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Subjective experience of difficulty 
depends on multiple cues
Kobe Desender1, Filip Van Opstal2,3 & Eva Van den Bussche1

Human cognition is characterized by subjective experiences that go along with our actions, but the 
nature and stability of these experiences remain largely unclear. In the current report, the subjective 
experience of difficulty is studied and it is proposed that this experience is constructed by integrating 
information from multiple cues. Such an account can explain the tight relationship between primary 
task performance and subjective difficulty, while allowing for dissociations between both to occur. 
Confirming this hypothesis, response conflict, reaction time and response repetition were identified 
as variables that contribute to the experience of difficulty. Trials that were congruent, fast or required 
the same response as the previous trial were more frequently rated as easy than trials that were 
incongruent, slow or required a different response as the previous trial. Furthermore, in line with 
theoretical accounts that relate metacognition to learning, a three day training procedure showed 
that the influence of these variables on subjective difficulty judgments can be changed. Results 
of the current study are discussed in relation to work on meta-memory and to recent theoretical 
advancements in the understanding of subjective confidence.

A defining characteristic of human cognition is that our actions are accompanied by subjective experiences. For 
example, when pronouncing difficult words such as Worcestershire sauce, there is more to it than just the cognitive 
processes allowing its pronunciation. You will also have the experience that this particular word was difficult to 
pronounce and you will experience a sense of confidence in the correctness of your pronunciation. These subjec-
tive experiences are termed metacognitive since they are a reflection on other cognitive processes taking place.

Many different fields of research have adopted the term “metacognition” when studying how humans reflect 
on their behavior. For example, when deciding on the nature of a noisy perceptual input, we typically experience 
a sense of confidence in the accuracy of our decision1,2, or we become aware of errors in the decision process3. 
Likewise, when learning novel information, we sense whether we have effectively learned the newly acquired 
information4, and whether we will know the answer during recall5. Recently, the subjective experience of response 
conflict has attracted considerable attention6–10. Whenever deciding between two options, we have a subjective 
experience of difficulty associated with the resulting response. Some responses feel very easy to carry out, whereas 
others are experienced as more difficult. In experimental tasks, these experiences of difficulty are often studied 
by inducing conflict between potential actions. For example, in a priming task, participants might be asked to 
rapidly categorize a target arrow as pointing to the left or to the right. Shortly preceding this target, a prime 
arrow is flashed that either triggers the same response as the target (i.e., a congruent trial) or a different response, 
hence inducing conflict between the responses (i.e., an incongruent trial). Incongruent trials are more frequently 
rated as difficult compared to congruent trials. Thus, the conflict between potential responses is experienced as 
subjectively difficult7. This finding has been observed even with masked primes that were entirely invisible8,9,11, 
indicating that these difficulty ratings reflect genuine metacognitive experiences, rather than visual awareness of 
the conflict between prime and target.

Although the influence of response conflict on subjective difficulty has been documented, the nature and 
stability of the experience of difficulty remain unclear. Intuitively, one might expect that response conflict results 
in increased reaction times (RTs) and error rates, and that the subjective experience of difficulty results from this 
performance decrement. However, there is some recent evidence speaking against this possibility. In a previous 
study, the influence of response conflict on the experience of difficulty was still present in a subset of data in 
which congruent and incongruent trials were matched in terms of RTs11. This raises the intriguing possibility that 
a subjective experience of difficulty is directly based on the presence of response conflict. Based on repeated past 
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experiences, participants might have learned that response conflict leads to actual errors in responding. Given 
that errors are experienced as aversive12, after repeated pairing, the presence of response conflict in itself might be 
experienced as aversive13. Thus, over time, participants might learn that the mere presence of response conflict is 
a good indicator of performance. After having learned this relation, response conflict could then be used as a cue 
for the construction of the subjective experience of difficulty, independent of task performance.

Importantly, from the assumption that response conflict can be learned to be an indicator for difficulty, it 
follows that any variable that is a good indicator for primary task performance, could act as a cue for the con-
struction of subjective difficulty. Apart from response conflict, another variable that is clearly indicative of per-
formance is reaction time (RT). Participants might have learned that this is a good proxy for task difficulty14. 
Finally, a third factor that will be considered is the possibility that subjective difficulty depends on expectations. 
In behavioral tasks, humans are inherently biased to expect responses to repeat over consecutive trials15. In serial 
two-choice RT tasks, for example, it has been observed that responses for stimulus repetitions are faster than 
responses for stimulus alternations16. Given that this variable is indicative of performance, trials with response 
repetitions might be experienced as subjectively easier than trials with response alternations. In sum, if subjective 
difficulty is based on cues that are indicative of performance, it should be possible to provide empirical evidence 
that these three variables affect judgments of difficulty.

While the previous concerns the construction of subjective difficulty, its stability is equally unclear. If subjec-
tive difficulty results from sampling information from multiple cues, to what extent is the relative contribution 
of these cues fixed? Theoretical work in the broader field of metacognition has already stressed the role of learn-
ing in the construction of metacognition17–19. For example, Pasquali and colleagues17 presented simulations of a 
neural network that learned to wager on its own responses. By learning which representations are indicative of 
good performance, the network was successful in evaluating its own accuracy. In this framework, metacognition 
arises because the brain continuously learns about its own activity20. Converging empirical work has documented 
that subjective certainty in a decision can be altered by means of training21–23. After training, participants are 
more confident in their decisions23, and better in discriminating their own errors from correct responses22. This 
theoretical emphasis on learning is in line with the current hypothesis that the brain first has to learn which 
variables are good indicators of performance, before they become cues that are used to construct subjective dif-
ficulty. Therefore, a second prediction of the current study is that the construction of subjective difficulty can be 
influenced by training participants to rely more on certain cues at the expense of others. By training participants 
that a certain cue is a highly reliable indicator of performance, it should gain more weight in the construction of 
subjective difficulty.

In a first experiment we will test if subjective difficulty judgments are constructed by integrating information 
from multiple cues. This will be done by examining if the three variables described above, namely response con-
flict, RT and response repetition, affect subjective difficulty judgments. A second experiment will investigate if the 
relative contribution of cues to subjective difficulty can be changed by training. Participants were trained to rely 
more on response conflict (Experiment 2a) or on RTs (Experiment 2b) as the main cue informing their subjective 
difficulty judgments.

Experiment 1
Participants. Thirty-one participants, 14 men, participated for monetary compensation (£ 15). Mean age was 
24.3 years (SD =  5.2, range 19–42). All participants were right-handed and reported normal or corrected-to-nor-
mal vision. All experimental protocols were approved by the local ethics committee of the Vrije Universiteit 
Brussel. All methods of all experiments were performed in accordance with the relevant guidelines and regula-
tions. In accordance with the approved guidelines, written informed consent was obtained from each participant 
prior to the experimental session. Non-overlapping results from this dataset have been published elsewhere11.

Stimuli and apparatus. All stimuli were presented in white on a black background on a 15 inch CRT mon-
itor, synchronized with a vertical refresh rate of 60 Hz. Experimental stimuli were prime arrows (1.5° wide and 
0.7° high) and target arrows (3.3° wide and 1.4° high), that could point to the left or right (see Fig. 1). Because the 
prime arrows fitted perfectly within the contours of the target arrow (i.e., metacontrast masking24), primes were 
rendered invisible. Responses were collected using a standard QWERTY keyboard.

Experimental procedure. Participants completed a masked priming experiment in which they additionally 
reported their metacognitive experience associated with each response. Each experimental trial started with a 
fixation cross for 1000 ms that was followed by a prime arrow for 34 ms, a blank screen for 34 ms, a target arrow 
for 116 ms, and finally a blank screen again. Participants were asked to respond as fast and accurately as possible 
to the direction of the target, by pressing “d” in response to a left pointing target arrow and “k” in response to a 
right pointing target arrow. They responded with the middle finger of each hand. If a response to the target was 
registered within 3000 ms, a blank screen was presented for 516 ms, followed by a screen asking participants 
about their subjective experience of difficulty: “How much difficulty did you experience when responding to the 
arrow? ”. They could answer either by pressing the “o” key with the ring finger of their right hand (“Rather more 
difficulty”) or by pressing the “m” key with the index finger of their right hand (“Rather less difficulty”). There was 
no time limit to answer this question. The inter-trial interval was 800 ms.

Each participant started with 20 practice trials in which the metacognitive question was omitted. 
Subsequently, the experimenter explained that participants had to rate their experience associated with a trial 
after each response. The experimenter motivated participants to use all information available to them (e.g., diffi-
culty, error-tendency, response fluency) to answer this question. Participants were informed that there would be 
an equal amount of “more difficult” and “less difficult” trials, and they were motivated to keep a balance between 
these responses. Participants then received 20 additional practice trials with the metacognitive question. After 
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these two training phases, each participant performed eight blocks of 80 trials each. In each block, half of the trials 
were congruent (i.e., prime and target pointing in the same direction), and half were incongruent (i.e., prime and 
target pointing in opposite directions).

To ensure that primes were genuinely invisible, participants performed a detection task after the main exper-
iment. In this task, they were instructed to categorize the direction of the prime arrows, instead of the target 
arrows. During the detection task, targets were neutral with heads pointing in both directions to prevent that 
participants would respond to the target. It has been shown that these neutral targets provide a more sensitive 
test of prime visibility, compared to targets that are congruent or incongruent with the primes25. After the targets, 
a blank screen was presented for 516 ms, followed by a question about the prime direction. The detection task 
comprised 100 trials.

Data analysis. The main aim of Experiment 1 was to examine how the variables response conflict, RT and 
response repetition affect primary task performance and subjective difficulty. Because RTs cannot be used as 
predictor in an analysis where they already serve as the dependent variable, they were omitted in the analysis of 
task performance. Analyses were done by fitting mixed effect models to our data. The most important advan-
tage of this method is that it allows analyzing the effect of RTs on a trial-level. In traditional repeated measures 
approaches, one is obliged to create averages based on an arbitrary partitioning of the data (e.g., quartiles or 
tertiles), thereby losing an enormous wealth of information. Furthermore, mixed models are generally more 
powerful than traditional approaches to data analysis, better in handling unbalanced data which is insurmount-
able given the subjective nature of our task, and in analyzing categorical outcome variables26. Furthermore, error 
variance caused by between-subject differences can be accounted for by adding random slopes to the model. 
Although a full random effects structure has been suggested to be optimal27, this often results in overparame-
terized models that fail to converge28. Therefore, a model building strategy was used here. Random slopes were 
added for a variable only when this increased the model fit, as assessed by model comparison. To analyze RTs 
in responding to the target arrow, a linear mixed model approach was used, for which F statistics are reported 
and the degrees of freedom were estimated by Satterthwaite’s approximation, as implemented in the R library 
lmerTest29. To analyze metacognitive responses, a logistic linear mixed model approach was used. Significance 
of each variable and the interactions between variables in explaining the metacognitive response was assessed by 
computing X2 statistics.

Model fitting was done in R30, using the lme4 package31. Interpretation of interaction effects was done by 
applying contrasts using the multcomp package32, or by computing fitted values using the effects package33.

Results
Primary task performance. To analyze reaction times, a linear mixed effects model was fitted predicting 
RTs on correct trials (96.7%), using equation (1), where X represents the fixed effects structure that is defined in 
equation (2), and Z the random effects structure defined in equation (3), for which the b is calculated for each 
participant i. The variables congruency (congruent or incongruent) and response repetition (repetition or alter-
nation) were both factors with two levels.

Figure 1. Example of a trial sequence of Experiment 1 in the main task (left) and in the detection task 
(right). 
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β ε= + +Y X Zb (1)i i i

= + + + ×X (1 congruency responserepetition congruency responserepetition) (2)

= + +Z (1 congruency responserepetition) (3)

To deal with outliers, trials in which the RT deviated more than 3 SDs from their condition-specific mean 
were excluded from further analysis (i.e., 2.0%). Results showed that RTs were significantly faster on congruent 
trials (M =  457 ms) than on incongruent trials (M =  525 ms), F(1,30) =  123.70, p <  0.001. There was also an effect 
of response repetition, F(1,30) =  5.03, p =  0.032, reflecting faster RTs on response repetitions (M =  484 ms) com-
pared to response alternations (M =  495 ms). There was no interaction between both, F <  1.

To analyze the error rates, a generalized mixed model as shown in equation (1) using a logistic link function 
was fitted to all data predicting accuracy (wrong or correct), using the same fixed and random effects structure as 
specified in equations (2) and (3), respectively. More errors were made on incongruent trials (M =  3.2%) than on 
congruent trials (M =  0.8%), χ2(1) =  35.37, p <  0.001. There was no main effect of response repetition, p =  0.45, 
nor an interaction between both, p =  0.58.

Subjective difficulty. To examine the influence of the three variables on subjective difficulty judgments, a 
generalized mixed model as shown in equation (1) using a logistic link function was fitted on correct trials pre-
dicting subjective difficulty judgments (easy or difficulty), using the fixed and random effects structures specified 
in equations (4) and (5), respectively. When the continuous predictor RT was entered as raw values, the fitted 
model was nearly unidentifiable, so to deal with this RTs were mean-centered and then scaled by the standard 
deviation, separately for each participant. To visually represent the findings, the proportion of ‘easy’ judgments is 
plotted as a function of the three independent variables in Fig. 2. To enhance visual interpretability, the data were 
divided in three bins, separately for each subject and each level of congruency.

= + + + + ×
+ × +
× + × ×

X (1 congruency RT response repetition congruency RT
congruency response repetition RT
response repetition congruency RT response repetition) (4)

= + + +Z (1 congruency RT response repetition) (5)

The analysis showed a main effect of congruency, χ2(1) =  19.33, p <  0.001, with a higher proportion of ‘easy’ 
judgments on congruent (M =  85.3%) compared to incongruent trials (M =  56.6%). In Fig. 2, this main effect 
can be derived from the fact that the black lines, reflecting congruent trials, lie above the grey lines, reflecting 
incongruent trials. There was also a main effect of RT, χ2(1) =  45.74, p <  0.001, with decreasing RTs leading to a 
decrease in the proportion of ‘easy’ judgments. This effect is reflected in the negative slopes in Fig. 2. Finally, there 

Figure 2. Results from Experiment 1. The proportion of ‘easy’ judgments are plotted as a function of RT 
(divided in three bins), congruency and response repetition. Participants generally judge congruent trials 
(black lines) as easier than incongruent trials (grey lines). Also, the proportion of ‘easy’ responses increases 
with decreasing RTs, which is visible in the negative slopes of the lines. Finally, response repetitions are overall 
judged to be easier than response alternations. Although not as noticeable as the other two effects, data in the 
left panel have slightly larger values on the y-axis compared to data in the right panel. Error bars reflect standard 
error of the mean.
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was a main effect of response repetition, χ2(1) =  16.61, p <  0.001, with a higher proportion of ‘easy’ judgments for 
response repetitions (M =  77.0%) compared to response alternations (M =  70.1%). Although not numerically as 
strong as the previous two effects, response repetitions have overall higher values on the y-axis (Fig. 2, left panel) 
compared to response alternations (Fig. 2, right panel). There was also a significant interaction between congru-
ency and RT, χ2(1) =  6.39, p =  0.011, indicating that the effect of congruency on subjective difficulty is slightly 
larger when RTs are slower. No other effects were significant (all p’s >  0.13).

Because in Experiment 1, the instructions encouraged participants to use all information that was available to 
them, it is important to demonstrate that the current findings are not contingent on the exact instructions pro-
vided. Therefore, in the Supplementary Materials, we report the reanalysis of four additional studies that varied 
in small ways from Experiment 1, but that nevertheless produced highly similar results. In order to evaluate the 
effect of the instructions, the results of a replication study (reported first in the Supplementary Materials) are of 
most interest here. In that study participants only received the instructions that they had to decide on each trial 
whether their response felt rather easy or rather difficult, without any reference to which cue they had to use. 
Notwithstanding this difference in instructions and some other marginal differences, the results replicated those 
of Experiment 1: both congruency, reaction time and response repetitions reliably affected subjective difficulty 
judgments (see Supplementary Materials for full details).

Prime visibility. To ensure that the effect of congruency on subjective difficulty does not simply reflect the 
visual resemblance between prime and target, we used the data of the detection task to compute d’ as an index 
of prime visibility. Left-pointing primes were treated as signal, right-pointing primes as noise. A left response to 
a left-pointing prime was considered a hit; the same response to a right-pointing prime was considered a false 
alarm. Hit and false alarm proportions were computed by dividing the total number of hits and false alarm by 
the number of signals. Results showed that d’ did not differ from chance level performance (i.e., zero), d’ =  0.10, 
t(30) =  1.12, p =  0.24, suggesting that primes were truly invisible.

Experiments 2a and 2b
Experiment 1 showed that subjective difficulty judgments depend on multiple cues. First, trials were more fre-
quently judged to be easy when they were congruent (compared to incongruent). Second, the proportion of ‘easy’ 
judgments linearly increased with decreasing RTs. Third, trials were more frequently judged to be easy when the 
response was a repetition of the previous trial (compared to an alternation). In Experiments 2a and 2b, it was 
tested whether the influence of these cues on the experience of difficulty can be changed by means of training. 
Participants were trained to rely more on response conflict (Experiment 2a) or RT (Experiment 2b) when pro-
viding their subjective difficulty judgment. Because response repetition is a very explicit cue once attention is 
directed towards it, it was not included in this metacognitive training. For this reason, and because the model 
did not converge when response repetition was entered as an additional factor into equation (8), this variable was 
excluded from further analysis.

Participants. Twenty-three participants took part in Experiment 2a. Two were excluded because they 
made 52% and 55% errors in responding to the target arrow during the training. The final sample thus com-
prised 21 participants, three men, with a mean age of 20.2 years (SD =  2.2, range 18–25). All but one participant 
were right-handed. In Experiment 2b, 25 participants, seven male, took part. Mean age of the sample was 18.6 
years (SD =  1.6, range 17–25). All but three participants were right-handed and participants reported normal 
or corrected-to-normal vision. Participants took part in return for course credits, and informed consent was 
obtained for all participants,

Stimuli and apparatus. Stimuli and apparatus were identical to Experiment 1 except for the following. 
Because prime visibility might increase with practice of the task, the refresh rate was changed to 75 Hz to allow 
shorter prime durations.

Experimental procedure. Participants were invited to take part in three training sessions, which took place 
on three consecutive days. Figure 3 presents a schematic overview of the design of experiments 2a and 2b. In 
session 1, participants started with extensive training of the priming task without providing a subjective difficulty 
judgment. Each participant started with ten practice trials, followed by five blocks of 60 trials. Afterwards, par-
ticipants performed a detection task in which they responded to the direction of the prime. The detection task 
comprised 150 trials: 50 trials with a neutral target as in Experiment 1, 50 trials in which the target was congruent 
with the prime and 50 trials in which it was incongruent. The neutral targets were used to obtain a maximally 
sensitive measure of prime visibility. For the non-neutral targets, it was predicted that participants who were 
trained to focus on congruency would be able to infer the prime direction based on their subjective experience 
of difficulty after training.

After the detection task, participants started with the subjective difficulty training. In Experiment 2a, par-
ticipants were informed that due to the congruency between the invisible prime and the visible target, the task 
sometimes felt easy and sometimes difficult. They were told that they were going to be trained to become better in 
evaluating the difficulty of a trial, based on the prime-target congruency. It was explained that they could subjec-
tively experience this conflict between both responses, and were instructed to primarily focus on this experience 
when providing their subjective difficulty judgment. In Experiment 2b, it was explained that sometimes RTs are 
rather slow which is typically experienced as difficult, and sometimes RTs are quite fast which is typically experi-
enced as easy. They were motivated to use their RT as the main cue to base their subjective difficulty judgment on. 
Translated versions of the exact instructions can be found in the Supplementary Materials.

The subjective difficulty training started with eight practice trials. Then, participants performed 3 blocks of 98 
trials (with a self-paced break each 48 trials), in which they first gave a speeded response to the target, followed 
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by a judgment about their experience of difficulty on that trial. During the second block of each session, they 
received feedback during the inter-trial interval on the correspondence between their subjective judgment and 
the cue they were trained on. Specifically, in Experiment 2a, if participants judged a trial to be rather easy (rather 
difficult) on congruent (incongruent) trials, the feedback message read “Correct”. Otherwise, the feedback mes-
sage read: “Wrong! Your estimation was incorrect”. In Experiment 2b, participants received feedback based on 
their RT. When the RT on a trial was faster (slower) than the mean RT of correct trials in the preceding block and 
participants judged this trial to be rather easy (rather difficult) the feedback message read “Correct”. Otherwise, 
the feedback message read: “Wrong! Your estimation was incorrect”. If participants responded incorrectly to 
the target arrow, it was said that no feedback could be provided because they made a mistake in their speeded 
response.

In session 2 and session 3, participants performed the same subjective difficulty training as in the first session. 
Session 3 ended with the priming task followed by the detection task.

Experimental trials were identical to Experiment 1, except for the duration of the prime and blank, which was 
shortened to 27 ms, the duration of the target which now lasted 120 ms, and the duration of the ITI, which was 
prolonged to 1000 ms.

Results
The influence of training on primary task performance. To analyze RTs to the target arrow, correct 
trials (90.4%) were analyzed by fitting a linear mixed regression model predicting RTs using equation (1), with the 
fixed and random effects structure specified in equations (6) and (7), respectively. Session was a factor with three 
levels (first, second or third) and experiment a factor with two levels (2a or 2b). The data of the three blocks were 
collapsed per session. Trials with RTs more than 3 SDs from the condition-specific mean were excluded from the 
analysis (i.e., 2.0%).

= + + +
+ × + ×
+ × + × ×

X (1 congruency session experiment
congruency session congruency experiment
session experiment congruency session experiment) (6)

= + +Z (1 congruency session) (7)

RTs were faster on congruent trials (M =  347 ms) compared to incongruent trials (M =  423 ms), 
F(1,44) =  519.38, p <  0.001. The congruency effect increased over sessions (session 1: M =  71 ms; session 2: 
M =  77 ms; session 3: M =  80 ms), F(2,34610) =  5.41, p =  0.003. Crucially, this increase did not differ between 
both experiments, F <  1, nor did the congruency effect differ between both experiments, F(1,44) =  2.99, p =  0.091. 
If anything, the congruency effect was numerically slightly larger in Experiment 2b (M =  81 ms) than Experiment 
2a (M =  70 ms). RTs were overall faster in Experiment 2b (M =  343 ms) than in Experiment 2a (M =  426 ms), 
F(1,44) =  27.37, p <  0.001. RTs decreased over sessions, F(2,44) =  20.18, p <  0.001, and this effect was larger 

Figure 3. (A) Schematic overview of Experiments 2a and 2b, in which participants were trained to rely more 
on congruency and RTs, respectively, when providing their subjective difficulty judgment. In each training 
session (indicated in bold), participants performed three blocks of 98 trials that were identical to the design of 
Experiment 1. Except during the second block of each training session, participants received feedback on the 
accuracy of their subjective judgment. In the experimental analyses, the three different blocks were collapsed 
per session in order to examine how subjective difficulty ratings evolve over the three sessions. (B) Example of a 
trial in a feedback block.
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for Experiment 2a (session 1: M =  462, session 2: M =  430, session 3: M =  383) than Experiment 2b (session 1: 
M =  362, session 2: M =  335, session 3: M =  331), F(2,44) =  8.76, p <  0.001.

Error rates were examined by fitting a generalized mixed model as shown in equation (1) using a logis-
tic link function on all data, predicting accuracy (wrong or correct), using the fixed effect structure specified 
in equation (6), and with a random structure that only contained random intercepts, but no random slopes. 
Error rates were 13.1% higher on incongruent trials (M =  14.7%) compared to congruent trials (M =  1.6%), 
χ2(1) =  1767.97, p <  0.001. Less errors were committed in Experiment 2a (M =  4.2%) than in Experiment 2b 
(M =  6.1%), χ2(1) =  12.47, p <  0.001, and error rates slightly increased over sessions (session 1: M =  4.3%, session 
2: M =  5.5%, session 1: M =  5.7%), χ2(2) =  161.38, p <  0.001. This increase was different for Experiment 2a (ses-
sion 1: M =  3.7%, session 2: M =  4.9%, session 1: M =  4.2%) than for Experiment 2b (session 1: M =  4.9%, session 
2: M =  6.1%, session 3: M =  7.3%), χ2(2) =  8.87, p =  0.012. The congruency effect was smaller in Experiment 2a 
(M =  7.1%) than in Experiment 2b (M =  20.2%), χ2(1) =  154.51, p <  0.001. The congruency effect increased over 
sessions (session 1: M =  9.3%, session 2: M =  14.1%, session 3: M =  16.8%), χ 2(2) =  23.46, p <  0.001. Finally, 
there was a three-way interaction between all three variables, χ 2(2) =  14.10, p <  0.001. The increase in congru-
ency effect was much less pronounced in Experiment 2a (session 1: M =  5.4%, session 2: M =  6.5%, session 3: 
M =  9.5%) compared to Experiment 2b (session 1: M =  13.6%, session 2: M =  22.9%, session 3: M =  25.5%).

Training subjective difficulty. To examine whether it is possible to change the influence of the identified 
cues by means of training, a generalized mixed model as shown in equation (1) using a logistic link function was 
fitted on correct trials, predicting the subjective difficulty judgment (easy or difficulty) using the fixed effects 
structure specified in equation (8) and the random effects structure in equation (9).

= + + + + + ×
+ × + × + ×
+ × + × + × ×
+ × × + × ×
+ × × ×

X (1 congruency RT session experiment congruency RT
congruency session congruency experiment RT session
RT experiment session experiment congruency RT session
congruency session experiment RT session experiment
congruency RT session experiment) (8)

= + + +Z (1 congruency RT session) (9)

In line with Experiment 1, there was a main effect of congruency, χ2(1) =  17.64, p <  0.001, with a higher 
proportion of ‘easy’ judgments on congruent (M =  84.9%) compared to incongruent (M =  72.9%) trials. There 
was also a main effect of RT, χ2(1) =  180.92, p <  0.001, with faster RTs leading to an increase in the proportion of 
‘easy’ judgments. There also was a main effect of experiment, χ2(1) =  31.83, p <  0.001, showing that participants 
were less biased towards ‘easy’ responses in Experiment 2a, M =  70.6%, compared to Experiment 2b, M =  86.4%. 
Contrary to Experiment 1, there was no interaction between congruency and RT, p =  0.52. Although there was a 
significant three-way interaction with session, χ2(2) =  8.30, p =  0.016, in none of the three sessions there was a 
significant interaction between congruency and RT (session 1, z =  1.17, p =  0.24; session 2, z =  − 0.23, p =  0.82; 
session 3, z =  − 0.73, p =  0.47). There were further significant interactions between congruency and session, 
χ2(2) =  12.92, p = 0.001, RT and session, χ2(2) =  8.65, p =  0.013, congruency and experiment, χ2(1) =  12.90, 
p <  0.001, RT and experiment, χ2(1) =  51.69, p <  0.001, and session and experiment, χ2(2) =  6.82, p =  0.033. 
The most important question here, however, is whether the main effect of congruency and the main effect of 
RT change over session, and whether this change was different for both experiments. Confirming this predic-
tion, there were significant three-way interactions between congruency, session and experiment, χ2(2) =  37.84, 
p <  0.001, and between RT, session and experiment, χ2(2) =  76.47, p <  0.001. To interpret these higher-order 
interactions, the data were further analyzed for each experiment separately.

In Experiment 2a, the predicted interaction between congruency and session was found, χ2(2) =  45.43, 
p <  0.001, indicating that the influence of congruency on subjective difficulty judgments increased over ses-
sions. This effect is reflected in Fig. 4A as an increasing distance between the congruent (black) and incongruent 
(grey) lines. Specifically, the difference in proportion of easy judgments on congruent versus incongruent trials 
increased over sessions: 21.7% on session 1 (congruent: 79.4%, incongruent: 57.7%), 32.7% on session 2 (congru-
ent: 81.7%, incongruent: 49.0%), and 34.4% on session 3 (congruent: 84.7%, incongruent: 50.3%). The interaction 
between RT and session was also significant, χ2(2) =  13.93, p <  0.001. The effect of RT on subjective difficulty 
judgments remained constant from session 1 (β =  − 0.85, z =  7.19, p <  0.001) to session 2 (β =  − 0.87, z =  5.32, 
p <  0.001), and then decreased on session 3 (β =  − 0.71, z =  3.88, p <  0.001). The three-way interaction was not 
significant, χ2(2) =  5.02, p =  0.08.

In Experiment 2b, there was a significant interaction between RT and session, χ2(2) =  68.74, p <  0.001, show-
ing that, as hypothesized, over sessions participants relied more on RT when providing their subjective diffi-
culty judgments (session 1: β =  − 1.90, z =  − 9.83, p <  0.001, session 2: β =  − 2.30, z = − 8.18, p <  0.001, session 3: 
β =  − 3.26, z =  − 9.43, p <  0.001). In Fig. 4B, it can be seen that the relation between RT and subjective difficulty 
judgments becomes stronger over sessions, as evidenced by an increasing steepness of the slope over sessions. 
There also was an interaction between congruency and session, χ2(2) =  6.90, p =  0.032, showing that the influ-
ence of congruency on subjective difficulty judgments decreased over sessions. The difference in proportion of 
easy judgments between congruent and incongruent trials was 3.1% on session 1 (congruent: 89.6%, incongruent: 
86.5%), 0.4% on session 2 (congruent: 87.5%, incongruent: 87.1%), and 0.4% on session 3 (congruent: 83.6%, 
incongruent: 83.2%). There was no three-way interaction, p =  0.21.
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The role of instructions versus feedback. Because the model depicted in equation (8) did not converge 
when block (first block, feedback block, third block) was entered as an additional factor, it was not possible to 
examine how the influence of congruency and RT on subjective difficulty judgments is shaped by the feedback 
that is provided during the feedback block. To still be able to examine this question, the analyses reported above 
were repeated, but now separately for each session, which allows entering block as a factor. More specifically, sub-
jective difficulty judgments (easy or difficulty) on correct trials were fitted using the fixed effects structure spec-
ified in equation (10) and the random effects structure in equation (11), separately for the data of each session. 
Block was added as a factor with three levels: first block, feedback block and third block. An additional advantage 
of this analysis, is that it is possible to examine the first block of the first session (i.e., before any feedback was 
given), where it can be tested whether the effect of congruency and RT on subjective difficulty judgments already 
differ solely based on the instructions.

Figure 4. Results of subjective difficulty training. (A) In Experiment 2a, participants were trained to 
primarily use congruency as a cue. As indicated by an increasing distance between congruent (black) and 
incongruent (grey) lines, the influence of congruency on subjective difficulty judgments indeed increased over 
sessions. (B) In Experiment 2b, participants were trained to use RT as a cue. Over sessions, the effect of RT on 
subjective difficulty judgments indeed increased, as evidenced by the increasing steepness of the slopes. Error 
bars reflect standard error of the mean.
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= + + + + + ×
+ × + × + ×
+ × + × + × ×
+ × × + × ×
+ × × ×

X (1 congruency RT block experiment congruency RT
congruency block congruency experiment RT block
RT experiment block experiment congruency RT block
congruency block experiment RT block experiment
congruency RT block experiment) (10)

= + + +Z (1 congruency RT block) (11)

First session. Apart from previously reported main effects of congruency, RT, and experiment (all p’s <  0.001), 
the first session showed a main effect of block that just failed to reach significance, χ2(2) =  5.05, p =  0.08. The pro-
portion of ‘easy’ judgments varied over blocks (block 1: M =  84.4%, feedback block: M =  80.2%, block 3 =  82.1%). 
The data further replicated previous analyses showing that the effect of congruency was larger in Experiment 
2a (Mcongruent =  78.7%, Mincongruent =  58.6%) than in Experiment 2b (Mcongruent =  90.2%, Mincongruent =  88.1%), 
χ2(1) =  6.81, p = 0.009, and that the effect of RT was larger in Experiment 2b than in Experiment 2a, 
χ2(1) =  20.71, p <  0.001. Importantly, there was no interaction between congruency, block and experiment, 
p =  0.14. Follow-up analyses showed that the effect of congruency on subjective difficulty judgments did not 
differ between blocks, neither in Experiment 2a, p = 0.24, nor in Experiment 2b, p =  0.23. Interestingly, there was 
a significant interaction between reaction time, block and experiment, χ2(2) =  23.71, p <  0.001. In Experiment 
2b, there was a significant interaction between RT and block, χ2(2) =  29.077, p <  0.001, showing that the effect 
of RT on subjective difficulty judgments increased from the first block (β =  − 1.41, χ2(1) =  38.61, p <  0.001) over 
the feedback block (β =  − 2.44, χ2(1) =  70.11, p <  0.001) to the third block (β =  − 2.59, χ2(1) =  78.88, p <  0.001). 
In Experiment 2a, there also was an interaction between RT and block, χ2(2) =  7.51, p =  0.023. The effect of RT 
on subjective difficulty judgments decreased from the first block (β =  − 0.97, χ2(1) =  30.25, p <  0.001) to the 
feedback block (β =  − 0.54, χ2(1) =  25.57, p <  0.001) and then increased again in the third block (β =  − 1.07, 
χ2(1) =  32.40, p <  0.001).

A final comparison showed that already in the first block of the first session (i.e., before any feedback was pre-
sented), the effect of congruency on subjective difficulty judgments differed between Experiment 2a (M =  19%) 
and Experiment 2b (M =  5.99%), χ2(1) =  4.72, p =  0.03, whereas the effect of RT on subjective difficulty judg-
ments did not differ between both experiments, p =  0.19. This shows that the instructions provided to participants 
at the start of the experiment influenced the effect of congruency on subjective difficulty judgments, whereas they 
did not significantly influence the effect of RTs.

Second session. Apart from previously reported main effects of congruency, RT, and experiment (all p’s <  0.001), 
the second session showed a main effect of block, χ2(2) =  30.16, p <  0.001. The proportion of ‘easy’ judgments 
varied over blocks (block 1: M =  87.3%, feedback block: M =  75.2%, block 3 =  80.0%). The data further repli-
cated previous analyses showing that the effect of congruency was larger in Experiment 2a (Mcongruent =  83.8%, 
Mincongruent =  48.5%) than in Experiment 2b (Mcongruent =  87.7%, Mincongruent =  88.7%), χ2(1) =  15.72, p <  0.001, and 
that the effect of RT was larger in Experiment 2b than in Experiment 2a, χ2(1) =  47.20, p <  0.001. Most crucially, 
there was no significant three-way interaction between block, RT and experiment, p =  0.13. Although there was 
a significant interaction between block, congruency and experiment, χ2(2) =  6.29, p =  0.043, follow-up analy-
ses did not reveal a significant modulation of congruency by block, neither in Experiment 2a, p =  0.19, nor in 
Experiment 2b, p =  0.11.

Third session. Apart from previously reported main effects of congruency, RT, and experiment (all p’s <  0.001), 
the data of the third session showed a main effect of block, χ2(2) =  12.87, p <  0.001. The proportion of ‘easy’ judg-
ments varied over blocks (block 1: M =  82.8%, feedback block: M =  75.1%, block 3 =  82.1%). The data further rep-
licated previous analyses showing that the effect of congruency was larger in Experiment 2a (Mcongruent =  87.4%, 
Mincongruent =  50.1%) than in Experiment 2b (Mcongruent =  84.1%, Mincongruent =  84.6%), χ2(1) =  15.25, p <  0.001, and 
that the effect of RT was larger in Experiment 2b than in Experiment 2a, χ2(1) =  53.45, p <  0.001. Importantly, 
there was no significant interaction between congruency, block and experiment, p =  0.10, and only a marginally 
significant interaction between RT, block and experiment, χ2(2) =  6.00, p =  0.050. Follow-up analyses revealed 
that the effect of RT on subjective difficulty ratings increased over the three blocks in Experiment 2b, χ2(1) =  7.05 
p =  0.029 (block 1: β = − 2.34, χ2(1) =  67.98, p <  0.001; feedback block: β = − 3.45, χ2(1) =  100.53, p <  0.001; 
block 3: β = − 3.71, χ2(1) =  66.30, p <  0.001), whereas it did not in Experiment 2a, p =  0.56.

In sum, these additional analyses demonstrate that while the feedback seemed to be especially helpful to take 
RT into account when providing subjective difficulty judgments, the changing influence of congruency on the 
subjective difficulty judgment was mainly caused by the verbal instructions, as evidenced by the fact that the effect 
of congruency on subjective difficulty judgments already differed depending on the instructions in the first block 
of the first session, before any feedback was provided.

Prime visibility. To exclude the possibility that the increasing influence of congruency simply reflects an 
increase in prime visibility, our measure of prime visibility, d’, was computed once based on the detection data 
of session 1 and once on the detection data of session 3. Similar to Experiment 1, to obtain a true measure of 
prime visibility, d’ was calculated only on trials with neutral targets25. In Experiment 2a, prime visibility was 
slightly above chance level performance in the first session (d’ =  0.24), t(20) =  2.19, p =  0.04, and in the third 
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session (d’ =  0.51), t(20) =  2.85, p =  0.01. The numerical increase between both was not significant, t(20) =  − 1.65, 
p =  0.12. Furthermore, there was no relation between the training effect on congruency (session 3–session 1) and 
this non-significant increase in prime visibility, r =  0.27, p =  0.24. In Experiment 2b, prime visibility was not dif-
ferent from chance level performance in the first session (d’ =  0.13), t(24) =  1.54, p =  0.13, nor in the third session 
(d’ =  0.06), t(24) =  0.59, p =  0.56. This numerical decrease in prime visibility was not significant, t(24) =  0.62, 
p =  0.54. There was no relation between the increased influence of RT on subjective difficulty judgments, com-
puted by subtracting the β of session 3 from the β of session 1, and this decrease in prime visibility, r =  − 0.30, 
t(23) =  − 1.52, p =  0.14 (see Fig. 5).

Next, we also computed d’ based on the detection trials in which targets were pointing to the left or right. 
It was predicted that participants should become better in detecting the prime here, because they can infer the 
prime direction based on their subjective experience, however only when they are trained on congruency (i.e., 
in Experiment 2a). In Experiment 2a, in the first session the d’ value was 0.18, t(20) =  2.36, p =  0.028, and the 
third session it was 0.61, t(20) =  3.37, p =  0.003. This increase from session 1 tot session 3 was indeed significant, 
t(20) =  − 3.01, p =  0.007. As predicted, the larger the training effect on congruency (session 3–session 1), the 
larger the increase in d’, r =  0.60, p =  0.004. Thus, even when participants are not rapidly responding to the target, 
they seem to experience congruent trials as easy and incongruent trials as difficult, and they can use this experi-
ence to infer the direction of the subliminal prime. Note, however, that this latter correlation of r =  0.60 (Fig. 5, 
lower left) was not significantly larger than the correlation of r =  0.27 (Fig. 5, upper left) obtained with neutral 
target arrows, t =  1.36, p =  0.19. Therefore, it cannot be claimed that both correlations significantly differ depend-
ing on the target arrow. In Experiment 2b, there were also differences in d’ between the first session (d’ =  0.25), 
t(24) =  3.12, p =  0.004, and the third session (d’ =  0.04), t(24) =  0.49, p =  0.63. Unexpectedly, this decrease was 
significant, t(24) =  2.54, p =  0.018. This decrease in d’, however, was unrelated to the increasing influence of RT on 
subjective difficulty judgments, r =  − 0.04, t(23) =  − 0.22, p =  0.82.

General Discussion
The current study showed that the subjective experience of difficulty depends on multiple cues that are indicative 
of performance. In Experiment 1, it was shown that response conflict, reaction time, and response repetition 
influenced subjective difficulty judgments. Trials that were congruent, fast or required the same response as the 
previous trial were more frequently rated as easy compared to trials that were incongruent, slow or had alternat-
ing responses. Moreover, it was shown that the relative contribution of these cues can be changed by means of 

Figure 5. Detection performance in Experiments 2a and 2b. Top row: when neutral targets are used in a 
detection task, detection performance (d’) indicates the true level of prime visibility. In both experiments, 
increases in detection performance were unrelated to increased reliance on the trained cue. Bottom row: when 
left or right pointing targets are used during the detection task, it was hypothesized that participants can use 
their subjective difficulty experience to infer the direction of the prime. Indeed, this was the case for participants 
trained to focus on congruency (left) but not for participants trained on RT (right).
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training: training participants to rely more on congruency (Experiment 2a) or reaction time (Experiment 2b) for 
their subjective difficulty judgment increased the influence of this cue on their judgment. Given that subjective 
judgments of difficulty reflect the subjective appreciation of performance, such judgments are typically classified 
as metacognitive. In the remainder we will discuss commonalities and differences between the construction of 
subjective difficulty and related metacognitive constructs, such as judgments of learning and confidence ratings.

Subjective difficulty versus judgment of learning (JOL). The empirical findings of the current work 
nicely converge with theoretical work in meta-memory research. In a typical study on meta-memory, participants 
learn the association between two arbitrarily paired words. At the end of each learning trial, they provide a judg-
ment of learning (i.e., JOL), which indicates their believed likelihood of remembering one word of a pair when 
presented with the other. By examining how well these JOLs track the actual memory performance, participants’ 
ability to monitor their own learning can be studied34,35. Interestingly, these JOLs are not constructed based on 
the actual strength of the memory trace, but rather reflect the integration of multiple cues. For example, Koriat35 
argued that JOLs are determined by internal cues (e.g., difficulty of the material), external cues (e.g., study time), 
and mnemonic cues, such as familiarity of the answer5, and memory for past performance4. The extent to which 
JOLs are good predictors of actual performance thus depends on the empirical correlation between these cues and 
actual memory performance. It is clear that this account bares close resemblance to the mechanisms underlying 
subjective difficulty. For example, in Experiment 1 of the current work, the influence of response repetitions on 
subjective difficulty was highly significant, whereas its influence on task performance barely reached significance. 
This finding is easily explained by assuming that subjective difficulty is directly based on the occurrence of a 
response repetition (i.e., on the presence of this cue), not on the effect it has on performance.

Interestingly, Koriat also showed that the construction of JOLs changes with learning. With training, JOLs 
become more dependent on mnemonic factors and less on external factors. Given that the former are often 
better predictors of performance than the latter, this change in relative contribution of both cues can explain the 
increased correlation between JOLs and memory performance with practice35. An important difference with such 
a training procedure, however, is that in the current study participants were trained to rely more on a specific 
cue, instead of acquiring more experience with the task. This, however, also raises the important question as to 
whether our training procedure altered the actual subjective experience of difficulty, or whether participants sim-
ply complied with the instructions to rely more on the indicated cue, without actually experiencing this. Another 
important factor that should be taken into account, are the precise mechanisms that led to a change in the con-
struction of subjective difficulty judgments. In comparing Experiments 2a and 2b, there was suggestive evidence 
that the increasing influence of different cues across sessions was caused by different mechanisms. The increasing 
influence of congruency on subjective difficulty judgments seemed to be largely driven by instructions. Already in 
the first block of the first session (i.e., before any feedback was presented), the influence of congruency on subjec-
tive difficulty judgments was larger in Experiment 2a than in Experiment 2b. This shows that the mere instruction 
to take congruency into account is sufficient to do so. Moreover, there was no indication that the feedback was 
effective in increasing the influence of congruency. The results of Experiment 2b were opposite: whereas instruc-
tions did not have a clear effect (i.e., the influence of RT did not differ between the first block of the first session of 
both experiments), the feedback was very effective. In Experiment 2b, the influence of RT on subjective difficulty 
judgments always increased during and after feedback was presented. A challenge for future work will be to fur-
ther unravel why and how different mechanisms shape subjective difficulty judgments, and how these relate to 
the influence of learning on other metacognitive judgments, such as the training effect on JOLs reported above.

Subjective difficulty versus subjective confidence. In contrast to the clear commonalities between 
our findings and those in the field of meta memory, they are much less consistent with recent developments in 
the understanding of subjective confidence36–38. For example, in a simple visual discrimination task, it was shown 
that confidence judgments carefully track performance, rather than reflecting the integration of the available 
cues37. Findings like these have led to a normative interpretation, according to which subjective confidence is 
constructed based on the same evidence that led to the decision17,39. Consider, for example, deciding whether 
a faint Gabor patch is tilted left or right. Evidence for each decision option can be thought of as the firing rate 
of orientation-specific neurons tuned to these directions. The pool of neurons whose activation first reaches a 
decision threshold determines the choice40. Subjective confidence in this decision can be computed by com-
paring evidence favoring the chosen option to evidence favoring the unchosen option41,42, or selectively by the 
strength of the evidence of the chosen option43. Critically, since confidence is based on (a transformation of) 
the evidence that also influenced the decision, these accounts predict a close correspondence between accuracy 
and confidence. At this point, work on subjective confidence clearly differs from both the current work and the 
meta-memory literature, where such dissociations naturally arise if cues are not predictive of actual performance. 
It should be noted, however, that there is also growing evidence that confidence and accuracy can be clearly 
dissociable, which is incompatible with a normative view. For example, dissociations between confidence and 
accuracy have been observed by manipulating attention44, by varying the degree of variability in the signal45, or 
by applying transcranial magnetic stimulation (TMS) to the prefrontal46 or premotor47 cortex. Thus, although 
normative models provide the dominant interpretation of how confidence judgments are constructed, there is 
growing evidence pointing towards possible dissociations between confidence and accuracy.

One major conclusion from the discussion above is that studies in the field of metacognition should be very 
precise about their object of study. Although metacognitive judgments share the feature that they are a reflection 
upon performance, there are large differences in the underlying computational processes that gave rise to different 
judgments. Further cross-fertilization between these fields might aid to shed more light on the differences and 
commonalities of the rich variety of metacognitive experiences. For example, in a standard perceptual decision 
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making task, it was observed that the variability of perceptual input affects subjective confidence more than it 
influences primary task performance45. One potential explanation for this finding is that participants use the 
variability of information as a cue for their confidence judgments.

Other cues of difficulty. The scarce research that has focused on subjective difficulty has mainly examined 
the role of response conflict7–9,11. One of the major contributions of the current work is the demonstration that 
subjective difficulty not only depends on response conflict, but on multiple cues. Although we have put forth 
response conflict, reaction time and response repetitions as cues, any variable that is indicative of primary task 
performance could potentially be used as a cue. For example, in Experiment 1, responses to the target were 
slightly faster with the left hand (M =  470 ms) than with the right hand (M =  495 ms), F(1,27) =  6.67, p =  0.015, 
which probably resulted from the fact that judgments of subjective difficulty were always given with the right 
hand. Given that response hand is thus indicative of performance, it comes as no surprise that left-hand responses 
were also more frequently judged to be easy (M =  76.1%) than right-hand responses (M =  71.0%), χ2(1) =  36.95, 
p <  0.001. Importantly, this effect did not influence the other three main effects reported above (all p’s <  0.001). 
Ruling out alternative explanations, we examined the role of response hand in the replication study (N =  27) that 
is reported in the Supplemental Materials. As already noted, in this study judgments of difficulty were given with 
the left hand. Interestingly, the results were identical to Experiment 1, except for this specific aspect: Responses 
were now slower with the left hand (M =  470 ms) than with the right hand (M =  440 ms), F(1,25.91) =  9.83, 
p =  0.004, and left-hand responses were less frequently judged to be easy (93.2%) than right-hand responses 
(96.2%), χ2(1) =  15.88, p <  0.001. As this example nicely illustrates, subtle variations in the experimental design 
of a study that consistently affect performance, also have a robust effect on subjective difficulty.

Can subjective difficulty be used to infer the direction of a masked prime? One of the additional 
efforts of the current work was to examine the possibility that participants can use their experience of subjective 
difficulty to infer the direction of a masked prime. As recommended in the literature25, a detection task was car-
ried out using a neutral target to ensure that primes are truly invisible. Yet, participants also carried out a detec-
tion task in which arrow targets pointing left or right were used, to test another hypothesis. It has been shown that 
response conflict is detected by the brain, even when participants simply view the screen without responding48. 
Thus, it could be that participants also have an experience of subjective difficulty during the detection task based 
on the mismatch between prime and arrow target, even though they do not respond to the targets. Interestingly, 
if this is the case it could be that participants use this experience of subjective difficulty to infer the direction of 
the masked prime (e.g., ‘this felt like a difficult trial, so the direction of the prime was probably opposite to the 
arrow target’). Both for Experiment 2a and 2b, d’ (i.e., a measure of detection performance) obtained with neutral 
targets was not different before and after training. Because this reflects a true measure of prime visibility, it shows 
that the visibility of the prime itself did not increase with training. For the data obtained with non-neutral arrow 
targets, results were different. Participants trained to rely more on congruency (Experiment 2a) showed a larger d’ 
after training. Moreover, this increase in d’ showed a positive correlation with the training effect itself: the larger 
the increase in relying on congruency when providing a difficulty judgment, the larger the increase in d’. Both 
these findings were not observed in the group of participants trained to use RT as a cue (Experiment 2b). Because 
this cue is not available during the detection task, the absence of the effect in this group is expected. However, as 
already reported, the improvement in the condition with non-neutral targets (e.g., Fig. 5 lower left panel) was not 
significantly larger than that in the condition with neutral targets (e.g., Fig. 5 upper left panel). Given that this is 
crucial to infer differences between conditions49, future research should aim to shed light on the robustness of 
this finding.

Conclusion
In the current study, evidence was provided that subjective difficulty is constructed based on multiple cues. It was 
further shown to be possible to train participants to increasingly rely on a specific cue when providing a subjective 
difficulty judgment.

References
1. Fleming, S. M., Weil, R. S., Nagy, Z., Dolan, R. J. & Rees, G. Relating introspective accuracy to individual differences in brain 

structure. Science (80−) 329, 1541–3 (2010).
2. de Gardelle, V. & Mamassian, P. Does Confidence Use a Common Currency Across Two Visual Tasks? Psychol. Sci. 25, 1286–1288 

(2014).
3. Wessel, J. R. Error awareness and the error-related negativity: evaluating the first decade of evidence. Front. Hum. Neurosci. 6, 1–16 

(2012).
4. Metcalfe, J. & Finn, B. Evidence that judgments of learning are causally related to study choice. Psychon. Bull. Rev. 15, 174–179 

(2008).
5. Reder, L. M. & Ritter, F. What determines initial feeling of knowing? Familiarity with question terms, not with the answer. J. Exp. 

Psychol. Learn. Mem. Cogn. 18, 435–451 (1992).
6. Charles, L., Van Opstal, F., Marti, S. & Dehaene, S. Distinct brain mechanisms for conscious versus subliminal error detection. 

Neuroimage 73, 80–94 (2013).
7. Morsella, E. et al. Subjective aspects of cognitive control at different stages of processing. Atten. Percept. Psychophys. 71, 1807–1824 

(2009).
8. Chambon, V. & Haggard, P. Sense of control depends on fluency of action selection, not motor performance. Cognition 125, 441–451 

(2012).
9. Wenke, D., Fleming, S. M. & Haggard, P. Subliminal priming of actions influences sense of control over effects of action. Cognition 

115, 26–38 (2010).
10. Desender, K., Van Opstal, F. & Van den Bussche, E. Feeling the Conflict: The Crucial Role of Conflict Experience in Adaptation. 

Psychol. Sci. 6, 375–83 (2014).



www.nature.com/scientificreports/

13Scientific RepoRts | 7:44222 | DOI: 10.1038/srep44222

11. Desender, K., Van Opstal, F., Hughes, G. & Van den Bussche, E. The temporal dynamics of metacognition : Dissociating task-related 
activity from later metacognitive processes. Neuropsychologia 82, 54–64 (2016).

12. Saunders, B., Milyavskaya, M. & Inzlicht, M. What does cognitive control feel like? Effective and ineffective cognitive control is 
associated with divergent phenomenology. Psychophysiology 52, 1205–17 (2015).

13. Dreisbach, G. & Fischer, R. Conflicts as aversive signals. Brain Cogn. 78, 94–8 (2012).
14. Kiani, R., Corthell, L. & Shadlen, M. N. Choice Certainty Is Informed by Both Evidence and Decision Time. Neuron 84, 1329–1342 

(2014).
15. Kareev, Y. Positive bias in the perception of covariation. Psychol. Rev. 102, 490–502 (1995).
16. Soetens, E., Boer, L. C. & Hueting, J. E. Expectancy or automatic facilitation? Separating sequential effects in two-choice reaction 

time. J. Exp. Psychol. Hum. Percept. Perform. 11, 598–616 (1985).
17. Pasquali, A., Timmermans, B. & Cleeremans, A. Know thyself: metacognitive networks and measures of consciousness. Cognition 

117, 182–90 (2010).
18. Lau, H. C. A higher order Bayesian decision theory of consciousness. Prog. Brain Res. 168, 35–48 (2007).
19. Yeung, N. & Summerfield, C. Metacognition in human decision-making: confidence and error monitoring. Philos. Trans. R. Soc. 

London 367, 1310–21 (2012).
20. Cleeremans, A. The Radical Plasticity Thesis: How the Brain Learns to be Conscious. Front. Psychol. 2, 86 (2011).
21. Mrazek, M. D., Franklin, M. S., Phillips, D. T., Baird, B. & Schooler, J. W. Mindfulness training improves working memory capacity 

and GRE performance while reducing mind wandering. Psychol. Sci. 24, 776–81 (2013).
22. Baird, B., Mrazek, M. D., Phillips, D. T. & Schooler, J. W. Domain-Specific Enhancement of Metacognitive Ability Following 

Meditation Training. J. Exp. Psychol. Gen. 143, 1972–1979 (2014).
23. Schwiedrzik, C. M., Singer, W. & Melloni, L. Subjective and objective learning effects dissociate in space and in time. Proc. Natl. 

Acad. Sci. USA 108, 4506–11 (2011).
24. Vorberg, D., Mattler, U., Heinecke, A., Schmidt, T. & Schwarzbach, J. Different time courses for visual perception and action 

priming. Proc. Natl. Acad. Sci. USA 100, 6275–80 (2003).
25. Vermeiren, A. & Cleeremans, A. The validity of d’ measures. PLoS One 7, e31595 (2012).
26. Jaeger, T. F. Categorical data analysis: Away from ANOVAs (transformation or not) and towards logit mixed models. J. Mem. Lang. 

59, 434–446 (2008).
27. Barr, D. J., Levy, R., Scheepers, C. & Tily, H. J. Random effects structure for confirmatory hypothesis testing: Keep it maximal. J. 

Mem. Lang. 68, 255–278 (2013).
28. Bates, D. M., Kliegl, R., Vasishth, S. & Baayen, H. Parsimonious mixed models. Submitt. to J. Mem. Lang. 1–27 doi:arXiv:1506.04967 

(2015)
29. Kuznetsova, A., Brockhoff, P. B. & Christensen, R. H. B. lmerTest: Test in Linear Mixed Effect Models. R package version 2.0–20 

http://CRAN.R-project.org/package= lmerTest (2014).
30. R Development Core Team. R: A language and environment for statistical computing. http://www.R-project.org (2008).
31. Bates, D. M., Maechler, M., Bolker, B. & Walker, S. Fitting Linear Mixed-Effects Models Using lme4. J. Stat. Softw. 67, 1–48 

(2015).
32. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous Inference in General Parametric Models. Biometrical J. 50, 346–363 (2008).
33. Fox, J. Effect Displays in R for Generalised Linear Models. J. Stat. Softw. 8, 1–27 (2003).
34. Koriat, A. How do we know that we know? The accessibility model of the feeling of knowing. Psychol. Rev. 100, 609–639 (1993).
35. Koriat, A. Monitoring one’s own knowledge during study: A cue-utilization approach to judgments of learning. J. Exp. Psychol. Gen. 

126, 349–370 (1997).
36. Meyniel, F., Sigman, M. & Mainen, Z. F. Confidence as Bayesian Probability: From Neural Origins to Behavior. Neuron 88, 78–92 

(2015).
37. Barthelmé, S. & Mamassian, P. Flexible mechanisms underlie the evaluation of visual confidence. Proc. Natl. Acad. Sci. USA 107, 

20834–9 (2010).
38. Van Den Berg, R. et al. A common mechanism underlies changes of mind about decisions and confidence. Elife 1–21, doi: 10.7554/

eLife.12192 (2016).
39. Maniscalco, B. & Lau, H. A signal detection theoretic approach for estimating metacognitive sensitivity from confidence ratings. 

Conscious. Cogn. 21, 422–30 (2012).
40. Gold, J. I. & Shadlen, M. N. The neural basis of decision making. Annu. Rev. Neurosci. 30, 535–561 (2007).
41. Kepecs, A., Uchida, N., Zariwala, H. a. & Mainen, Z. F. Neural correlates, computation and behavioural impact of decision 

confidence. Nature 455, 227–31 (2008).
42. De Martino, B., Fleming, S. M., Garrett, N. & Dolan, R. J. Confidence in value-based choice. Nat. Neurosci. 16, 105–10 (2013).
43. Maniscalco, B., Peters, M. A. K. & Lau, H. Heuristic use of perceptual evidence leads to dissociation between performance and 

metacognitive sensitivity. Attention, Perception, Psychophys., doi: 10.3758/s13414-016-1059-x (2016).
44. Rahnev, D. et al. Attention induces conservative subjective biases in visual perception. Nat. Neurosci. 14, 1513–5 (2011).
45. Spence, M. L. et al. Computations Underlying Confidence in Visual Perception Computations Underlying Confidence in Visual 

Perception. J. Exp. Psychol. Hum. Percept. Perform. (2015).
46. Rounis, E., Maniscalco, B., Rothwell, J. C., Passingham, R. E. & Lau, H. Theta-burst transcranial magnetic stimulation to the 

prefrontal cortex impairs metacognitive visual awareness. Cogn. Neurosci. 1, 165–175 (2010).
47. Fleming, S. M. et al. Action-Specific Disruption of Perceptual Confidence. Psychol. Sci. 26, 89–98 (2015).
48. Cona, G., Treccani, B. & Umilta, C. Is cognitive control automatic? New insights from transcranial magnetic stimulation. Psychon. 

Bull. Rev., doi: 10.3758/s13423-016-1023-8 (2016).
49. Nieuwenhuis, S., Forstmann, B. U. & Wagenmakers, E.-J. Erroneous analyses of interactions in neuroscience: a problem of 

significance. Nat. Neurosci. 14, 1105–7 (2011).

Acknowledgements
The authors would like to thank Nick Yeung for highly valuable discussions during the realization of this work, 
and Cristian Buc Calderon for helpful comments on an earlier draft. This work was supported by a grant of 
the Research Foundation Flanders, Belgium (FWO-Vlaanderen) awarded to K.D. (grant number 11H3415N). 
E.V.D.B. is supported by a grant of the Research Foundation Flanders, Belgium (FWO-Vlaanderen, grant number 
G023213N). This work was supported by the University Foundation of Belgium.

Author Contributions
All authors contributed to the study design. K.D. performed testing and data collection. K.D. analyzed and 
interpreted the data under the supervision of E.V.D.B. and F.V.O. K.D. drafted the manuscript, and E.V.D.B. and 
F.V.O. provided critical revisions. All authors approved the final version of the manuscript for submission.

http://CRAN.R-project.org/package=lmerTest
http://www.R-project.org


www.nature.com/scientificreports/

1 4Scientific RepoRts | 7:44222 | DOI: 10.1038/srep44222

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Desender, K. et al. Subjective experience of difficulty depends on multiple cues. Sci. 
Rep. 7, 44222; doi: 10.1038/srep44222 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Subjective experience of difficulty depends on multiple cues
	Experiment 1
	Participants. 
	Stimuli and apparatus. 
	Experimental procedure. 
	Data analysis. 

	Results
	Primary task performance. 
	Subjective difficulty. 
	Prime visibility. 

	Experiments 2a and 2b
	Participants. 
	Stimuli and apparatus. 
	Experimental procedure. 

	Results
	The influence of training on primary task performance. 
	Training subjective difficulty. 
	The role of instructions versus feedback. 
	First session. 
	Second session. 
	Third session. 

	Prime visibility. 

	General Discussion
	Subjective difficulty versus judgment of learning (JOL). 
	Subjective difficulty versus subjective confidence. 
	Other cues of difficulty. 
	Can subjective difficulty be used to infer the direction of a masked prime? 

	Conclusion
	Acknowledgements
	Author Contributions
	Figure 1.  Example of a trial sequence of Experiment 1 in the main task (left) and in the detection task (right).
	Figure 2.  Results from Experiment 1.
	Figure 3.  (A) Schematic overview of Experiments 2a and 2b, in which participants were trained to rely more on congruency and RTs, respectively, when providing their subjective difficulty judgment.
	Figure 4.  Results of subjective difficulty training.
	Figure 5.  Detection performance in Experiments 2a and 2b.



 
    
       
          application/pdf
          
             
                Subjective experience of difficulty depends on multiple cues
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44222
            
         
          
             
                Kobe Desender
                Filip Van Opstal
                Eva Van den Bussche
            
         
          doi:10.1038/srep44222
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44222
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44222
            
         
      
       
          
          
          
             
                doi:10.1038/srep44222
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44222
            
         
          
          
      
       
       
          True
      
   




