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General cognitive ability assessment in the German National Cohort (NAKO) – 

The block-adaptive number series task

Objectives. Evaluate the block-adaptive number series task of reasoning, 

as a time-efficient proxy of general cognitive ability in the Level-2 sample 

of the German National Cohort (NAKO), a population-based mega cohort. 

Methods. The number series task consisted of two blocks of three items 

each, administered as part of the touchscreen-based assessment. Based on 

performance on the first three items, a second block of appropriate 

difficulty was automatically administered. Scoring of performance was 

based on the Rasch model. Relations of performance scores to age, sex, 

education, study centre, language proficiency, and scores on other 

cognitive tasks were examined.

Results. Except for one very difficult item, the data of the remaining 14 

items showed sufficient fit to the Rasch model (Infit: 0.89–1.04; Outfit: 

0.80–1.08). The resulting performance scores (N = 21,056) had a 

distribution that was truncated at very high levels of ability. The reliability 

of the performance estimates was satisfactory. Relations to age, sex, 

education, and the executive function factor of the other cognitive tasks in 

the NAKO supported the validity. 

Conclusions. The number series task provides a valid proxy of general 

cognitive ability for the Level-2 sample of the NAKO, based on a highly 

time-efficient assessment procedure. 

Keywords: reasoning, Rasch model, cognitive aging, education, German 

National Cohort
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Introduction

General cognitive ability, or intelligence, is a psychological construct of phenotypical 

differences that are of utmost importance for a wide range of outcomes, from 

educational attainment (Deary et al. 2007), to vocational achievement (Schmidt and 

Hunter 1998; Strenze 2007), and problem solving in everyday situations (Allaire and 

Marsiske 1999). Importantly, general cognitive ability has also been linked to health 

literacy (Fawns-Ritchie et al. 2018), health behaviour (Wraw et al. 2018; Davies et al. 

2019), health outcomes (Wraw et al. 2015), and mortality risk (Lindenberger et al. 

2002; Batty et al. 2007; Calvin et al. 2011, 2017; Christensen et al. 2016). Based on 

such findings, Deary and Batty (2007) have put forward the concept of “cognitive 

epidemiology” and proposed intelligence to be an important factor for disease 

outcomes. In a mega cohort study, like the German National Cohort (NAKO) (German 

National Cohort (NAKO) Consortium 2014), an important aim is to capture health and 

health-related behaviour across a broad range of age, education, and health status in the 

general population. An assessment of general cognitive ability is therefore highly 

desirable, besides more specific assessments of neuropsychological functions (like 

memory or cognitive control) that are of neuropsychological importance for, for 

example, depression, schizophrenia, or dementia (see Kleineidam et al. 2021, 

submitted). 

Over one-hundred years of psychometric research on the structure of cognitive 

abilities have resulted in a hierarchical structure of intelligence (Carroll 1993) with 

narrowly defined specific abilities at the bottom, which are nested in broad abilities 

(like fluid and crystallized intelligence) in the middle, and a general factor (g) on top of 

the hierarchy. Of the broad abilities, reasoning (often termed fluid intelligence) shows a 

high latent relationship with g. In some theoretical conceptualizations, it is even 

considered identical to it (Gustafsson 1984) and also highly related to working memory 

capacity (Conway et al. 2003). When attempting to measure general cognitive 

functioning, reasoning therefore arguably is the most important broad psychometric 

ability to focus on. Reasoning itself is also hierarchically structured (Carroll 1993), so 

that a comprehensive assessment typically involves tasks of different paradigms (like 

the completion of series, matrices, and analogies) and content (i.e., verbal, numerical, or 

figural-spatial material) of inductive and deductive reasoning. The Woodcock-Johnson 

III (WJ-III) Test (Woodcock et al. 2001), for example, comprises five tasks of reasoning 

and the Berlin Intelligence Structure Test (Jäger et al. 1997) even 15 such tasks, five for 
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each content domain (verbal, numerical, figural-spatial). Such comprehensive 

assessments require substantial testing time, which is prohibitive for study protocols 

like that of the NAKO (see Berger et al. 2021, submitted). In fact, even single tasks 

from such standard tests would often require too much time. 

Computerized adaptive testing offers an elegant way to make testing more time-

efficient (Gershon 2005; van der Linden 2018). In adaptive testing, not all participants 

are given the same set of items. Instead, items are chosen based on the performance on 

previous items such that the item difficulty matches the current estimate of the 

participant’s ability level. A simple way to implement adaptive testing is to use a block-

adaptive design, in which all participants work on the same initial set of items and then 

– based on how many items they answered correctly – are given a second set of items 

whose average difficulty depends on the previous performance (Yan et al. 2014). Such a 

procedure was chosen for the number series task that was used in the NAKO as a proxy 

of reasoning. 

Number series tasks require inductive reasoning to identify the arithmetic rule 

behind a sequence of numbers and use this rule to calculate a missing element (e.g., 

identify the rule “alternate between +2 and +3” in the sequence “3  5  8  10  13  __” and 

complete it with the correct answer “15”). They are among the most widely used 

indicators of reasoning in the history of psychometric research on intelligence (Carroll 

1993). Here, an adaptation of a block-adaptive number series task from the WJ-III is 

used, which has been applied in several studies and versions. Examples are a telephone-

interview-based version in the Health and Retirement Survey (HRS; Fisher et al. 2013), 

an internet-based online version in the American Life Panel (ALP; Angrisani et al. 

2016; Pollard and Baird 2017), a non-adaptive computer-based version in the 

Programme for the International Assessment of Adult Competencies-Longitudinal 

PIAAC-L; Engelhardt and Goldhammer 2018, 2019), and a block-adaptive computer-

based version in the Berlin Aging Study II (BASE II; Bertram et al. 2014). This latter 

version has been implemented and used in a subsample of the NAKO (i.e., the L2 

assessment, see Materials and Methods of Berger et al. 2021, submitted) as part of a 

touchscreen-based computerized assessment. It comprises two blocks of three items 

each. Based on whether 0, 1, 2, or 3 items are answered correctly in the first block, one 

of four blocks of three (very easy, easy, medium, or hard) additional items is chosen by 

the computer program. This way, each participant has to work on just six items in total, 

Page 5 of 29

URL: http:/mc.manuscriptcentral.com/swbp - e-mail: wfsbp@meduniwien.ac.at

The World Journal of Biological Psychiatry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review Only

which, on average, cover the ability level of any given individual participant more 

accurately than if everybody would get the identical fixed set of six items. 

When different participants work on different subsets of items, the scoring of 

overall performance becomes a challenge. A possible solution is to use psychometric 

models based on Item Response Theory (IRT; Embretson and Reise, 2000), which 

allow estimating individual ability based on different subsets of items – given known 

item parameters and provided that certain model assumptions are met. For the number 

series task, we use the Rasch model (Rasch 1960), which links observed performance 

(items answered correctly or incorrectly) to a latent continuous ability via a logistic link 

function. As model parameters, a difficulty parameter (estimated from the data) is used 

for each item. Based on these difficulty parameters and the information which items 

were answered (in)correctly, estimates of the latent ability of each participant can be 

generated that are comparable across participants working on different (combinations 

of) blocks of items. An important assumption of the model is that the probabilities of 

correct responses follow logistic functions of the difference between person ability and 

item difficulty (located on the same continuous latent dimension). Herein, a lower 

asymptote of zero (i.e., correct responses due to guessing are negligible), an upper 

asymptote of one (i.e., with increasing ability, the probability of answering items 

correctly converges to perfect accuracy), and the same slope of the function (i.e., items 

discriminate between differences in ability equally well) is assumed. Furthermore, it is 

assumed that it does not matter which (subsets of) items the participants work on (i.e., 

that there are no interaction effects between items, like, e.g., order effects). Model fit 

can be evaluated for each item using item fit measures (e.g., Infit and Outfit, Linacre 

2012). Such fit to the Rasch model has been demonstrated for the number series task 

items in the development of the WJR tests (Woodcock and Johnson 1977; Woodcock et 

al. 2001) and in successful applications of its adaptive versions in the HRS and ALP 

samples (Prindle 2012; Fisher et al. 2013; McArdle 2013; Prescott et al. 2018)

In the NAKO, a timeout procedure was used to keep the task administration 

within feasible time limits and prevent participants from working on single items for a 

long time. A maximum of 40sec was available for the processing of each item, limiting 

the total time for the number series task (including instruction and an example item) to 

about 5min. This “speeded” procedure introduces a possible contribution of mental 

speed, in addition to reasoning, into the ability assessment (Wilhelm and Schulze 2002; 

Goldhammer 2015).
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Objectives of the present work were to a) apply the Rasch model to generate 

performance scores for the block-adaptive number series task, b) validate these scores 

with other variables known to be related to reasoning, and c) to provide general 

descriptive information regarding task performance in the NAKO (i.e., relations to sex, 

language proficiency, study centre). Main variables for validation were age, education, 

and a set of other cognitive tasks that were assessed in the NAKO. Based on findings 

for reasoning from cross-sectional adult lifespan samples (e.g., Schaie 1993; McArdle et 

al. 2002; Li et al. 2004; Salthouse 2019), a monotonic negative age relation of average 

performance on the number series task was expected for the NAKO. Regarding 

educational level, positive associations with average task performance could be 

expected based on theoretical propositions of reciprocal relations between education 

and cognitive ability (Lövdén et al. 2020), as well as based on findings from 

metanalyses (Strenze, 2007; Ritchie and Tucker-Drob, 2018). Other cognitive variables 

assessed in the NAKO can be combined into performance scores for memory and 

executive functioning (Kleineidam et al. 2021, submitted). Strong relations to reasoning 

have been demonstrated for factors of executive functions (comprising different 

selections of tasks from the domains of working memory, attention, inhibition, task 

switching, and verbal fluency) in healthy populations, with these relations arguably 

being predominantly produced by working memory tasks (Friedman et al. 2006; Rey-

Mermet et al. 2019). For the number series task, we did therefore expect substantial 

correlations with the other cognitive tasks (most strongly with a working memory task) 

as well as a substantial loading on the executive functioning factor.  

Materials and Methods

Participants

The NAKO is a population-based cohort study, examining 205,000 randomly selected 

participants in 18 study centres across Germany. Baseline examination took place 

between 2014 and 2019. This analysis is based on data from the first 101,663 

participants summarized in the NAKO data freeze 100,000 (DF100K; data set NAKO-

399). At baseline, data was acquired in the study centres at two levels: Level-1 (L1; ~3-

4 hours) assessment was undergone by all participants, and a subset of ~20% of the 

subjects underwent the more detailed Level-2 assessment (L2; ~5 hours). The number 

series task was included in the L2 extended examination program and data for it were 
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available from 21,073 participants aged 20-72 (see Berger et al. 2021, submitted, for 

details on the procedures of sampling, recruitment, and examination in the 18 study 

centres). Of those, 17 participants were excluded because they did not answer any of the 

six items in time. The total sample used for analyses was therefore N = 21,056 (see 

Table 1 for descriptive information on the sample). An overview of the assessment of 

neuropsychiatric functions and conditions (Berger et al. 2021, submitted) and detailed 

analyses of specific measures can be found elsewhere (Erhardt et al. 2021, submitted; 

Kleineidam et al. 2021, submitted; Klinger-König et al. 2021, submitted; Streit et al. 

2021, submitted).

Block-adaptive numbers series task

The number series task was administered as part of the touchscreen assessment of the 

L2 sample. The task started with a screen explaining the task by providing an example 

item together with its solution (“1  2  __  4”; solution: “3”) and instructing participants 

always to provide an answer (i.e., guessing one if no solution is found) and to try to 

focus on accuracy rather than on speed of responding. Next, another example item was 

provided (“2  4  6  __”) and participants were instructed to enter the correct answer 

(“8”) using a number block on the touchscreen. Correct answers were one- or two-digit 

numbers. Then the first block of three items started with number sequences always 

shown on the top of the screen and the number block below. Incorrectly entered 

numbers could be deleted with an “erase” button. After entering an answer within the 

time limit, a “continue” button had to be pressed to get to the next item. If not 

answering within 20sec, a question appeared at the top of the screen (“Please answer the 

item. Do you need more time?”), which participants could answer with “yes” or “no”. In 

case of an affirmative answer, up to an additional 20sec were provided after which the 

item was terminated with a message that the next item will now be presented. Items not 

answered within this timeout window were scored as incorrect. The maximum total time 

for each item was 40sec. After the first block, the program automatically chose the 

second block of the remaining three items (i.e., very easy, easy, medium, or hard). The 

maximum total time for all six items was 265sec (6*40s + 5*5s breaks in between 

items), implying a maximum testing time of about 5min (including instruction and 

example items).
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Sociodemographics and other cognitive tests

As covariates for descriptive analyses of performance on the number series task, we 

used age (retrieved from participants’ identity cards and rounded to full years), sex, and 

education (see Table 1). Based on the International Standard Classification of Education 

97 (ISCED97 2003; available for N = 19,359), education was classified as lower 

(ISCED97 Level 1&2), intermediate (ISCED97 Level 3&4), and higher (ISCED97 

Level 5&6) in accordance with Dragano and colleagues (2020). Participants who did 

not finish their education or could not be classified were coded as an additional group 

but not considered when assessing effects of education. German language proficiency 

was categorized according to self-reported mother tongue (German; German and 

another language, i.e., bilingual; non-German native speaker). In addition, for non-

native speakers, language proficiency was rated by the study nurse using five categories 

(very high, high, average, low, and very low). Cognitive variables assessed in the L1 

sample included a word list recall test (immediate, repeated, and delayed) of verbal 

memory, a verbal fluency test (animal names), a digit span backwards test of working 

memory, and the Stroop interference task of selective attention (see Kleineidam et al. 

2021, submitted, for details).

Analysis methods

Data processing and statistical analyses were conducted using R (R Core Team 2017), 

using the dedicated packages TAM (Robitzsch et al. 2018) for IRT analyses, mgcv 

(Wood 2017) for generalized additive models, and lme4 (Bates et al. 2015) for mixed 

models. Confirmatory factor analyses were conducted using Mplus version 7.3 (Muthén 

and Muthén 2003). The conventional α level was set to .05.

Results

Accuracies and timeouts for single items

Accuracies

In Block 1, the first item (working as a warm-up and motivator) was answered correctly 

by almost everybody, while the second and third items were only answered correctly by 

70% and 58% of the participants (Table 2). Accordingly, only a relatively small group 

was given the very easy item set, and the largest subgroup of participants (49%) got the 
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hardest item set in Block 2. The average percentages of correctly answered items were 

67%, 63%, 33%, and 30% in the increasingly difficult versions of Block 2. The last item 

in the hardest version (Item O1) turned out to be too difficult (<1% correct). Other than 

that, the adaptive procedure successfully kept the performance levels for single items 

from floor and ceiling effects. 

Number of timeouts

The number of timeouts was moderate (<20%) for most of the items, with some 

exceptions (Items F1, J1[very first item], and M1/N1/O1[three hardest items]; see Table 

2). A timeout was reached at least once by 16,064 participants, but only 294 participants 

(1.4%) reached three or more timeouts. Only 17 participants did not answer any item 

within time limits, and were excluded from the analyses. Importantly, the average 

number of timeouts only very weakly correlated with age (r = .020; t[21054] = 2.937; p 

= .003) and was comparable across subsamples grouped by age decades (Range: 1.190–

1.359), indicating that older age groups were not overly disadvantaged in their 

opportunity to respond in time. 

Rasch model

Fitting the Rasch model resulted in acceptable item fit statistics (Infit and Outfit 

measures within the recommended range of 0.80–1.20; see Table 2) for all items except 

for the overly difficult Item O1. We therefore re-estimated the model without this item, 

leading to only slight changes in item difficulties and fit measures of the remaining 

items (Table 2). The following analyses are based on, and performance scores derived 

from, these remaining 14 items. 

Scoring and distribution of ability scores

Reliability estimates for the ability scores derived from the Rasch model were 

satisfactory (weighted maximum likelihood reliability: .60; expected-a-posteriori 

reliability: .70; see Adams 2005). Ability scores were rescaled to “W Scores” based on 

the linear transformation W = 500 + 9.1024*Estimate (Woodcock and Dahl 1971). As 

there are 15 possibilities of how many items are solved correctly within the different 

versions of Block 2 (four possibilities for the blocks of very easy to medium difficulty 

plus three possibilities for the hardest block), 15 different possible W scores result. 
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Figure 1 shows the distribution of W scores for the full sample, indicating some skew to 

the left, and a ceiling effect at the upper end. Supplemental Table S1 provides quantiles 

of the performance score distributions, split up by sex and ten-year age groups. 

Performance scores based on the item difficulty parameter estimates reported in Fisher 

et al. (2013) correlate almost perfectly (r = .943, 95%-CI: .942, .945, t[21054] = 412.62, 

p < .001) with the scores based on item difficulties estimated in the NAKO L2 sample, 

indicating that sample-based variation in estimated item difficulty has little effect on 

performance scores. 

Differences across study centres

Inspected visually, differences in the distribution of performance scores in the different 

study centres appeared small (see Figure 2), except for the study centre 

Neubrandenburg, which had somewhat lower average performance scores (d = 0.259 for 

the comparison of this to all other study centres). However, the intra-class correlation 

(ratio of systematic variance between study centres to total variance) was very small 

(ICC = .017), indicating little systematic variation across study centres overall. 

Age-related differences

The age correlation of the number series scores was r = -.286 (95%-CI: -.298, -.274, 

t[21054] = 43.31, p < .001). Figure 3 shows average performance levels by year of age 

together with the fitted linear regression. As visual inspection indicated slight non-

linearity of the age trend, we also fitted a generalized additive model (with the R 

package mgcv, using the maximum likelihood estimator and thin-plate regression 

splines). This resulted in a significantly better fit than the linear model (χ2[effective df = 

3.19] = 27881; p < .001; R2 = .086 vs. .082) and indicated age-related differences 

becoming more pronounced with advancing age (see Figure 3). Controlling for sex and 

education did not substantially alter these findings (regression coefficient for age: -.421 

vs. -.423 after controlling).

Education-related differences

Performance in the intermediate (M = 495.757; SD = 17.726) and high education (M = 

503.711; SD = 16.668) groups was significantly higher (t[423.16] = 11.348; p < .001; d 
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= 0.618, and t[411.54] = 19.706; p < .001; d = 1.131, respectively) than in the lower 

education group (M = 484.778; SD = 18.708). The higher education group also 

performed above the mean of the intermediate education group (t[16927] = 31.377; p < 

.001; d = 0.464). 

Relations to other cognitive tasks

To investigate the relation of the number series task to the other cognitive tasks 

administered in the L1 sample, the confirmatory two-factor model reported in 

Kleineidam et al. (2021, submitted) was re-estimated for the L2 sample. Importantly, 

the number series task was included as an additional, continuous indicator variable with 

factor loadings on the executive functioning and the memory factors. Standardized 

factor loadings were large (.604) on the executive functioning factor and negligible (-

.058) on the memory factor (see Figure 4). Accordingly, when correlating the number 

series task with factor scores based on the scoring weights from the analyses with the 

L1 sample (see Kleineidam et al. 2021, submitted), the correlation with the executive 

functions score (r = .451, 95%-CI: .440, .462, t[20411] = 72.14, p < .001) was larger 

than for the memory score (r = .337 (95%-CI: .324, .349, t[20411] = 51.05, p < .001). 

Table 3 shows correlations with individual neuropsychological tests, indicating that the 

correlation of the number series task was highest for the working memory task (digit 

span backwards).

Sex differences

There was a statistically significant sex difference favoring male participants (Mmale = 

501.7; Mfemale = 498.2; SDmale = 18.033; SDfemale = 17.247; t[21006] = 14.736; p < .001). 

With an effect size of d = 0.203 (95%-CI: .176, .230), this difference can be considered 

small. The variance of the male group was significantly larger than that of the female 

group (F[10545, 10509] = .915; p < .001).

Language proficiency

Performance scores were significantly associated with language proficiency (F[6, 

20991] = 56.92, p < .001) with effect sizes indicating higher proficiency of native 

German speakers and ranging from very small (for bilingual speakers: d = 0.148, N = 

603; for very highly proficient non-native speakers: d = 0.148; N = 519), over small (for 

highly proficient non-native speakers: d = 0.499, N = 535), to large (for average non-
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native speakers: d = 0.812, N = 236; for low-proficiency non-native speakers: d = 0.955, 

N = 58).

Discussion

In summary, the presented results met expectations in that the Rasch model could be 

applied for scoring performance on the number series tasks and that psychometric 

analyses and relations with other variables provided support for its reliability and 

validity. With the number series task, the L2 sample of the NAKO therefore provides an 

appropriate indicator for reasoning, which, in turn, is known to be central to general 

cognitive ability (Marshalek et al. 1983). Given the strong relation of reasoning to many 

real-world outcomes (Schmidt and Hunter 1998; Allaire and Marsiske 1999; Deary et 

al. 2007; Strenze 2007), this is a precious measure to characterize cognitive functioning 

that is relevant to health behaviour, functional health, and predictive of diseases and 

mortality (Lindenberger et al. 2002; Batty et al. 2007; Calvin et al. 2011, 2017; Wraw et 

al. 2015, 2018; Christensen et al. 2016; Fawns-Ritchie et al. 2018; Davies et al. 2019). 

However, several aspects and limitations due to the very brief assessment of reasoning 

by just one task need to be considered when using the number series task in further 

analyses of data from the NAKO. 

First, the distribution of performance scores indicates that the implemented 

version of the number series task does not cover well very high levels of ability (see 

truncation of ability distribution in Figure 1). Whenever the possibility of discriminating 

well among very high-ability participants should be relevant for health-related research 

questions, this needs to be considered. Given the relations of the performance scores to 

age and education, this is particularly relevant for subsamples of younger and more 

highly educated participants.

Second, due to the small number of items, the task only differentiates between 

15 levels of ability, some of which are quite close to one another. In comparison to 

standard tests of cognitive ability (i.e., IQ tests), the measurement of continuous 

individual differences therefore is less fine grained. 

Third, the reliability of the task is also lower than for full-length tests of 

reasoning. When using the number series task together with other cognitive measures 

from the NAKO as one of several indicators of a latent factor (e.g., executive 

functioning), this unreliability is accounted for by the measurement model. When using 
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the number series task as a single observed proxy for reasoning, its reliability needs to 

be considered. 

Fourth, direct convergent validity information (i.e., relations to other measures 

of reasoning) is not available within the NAKO, so that one has to rely on the number 

series paradigm having been well validated as an indicator task for reasoning in decades 

of psychometric research on intelligence. Importantly, the number series task meets the 

expectation of being substantially correlated with the other cognitive tasks in the 

NAKO. At the task level, this relation was highest for the digit span backwards task and 

at the factor score level, the correlation was much higher for the executive functioning 

than for the memory factor. These relations are in line with the psychometric literature 

showing that particularly working memory is strongly related to reasoning (Conway et 

al. 2003). Furthermore, the descriptive results reported here support the validity of the 

task. The strength of the age relation was in line with other cross-sectional adult lifespan 

studies (e.g., Schaie 1993; McArdle et al. 2002; Li et al. 2004; Salthouse 2019). Besides 

age-related changes, these differences may reflect cohort effects, which may favor (i.e., 

the “Flynn effect” of secular increases in reasoning; Flynn 1984) as well as 

disadvantage (i.e., decreasing arithmetic skills; Sundet et al. 2004) older cohorts. 

Similarly, the sex difference favoring men was within the range of heterogeneous 

findings reported for sex effects on mathematics performance in meta-analyses 

(Lindberg et al. 2010). Given this effect, however, sex should be considered as a 

covariate in analyses using the number series task. Education-related differences were 

also in line with results from meta-analyses (Strenze, 2007; Ritchie and Tucker-Drob, 

2018). 

Fifth, notwithstanding the present empirical support for the validity of the 

number series task, it has to be noted that assessing a broad ability construct, like 

reasoning, with only one task (and thereby only one paradigm and only for one content 

domain) is deficient in comparison to a comprehensive assessment (Little et al. 1999). A 

bias towards quantitative reasoning (and lack of coverage of verbal and figural-spatial 

reasoning) needs to be considered when interpreting the results. Furthermore, extant 

experience of participants with just this one kind of task (e.g., from quiz books), 

resulting in knowledge of typical rules used, may reduce the validity of the task for 

individual participants. 

Sixth, the time pressure set by the timeout procedure potentially confounds 

reasoning ability to some degree with processing speed. Given the well-known strong 
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age relation of processing speed (Verhaeghen and Salthouse 1997), older adults may be 

somewhat disadvantaged. The finding that the frequency of timeouts did vary only little 

across age groups, however, indicates that this potential source of confounding may not 

be large. 

Seventh, performance was related to language proficiency. However, numbers 

of non-native German speaker of different proficiency levels were relatively small and 

the observed effect sizes for different levels of language proficiency among non-native 

speakers of German (when compared to native speakers) were smaller than those of for 

the executive function score (see Kleineidam et al. 2021, submitted). Nevertheless, 

results indicate that potential effects of this covariate need to be considered for the 

number series task as well.

Finally, the performance scores reported here depend on the estimated item 

difficulties. Once the full L2 sample (~40.000 participants) of the NAKO becomes 

available, these difficulties can be re-estimated, which could result in slightly different 

item difficulties, and accordingly slightly different performance scores. However, it can 

be expected that these differently estimated performance scores will correlate almost 

perfectly to the present ones, so that this should not lead to any substantial differences 

with regards to relations to outcome measures. In line with this, we could show that 

using item difficulty parameters from an external cohort yielded almost identical 

performance scores. In the re-assessment of the L2 sample, a parallel version of the 

number series task is included, which will allow for longitudinal analyses of changes in 

reasoning performance.

Conclusion

The block-adaptive number series task provides a highly time-efficient proxy of 

reasoning and thereby complements the L1 cognitive battery of the NAKO. This 

additional task allows in-depth analyses of the role of general cognitive ability for short- 

and long-term health outcomes in healthy, at-risk, and diseased participants across the 

adult lifespan and a broad range of ability levels. 
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Table 1. Descriptive Statistics for the Interim NAKO L2 Sample with Assessment of the 
Number Series Task.

Mean / N SD / % Sample 
size

Age (M/SD) 50.90 12.04 21,056
Female sex (N/%) 10,546 50.1% 21,056
Education groups (N/%) 21,056

low 390 1.9%
middle 8,138 38.7%
high 10,831 51.4%
unclassified 1,697 8.1%

Language proficiency (N/%) 21,056
Native speaker 19,035 90.4%
Bilingual 603 2.9%
Non-native speaker: very high 519 2.5%
Non-native speaker: high 535 2.5%
Non-native speaker: average 236 1.1%
Non-native speaker: low 58 0.3%
Non-native speaker: very low 12 0.1%
Non-native speaker: unknown proficiency level 58 0.3%

Note. Education groups were defined following the International Standard Classification of 
Education 97 (ISCED97) as described for the NAKO by Dragano et al. (2020), with low = 
ISCED97 level 1/2, middle = ISCED97 level 3/4, high = ISCED97 level 5/6. Unclassified 
participants resulted from the classification of job education not having been finalized at the 
time of data analyses. 
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Table 2. Descriptive Information on Correctly Solved Items, Item Timeouts, Item Difficulties, 
and Item Fit.

All 15 items Excluding last item
Item N(%) 

correct
N(%) 
timeout

Difficulty Infit Outfit Difficulty Infit Outfit

Block 1 items (worked on by all 21,056 participants)
G1 20,284 

(96%)
348 
(2%)

-4.586 0.982 0.987 -4.593 0.983 0.990

H1 14,641 
(70%)

2,505 
(12%)

-1.264 0.982 0.983 -1.266 0.982 0.984

I1 12,266 
(58%)

3,906 
(19%)

-0.508 0.923 0.866 -0.509 0.923 0.866

Block 2: very easy items (worked on by 566 participants)
A1 472 

(83%)
35 (6%) -5.274 0.924 0.846 -5.1287 0.924 0.846

B1 434 
(77%)

31 (5%) -4.752 0.891 0.803 -4.765 0.891 0.803

C1 238 
(42%)

52 (9%) -2.796 0.977 0.963 -2.808 0.977 0.963

Block 2: easy items (worked on by 4,162 participants)
D1 4,097 

(98%) 
23 (1%) -6.597 1.000 0.955 -6.606 1.000 0.956

E1 2,528 
(61%)

304 
(7%)

-2.359 1.028 1.046 -2.367 1.028 1.046

F1 1,198 
(29%)

871 
(21%)

-0.673 1.034 1.075 -0.679 1.035 1.075

Block 2: medium items (worked on by 5,955 participants)
J1 2,554 

(43%)
1,341 
(23%)

-0.090 1.035 1.050 -0.092 1.035 1.050

K1 1,956 
(33%)

584 
(10%)

0.450 1.024 1.039 0.448 1.025 1.040

L1 1,445 
(24%)

502 
(8%)

0.975 1.041 1.081 0.973 1.041 1.082

Block 2: hard items (worked on by 10,373 participants)
M1 5,217 

(50%)
3,736 
(36%)

1.120 1.036 1.056 1.124 1.035 1.053

N1 3,981 
(38%)

3,342 
(32%)

1.773 1.037 1.057 1.778 1.037 1.058

O1 55 
(<1%)

8,325 
(80%)

7.362 1.013 1.514 --- --- ---
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Table 3. Correlations of the Number Series Task with Other Cognitive Tasks in the L2 

Sample.
r 95%-CI t-Test

Executive Function
Verbal Fluency .277 .265, .290 t[20371] = 41.21*

Stroop Task 2 -.251 -.264, -.238 t[20071] = 36.81*
Stroop Difference -.311 -.323, -.298 t[20060] = 46.30*

Digit Span Backwards .345 .333, .358 t[20315] = 52.47*
Memory
Word List recall

Immediate .285 .272, .298 t[20198] = 42.26*
Repeated .288 .275, .300 t[20179] = 42.70*
Delayed .288 .275, .300 t[20114] = 42.62*

Note. * = p <.001
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Distribution of Ability Estimates (W Scores). 
Note. N = 21,056. Ability estimates result from Rasch scoring of the 15 possible response patterns. Scores 

of 449 and 450 are collapsed into one bar. 
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Distribution of Performance Scores Across Study Centres. 
Note. Boxplot with vertical line showing the median, box ends indicating the first and third quartiles, whisker 
ends extending 1.5 times the interquartile range from the box ends, and points denoting outliers beyond this 

range. 
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Age-Related Differences in Performance on the Number Series Task. 
Note. Dots: average values per year. Blue line: linear regression. Black line: fitted function from generalized 

additive model. Shaded areas: 95% confidence bands. 
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Confirmatory Factor Analysis Model of the Number Series Task and the Other Cognitive Tasks Included in 
the NAKO. 

Note. Squares denote observed variables. Circles denote latent variables. Factor loadings and correlation are 
standardized estimates. W1 = Immediate word list recall trial 1; W2 = Immediate word list recall trial 2; W3 

= Delayed word list recall trial 3; NS = Number series task performance score; SF = Semantic fluency 
(animals); St2 = Stroop task 2; StE = Stroop effect (task 2 – task 1); DSB = Digit span backwards; MEM = 
Memory factor; EXE = Executive function factor; estimated using maximum likelihood estimation in Mplus; N 

= 21,056. 
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Table S1: Raw Percentiles of the Number Series Task Performance Score by Sex and Age 
Group

Sex Percentile
Age group N 2.5th 10th 25th 50th 75th 90th 97.5th

Men
20-29 693 480.44 487.55 502.66 514.19 528.83 528.83 528.83
30-39 1,084 467.31 487.55 495.67 510.94 514.19 528.83 528.83
40-49 2,487 467.31 480.44 495.67 502.94 514.19 528.83 528.83
50-59 3,135 467.31 480.44 487.55 502.94 514.19 528.83 528.83
60-72 3,088 459.23 467.31 480.44 495.67 510.94 514.19 528.83

Women
20-29 783 480.44 487.55 502.66 514.19 528.83 528.83 528.83
30-39 1,071 467.31 487.55 495.67 502.94 514.19 528.83 528.83
40-49 2,725 467.31 480.44 489.49 502.94 514.19 528.83 528.83
50-59 3,215 467.31 480.44 487.55 502.94 514.19 514.19 528.83
60-72 2,729 459.23 467.31 480.44 489.49 502.94 514.19 528.83
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