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Implicit association tests (IATs) are increasingly used to indirectly assess people’s traits, attitudes, or other 

characteristics. In addition to measuring traits or attitudes, IAT scores also reflect differences in cognitive 

abilities because scores are based on reaction times and errors. As cognitive abilities change with age, questions 

arise concerning the usage and interpretation of IATs for people of different age. To address these questions, the 

current study examined how cognitive abilities and cognitive processes (i.e., quad model parameters) contribute 

to IAT results in a large age-heterogeneous sample. 549 participants (51% female) in an age-stratified sample 

(range 12-88 years) completed different IATs, and two tasks to assess cognitive processing speed and verbal 

ability. From the IAT data, D2-scores were computed based on reaction times, and quad process parameters 

(activation of associations, overcoming bias, detection, guessing) were estimated from individual error rates. 

Substantial IAT scores and quad processes except guessing varied with age. Quad processes AC and D predicted 

D2-scores of the content-specific IAT. Importantly, the effects of cognitive abilities and quad processes on IAT 

scores were not significantly moderated by participants’ age. These findings suggest that IATs seem suitable for 

age-heterogeneous studies from adolescence to old age when IATs are constructed and analyzed appropriately, 

for example with D-scores and process parameters. We offer further insight into how D-scoring controls for 

method effects in IATs and what IAT scores capture in addition to implicit characteristics. 
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Indirect tests, such as implicit 

association tests (IAT) and affective priming 

tasks, are useful complements to explicit self-

reports for a variety of constructs (e.g., 

personality traits, social attitudes) as they aim 

at assessing implicit, that is, introspectively 

less accessible, parts of the constructs 

(Evans, 2008; Greenwald, McGhee, & 

Schwartz, 1998). Although, for example, 

IATs solely aim at assessing individual 

differences in implicit associations (e.g., 

implicit personality concepts, implicit 

attitudes), IAT results partly reflect 

differences in cognitive abilities, such as 

general intelligence or perceptual speed, 

because IAT results are derived from 

reaction times and errors (Greenwald, Banaji, 

& Nosek, 2014; Ito et al., 2015; Nosek, 

Smyth, et al., 2007). Importantly, cognitive 

abilities differ between individuals and vary 

with individuals’ age raising questions about 

the usage and interpretation of IATs in age-

heterogeneous samples. 

Until now, IATs were almost 

exclusively applied to samples of young 

adults (Hofmann, Gawronski, Gschwendner, 

Le, & Schmitt, 2005), except a few studies 

with children (Baron & Banaji, 2006; 

Dunham, Baron, & Banaji, 2015) or older 

adults (e.g., Gonsalkorale, Sherman, & 

Klauer, 2014; Hummert, Garstka, O'Brien, 

Greenwald, & Mellott, 2002; Kunzmann & 

Thomas, 2014; Riediger, Wrzus, & Wagner, 

2014). The current work examines the 

applicability and boundaries of using IATs 

from adolescence to late adulthood by 

studying how cognitive abilities and 

processes (i.e., quad model parameters) 

contribute to IAT results in a large age-

heterogeneous sample. The results offer 

insights into processes of age-related 

differences in IAT methods, and thus 

whether implicit representations of attitudes 

or personality traits can be measured equally 

among people of different age.  

Applying and Interpreting IATs and Quad 

Processes 

IATs have proven fruitful for many 

research areas including personality traits, 

attitudes, and emotions (e.g., reviews by 

Greenwald, Banaji, & Nosek, 2015; Nosek, 

Smyth, et al., 2007). Standard IATs are 

computer-based categorization tasks, where 

participants sort two sets of dichotomous 

stimuli, such as flower and insect names as 

well as pleasant and unpleasant adjectives, as 

fast and as correctly as possible according to 

their superordinate categories (e.g., flowers, 

pleasant) during several trials and using a 

computer keyboard (Greenwald et al., 1998, 

see Method for more details). In some trials, 

compatible concepts share the same response 

key (e.g., left key for flowers and pleasant 

adjectives), whereas in other trials 

incompatible concepts share the same key 

(see Table A1). The central assumption is 

that the strength of the cognitive association 

among concepts facilitates faster responses in 

the compatible trials when the associated 

concepts share the same response keys, and 

slows responses in the incompatible trials. 

Accordingly, the original conventional IAT 

score is the difference, or latency, between 

the average reaction times in the 

incompatible trials and the compatible trials 

(Greenwald et al., 1998). Thus, larger 

positive differences approximate a stronger 

association of flowers with pleasant and 

insects with unpleasant compared to the 

contrary combinations. 

Previous work with young adults has 

shown that general response speed 

contributes to the conventional difference 

score of the IAT (Greenwald, Nosek, & 

Banaji, 2003; McFarland & Crouch, 2002). 

That is, people who respond faster, in general 

and especially in the incompatible combined 

trials, receive smaller IAT scores as these are 

computed as differences in reaction times 

between incompatible and compatible trials. 

The smaller IAT scores would indicate a 

weaker implicit association, although the 

smaller scores were due to faster responses. 

To address this problem, Greenwald and 

colleagues (2003) proposed D-scores as an 

improved scoring algorithm. The D-scores 

are obtained by dividing the individual 

difference scores in reaction times by the 

individual standard deviations of reaction 

times in the combined trials. Associations 

with general response speed were reduced for 

the D-score compared to the conventional 
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score and hence suggest that the D-score may 

account for some method effects—at least in 

young adult populations (Cai, Sriram, 

Greenwald, & McFarland, 2004; Greenwald 

et al., 2003; Nosek, Greenwald, & Banaji, 

2007). Recently, D-scores were also 

criticized for being susceptible to individual 

differences in other cognitive abilities 

(Evans, 2008; Ito et al., 2015; Siegel, 

Dougherty, & Huber, 2012) and for being 

unable to distinguish the associative and 

method-related components of IAT scores 

(Conrey, Sherman, Gawronski, Hugenberg, 

& Groom, 2005). To separate and quantify 

the components underlying IAT 

performance, the quad model was introduced 

(Calanchini, Sherman, Klauer, & Lai, 2014; 

Conrey et al., 2005).  

The quad model builds upon 

multinomial models (e.g., Payne, 2008; 

Riefer & Batchelder, 1988) that focus on 

dissociating content-related (e.g., associative) 

and content-unrelated method processes in 

categorization tasks such as IATs (Calanchini 

et al., 2014; Conrey et al., 2005). The relative 

contributions of four distinct processes to the 

task performance (Figure 1) are estimated 

from individuals’ errors when categorizing 

the different stimuli (e.g., flowers, unpleasant 

adjectives) in the combined trials of IATs, 

that is, when all stimuli are presented in turns 

and compatible stimuli share either the same 

or different response keys. The validity of the 

quad model and its four parameters, 

described next, has been repeatedly shown 

for IAT measures (e.g., Calanchini & 

Sherman, 2013; Calanchini et al., 2014; 

Conrey et al., 2005; Gonsalkorale, Sherman, 

Allen, Klauer, & Amodio, 2011; 

Gonsalkorale et al., 2014; Sherman, 

2006a,b). 

Activation of association (AC) 

describes how strongly associations are 

activated and influence the response. This 

parameter is estimated separately for the two 

values of the categories (e.g., AC1 insect—

unpleasant, AC2 flower—pleasant) and 

approximates the core measurement intention 

of IATs. Detection (D) describes the ability 

to detect correct and incorrect responses, that 

is, how much the ability to correctly identify 

and categorize the stimuli to the correct 

category value contributes to the response. 

Overcoming bias (OB) describes the ability 

to inhibit an activated association to provide 

the correct response. Finally, guessing (G) 

describes the general tendency to respond 

with a certain key (left or right), which 

represents guessing when no association is 

activated or the correct answer is unknown 

(Calanchini et al., 2014; Conrey et al., 2005). 

In general, the likelihood to produce a correct 

(+) or incorrect (-) categorization in one of 

the combined trials depends on the four 

processes, specifically the sum of their 

conditional probabilities (Figure 1). Using 

the actual, observed errors and the model 

implied error rates for different stimuli in 

different trials, the strength of the four quad 

parameters is estimated for each individual 

(for more details see section Analytic 

Strategy, and Calanchini et al., 2014; Conrey 

et al., 2005; Sherman, 2006a). 

While the reaction-time based D-

scores are applied routinely for analyzing 

IAT data, the error-based estimates of quad 

processes are scarcely used. D-scores possess 

the advantage that they are easily 

computable, also when no errors were made. 

At the same time, the interpretation of D-

scores is ambiguous because in addition to 

the associative processes of interest, non-

associative method processes are assessed 

(Calanchini et al., 2014; Sherman, 2006). 

Thus, the same D-score can result from 

differently strong associative processes, due 

to the other processes involved (Conrey et 

al., 2005). The estimation of quad processes 

aims at separating the associative and method 

processes. Thus, D-scores and quad process 

parameter provide complementary 

information when analyzing IAT data, but 

both scoring algorithms combined, or IATs 

in general, have been scarcely used in age-

comparative research.  

Age Differences in IAT Effects and Quad 

Processes 

Only a few IAT studies on age 

differences in attitudes or personality traits 

exist, perhaps partly because age-related 

differences in conventional IAT scores 

cannot be interpreted clearly as substantial 
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age differences in the measured concept. The 

observed age effects also contain age-related 

differences in cognitive processing speed 

(Hummert et al., 2002; Nosek, Greenwald, et 

al., 2007). The D-score presumably controls 

influences of age-related differences in 

processing speed. Two studies employed 

method IATs, that is IATs without (strong) 

age differences in pre-existing associations 

(e.g., letters—words vs. numbers—

equations) that should largely capture 

method-inherent effects. Both studies 

observed larger conventional IAT scores with 

age, but no significant age differences in D-

scores of method IATs—yet, neither study 

examined cognitive abilities or process 

parameters as explanation (Hummert et al., 

2002; Riediger et al., 2014).1  

Few studies used the quad or related 

models to discern age differences in attitude-

related implicit associations from age-

differences in other processes, which are 

involved during completing attitude IATs 

(Gonsalkorale, Sherman, & Klauer, 2009; 

Gonsalkorale et al., 2014; Stewart, von 

Hippel, & Radvansky, 2009). The studies 

observed significantly larger IAT effects with 

older age, suggesting more pronounced racial 

attitudes among older individuals, but 

activation of association (AC) parameters 

estimated from quad models did not differ 

significantly with age (Gonsalkorale et al., 

2009; Stewart et al., 2009). In contrast, 

processes related to the inhibition of 

activated associations were less pronounced 

with older age, presumably contributing to 

the larger IAT effects. Detection of correct 

responses (D) was higher among older 

individuals and guessing (G) was negligibly 

to slightly higher among older individuals 

(Gonsalkorale et al., 2009; 2014). 

Surprisingly, these studies did not examine 

associations between quad processes and IAT 

scores, which would offer a better 

understanding of the processes contributing 

to IAT scores, and hence the meaning of IAT 

scores. 

Although cognitive abilities, 

especially processing speed, contribute to 

individual differences in IAT scores, none of 

the earlier age-comparative studies examined 

cognitive measures. Only Stewart et al. 

(2009) showed in a small sample (N=112, 

aged 40-91 years) that with older age, 

implicit racial attitudes were more 

pronounced (i.e., IAT scores were larger), 

and that cognitive control partly accounted 

for age effects on control processes in the 

IAT (e.g., inhibition). Next, we describe 

studies that examined the associations 

between cognitive abilities and IAT results 

among young adults. 

Cognitive Abilities Contributing to IAT 

Scores and Quad Processes 

Most previous studies have focused 

on components of fluid-cognitive abilities, 

such as cognitive speed, when examining 

individual differences in IAT scores (e.g., Ito 

et al., 2015; Klauer, Schmitz, Teige-

Mocigemba, & Voss, 2010; Siegel et al., 

2012). In general, cognitive processing speed 

contributes to all scores based on reaction-

time data (e.g., Nosek, Greenwald, et al., 

2007). Thus also in IATs, individuals who 

work more slowly on the task exhibit larger 

conventional IAT scores than individuals 

with faster average reaction times 

(McFarland & Crouch, 2002). 

The D-scoring algorithm largely 

reduced the association between IAT scores 

and general processing speed in some studies 

(Cai et al., 2004; Greenwald et al., 2003), and 

specifically between IAT scores and task 

switching costs as well as working memory 

(Back, Schmukle, & Egloff, 2005; Klauer et 

al., 2010; Mierke & Klauer, 2003). However, 

other studies still found a significant 

correlation between D-scores of a racial 

attitudes IAT and inhibitory control or 

shifting ability (Ito et al., 2015; Siegel et al., 

2012).  

Associations between cognitive 

abilities and quad processes in IATs have not 

yet been tested. Stewart and colleagues 

(2009) focused on inhibitory control ability 

and associative vs. control processes (i.e., 

attempts to control prejudicial responses) of a 

racial IAT, and found that higher inhibitory 

control predicted more pronounced control 

process in the IATs. Ito and colleagues 

(2015) also distinguished between 

associative vs. control processes in a racial 
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IAT and reported associations between 

control processes and cognitive abilities (i.e., 

specifically memory updating and task 

shifting abilities), but no associations 

between cognitive abilities and associative 

processes among young adults. Further 

indirect evidence on the assumption that 

general cognitive abilities contribute to quad 

processes comes from research showing that 

D and OB (an inhibition process) seemed to 

be domain-general processes, where 

individual differences are relatively stable 

across IATs with diverse content (Calanchini 

et al., 2014). This suggests that D and OB 

processes may depend more on fluid-

cognitive abilities compared to AC and G, 

which were both content-specific processes, 

that is, their strength depended on the content 

of the specific IATs (Calanchini et al., 2014). 

Notably, the classification of domain-general 

and domain-specific processes stems from 

age-homogeneous samples with young adults 

and may not generalize across the lifespan. 

In addition to being reaction-time 

based, which makes IAT scores susceptible 

for individual differences in processing 

speed, many IATs utilize verbal stimuli. 

Although the chosen words are simple and 

familiar (i.e., common in the specific 

language, Lane, Banaji, Nosek, & 

Greenwald, 2007; Riediger et al., 2014), 

differences in familiarity may arise from 

individual differences in word knowledge, or 

generally crystalline cognitive abilities. In a 

study with young students, word knowledge 

was not significantly related to IAT scores 

(von Stülpnagel & Steffens, 2010), which 

might result from reduced variance in word 

knowledge in the age-homogeneous, well-

educated sample. 

Fluid and crystalline cognitive 

abilities show distinct age-related 

trajectories. Most fluid cognitive abilities 

(e.g., processing speed, inhibition) peak in 

young adulthood and decline continuously 

afterwards, whereas most crystalline 

cognitive abilities (e.g., word knowledge) 

increase continuously during adolescence 

and young adulthood and stabilize during 

further adulthood, without or with small 

declines in late adulthood (Salthouse, 2010). 

Thus, with higher word knowledge with 

older age, even simple words in IATs may be 

more familiar and thus more easily 

categorized to the target or attribute category. 

Empirical tests of this assumption are still 

lacking and such tests need to ensure that 

stimuli are selected that are equally familiar 

to people of different age. Furthermore, no 

previous study has examined associations 

between crystalline or fluid-cognitive 

abilities and quad processes underlying IAT 

scores. 

Quad Processes Contributing to IAT 

Scores 

Thorough examinations on how quad 

processes relate to IAT scores are largely 

missing. Such analyses would facilitate 

understanding which and how strongly 

content-related associative and method-

related processes contribute to reaction-time 

based IAT scores, which are mainly used. 

Among young students, both conventional 

and D-scores of a racial IAT were larger with 

larger AC and smaller abilities to overcome 

biases (OB), whereas D and G were not 

significantly associated with IAT scores 

(Conrey et al., 2005, Study 4). Stewart and 

colleagues (2009) observed larger scores on a 

racial IAT and weaker inhibitory control 

processes (conceptually similar to OB) with 

older age, but did not test associations 

between processes and IAT scores directly. 

Ito and colleagues (2015) found larger D-

scores on a racial IAT with stronger 

associative and weaker control processes 

among undergraduate students. Since 

previous studies were restricted in age range, 

sample size, and/or examined processes, 

more thorough and comprehensive 

examinations on associations between quad 

processes and IAT scores are necessary. In 

addition, explorations on whether 

associations between quad processes and IAT 

scores vary with age would help to evaluate 

if IAT scores reflect different things for 

people of various ages—that is, if IAT scores 

capture associative and non-associative, 

method-related processes to a different 

degree for people of various ages.  
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The Present Study and Predictions 

We applied a method and a topic IAT 

to examine how cognitive abilities and 

different quad processes contribute to IAT 

scores in age-heterogeneous samples due to 

cognition-related method effects. The 

application of two distinct IATs allowed for 

comparisons whether effects of cognitive 

abilities and quad processes are similar in 

both IATs presumably due to shared method 

effects.  

For the method IAT, we chose the 

task switching ability IAT (Back et al., 2005) 

because it utilizes existing associations (i.e., 

letters with words, number with equations). 

Method IATs that utilize newly formed 

associations (e.g., between colors and size of 

abstract objects, Mierke & Klauer, 2003), 

seemed unsuitable because forming new 

associations becomes more difficult with 

older age (Salthouse, Schroeder, & Ferrer, 

2004).  

For the topic IAT, we chose the affect 

valence IAT (Riediger et al., 2014) because 

of the strong theoretical background on 

substantial age-related increases in 

evaluating positive affect (i.e., happy) as 

pleasant and negative affect (i.e., unhappy) as 

unpleasant (see Riediger et al., 2014 for 

theoretical reasoning). In addition, the affect 

valence IAT was developed with age-fair 

stimuli, which were selected in pilot studies 

to possess similar familiarity and meaning 

for different age groups (Riediger et al., 

2014). Table A1 provides an overview on the 

design and procedure of both IATs. 

First, we expected to replicate the age 

effects in the method and the topic IAT 

scores found for a subsample of the current 

study (Riediger et al., 2014). Specifically, we 

assumed to find no significant age 

differences in D-scores of the method IAT, 

where method-related age effect should be 

removed through the scoring algorithm; yet 

we assumed to observe larger D-scores of the 

topic IAT with older age, indicating 

substantive age effects in the target construct 

implicit affect valence (H1a). We further 

assumed that AC parameters are uncorrelated 

with age in the method IAT and larger with 

older age in the topic IAT (H1b), the latter 

again reflecting the assumed substantial age 

effects in the association of happy—pleasant 

and unhappy—unpleasant (Riediger et al., 

2014). In both IATs, detection should be 

more pronounced, and overcoming bias 

should be less pronounced with age due to 

age-related increases in accuracy and 

decreases in inhibitory control (H1c, H1d). 

Second, we examined the effects of 

processing speed and verbal ability on D-

scores, and quad parameters of IATs. We 

assumed that processing speed is unrelated to 

D-scores of both method and topic IATs 

(H2a) because the D-scoring algorithm 

reduced speed effects in earlier studies with 

young adults (Cai et al., 2004; Greenwald et 

al., 2003). Furthermore, faster processing 

speed should predict better detection (D) and 

better overcoming bias (OB) in both IATs 

(H2b, H2c) because the faster processing 

speed indicates higher fluid cognitive 

abilities, which facilitate more correct 

detection and better inhibition (Stewart et al., 

2009). In contrast, processing speed should 

not predict the AC parameters in both IATs 

because the AC parameter presumably 

reflects the substantial associative processes, 

which are independent from fluid-cognitive 

abilities (H2d). Concerning verbal abilities, 

we assumed that greater verbal abilities 

would predict a larger detection parameter D 

(but no other quad parameter) because even 

simpler words can be categorized correctly 

more easily with higher verbal abilities 

(H2e). Finally, we explored whether age 

moderated the associations between (a) 

cognitive abilities and IAT scores and (b) 

cognitive abilities and quad parameters to 

address whether method-related cognitive 

effects contribute to IAT performance to a 

different degree at various ages. 

Third, we examined the associations 

between quad model parameters and IAT 

scores. For the method IAT, we assumed that 

no quad process parameter would predict the 

D-score because presumably all method 

effects were controlled (H3a). For the topic 

IAT, we assumed that AC and OB would 

predict the D-score because substantial 

differences should remain in the D-score of 

the topic IAT (H3b).We explored whether 
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age moderates the associations to examine if 

IAT scores capture associative and non-

associative, method-related processes to a 

different degree for people of various ages 

and because no previous study has addressed 

the age moderation.  

Method 

Participants 

Participants included 549 individuals 

(51% female) from two studies (n1=400, age 

range 12-88 years; n2 = 149, age range 12-75 

years).2 The samples were combined to 

create a larger sample because samples 

greater than roughly 250 to 350 are needed to 

obtain stable correlational estimates for small 

and moderate effects (Schönbrodt & 

Perugini, 2013). The larger sample possessed 

a power of .93 to obtain significant effects r 

>. 15, α = .05 (Erdfelder, Faul, & Buchner, 

1996). The subsamples were comparable in 

socio-demography and cognitive abilities3, 

the materials and age ranges were identical in 

both studies, and additional analyses showed 

that result patterns were highly similar across 

subsamples (supplementary Tables S1-S3). 

On average, participants were 39.4 years old 

(SD = 20.7 years, range 11.6-88.1 years). The 

sample was distributed across adolescence 

(11-17 years: 21%), young (18-39 years: 

31%), middle (40-59 years: 25%), and late 

adulthood (60-88 years: 23%). The highest 

level of education among the adult 

participants (> 18 years, n = 434) was: 

college or university degree: 28.6%; 

university-matriculation degree (Abitur): 

20.0%; vocational degree: 39.6%; high-

school degree (10 years): 7.8%; school 

degree (8 years): 3.2%; unreported: 0.7%. 

Among school students (n=115), 51.3% 

followed the university-matriculation track, 

37.4% attended the 10-years school track, 

5.2% attended the 8-years school track, and 

6.1% did not report the school track. Highest 

attained education served as control variable 

in the analyses (1=8-years school degree, 

2=10-years school degree, 3= vocational 

degree, 4= university-matriculation degree 

(Abitur); 5= college or university degree. All 

participants were native German speakers. 

Six participants (16 to 59 years, 1 woman) 

did not provide data for the IAT measures 

because of technical problems (n=4) or drop-

out (n=2). 

Procedure 

Participants received information 

about the study procedures and provided 

written consent for participation. Then 

participants answered demographic 

questions, received standardized instructions 

from trained research assistants, and worked 

on the cognitive tasks and the IATs, with 

unrelated questionnaires in between. In study 

1, all measures were presented on identical 

laptop computers (Fujitsu ESPRIMO Mobile 

D9510 with 14-in. monitors, 1024 x 768 

pixels) at participants’ homes. The IATs 

were administered in DMDX (Forster & 

Forster, 2003). In study 2, all measures were 

presented with E-Prime (Schneider, 

Eschmann, & Zuccolotto, 2007) on identical 

desktop computers (Wacom PL–521, 15 in. 

monitors, 1024 x 768 pixels) at the institute’s 

laboratory. The ethics committee of the Max 

Planck Institute for Human Development, 

Berlin, Germany, approved both studies. 

Measures 

Method IAT. The task-switching 

ability IAT (Back et al., 2005) is supposed to 

be a content-free IAT that assesses method 

effects of the IAT (i.e., task switching costs). 

The IAT uses existing associations of letters 

with words and numbers with equations. The 

test follows the standard IAT procedure (e.g., 

Greenwald et al., 2003) and consists of five 

blocks, with 20 trials in the practice blocks 1, 

2, and 4, and 80 trials in the combined blocks 

3 and 5 (Table A1). Five stimuli represent 

each of the target categories labeled letter 

and number (e.g., N, K, 7, 3), as well as the 

attribute categories labeled word and 

equation (e.g., shirt, wall, 2 + 2 = 4, 8 – 6 = 

2). Within each block, stimuli were presented 

in a randomized order in the middle of the 

screen (interstimulus interval = 33.5 ms) and 

repeated after all stimuli had been presented 

(i.e., repeated sampling without 

replacement). In the combined blocks 3 and 

5, the target and the attribute stimuli 

alternated. The participants sorted the stimuli 

to the left or right categories using the 

answering keys “Q” and “Ü” which are on 

the far left and far right side of the German 
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keyboard. During the entire task, participants 

kept their left and right index fingers on the 

keys. When an error occurred, a red “X” 

appeared on the middle of the screen and the 

next item only appeared when participants 

pressed the correct key.  

Topic IAT. The topic IAT measured 

the implicit associations of the concepts 

happy-unhappy with pleasant-unpleasant (see 

Riediger et al., 2014 for development and 

validation). This IAT follows the same 

structure as the method IAT and also uses 

five stimuli for each of the target categories 

labeled happy and unhappy (e.g., joyful, 

lighthearted, sad, distressed) as well as for 

the attribute categories labeled pleasant and 

unpleasant (e.g., appealing, favored, 

repulsive, undesirable; see Riediger et al., 

2014 for complete German and English 

stimuli). The stimulus words and category 

labels were presented in the same color to 

facilitate categorization, that is, target 

category labels and stimuli (e.g., happy, 

unhappy) were in blue font; attribute 

category labels and stimuli (e.g., pleasant, 

unpleasant) were in black font. 

Perceptual speed. The Symbol-Digit 

Test (Lang, Weiss, Stocker, & Rosenbladt, 

2007)—a modified version of the Digit 

Symbol Substitution Test of the Wechsler 

Adult Intelligence Scale-Revised (WAIS-R, 

(Wechsler, 1981)—was  used to assess 

perceptual speed, an indicator of processing 

speed. The computerized version consisted of 

a look-up table with ten pairs of 

hieroglyphic-like symbols and digits (0 to 9). 

Participants typed the digits into consecutive 

boxes underneath the look-up table using the 

computers’ keyboard (Lang et al., 2007). 

After a brief practice phase, participants 

worked on the task for 90 seconds, and 

entered on average 33.7 digits correctly (SD 

= 10.8). With older age, perceptual speed 

was significantly lower (βage = -.51, p < .01, 

βage² = -.08, p = .05, F(2, 544) = 110.50, p < 

.01, R² = .29). Among adolescents (i.e., 11-

20 years old, n=148), perceptual speed was 

higher with older age (r = .24, p < .01), as 

expected. 

Word knowledge. A verbal test 

(MWT-A; Lehrl, Merz, Burkhard, & Fischer, 

1991) was used to assess word knowledge as 

an indicator of verbal ability. Participants had 

to identify the real word among four fake 

words per item (e.g., balon, banoon, balloon, 

malloon, babboon). Without time pressure, 

participants worked on 40 items with 

increasing task difficulty. On average, 

participants identified 30.6 words correctly 

(SD = 3.3). With older age, word knowledge 

was significantly larger (βage = .66, p < .01, 

βage² = -.35, p < .01, F(2, 544) = 173.62, p < 

.01, R² = .39). The age-related increase in 

word knowledge was less pronounced with 

higher age, as the quadratic age effect 

indicated. 

Analytic Strategy 

IAT scoring algorithms. We 

computed conventional scores and D2-scores 

for both the method and the topic IATs. The 

computations used the reaction times in the 

combined blocks 3 and 5 and followed the 

prevailing recommendations (Greenwald et 

al., 2003; Richetin, Costantini, Perugini, & 

Schönbrodt, 2015): (a) For each trial the 

reaction time was determined until the 

correct response was provided (built-in error 

penalty); (b) reaction times < 300 ms and > 

10,000 ms were winsorized; (c) for each 

block, the reaction times were summed 

across all trials; (d) the average reaction time 

of block 3 was subtracted from the average 

reaction time of block 5. These raw mean 

differences represent the conventional IAT 

score. The conventional IAT score was 

divided by the pooled standard deviation of 

blocks 3 and 5 to compute the D2-score 

(Greenwald et al., 2003). Thirteen outliers (> 

M +3SD) in the method IAT and four outliers 

in the topic IAT were winsorized to values 

representing the mean plus 3SD. Results for 

the conventional IAT scores are reported in 

Appendix B because it is widely accepted 

that the conventional IAT score contains 

method variance in addition to the intended 

content, and should not be used (Cai et al., 

2004; Greenwald et al., 2003; Nosek et al., 

2007). 

Estimation of quad process 

parameters in IATs. We estimated the 

process parameters activation of associations 

(AC1, AC2), detection of correct response 
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(D), overcoming bias (OB), and guessing (G) 

for each participant separately using 

HMMTree (Stahl & Klauer, 2007). The 

program utilizes individual error rates and 

number of correct trials for each target and 

attribute category from the combined blocks 

3 and 5 (e.g., Calanchini et al., 2014, p. 

1288). Specifically, multinominal models are 

estimated that fit parameter-predicted error 

rates to observed error rates. For example, in 

the method IAT, whether the stimuli shirt, 

wall, etc. are correctly categorized to the 

category word, which shares the same 

response key with number in the 

incompatible block, depends on the four quad 

processes (Figure 1): the individual strength 

of the activated association letters-words 

(AC2), the detection of the correct category 

word (D), overcoming the bias for the other 

answer key (OB), and guessing (G). These 

parameters are estimated simultaneously 

based on equations describing the likelihood 

of a correct response or error for each 

stimulus in the combined blocks when all 

parameters work together to create a correct 

or false response. All correct responses and 

error rates from the combined blocks are 

used simultaneously (see Calanchini et al., 

2014 for equations of the estimation 

approach).  

The overall model fits were for the 

method IAT ²(3) = 894.30, p < .01, w = .10, 

and for the topic IAT ²(3) = 717.88, p < .01, 

w = .09—with significance being due to the 

large sample (see Calanchini et al., 2014, 

Study 2). Since quad parameters were 

estimated for each individual separately, 

parameters could not be computed when a 

participant made too few errors. This applied 

to 126 participants for the method IAT, and 

37 participants for the topic IAT. In addition, 

three outliers (< M - 3SD) were identified for 

both method and topic IATs and winsorized 

to values representing the mean minus 3SD. 

Since the OB parameter showed bimodal 

distributions for the method and topic IATs 

(i.e., people received rather low or high 

estimates on overcoming bias), the OB 

parameters were dichotomized (0 thru 0.40 = 

0; 0.60 thru 1 = 1; 15 values between .40 and 

.60 were set as missing). All analyses 

including the OB parameter were repeated 

with the original parameters, and yielded the 

same result pattern. 

We computed multiple regression 

analyses to test hypotheses H2a-e (i.e., 

perceptual speed, verbal ability and 

interactions with age predicting D-scores and 

quad parameters of IATs) and H3a-b (i.e., 

quad process parameters and interactions 

with age predicting D-scores). To test 

whether the effects of the predictors differed 

between the method and the topic IAT, we 

specified multilevel models because IAT 

parameters were nested within participants. 

Weinfurt (2000) explained the 

appropriateness of multilevel modelling for 

repeated measures data. 

Results 

We first present age differences in D-

scores and in quad process parameters 

estimated for both the method and topic 

IATs. Second, we show that cognitive 

abilities, indicated by perceptual speed and 

word knowledge, were associated with the 

predicted IAT effects and quad process 

parameters, but that the association did not 

differ significantly with age. Third, we 

demonstrate that quad process parameters 

predicted IAT D-scores, but the associations 

were again not significantly different with 

age. Table 1 shows descriptive information 

for the method and the topic IATs (D-score, 

error rates, quad parameters) and zero-order 

correlations with age, perceptual speed, word 

knowledge, and education as control 

variable.  

Age Differences in IAT Effects and Quad 

Processes 

IAT D-Scores. As expected (H1a), 

age was not significantly related to D-scores 

of the method IAT—despite the large sample 

size, which provides sufficient power to 

detect even relatively small effects (Table 1). 

No significant quadratic age effect occurred. 

Yet for the topic IAT, D-scores were 

significantly larger with older age with a 

slight levelling off in late adulthood as 

indicated by the significant quadratic effect 

(βage = .26, p < .01, βage² = -.10, p = .03, F(2, 

539) = 16.49, p < .01, R² = .05)—these 

effects indicated more pronounced implicit 
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associations of happy—pleasant and 

unhappy—unpleasant compared to the 

inverted associations the older people were. 

As expected from previous studies, 

association with age were significantly larger 

for the conventional method IAT and topic 

IAT scores compared to the respective D-

scores (Table B1; Method IAT: z = 6.00, p < 

.01; Topic IAT: z = 5.35, p < .01). 

Quad process parameters. As 

predicted for the method IAT (H1b), no 

significant correlations between participants’ 

age and the strength of the association (AC) 

for number—equation, the strength of the 

associations letter—word, the strength of the 

tendencies to overcome biases (OB) and to 

guess (G) were observed. With older age, 

detection process parameters (D) for the 

method IAT were larger (Table 1). In line 

with our predictions for the topic IAT 

(H1b,c), the estimates of happy—pleasant 

AC, unhappy—unpleasant AC, and D were 

larger with older age. Unexpectedly (H1d), 

OB was also significantly larger with older 

age. G estimates were not significantly 

related to participants’ age (Table 1). 

Cognitive Abilities Predict IAT Effects 

and Quad Processes 

We computed regression models to 

predict D-scores or quad model parameters 

of both the method and the topic IAT (Table 

2). Predictors in all models were age, 

perceptual speed, word knowledge (all 

sample-mean centered) and the interactions 

between age and perceptual speed or word 

knowledge. Attained education was included 

as control variable, but did not change the 

effects (supplementary tables S4). We used 

the bias-corrected, accelerated method (BCa) 

to compute coefficients and 95% confidence 

intervals based on 1000 bootstrap 

replications. Age effects from Table 2 are not 

interpreted because they are conditional 

effects and would refer to age differences in 

IAT effects among people with the same 

sample-average values in perceptual speed 

and word knowledge, which is unlikely since 

perceptual speed and word knowledge varied 

strongly with participants’ ages.  

IAT D-Scores. (H2a) Although the 

D-score algorithm should control for 

cognition-related methodological effects, D-

scores of the method IAT were higher with 

greater perceptual speed, but this was the 

case irrespective of participants’ age (i.e., age 

did not significantly moderate the 

association; Table 2). We explain in the 

discussion that higher method IAT D-scores 

with greater perceptual speed might be partly 

an artifact: faster responses often mean 

smaller standard deviations of reaction times, 

and since the standard deviation is the divisor 

for computing D-scores, dividing by smaller 

standard deviations leads to larger D-scores. 

Word knowledge showed no significant 

association with the D-score of the method 

IAT. In contrast, D-scores of the topic IAT 

were higher with slower perceptual speed 

and larger word knowledge.  

Quad process parameters. In the 

method IAT, no significant model fit and no 

significant effects of perceptual speed and 

word knowledge were observed for the quad 

processes, except for detection (Table 2, left 

half). Regarding detection, people with faster 

perceptual speed or larger word knowledge 

showed better detection of correct and 

incorrect responses in the method IAT (H2b, 

H2e). In the topic IAT (H2d), the activated 

association between happy and pleasant was 

less pronounced with larger word knowledge, 

but not significantly associated with 

perceptual speed (Table 2, right half). Again, 

detection was predicted by perceptual speed 

and word knowledge, which mirrored the 

effects from the method IAT: With faster 

perceptual speed or larger word knowledge, 

detection of correct and incorrect responses 

was higher in the topic IAT (H2b, H2e). No 

significant age moderation occurred (Table 2, 

right half). In addition, neither perceptual 

speed nor word knowledge predicted 

differences in overcoming bias (OB) in the 

method or the topic IAT (H2c). 

Quad Processes Predict IAT Scores 

We computed regression analyses 

similar to the analyses in the previous 

section. We predicted IAT D-scores of the 

method and the topic IAT by age, the quad 

model parameters AC1, AC2, D, OB, G, and 

the respective interactions with age to 

examine which processes contribute to IAT 
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scores, when method have been removed 

through the D-scoring algorithm (Table 3). 

Again, attained education served as control 

variable, but did not change the effects 

(supplementary tables S5). 

Higher D-scores in the method IAT 

were predicted only by greater ability to 

detect correct and incorrect responses (Table 

3, left column). This might be explained by 

the association between detection and the 

standard deviation of reaction times in the 

combined blocks, which is the divisor for 

computing D-scores: With better detection, 

that is, knowing the correct answer 

consistently faster, standard deviations were 

smaller (r = -.11, p =. 02). And smaller 

standard deviations (i.e., smaller divisors in 

computing D-scores) were associated with 

larger D-Scores (r = -.48, p <. 01). No further 

significant predictors or interactions with age 

were observed for the D-score of the method 

IAT (Table 3, left column). 

The topic IAT was assumed to elicit a 

different picture because it should contain 

valid content variance after controlling 

method effects through using the D-score 

algorithm. Accordingly, stronger associations 

of happy—pleasant predicted larger D-scores 

of the topic IAT (Table 3, right column). The 

effect for the strength of the unhappy—

unpleasant association was reduced from r = 

.13, p <. 01 for the conventional IAT score 

(Table B1) to b =.08, p = .09 for the D-score 

(Table 3, right column). In addition, greater 

ability to detect correct and incorrect 

responses and less guessing predicted larger 

D-scores in the topic IAT. Again, no 

significant age interactions occurred (Table 

3, right column). 

Discussion 

The current study demonstrated that 

individual differences in cognitive abilities 

and quad process parameters contribute to 

IAT scores in age-heterogeneous samples, 

however not significantly differently with 

age. We elaborate below how the findings 

suggest that IATs seem suitable for age-

heterogeneous studies from adolescence to 

old age, when IATs are constructed and 

analyzed appropriately. We first discuss age 

differences in IAT effects and quad processes 

before addressing effects of cognitive 

abilities. We also reflect on the meaning of 

D-scores and the role of errors when 

interpreting IAT effects. 

Age Differences in IAT Processes and IAT 

Scores and Associations Among IAT 

Processes and IAT Scores 

Our results suggest that D-scores 

effectively control age-related 

methodological effects of IATs because D-

scores of the method IAT did not differ 

significantly with age, whereas the 

conventional scores were significantly larger, 

as in previous studies (Hummert et al., 2002). 

Consequently, age effects in D-scores of 

topic IATs can be interpreted largely as 

substantial age differences in implicitly 

measured concepts (e.g., Kunzmann & 

Thomas, 2014; Riediger et al., 2011). The 

more pronounced activated associations (AC) 

happy-pleasant and unhappy-unpleasant with 

older age further substantiate this conclusion. 

The conclusion that D-scores capture 

substantial content-related variance of 

implicit associations is also supported by 

regression results: Individual differences in 

activation of association (AC; marginally 

significant for unhappy-unpleasant 

association, significant zero-order 

correlation) predicted D-scores of the topic 

IAT, but not of the method IAT because no 

substantial variance is left after D-scoring the 

method IAT. 

The ability to detect (D) the correct 

category for the stimuli was more 

pronounced with older age in both IATs, 

which agrees with studies using a racial IAT 

(Gonsalkorale et al., 2009; 2014). Also with 

better detection, D-scores were higher in both 

IATs, which was also reported in a study 

using a racial IAT (Conrey et al., 2005). This 

counterintuitive effect might be a partial 

artifact as lower detection (D) was associated 

with larger standard deviations—since some 

reactions take longer when the correct 

answer is difficult to detect—and thus to 

larger denominators which create smaller 

scores when computing D-scores. A similar 

effect was observed in an age-homogeneous 

sample, where D-scores were unexpectedly 

smaller under cognitive load compared to a 
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control condition (Schmitz, Teige‐
Mocigemba, Voss, & Klauer, 2013). Schmitz 

et al. (2013) equally explained this 

unexpected effect as artifact due to larger 

standard deviations, and thus larger 

denominators under cognitive load. 

The findings on how quad process 

parameters (based on errors) contribute to 

IAT-scores (based on reaction times) are 

especially relevant as previous studies have 

rarely examined the interrelations (e.g., 

Gosalkorale et al., 2009; 2014). Only a small 

study (n=42) with students showed that 

larger AC and smaller OB contributed to 

larger scores in a racial stereotypes IAT 

(Conrey et al., 2005). We observed similar 

associations for AC with a much larger, age-

heterogeneous sample and concerning a 

different domain, that is, affective attitudes 

compared to racial stereotypes.  

Similarly, previous studies have not 

examined how individual differences in quad 

parameters derived from different IATs co-

vary (Appendix C). Theoretically, the 

detection (D) parameter should be domain-

general, i.e., strongly correlated across 

different IATs (Calanchini et al., 2014). As 

predicted, we observed a strong positive 

correlation: people who had better detection 

of correct responses in the method IAT also 

showed better detection in the topic IAT. The 

positive associations among detection 

parameters suggest a common influence of 

cognitive abilities, as observed in the current 

study. 

Cognitive Abilities Predict D-Scored IAT 

Effects and Quad Processes Similarly 

Across Age 

We examined effects of perceptual 

speed and word knowledge because IATs are 

reaction-time based measures that often 

utilize verbal stimuli. Consistent with 

previous studies (Klauer et al., 2010; von 

Stülpnagel & Steffens, 2010), greater 

perceptual or cognitive speed was related to 

lower conventional IAT scores (Table B1). 

Appendix B additionally showed that this 

association was more pronounced with older 

age. Thus, individual differences in 

perceptual speed contributed more to 

conventional IAT score among older people 

compared to younger people. The finding 

substantiates previous skepticism about the 

usage of the conventional scoring of IATs 

(Greenwald et al., 2003; Hummert et al., 

2002). The D-score presumably controls 

method effects and individual differences in 

cognitive abilities (Cai et al., 2004; Nosek et 

al., 2007). Yet, greater perceptual speed 

predicted higher D-scores in the method IAT. 

We return to this unexpected finding when 

reflecting on A Better Understanding of IAT 

Scores.  

In contrast to the method IAT, slower 

perceptual speed and greater word 

knowledge predicted larger D-scores in the 

topic IAT (i.e., more strongly associating 

happy with pleasant and unhappy with 

unpleasant compared to the contrary 

associations). This could indicate that 

implicit affect valence differs with cognitive 

abilities. Yet, neither perceptual speed nor 

word knowledge predicted individual 

differences in the AC or OB parameters in 

the topic IAT (except for a small correlation 

between lower word-knowledge and stronger 

unhappy-unpleasant associations). These 

findings correspond with a previous study, 

which also showed no significant 

associations between cognitive abilities and 

associative process parameters in a racial 

IAT, but also larger D-scores with lower 

cognitive abilities (i.e., task shifting ability, 

Ito et al., 2015). An alternative interpretation 

is that D-scores do not fully control method 

effects—yet this assumption awaits further 

examination specifically regarding the 

impact of cognitive control (Hilgard, 

Bartholow, Dickter, & Blanton, 2015; Ito et 

al., 2015). 

Finally, faster perceptual speed and 

greater word knowledge predicted better 

detection of correct and incorrect responses 

in both method and topic IATs. Thus, 

although the stimuli in both IATs were 

selected for simplicity and familiarity, faster 

and more literate people were still better at 

categorizing the stimuli correctly. 

In summary, although individual 

differences in cognitive abilities contributed 

to IAT D-scores, as in age-homogenous 

samples (Ito et al., 2015; Klauer et al., 2010; 
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Siegel, 2012), and to the detection process 

parameter, the associations were not 

significantly moderated by age. This suggests 

that the effects of cognitive abilities on IAT 

scores are similar for people of different 

ages—making D-score IAT effects age-fair. 

And as discussed in the previous section, the 

associations between quad processes and D-

scores were also not significantly different 

with age. If the IAT D-scores were more 

“saturated” with individual differences in 

cognitive abilities or in some of the quad 

processes among certain age groups, usage in 

age-heterogeneous studies would be 

questionable.  

A Better Understanding of IAT Scores 

Previous studies noted that whereas 

conventional IAT scores cannot be 

interpreted as solely measuring individual 

differences in association strength due to 

containing method effects related to 

processing speed or general intelligence (e.g., 

Fiedler, Messner & Bluemke, 2006; Klauer 

et al., 2010), D-scores of IATs should largely 

control such method effects. The question 

remains how D-scoring controls method 

effects and to what extent. Quad process 

analyses showed that activated associations 

(AC) contribute as expected to individual 

differences in a substantial IAT (i.e., on 

implicit affect valence), but not the D-scored 

method IAT. Unexpectedly, individual 

differences in detection (D) contributed to D-

scores in both the method and the topic IATs. 

Detection is assumed to be a domain-general 

cognitive process that correlates positively 

across IATs, and we observed this positive 

association (Appendix C) in accordance with 

previous studies (Calanchini et al., 2014). We 

thus speculate that the D-score does not fully 

control for method effects (see Back et al., 

2005 and Ito et al., 2015 for similar 

conclusions in age-homogeneous samples) 

and may even introduce method effects 

through the division by the standard 

deviation, which varies with cognitive 

abilities, as discussed before. 

At the same time, individual 

differences in overcoming biases of activated 

associations (OB) predicted conventional 

scores of the topic IAT, but not D-scores. 

Previous studies assumed that OB could be 

an integral part of implicit attitudes because 

lower inhibition of activated associations 

(i.e., OB) contributes to stronger implicit 

attitudes (Gonsalkorale et al., 2009; 2014)—

yet these studies did not directly test 

associations between OB and IAT-scores. 

Originally, OB is conceptualized as an 

inhibitory process that depends on the 

strength of the activated bias (i.e. 

association), cognitive abilities, and 

motivation (Conrey & Sherman, 2006a, b). 

Accordingly, we observed no significant 

correlations between OB parameters of the 

method and the topic IAT (Appendix C). The 

insignificant correlation is consistent with a 

previous study with equally diverging 

content of IATs (Calanchini et al., 2014, 

study 1c), and suggests that OB parameters 

reflect domain-specific processes in addition 

to domain-general inhibitory processes. 

In sum, the reduced associations 

between D-scores and OB (i.e., inhibition of 

activated associations) as well as the more 

pronounced association between D-scores 

and D (i.e., detection of correct responses)—

compared to conventional scores—suggest 

that the D-score perhaps controls valid 

variance (i.e., OB) and also method variance 

more strongly than intended. Clearly future 

research with additional heterogeneous 

samples and further IATs is needed to better 

understand the associations among reaction-

time based IAT scores and error-based 

process estimates. 

Future Directions 

Although the current research studied 

age differences in IAT performance using a 

large, age-and gender-stratified sample and 

sophisticated multinomial process models, 

limitations and future directions need to be 

discussed. First, we assessed fluid and 

crystalline intelligence using perceptual 

speed and word knowledge to capture 

domains of cognitive functioning that show 

strong age differences (Salthouse, 2010). 

Future studies might want to assess further, 

domain-specific cognitive variables, such as 

working memory capacity or inhibitory 

control, either behaviorally (Ito et al., 2015) 

or based on cortical activity (Hilgard et al., 
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2015). Such studies might then be able to 

explain which cognitive abilities contribute 

to individual differences in OB and G 

because these parameters were not 

significantly predicted by perceptual speed 

and word knowledge in the current study. 

Second, we applied the quad process 

model because it was developed specifically 

to distinguish processes underlying IAT 

performances (Sherman, 2006a, b). Further 

process-dissociation models such as the 

ReAL model (Meissner & Rothermund, 

2013) or the diffusion model (Klauer et al., 

2007) differ in the modeled processes and 

necessitate even larger numbers of errors to 

achieve reliable estimates. In the current 

study, the ReAL and the diffusion model 

were not applied because too few errors 

occurred for estimating these models. The 

number of errors, however, was comparable 

with previous studies using IATs (e.g., 

Calanchini et al., 2014; Gonsalkorale et al., 

2011, 2014). 

Third, a generalization that other 

indirect tests, such as affective priming 

(deHouwer, Teige-Mocigemba, Spruyt, & 

Moors, 2009) or dot-probe (Isaacowith & 

Choi, 2011), are equally suited for age-

heterogeneous samples is premature, 

especially since implicit measures are often 

only weakly correlated (Ito et al., 2015). 

Clearly, the applicability of these tasks in 

heterogeneous samples and their associations 

with cognitive abilities need to be shown, 

before age differences in other indirect tests 

can be interpreted as substantial age 

differences in the measured constructs. 

Conclusion 

IATs are increasingly used in various 

domains. The current findings revealed that 

IATs can be meaningfully used and 

interpreted in age-heterogeneous samples 

from adolescence to old age since content-

related quad process parameters were not 

significantly related to cognitive processing 

speed and further associations with cognitive 

abilities did not vary significantly with age. 

At the same time, the findings underscore 

that the conventional IAT score should not be 

used, and process parameters should be 

estimated in addition to the D-score because 

the D-score does not control for all method 

effects and individual differences in 

cognitive abilities. The findings suggest that 

IATs can be applied successfully in age-

heterogeneous samples to examine 

developmental changes of implicit 

characteristics. 
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Footnotes 

1 The studies by Hummert and colleagues (2002) were published before Greenwald and 

colleagues (2003) proposed new scoring algorithms. Thus, Hummert and colleagues did not 

use the D2-scores, but a conceptually similar scoring algorithm because reaction times were z-

standardized, i.e., divided by the standard deviation. 

2 Parts of the data of the first sample are published in Riediger et al. (2014). The article 

focused on a different research question, that is, associations between implicit affect valence 

and affective experiences in daily life. It reported age-related effects in conventional and D-

scores of both IATs used in the current study. In contrast, the current study focuses on 

associations among age, cognitive abilities, process parameters and D-scores of IAT, and if 

the associations vary with age. The current study includes cognitive abilities as new variables, 

quad models as new analytic approaches, and new data from another sample. 

3 Samples did not differ significantly by gender, χ² = 0.39, p = .53; age, t(1,547) = 0.83, p = 

.41; or word knowledge, t(1,546) = 1.69, p = .09. The participants in study 2 had faster 

perceptual speed, t(1,547) = 9.24, p < .01, Cohen’s d = 0.90 (see Table S1 for descriptive 

statistics). We tested, but mainly observed no significant differences between samples 

regarding the central analyses (see supplement Tables S2-S3). Of 82 sample-by-predictor 

interaction terms in eight regression models with significant model fit, only two interaction 

effects with sample were statistically significant (p < .01). Once, an additional significant 

effect of word-knowledge on the AC2 parameter of the method IAT emerged in the smaller 

sample, and once the effect of guessing on D-scores of the topic IAT was only significant in 

the larger sample. We therefore conclude that results from the combined sample are a 

conservative estimate of the effects. 
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Table 1 

Descriptive statistics of IAT parameters and correlation with age and cognitive abilities 

 M (SD) Age  

 

r 

Education  

 

r 

Perceptual  

speed  

r 

Word  

knowledge 

r 

Method IAT     

IAT D2-score 1.03 (0.50) .07 .19** .17** .07 

Number of errors combined block 3 2.94 (3.26) -.37** -.14** .12** -.33** 

Number of errors combined block 5 7.72 (6.83) -.16** -.21** -.01 -.30** 

Activation of associations 

number & equation (AC1) 

0.25 (0.30) .07 -.01 -.09 .03 

Activation of associations  

letter & word (AC2) 

0.24 (0.32) .08 .01 -.09 .06 

Detection (D) 0.87 (0.11) .27** .19** -.01 .30** 

Overcoming biasa (OB) 0.62 (0.45) .04 .06 -.05 .09 

Guessing (G) 0.73 (0.29) -.06 .00 -.01 .02 

Topic IAT     

IAT D2-score 0.97 (0.41) .22** -.04 -.20** .21** 

Number of errors combined block 3 4.08 (4.69) -.37** -.17** .05 -.34** 

Number of errors combined block 5 11.24 (10.16) -.05 -.25** -.15** -.22** 

Activation of associations  

unhappy & unpleasant (AC1) 

0.16 (0.26) .14** -.05 -.03 .03 

Activation of associations  

happy & pleasant (AC2) 

0.34 (0.35) .18** -.00 -.15* .07 

Detection (D) 0.83 (0.16) .21** .20** .06 .29** 

Overcoming biasa (OB) 0.58 (0.46) .10* .07 -.03 .07 

Guessing (G) 0.34 (0.29) -.01 -.04 .05 -.06 
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Note.  a Correlations are nearly identical if modeled with original, continuous variable. bBased 

on individuals (method IAT n = 417, topic IAT n = 505), for whom parameters were 

estimated to be trustworthy (no fail code, see method section). * p < .05, ** p < .01. 
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Table 2 

IAT D-Scores and Process Parameter Predicted by Age, Cognitive Ability, and the Interactions (Standardized coefficients from multiple regression 

analyses) 

 Method IAT Topic IAT 

 D2-score Number-

equation 

(AC1)a 

Letter-

word 

(AC2)a 

Detection 

 

(D)a 

Overcom

ing bias 

(OB)a,b 

Guessing 

 

(G)a 

D2-score Unhappy-

unpleasant 

(AC1)a 

Happy-

pleasant 

(AC2)a 

Detection 

 

(D)a 

Overcomi

ng bias 

(OB)a,b 

Guessing 

 

(G)a 

Age .24a** .05a .05a .28a** -.002a -.18a* .05b .22a** .18a** .18a** .02a* .08b 

 [.10;.38] [-.10;.19] [-.09;.20] [.14;.42] [-.02;.01] [-.35;-.01] [-.09;.19] [.10;.37] [.05;.32] [.04;.33] [.01;.03] [-.08;.22] 

Perceptual speed .30a** -.07a -.06a .17a** -.01a -.09a -.15b** .07a -.05a .20a** .01a .07a 

 [.20;.40] [-.19;.06] [-.18;.07] [.03;.31] [-.03;.01] [-.22;.04] [-.25;-.05] [-.04;.17] [-.17;.06] [.09;.31] [-.02;.03] [-.05;.18] 

Word knowledge .01a -.01a .03a .18a** .05a .13a .14a** -.13a* -.03a .22a** -.01a -.11b 

 [-.10;.12] [-.16;.13] [-.10;.17] [.03;.34] [-.04;.15] [-.02;.27] [.02;.26] [-.26;.01] [-.14;.09] [.08;.36] [-.09;.07] [-.25;.02] 

Age  speed .06a -.001a .08a .10a .04e-3
a -.07a -.04a .02a .08a -.05b .02e-2

a -.03a 

 [-.03;.14] [-.12;.12] [-.02;.18] [-.03;.22] [-.00;.001] [-.18;.05] [-.12;.05] [-.06;.11] [-.02;.18] [-.13;.04] [-.00;.001] [-.13;.07] 

Age  knowledge .03a -.02a .02a .01a .01e-2
a .05a -.04a -.10a .02a .02a -.08e-2

a -.05a 

 [-.07;.12] [-.13;.09] [-.08;.12] [-.12;.13] [-.01;.01] [-.07;.18] [-.15;.06] [-.20;.01] [-.08;.12] [-.10;.14] [-.00;.003] [-.16;.07] 

Model fit 

F(5,536) 

R² 

 

7.57** 

.06 

 

0.73 

.01 

 

1.41 

.01 

 

11.76** 

.13 

 

3.52 

.01 

 

1.42 

.01 

 

9.40** 

.07 

 

3.30** 

.03 

 

4.38** 

.04 

 

12.36** 

.12 

 

8.47 

.03 

 

1.03 

.01 

Note. All predictors, including multipliers in interaction terms, were centered on the sample mean. Parameters with different subscripts for the same 

predictor and outcome variables differ between both IATs with p < .05. Confidence intervals were computed based on Bias corrected and 
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accelerated method (BCa) with 1000 repetitions. aModels predicting quad parameter possessed df = 417 for method IAT and df = 505 for topic IAT 

due to persons for whom parameters could not be estimated (see Analytic Strategy section). bFor parameter overcoming bias, logistic regression 

were computed and unstandardized coefficients, χ², as well as Nagelkerke R² reported; the results are the same when computed with linear OLS 

regression. * p < .05, ** p < .01. 
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Table 3 

IAT D2- Scores Predicted by Age, IAT Process Parameter, and the Interactions (Standardized 

coefficients from multiple regression analyses) 

 Method IAT Topic IAT 

 β [95% CI] β [95% CI] 

Age  .11a [-.06;.27]  .11a [-.09;.31] 

Association 1 (AC1)a  .03a [-.10;.15]  .08a [-.04;.18] 

Association 2 (AC2)a -.06a [-.17;.05]  .19b** [.08;.31] 

Detection (D)  .21a** [.11;.31]  .27a** [.14;.41] 

Overcoming bias (OB)b  .02a [-.12;.15] -.02a [-.13;.09] 

Guessing (G)  .06a [-.04;.16] -.12b* [-.21;-.02] 

Age  AC1 -.07a [-.19;.05] -.06a [-.14;.03] 

Age  AC2  .01a [-.10;.10]  .01a [-.09;.11] 

Age  D -.06a [-.16;.04] -.03a [-.17;.11] 

Age  OBb -.11a [-.31;.08] -.001a [-.16;.16] 

Age  G -.01a [-.10;.10]  .06a [-.03;.15] 

Model fit 

F(11,292) 

R² 

 

2.52** 

.07 

 

8.00** 

.17 

Note. All predictors, including multipliers in interaction terms, were centered on the sample 

mean. Parameters with different subscripts for the same predictor differ between both IATs 

with p < .05. Confidence intervals were computed based on Bias corrected and accelerated 

method (BCa) with 1000 repetitions. aFor method IAT: association 1 = number equation, 

association 2 = letter-word; For topic IAT: association 1 = unhappy-unpleasant, association 2 
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= unhappy-unpleasant. b the same pattern of results was obtained when computed with original 

continuous variable. * p < .05, ** p < .01.  
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Figure 1. Graphical representation of the quad process model (Conrey et al., 2005; Sherman, 2006), where each path represents a likelihood. 

Parameters with paths leading to them are conditional upon all preceding parameters. The table presents correct (+) and incorrect responses when 

categorizing stimuli as result of different quad processes in the compatible and the incompatible block. 
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Appendix A 

Overview of the applied IATs 

Table A1 

Design of Method and Topic IAT used in the Current Study 

   Method IAT (Back et al., 2005) Topic IAT (Riediger et al., 2014) 

Block N trials Task Left key Right key Left key Right key 

1 20 Target categorization (practice) Letter Number Happy Unhappy 

2 20 Attribute categorization (practice) Word Equation Pleasant Unpleasant 

3 80 Combined compatible categorization (test) Letter and 

word 

Number and 

equation 

Happy and 

pleasant 

Unhappy and 

unpleasant 

4 20 Reversed target categorization (practice) Number Letter Unhappy Happy 

5 80 Combined incompatible categorization (test) Number and 

word 

Letter and 

equation 

Unhappy and 

pleasant 

Happy and 

unpleasant 

Note. See Back et al., 2005 and Riediger et al., 2014 for complete German and English stimuli. 
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Appendix B 

Conventional IAT score 

Since the conventional IAT score has been criticized repeatedly for containing method effects in 

addition to substantial individual differences in attitudes or traits (e.g., (Greenwald et al., 2003; 

McFarland & Crouch, 2002; Nosek et al., 2007), we included the suggested D2-score in our main 

analyses. Here, we show that we replicated previous findings regarding the convential IAT scores 

correlating strongly with age and cognitive abilities, especially cognitive speed (Klauer et al., 2010; 

Siegel et al., 2012). In addition, all quad parameters contribute to the conventional score of the topic 

IAT, but not of the method IAT, which aims at assessing task switching costs, and thus should not 

show meaninful associations with the quad parameters. 

Table B1 

Zero-order Correlations of Conventional IAT Scores with Age, Cognitive Abilities, and IAT Process 

Parameter 

 Conventional Score 

Method IAT 

Conventional Score 

Topic IAT 

Age .41** .50** 

Perceptual speed -.43** -.46** 

Word knowledge .16** .22** 

IAT D2-score .06 .46** 

Errors in combined block 3 -.24** -.32** 

Errors in combined block 5 .11* .07 

Association 1 (AC1) .12* .13* 

Association 2 (AC2) .02 .29** 

Detection (D) .07 .14** 

Overcoming bias (OB) -.06 .14** 

Guessing (G) -.06 -.10* 

M (SD) 595.81 (306.74) 1055.85 (651.70) 
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Note. Method IAT: letter-word, number-equation (Back et al., 2005); Topic IAT: happy-pleasant, 

unhappy-unpleasant (Riediger et al., 2014). Multiple regression results were nearly identical with the 

zero-order correlations presented in the table, except that associations between word knowledge and 

IAT scores were diminished and statistically non-significant, when age was controlled statistically. In 

addition, age moderated the associations between the method IAT scores and perceptual speed ( = -

.08, p < .05) or overcoming bias ( = -.20, p < .01), respectively (see Figures B1, B2). Similarly, age 

moderated the association between the topic IAT scores and perceptual speed ( = -.15, p < .01, 

Figure B3). * p < .05, ** p < .01. 
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Appendix C 

Associations between the Method and the Topic IAT 

Table C1 

Correlations among Method and Topic IATs regarding Conventional scores, D-scores, Errors, and 

IAT Process Parameter 

 Zero-order correlation among 

method and topic IAT 

r 

Conventional IAT Score .56** 

IAT D2-score -.10* 

Errors in combined block 3 .60** 

Errors in combined block 5 .46** 

Association 1 (AC1) .04 

Association 2 (AC2) -.07 

Detection (D) .49** 

Overcoming bias (OB) -.04 

Guessing (G) -.02 

Note. Method IAT: letter-word, number-equation (Back et al., 2005); Topic IAT: happy-pleasant, 

unhappy-unpleasant (Riediger et al., 2014). * p < .05, ** p < .01. 
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