclusion, the present study showed that working memory abilities are affected by a number of 

factors in older adults, at least as tested in a verbal n-back task. These factors include not only load 

and age itself (that is, increasing age within older adults) but also education. Crucially however, 

whereas age has a negative impact on working memory, education has a positive association. 

Moreover, both age and education interact with sex, with greater declines during old age in males than 
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females, and greater gains associated with more education in females than in males. The findings 

reveal important aspects of the nature of working memory within old age, and have a number of basic 

research and potential translational implications.  
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Appendix 

Table. Number of participants and mean years of education (and SDs) presented in 5-year age 

brackets, for each sex and across both sexes 

 N  Mean years of education (SD) 

 Male Female Total  Male Female Total 

55-59 (min. age 58) 43 42  85  10.49 (3.65) 9.00 (3.94) 9.75 (3.84) 

60-64 128 130 258  10.09 (3.95) 7.90 (4.19) 8.99 (4.21) 

65-69 61 64 125  8.15 (4.05) 6.23 (3.84) 7.17 (4.05) 

70-74 54 38 92  8.06 (4.25) 2.95 (4.38) 5.95 (4.97) 

75-79 42 39 81  5.81 (4.28) 2.82 (3.60) 4.37 (4.22) 

80-84 48 27 75  7.00 (4.24) 3.74 (3.19) 5.83 (4.18) 

85-89 22 16 38  7.73 (4.54) 3.06 (3.94) 5.76 (4.84) 

Whole sample 398 356 754  8.61 (4.33) 6.11 (4.56) 7.43 (4.61) 

Note. This table displays sample sizes and educational information in 5-year age brackets for 

informational purposes only. We remind readers that all analyses were performed with age as a 

continuous variable.  

 


