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Abstract
As the world’s population is aging rapidly, cognitive training is an extensively used approach to attempt improvement of age-
related cognitive functioning. With increasing numbers of older adults required to remain in the workforce, it is important 
to be able to reliably predict future functional decline, as well as the individual advantages of cognitive training. Given the 
correlation between age-related decline and striatal dopaminergic function, we investigated whether eye blink rate (EBR), a 
non-invasive, indirect indicator of dopaminergic activity, could predict executive functioning (response inhibition, switching 
and working memory updating) as well as trainability of executive functioning in older adults. EBR was collected before 
and after a cognitive flexibility training, cognitive training without flexibility, or a mock training. EBR predicted working 
memory updating performance on two measures of updating, as well as trainability of working memory updating, whereas 
performance and trainability in inhibition and switching tasks could not be predicted by EBR. Our findings tentatively indi-
cate that EBR permits prediction of working memory performance in older adults. To fully interpret the relationship with 
executive functioning, we suggest future research should assess both EBR and dopamine receptor availability among seniors.

Keywords Eye blink rate · Cognition · Aging · Cognitive training · Dopamine

Introduction

Years of research into neurocognitive aging have demon-
strated that with older age, cognitive performance tends to 
decline, specifically in functions such as episodic memory, 
processing speed, and cognitive control, which are consid-
ered essential for unaffected daily activities. Cognitive con-
trol, according to Miyake et al. (2000), can be divided in 
the three dimensions of updating, shifting, and inhibition, 
each of which shows impairment with age (Fisk & Sharp, 
2004). However, there is strong evidence that age per se is 
not the best predictor of this decline in functioning. A large 
literature documents the role of the availability of a variety 
of neurotransmitters, most prominently among which (in the 
context of cognitive control) is dopamine (DA).

In a meta-analysis of studies using positron emission 
tomography (PET) and single-photon emission-computed 
tomography, Karrer et al. (2017) found that DA receptors 
in striatal and frontal cortical regions declined by 4–14% 

per decade. Although these authors could not corroborate 
age effects on DA synthesis, DA synthesis is known to be 
associated with considerable individual differences among 
seniors, and these individual differences do correspond to 
performance in executive functioning (Berry et al., 2016; 
Klostermann et al., 2012), perhaps through its effects on 
frontoparietal (Berry et al., 2016) and frontostriatal (Kloster-
mann et al., 2012) functional connectivity.

The role of DA in executive functioning involves two 
families of DA receptors, D1 and D2, that express differ-
entially in prefrontal and striatal areas of the brain. D1 is 
relatively more prevalent in prefrontal areas whereas D1 and 
D2 both play a prominent role in striatal functions. Here, 
we focus specifically on striatal D2 receptor binding in the 
caudate and putamen, which decreases with age (Rinne 
et al., 1993). The reason for this focus is twofold. First, per-
formance on tasks of episodic memory, processing speed, 
working memory, and fluency is found to be more strongly 
associated with striatal D2 receptor binding than with 
age (Bäckman et al., 2000; Erixon-Lindroth et al., 2005). 
Although age is generally negatively related to cognitive 
performance on various tasks, these results suggest that the 
individual rate of D2 binding in the striatum is able to bet-
ter predict the degree to which these functions deteriorate. 
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And second, there is some evidence to suggest that stratal 
D2 binding is expressed in an easy-to-register, overt, and 
noninvasive proxy measure: spontaneous eye blink rate, as 
will be discussed in detail below.

As the world’s aging population is growing, with increas-
ing numbers of older adults expected to remain productive 
in the workforce, it is of great importance to have an afford-
able and reliable predictor of future decline in cognitive 
control abilities. Assessment of striatal D2 activity could 
help in analyzing this relationship. One possibility is to use 
positron emission tomography (PET) as an indirect assess-
ment of dopamine components. PET relies on radioactive 
ligands that are inserted into the body and bind to dopamine 
receptors, which can then be localized and imaged. However, 
ligand PET is an invasive and very costly procedure. One 
simple, non-invasive, and cheap method to reliably meas-
ure the connection between D2 dopaminergic function and 
cognitive control in older adults is spontaneous eye blink 
rate (EBR; Karson, 1983). EBR can be measured using vari-
ous methods such as electrooculography (Colzato, van den 
Wildenberg, et al., 2008), eye tracking (Dang et al., 2017), 
or video recording (Tharp & Pickering, 2011) and has been 
demonstrated to be a reliable predictor of D2 dopaminer-
gic receptor density in the striatum (Jongkees & Colzato, 
2016). Important evidence of this relationship is shown, first 
of all, in pathologies that involve striatal D2 dopaminergic 
dysfunction. For instance, EBR is reduced in patients suf-
fering from Parkinson’s disease, which is characterized by 
a depletion of dopaminergic nigrostriatal neurons (Deuschl 
& Goddemeier, 1998). Similarly, striatal D2 is significantly 
reduced in cocaine users (Volkow et al., 1999) who also 
show a significant decrease in EBR (Colzato, Slagter, et al., 
2008; Colzato, van den Wildenberg, et al., 2008). On the 
contrary, individuals suffering from schizophrenia, which 
is associated with elevated dopamine release at striatal D2 
receptors (Brunelin et al., 2013), demonstrate increased EBR 
(Mackert et al., 1990). In addition, dopaminergic medica-
tion can be seen to influence EBR. Patients provided with 
dopaminergic D2 antagonists demonstrate a reversal of EBR 
to (near) normal levels (Bologna et al., 2012; Mackert et al., 
1990), and in healthy humans, administration of dopamine 
D2 agonists increases EBR (Blin et al., 1990). Genetic evi-
dence of the relationship between EBR and striatal dopa-
mine comes from studies linking EBR to the DRD4/7 geno-
type, which is associated with the control of dopamine in the 
striatum (Dreisbach et al., 2005).

Moreover, EBR has been used to demonstrate functional 
differences in various tasks relying on dopamine activity, 
such as the attentional blink (Colzato, Slagter, et al., 2008; 
Colzato, van den Wildenberg, et al., 2008), creative thinking 
(Akbari Chermahini & Hommel, 2010), probabilistic learn-
ing (Slagter et al., 2015), and cognitive control. For instance, 
in task switching, high blink rates are seen to correlate with 

improved accuracy (Kleinsorge & Scheil, 2017; Zhang et al., 
2015) and increased flexibility (Dreisbach et al., 2005). 
Using a switch task with multiple conditions, the latter 
authors showed that in individuals with high EBR, switch 
costs are decreased when responding to novel targets, but 
increased when novel items posed as distractors, suggesting 
that increased flexibility comes at a cost of reduced stability, 
or distractibility. Further support for this claim comes from 
Müller et al. (2007) and Tharp and Pickering (2011).

By comparison, the relationship between EBR and inhibi-
tion is more ambiguous. For instance, increased EBR was 
shown to be correlated with longer stop-signal reaction 
time (SSRT), a measure of response inhibition (Colzato, 
van den Wildenberg, et al., 2009). This association between 
higher dopamine levels and increased SSRT is backed up 
by a genetic study of the DRD4/7 genotype (Congdon et al., 
2008). Yet, in regular cocaine users, known to exhibit a nota-
bly low EBR, SSRT is found to be impaired (Colzato et al., 
2007). It is likely that the relationship between inhibition 
and striatal dopamine follows an inverted U-curve, repre-
senting optimal response inhibition with average amounts of 
dopamine, and is therefore highly dependent on the range of 
dopamine of the specific sample.

However, regarding the link between EBR and working 
memory, evidence points to an absence of association. For 
instance, no relationship is found between EBR and per-
formance on the operation span task (Tharp & Pickering, 
2011) or a mental counters task (Zhang et al., 2015). This is 
supported by earlier evidence from a study in cocaine users 
(Colzato, Huizinga, et al., 2009; Colzato, van den Wildenberg, 
et al., 2009) who are shown to perform equally to non-users 
on several different tasks of working memory. As inhibition 
is driven mainly by the nigrostriatal D2 pathway and working 
memory updating by the mesocortical D1 pathway (Colzato, 
Huizinga, et al., 2009; Colzato, van den Wildenberg, et al., 
2009), most likely EBR is not a reliable predictor of func-
tioning of the latter. Nonetheless, correlational results from a 
3-back task (Zhang et al., 2015) reveal a negative relationship, 
suggesting decreased updating ability with higher EBR.

In sum, as the association between EBR and separate 
dimensions of cognitive control seems to vary with different 
tasks and samples, the relationship (be it linear or nonlin-
ear) still remains somewhat controversial, demonstrating the 
need for further research with multiple tests in each domain.

Considering that dopaminergic systems (and especially 
striatal D2 receptor binding) decline with increasing age, 
it seems natural to assume that this would manifest itself 
as a decrease in EBR. Though one study indeed reports a 
significant decrease after age 40, which continues to decline 
with each decade of life (Chen et al., 2003), the majority 
finds no difference between EBR in young and older ages 
(Bentivoglio et al., 1997; Kruis et al., 2016; Zaman et al., 
1998). A number of studies (Deuschl & Goddemeier, 1998; 
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Sforza et al., 2008; Sun et al., 1997) even report a nota-
ble increase in EBR in 70 to 79-year-olds in comparison to 
middle-aged adults, though most samples are small and the 
differences are not significant. As EBR and striatal D2 bind-
ing evolve differently with age, it is possible that the before-
mentioned association between EBR and striatal D2 binding 
is no longer valid in older ages. Still, a direct relationship 
would need to be determined more robustly in future studies 
measuring both EBR and striatal D2 function in older adults, 
before firm conclusions can be drawn.

Furthermore, not much is known about the relationship 
between EBR and cognitive functioning in healthy older popu-
lations. One recent study in older adults suggests that EBR is 
negatively related to cognitive performance, as measured with 
a general clinical screening (Ladas et al., 2014). However, this 
sample consisted of both healthy older adults and individuals 
suffering from mild cognitive impairment, the latter of which 
displayed a significantly higher EBR, thus confounding the cor-
relation. Given the lack of knowledge in this field, it remains 
important to examine the connection between EBR and cogni-
tive functioning in older age. Due to the inter-individual variabil-
ity within the older population (Christensen et al., 1999; Kanai 
& Rees, 2011; Raz et al., 2010), it is important to also study the 
individual differences between older adults rather than focus on 
the differences between age groups. For this reason, we initi-
ated a study in healthy older adults in which we measured EBR 
along with several assessments of cognitive control to gain more 
knowledge on this subject.

Recent attempts have been made to counteract the age-
related decline using cognitive training (e.g., Karbach & 
Verhaeghen, 2014). Improvements have been reported in 
various domains, such as working memory (Buschkuehl 
et al., 2008; Zinke et al., 2014), task switching (Basak & 
O’Connell, 2016; Karbach & Kray, 2009), and multitasking 
(Cassavaugh & Kramer, 2009). In young adults, increased 
dopamine release and functional activation in the striatum 
have been noted after training (Bäckman et al., 2017; Kühn 
et al., 2013) though this effect was not replicated in older 
adults (Dahlin et al., 2008). Multiple studies also show that 
dopamine activity in the striatum is associated with improve-
ment in working memory after training. For example, Dahlin 
et al. (2008) show that in young adults, generalization of 
updating training to untrained tasks of working memory 
(known as transfer) is dependent on striatal activity. Using 
individual differences in dopaminergic D2 levels to predict 
training success could add to our knowledge on who ben-
efit from different types of interventions. In young adults, 
baseline striatal gray-matter volume has been shown to be 
associated with later training improvement on a strategic 
video game (Erickson et al., 2010), with dorsal striatum spe-
cifically predicting performance on a game engaging cogni-
tive flexibility. This suggests that the striatum plays a key 
role in learning from flexibility training and that individual 

differences in volume or activation can predict later train-
ing success. Yet, this still leaves open the question whether 
this extends to transfer from training. Also, so far such a 
paradigm has not yet been investigated in older adults. If 
EBR could serve as a predictor of future decline as well as 
potential training advantages in older ages, this would offer 
a substantial benefit to society.

In our own longitudinal intervention project (Buitenweg 
et al., 2017), we assessed the effectiveness of a cognitive 
flexibility training on cognitive control functions in a large 
group of healthy elderly adults. Flexibility was induced 
by continuous switching between various games. Though 
results indicated transfer on multiple cognitive functions, 
these effects were visible in all three conditions of the train-
ing, which we interpreted as having been caused by practice 
and expectancy effects. However, we also noted large indi-
vidual differences in cognitive test scores and the degree 
of change after training. For this reason, training success 
should not only be assessed at the group level, but also 
tested for individual variables that can predict training ben-
efit (Buitenweg et al., 2012). We previously found that age, 
baseline mental condition, education level, or the number of 
training sessions did not predict training success (Buitenweg 
et al., 2017). However, as stated above, it is likely that indi-
vidual striatal D2 function would prove to be a more reliable 
predictor. Therefore, we will additionally study the question 
whether susceptibility for training benefit is dependent on 
individual differences in striatal D2, as proxied by EBR.

There is evidence that the link between individual differ-
ences in executive functions on the one hand, and EBR on 
the other hand, can be modulated by polymorphisms, such as 
Val158Met (Colzato et al., 2010) affecting dopamine regu-
lation in different areas of the brain. What’s more, a train-
ing study by Colzato et al. (2014) showed that genotypes 
linked to differential PFC dopamine transmission differed 
in their benefit from a flexibility game training. Nonethe-
less, although this suggests that dopamine function seems 
to determine the degree to which transfer takes place after 
a training, this genetic relationship concerns prefrontal 
D1, rather than striatal D2. Knowledge on this topic is still 
scarce, and a direct connection with striatal D2 or EBR and 
individual training benefit has not been confirmed. Future 
research combining EBR measurement with genotyping and 
functional differences in executive control or benefit from 
cognitive training could clarify this relationship.

The primary purpose of this study was to investigate the 
relationship between striatal D2 and cognitive control func-
tions in healthy elderly adults using EBR, focusing on indi-
vidual difference among the older adults. We collected EBR 
before and after a cognitive intervention, consisting of a fre-
quent and an infrequent switching condition, and a mock 
training condition. Based on previous literature, we hypoth-
esized that high EBR (indicating high striatal D2 receptor 
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binding) should predict lower switching costs and increased 
SSRTs at baseline, but not baseline working memory updat-
ing as measured with the operation span task. Considering 
the negative relationship with EBR found on an N-Back task 
(Zhang et al., 2015), we also studied whether the same result 
on this task would be found in older adults. Additionally, 
we wanted to know whether dopamine modulates training 
improvement and benefit of a cognitive flexibility training in 
this population. We tested the hypothesis that the association 
between flexibility training and its benefits was different for 
varying levels of striatal dopamine availability. One possibil-
ity is that higher striatal dopamine availability is related to 
higher training success and transfer after flexibility training, 
but not after other interventions. Such a result would have 
meaningful implications for the state of cognitive training in 
aging, as it implies being able to predict which individuals 
profit more from this type of intervention. However, it is also 
possible that EBR is not sensitive enough to predict differ-
ences in training success, in which case other possibilities 
to investigate this relationship will have to be considered.

Materials and Methods

This study is part of the overarching TAPASS training pro-
ject, a randomized controlled double-blind design intended 
to test effectiveness of a cognitive flexibility training, full 
results of which are published elsewhere (Buitenweg et al., 
2017, 2018.

Participants

Participants were healthy older adults (60–85 years old) 
interested in cognitive training. All participants owned a 
computer with internet and scored 26 or above on the Tel-
ephone Interview Cognitive Status (TICS; Brandt et al., 
1988). None used dopaminergic medication, or suffered 
from disorders associated with dopaminergic abnormalities 
(schizophrenia, Parkinson’s disease, ADHD), severe visual 
impairment or colorblindness, or a history of substance 
abuse or stroke. The final sample included 158 participants, 
who were randomly assigned to one of three conditions 
(described below). Full written informed consent was given 
by all participants prior to participation. The study was 
approved by the local Ethics Committee of the University of 
Amsterdam and registered under number 2012-BC-2566. All 
procedures were conducted in compliance with the Declara-
tion of Helsinki, relevant laws, and institutional guidelines.

Procedure

The study consisted of a pre-training (T0) and a post-train-
ing (T2) test session, approximately 13 weeks apart, with a 

12-week training in between. During both sessions, a large 
testing battery was administered to assess transfer of this 
intervention, results of which are mentioned elsewhere 
(Buitenweg et al., 2017). Subjects were asked to sleep suf-
ficiently and avoid alcohol the night before a test session. 
As EBR is found to be stable during the daytime hours, but 
increases in the evening (Barbato et al., 2000), testing was 
always done between 9 am and 6 pm.

At the start of the testing session, participants were asked 
for additional permission to make a recording of their face. 
They were not told the reason for the recording, so as not 
to draw conscious attention to eye blinks. Participants were 
seated about 80-cm distance from a white wall with a fixation 
cross (following Deuschl & Goddemeier, 1998) and were 
asked to fixate on the target in a relaxed state without speak-
ing or keeping their eyes closed. Although some suggest that 
1 min is enough to get reliable values of EBR (Deuschl & 
Goddemeier, 1998), most studies record for a period of 4 
to 6 min (Colzato, Huizinga, et al., 2009; Colzato, van den 
Wildenberg, et al., 2009; Slagter et al., 2015), which is fol-
lowed in the current study. We recorded participants’ faces 
for 5 min using a video camera (Canon Legria FS2000) that 
was visible to the participant, positioned at the height of 
their chin, approximately 60 cm in front of them.

Intervention

We modified a selection of games from the existing web-
site www. brain gymmer. com to construct three training pro-
grams, based on our experience with cognitive tasks in older 
adult participants and our reading of the literature. The order 
of these games was pre-programmed to prevent participants 
from exclusively selecting the games of their choice. Each 
session consisted of approximately 30 min of game play.

Cognitive Training

Within the cognitive training, we discerned two groups: fre-
quent switching and infrequent switching. In the frequent 
switching condition, training sessions consisted of 10 games 
of 3 min each, forcing participants to frequently switch 
between different tasks and functions, thereby maximizing 
flexibility. In the infrequent switching condition, flexibil-
ity was minimized by allowing games in one session to be 
played for 10 min each. Both groups included nine games, 
divided over the cognitive domains working memory, rea-
soning, and attention. In the frequent switching condition, 
two consecutive games were always from different domains, 
to increase variability and flexibility. Each game consisted 
of 20 difficulty levels. Feedback on game performance was 
given with zero to three stars on the screen after each game. 
Adaptiveness was maintained by encouraging participants 
to train at a higher level each time two or three stars had 
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been attained. To enable everyone to familiarize themselves 
equally with the games, the infrequent switching schedule 
was enforced for both groups in the first training week. After 
completion of the 12-week training, total time spent per 
game was the same for both groups.

Mock Training

The games in the mock training were selected to be predomi-
nantly visually stimulating. To reduce variability, fewer, less 
cognitively stimulating games were chosen compared to the 
experimental conditions. To minimize the demand on flex-
ibility, games in one session were played for 10 min each. 
Although stars were attained in the same manner as in the 
cognitive training, we instructed participants to stay on a 
specific level for a week, thus reducing adaptiveness.

Materials

As we expected to find a relationship between striatal D2 
and cognitive control functions, we focused our analysis 
on the three main executive functions shifting, inhibition, 
and updating, following the classification model by Miyake 
et al. (2000). To this end, we selected tasks similar to those 
used in previous literature linking EBR to cognitive control 
functions (Colzato, Huizinga, et al., 2009; Colzato, van den 
Wildenberg, et al., 2009; Tharp & Pickering, 2011; Zhang 
et al., 2015).

Switch Task

We used a switch task based on Rogers and Monsell (1995) 
which is known to assess most pure switching cost (van Hol-
stein et al., 2011). In the switch task, stimuli were random 
combinations of a letter and a digit, appearing in one of 
four quadrants. Depending on which quadrant the stimu-
lus appeared in, participants either responded to the digit 
or the letter. Digits were categorized as above or below 5 
and letters as capitals or lowercase. To correct for possible 
eye movement effects, a horizontal and a vertical version 
of the task were created. In the horizontal version, stimuli 
in the top two quadrants required a response to the letter 
task and in the lower two quadrants a response to the digit 
task. In the vertical version, a response to the letter task 
was required in the right quadrants and to the digit task in 
the left quadrants. The task version was counterbalanced 
between participants, but was kept equal between time points 
within the same participant. The stimulus was presented in 
clockwise order, such that stimulus location on each trial 
was predictable, and a switch to the other task was required 
every other trial. Participants were encouraged to respond 
as fast and as accurately as possible. In between task blocks, 
participants were instructed to respond more accurately if 

accuracy fell below 91% and to respond faster if accuracy 
rose above 97%, to maintain a balance between speed and 
accuracy. Presentation of the stimulus occurred for 5000 ms, 
with an interstimulus interval (ISI) of 200 ms. Participants 
practiced the letter and the number task in separate blocks of 
24 trials each. Subsequently, the switch task was practiced in 
a block of 32 trials. The actual task included four blocks of 
48 trials. Switch cost was calculated by subtracting accuracy 
and reaction time on non-switch trials from switch trials, 
such that higher scores signified higher cognitive flexibility.

Stop‑signal Task

In the stop-signal task (Logan et al., 1984), participants are 
required to make a speeded response on go trials and inhibit 
a response on stop trials. In this case, participants indicated 
whether a green arrow, presented on the screen, pointed to the 
left or to the right (go trial). In 20% of trials, the arrow turned 
red after a stop-signal delay (SSD), in which case participants 
had to withhold a response (stop trial). To attain successful 
inhibition on 50% of stop trials (Verbruggen & Logan, 2009), 
SSD before a stop trial started at 300 ms and was adjusted 
dynamically to individual performance, decreasing 50 ms 
after a correctly inhibited response and increasing 50 ms after 
a failure to inhibit. On go trials, participants were instructed 
to respond as fast as possible and not to wait in anticipation 
of a possible stop cue. To ensure that our data did not include 
participants who waited on most stop trials, we employed a 
cut-off of 10 to 90% correct inhibition and a minimum of 60% 
correct on go trials (van Muijden et al., 2012). Stop-signal 
reaction time (SSRT) was calculated by sorting all correct 
go trial reaction times, taking the time corresponding to the 
percentage of correct stop trials and subtracting the mean SSD 
from this number (Logan et al., 1984).

Operation Span Task

For the operation span task (Unsworth et al., 2005), partici-
pants are asked to remember letters while simultaneously 
solving simple math problems. The operation span task 
therefore is thought to be a measure of updating or working 
memory. On each trial, single letters and equations were 
alternately presented on screen. Participants thus memorized 
a constantly updated string of letters, with a set size of 3–7 
letters per trial. Following a complete set, participants were 
asked to recall the letters in the correct order by selecting 
them from a list on the screen. After entering the recalled 
string of letters, participants received feedback on perfor-
mance on math operations and letter reproduction. There 
were 15 trials in total, with each set size presented 3 times 
in random order so participants could not predict how many 
items would be presented. Letters were randomly selected 
from a list (F, H, J, N, R, Y, K, L, Q, T, P, or S). Regarding 
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the math operations, participants were asked to evaluate an 
equation as being true or false (e.g., 4 + 4 = 7). Both tasks 
were first practiced separately. The letter practice task con-
sisted of 4 trials of 2 to 3 letters and the math task of 15 
separate math operations. To prevent a tradeoff between 
solving equations and remembering letters, an 85% accuracy 
on equations was required. The final score on the operation 
span task is the total number of correctly recalled letters.

N‑Back Task

In the N-back task (de Vries & Geurts, 2014), a series of 
stimuli was presented, and participants were asked to indi-
cate whether the stimulus shown is equal to the one pre-
sented n trials earlier. Stimuli consisted of black and white 
drawings of objects. Working memory demand was varied 
using three different difficulty levels: 0-back, 1-back, and 
2-back. The 0-back condition was used as a control and 
required participants to respond with “yes” when a picture 
of a car was presented and “no” for all other stimuli. In the 
1-back condition, participants responded with “yes” when 
the current picture matched the previous one and “no” if 
it did not. In the 2-back condition, participants responded 
with “yes” when the current picture was identical to the 
one shown two trials previously and “no” if it was not. Par-
ticipants were encouraged to respond as fast and as accu-
rately as possible. The task was first explained on screen 
with oral instructions from the experimenter. Subsequently, 
participants practiced all three levels of the task, using a 
paper-version practice block of 15 trials and an on-screen 
practice block of 24 trials. The experimental task consisted 
of four blocks of each level, with 24 trials per level. We 
implemented a minimum of 50% correct on the 2-back task, 
to prevent scores under chance level. Performance on this 
task was calculated as the difference between the percentage 
correct on 2-back and percentage correct on 0-back items 
(Kirchner, 1958).

Questionnaires

To assess fatigue, we used the Fatigue subscale of the 
Checklist Individual Strength (Vercoulen et al., 1997). Anxi-
ety was measured using the Hospital Anxiety Depression 
Scale (HADS; Zigmond & Snaith, 1983). For more detailed 
descriptions of these scales, see Buitenweg et al. (2018).

Training Performance

We computed overall training Z-scores and gain scores 
between the first and last training session. To acquire Z-scores, 
we calculated the percentage of each level’s maximum pos-
sible score and added up level scores to a total game score and 
scores within each domain to a domain score. For each of the 

three conditions, we subsequently calculated the mean training 
score and transformed them to Z-scores.

EBR

The first 10 s of each recording were discarded, to prevent 
the instruction from interfering with EBR. The recording 
was viewed frame by frame across a 5-min interval and 
scored for each blink by a researcher blind to the training 
condition. Movement of the eyelids was scored as a blink 
whenever the upper eyelid fully covered the pupil. EBR was 
defined as the mean number of blinks per minute.

Analysis

We investigated the ability to use EBR as a predictor of 
cognitive control functions and training benefit in healthy 
elderly adults. For the first hypothesis, a series of linear 
regression analyses was carried out, with performance on 
switch cost, stop-signal reaction time, operation span task, 
and N-back task as dependent variables and pre-training 
(baseline) EBR as the independent variable. A series of 
ANCOVAs was run for the second hypothesis, using differ-
ence scores for the N-back task, SSRT and switch cost, and 
training success (gain score and training z-score) as depend-
ent variables, group as the independent variable, and base-
line EBR as the covariate. We included the interaction term 
group * EBR to establish whether benefit of one training 
was higher for different levels of EBR. All participants who 
completed the post-training cognitive testing session were 
included in the main analyses. Pearson’s correlation coeffi-
cient was used for all correlations. Assumptions of normality 
and linearity were checked by inspecting the P-P plots and 
scatter plots of EBR with task scores. Homoscedasticity was 
checked by examining the scatterplots of the standardized 
residuals versus standardized predicted values. Correlations 
between all predictors were run to check for multicollinear-
ity. Outliers were detected using Grubbs’ Extreme Studen-
tized Deviation test (Grubbs, 1950). We ran analyses with 
and without outliers. Reported results are without outliers. 
IBM SPSS Statistics for Windows, version 22 (IBM Corp., 
Armonk, N.Y., USA) was used for all statistical analyses. A 
p-value of 0.05 (two-tailed if not mentioned otherwise) was 
considered significant. Bonferroni corrections for multiple 
testing were used for all analyses.

Results

Participants

We invited 158 participants to the lab at T0, 107 of whom 
agreed to a short recording of their face. Participants who 
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did not give permission for the recording were slightly older, 
t(151) = 2.02, p = 0.046, and more educated, t(151) = 2.17, 
p = 0.032, than those who did, but otherwise did not differ 
on baseline variables.

The video quality of two videos was too poor to calcu-
late a reliable blink rate per minute. Two videos were too 
short, and one participant fell asleep while recording. One 
outlier was removed. Five participants were found to wear 
contact lenses, of which two participants wore only one. 
The difference in baseline EBR between participants with 
contacts (M = 9.1, SD = 4.1) and those without (M = 15.2, 
SD = 12.7) was not significant, t(91) = 1.06, p = 0.29. We 
therefore chose not to remove these participants from the 
sample. Data of 101 participants was used for analysis on 
T0 (age 60–85, M = 67.4, 61.4% female, mean years of edu-
cation 13.4). Performance on all cognitive control tasks is 
shown in Table 1. After training, 38 participants agreed to 
a second EBR recording at T2. One participant did not fol-
low the instructions, which rendered EBR of this person 
unusable. Thus, post-training EBR data is based on 37 par-
ticipants, which will solely be used to report possible differ-
ences between the two time points.

EBR Results

Mean overall blink rate was 14.9 (SD = 12.1) at baseline 
and 14.8 (SD = 13.4) post-training. A high intercorrelation 
appeared between baseline and post-training measurements 
(r = 0.86, n = 37, p < 0.0005), and there was no effect of time, 
signifying stability of this measure.

Blink rate was not correlated with gender or age. Higher 
blink rate at baseline was associated with a lower reported 
state of fatigue (r =  − 0.18, n = 90, p = 0.043), and at post-
training this relationship was even stronger (r =  − 0.41, n = 36, 
p = 0.006). Blink rate was not correlated with reported anxiety. 
Results remained the same when including outliers.

EBR as a Predictor of Cognitive Control Performance

Simple linear regression analysis was used to test whether 
EBR could be used to predict performance on operation 
span task, N-back task, switch task, and stop task. For the 
operation span task, EBR explained 10.7% of the vari-
ance  (R2 = 0.107, F(1,69) = 8.30, p = 0.005). Participants’ 
predicted operation span task performance was equal to 
56.01 − 0.34 * EBR. Though we expected no relationship, 
this suggests that increased EBR was related to a decrease 
in operation span. Additionally, EBR was able to explain 
8.7% of the variance of the N-back task  (R2 = 0.087, 
F(1,86) = 8.22, p = 0.005). Participants’ predicted N-back 
performance equaled − 8.71 − 0.17 * EBR, implying that 
increased EBR was related to a decrease on N-back task per-
formance, as expected. Blink rate did not explain any vari-
ance of the switch task  (R2 = 0.033, F(1,96) = 3.27, p = 0.07) 
or the stop task  (R2 < 0.001, F(1,93) = 0.02, p = 0.88).

As both significant results concerned accuracy measures, 
as opposed to latency, in order to determine whether meas-
urement type played a role, we added an extra analysis of 
EBR predicting switch cost accuracy and stop-signal accu-
racy. Neither of these was able to be significantly predicted 
by EBR (both ps > 0.17).

EBR as a Predictor of Training Benefit

To test if EBR can predict training benefit, an ANCOVA was 
conducted between baseline EBR and difference scores on 
cognitive control tasks and training success, including the 
interaction between EBR and group to determine if EBR 
affected benefit of one of the interventions. There was a sig-
nificant interaction between group and EBR on change in 
performance on the N-back task, F(2,79) = 6.00, p = 0.004, 
ɳp

2 = 0.132. Plotting of this relationship revealed a nega-
tive regression line for the non-flexible intervention group 
compared to the other two interventions (see Fig. 1). EBR 
was not related to a change in performance on the switch 
task, F(2,81) = 0.80, p = 0.45, the stop task, F(2,75) = 0.90, 
p = 0.41, or the operation span task, F(2,54) = 1.60, p = 0.21, 
after any specific intervention. Training improvement was 
not affected by an interaction between group and EBR, both 
using gain scores, F(2,83) = 0.73, p = 0.49, and Z-scores, 
F(2,83) = 0.05, p = 0.96.

Discussion

The present study used spontaneous eye blink rate (EBR) 
as a proxy of striatal D2 receptor binding to relate striatal 
D2 to cognitive control functioning and trainability in older 
adults. Our results demonstrate that EBR significantly pre-
dicted performance on working memory updating, both as 

Table 1  Mean performance on cognitive control tasks

M s.d

Switch task Response time Switch trials 1335.14 345.40
Non-switch 

trials
976.32 327.66

Switch cost 358.80 201.95
Accuracy Switch trials 92.03% 7.16

Non-switch 
trials

94.33% 8.95

Stop-signal task Response time Stop-signal RT 263.83 55.50
Accuracy Stop trials 60.88% 13.75

N-back task Accuracy N = 0 95.34% 6.36
Accuracy N = 2 85.17% 8.07

Operation span 
task

Accuracy 69.46% 17.57
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measured with an operation span task and an N-back task. 
EBR failed to predict switching performance and response 
inhibition. Furthermore, EBR predicted training benefits on 
the N-back task for two of the conditions, but not for any of 
the other tasks.

EBR as a Predictor of Cognitive Control Performance

Both N-back and operation span task scores were found to be 
negatively correlated to EBR. Although we expected no rela-
tionship with the operation span task based on the literature 
(Tharp & Pickering, 2011), the predicted correlation with 
N-back task performance has previously been observed in 
young (Zhang et al., 2015). The latter suggests that it is pos-
sible to predict working memory performance in older adults 
using an indirect indicator of striatal D2 availability. Our 
other hypotheses regarding a positive relationship with switch 
cost and a negative correlation with inhibition were not con-
firmed. This implies that despite previous findings in young 
adults—demonstrating prediction of these functions using 
EBR (Colzato, Huizinga, et al., 2009; Colzato, van den Wilden-
berg, et al., 2009; Dreisbach et al., 2005; Kleinsorge & Scheil, 
2017)—a similar relationship was not found in older adults.

There are several possible alternative interpretations for 
the present findings. One involves the differences in the tasks 
used in previous studies and the current one. For instance, 

in Tharp and Pickering (2011), the switch task consisted 
of only one switch per task block, whereas in ours a switch 
occurred every other trial. Also, their usage of the two perse-
veration and learned irrelevance conditions allowed partici-
pants with high EBR to respond to a novelty bias. As novelty 
was not present as an element in our own switch task, per-
severation and distractibility were balanced. In Kleinsorge 
and Scheil (2017), the appearance of a pre-cue or a task cue 
allowed participants to prepare for a switch on certain trials 
but not on others, which introduced an extra element into 
the paradigm which was not present in ours. Accordingly, 
the tasks used in these studies differed from ours in such a 
way that they possibly tapped into different subfunctions.

Moreover, something that might have played a larger role 
in our sample of older adults than it did in the aforementioned 
samples of young participants concerns the speed-accuracy 
tradeoff. This phenomenon stems from participants’ reluc-
tance to make errors, thereby inadvertently choosing to spend 
more time on a task in order to keep the number of errors to 
a minimum (Forstmann et al., 2011; Starns & Ratcliff, 2010). 
This is observed in the very high percentage of correct stop 
trials, which should, by default, have stayed around 50% (Ver-
bruggen & Logan, 2009), and does so in previous studies in 
young subjects. In our sample, despite removing the data of 
subjects with correct stop trials above 90%, the average per-
centage rose above 60%, suggesting that many participants 

Fig. 1  Interaction between EBR 
and N-back task score change 
over time for the different train-
ing conditions. FS, frequent 
switching condition; IS, infre-
quent switching condition; MT, 
mock training
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waited in anticipation of the stop cue. We, therefore, cannot 
rule out that in our sample we were not able to measure inhi-
bition in pure form, but in a form somewhat obfuscated by 
conservative response strategies.

Our working memory tasks covaried with EBR, while 
the switching and stopping tasks did not. A notable differ-
ence between those that did and did not covary is the focus 
on speed versus accuracy. Both N-back and operation span 
tasks emphasized accuracy, with less emphasis on speed, 
allowing participants to spend more time on each trial. On 
our switch and stop tasks, by contrast, speed was central to 
performance, both by emphasizing the importance of speed 
from the beginning and by giving participants less time per 
trial, compared with said working memory tasks. Although 
we did not find any effects on the switch and stop tasks in 
an additional analysis of accuracy, these measures are still 
embedded in a task that is greatly speed-related. One option 
for future research to attend to the speed-accuracy tradeoff is 
the use of a diffusion model, such as the EZ model (Wagen-
makers et al., 2007), to estimate currently unaddressed ele-
ments of participant behavior such as drift rate and non-deci-
sion time. Due to violated assumptions, this model was not 
applicable to our current dataset. Nonetheless, we encourage 
the implementation of such models in further research to 
circumvent the tradeoff dilemma.

Besides the selection of similar tasks, one additional point 
to keep in mind when comparing studies that use EBR as 
a predictor of other functions is that the average blink rate 
often differs from one study report to the next, depending on 
the sample (Colzato et al., 2007; Colzato, Huizinga, et al., 
2009; Colzato, van den Wildenberg, et al., 2009). If the rela-
tionship is not linear, as is thought to be the case at least in 
the association with working memory and inhibition (Cools 
& D’Esposito, 2011), then the results are greatly dependent 
on measurement of the left or right side of that curve.

Despite the many studies stating the possibilities of predict-
ing performance on tasks relying on striatal D2 functioning 
with EBR, the picture is not entirely consistent. Some stud-
ies find that these links pertain primarily to D1 (Colzato et al., 
2014; Colzato, Huizinga, et al., 2009; Colzato, van den Wilden-
berg, et al., 2009), whereas two PET studies found no evidence 
for a direct link between EBR and dopamine D2 receptor avail-
ability (Dang et al., 2017; Sescousse et al., 2018). The latter two 
studies are important, as they provide direct measures of striatal 
D2 receptor density. Yet, both studies included only 20 young 
adult participants; reliable correlations remain to be confirmed 
in larger samples and should be established also among older 
adults, among whom individual differences in striatal D2 recep-
tor density may be expected to be much more pronounced. Still, 
in view of these findings, we may speculate on a meaningful 
interpretation. While working memory ability relies more on 
prefrontal D1 (McNab et al., 2009; Takahashi et al., 2008), 
stopping and switching have been tentatively related more to 

striatal D2 (Cools & D’Esposito, 2011; Haluk & Floresco, 
2009), thus providing a suggestive explanation of why we found 
EBR to predict performance on working memory but not stop 
and switch tasks.

Though the average blink rate in our own sample was 
generally similar to that reported for older participants in 
previous literature (Deuschl & Goddemeier, 1998; Zaman 
et al., 1998), the variability was large, with some high and 
some almost absent blink rates. Though individual differ-
ences can be even higher in advanced age (Lindenberger 
et al., 2008; Mella et al., 2018), external circumstances 
might have played a role in this. For instance, stress or anxi-
ety can increase blinks (Cruz et al., 2011). Though in the 
current study anxiety scores were found not to be related to 
EBR, anxiety was assessed using an online, at-home ques-
tionnaire. It is possible that at the time of EBR measure-
ment, a more temporary anxiety affected (i.e., increased) 
blink rate. Likewise, several participants reported that dur-
ing EBR recording, while staring at the blank wall, they 
felt almost hypnotized, much like a meditative trance. Previ-
ous research demonstrates that long-time meditators show 
lower blink rates (Kruis et al., 2016), though this was not the 
case for short-time practice. As we did not register whether 
participants were long-time meditators or felt nervous or 
anxious during the test sessions, it is not clear whether the 
more extreme blink rates were caused by such circumstances 
or might just be ascribed to general individual differences.

EBR as a Predictor of Training Benefit

Last, we observed that EBR was more predictive of training 
success in N-back performance for the non-flexible interven-
tion group compared to the other groups, while EBR was 
not predictive of performance in any of the other measures, 
regardless of training condition. Although we acknowledge 
that the sample size for this comparison was relatively small 
(due mostly to drop-out in the post-training measurement), 
the present setup does provide a unique opportunity to study 
if EBR predicts trainability. The observed pattern appeared 
to be driven mostly by the negative predictive relationship 
between EBR and N-back task on baseline. As the relation-
ship between training improvement and activity and volume 
changes in the striatum have been found in young adults 
(Dahlin et al., 2008), it would be most relevant to investigate 
whether EBR is able to predict training success at least in 
younger populations. Yet, as far as EBR allows for an indi-
rect assessment of striatal D2 activity, it is possible that the 
relationship between dopamine and training benefit cannot 
be demonstrated with this measure. Moreover, as the task 
improvements demonstrated by participants in our sample 
(Buitenweg et al., 2017) most likely occurred due to practice 
effects, another feasible explanation is that our training did 
not offer sufficient stimulation for benefit to take place and 
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therefore did not support adequate prediction by individual 
elements. Further research should determine whether such 
an indirect relationship between EBR and training benefit 
could be found.

In Conclusion

To summarize, we determined predictive validity for work-
ing memory performance, but not switching or response 
inhibition, using EBR. EBR appears to be predictive of train-
ing benefits only for working memory performance, at least 
in the older adult population. The current findings suggest 
modest possibilities in predicting working memory perfor-
mance in older adults using EBR. Further research using the 
measurement of actual dopamine receptor availability along 
with EBR within this population is essential to determine 
whether this relationship can be demonstrated in older ages, 
providing us a necessary background for interpreting the 
link with cognitive control functions. Furthermore, investi-
gations should focus on whether the currently found predic-
tions hold also under different circumstances or with other 
tasks of working memory. Meanwhile, it remains essential 
to continue searching for a reliable predictor of functional 
cognitive decline and possibilities for improvement, in the 
older population.
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