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Background: The Stroop task was used to investigate differences in cognitive function between 
Long COVID (LC), Myalgic Encephalomyelitis / Chronic Fatigue Syndrome (ME/CFS) and healthy 
control subjects. Methods: Subjects viewed four color words or neutral (XXXX) stimuli with the same 
(congruent) or different color ink (incongruent). Cognitive conflict was inferred from response times for 
pairings of prestimuli and subsequent stimuli. Overall effects were assessed by univariate analysis with 
time courses determined for binned response times. Results: LC and ME/CFS had significantly longer 
response times than controls indicating cognitive dysfunction. Initial response times were ranked 
LC > ME > HC, and decreased according to power functions. At the end of the task (900s), times were 
ranked LC = ME > HC. Response times were significantly slower for stimuli following an incongruent 
prestimulus. Time series for Stroop effect, facilitation, interference, surprise index and practice 
power law parameters were generally similar in LC, ME/CFS and HC suggesting comparable patterns 
for recruitment of cognitive resources. The prestimulus data were analyzed and generated positive 
Stroop and interference effects that were distinct from stimulus effects. Conclusion: LC and ME/CFS 
have global slowing of response times that cannot be overcome by practice suggesting impaired 
communications between network nodes during problem solving. Analysis of matched prestimulus – 
stimulus effects adds a new dimension for understanding cognitive conflict. Brief Summary: Cognitive 
dysfunction in Long COVID and ME/CFS was demonstrated using the Stroop task which found global 
slowing of response times and limitations of practice effects.
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Myalgic Encephalomyelitis / Chronic Fatigue Syndrome (ME/CFS) is a chronic disease with disability, fatigue, 
postexertional malaise (PEM), cognitive lapses, nonrefreshing sleep, interoceptive distress, pain and orthostatic 
complaints1–6. PEM is the key manifestation. Physical, cognitive or emotional exertion at greater than usual 
levels, lead to symptom relapse that may be of immediate onset or delayed by hours and that forces patients 
to remain in bed or house bound until recovery. There have been multiple epidemic outbreaks, but most cases 
are sporadic. Patients often recall a severe flu-like illness that never resolved. This symptom profile mirrors 
Long COVID (LC), the persistent fatiguing illness that does not abate after acute SARS-CoV2 infection6. Long-
COVID (LC) participants were selected if they had one or more of these symptoms, moderate or worse severity, 
onset less than 3 months following COVID-19 infection and persistence for at least 3 months according to the 
WHO working case definition7. ME/CFS (ME) patients met International Case Criteria (ICC)3or 1994 Center 
for Disease Control (“Fukuda”) criteria2. It is not known if ME/CFS and Long COVID are parallel symptom 
complexes that share the same longitudinal brain, metabolic or immune pathologies8. There are no diagnostic 
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tests or approved therapies for either disorder. Symptoms of “brain fog” and cognitive dysfunction are diagnostic 
features of both ME/CFS and LC9–14.

Neuropsychological testing in ME/CFS has quantified cognitive impairment affecting visuospatial immediate 
memory (Hedges’ g = 0.55, p = 0.007), reading speed (g = 0.82, p= 0.0001), processes of storage, retrieval and 
recognition that are inherent in episodic verbal memory, recovery of visual memories and low efficiency in 
attentional abilities9. Reaction times were impaired in simple stimulus response tests and more complicated 
choice tests15–27.  Hedges’ g was moderately strong (0.66 and 0.50, respectively) but heterogeneity was high 
(Q = 54.1 and 17.36, respectively) in meta-analyses. Executive functioning does not appear to be affected.

More challenging tests such as the Stroop task28,29 measure a range of executive, salience and attention 
network functions. The test requires matching the color of ink for a written word in one panel with a color in a 
second panel. For example, matching the word RED written in red ink is the congruent condition (Fig. 1). The 
incongruent condition is when the word and its ink color do not match, such as the word RED in yellow ink. 
We included a neutral condition where XXXX is presented which is not a word but still requires analysis for 
colour conflict and motor response. In each case, the automatic response is to read the word. This is adequate 
in the congruent condition when the ink and word match. However, if the word and its color do not match 
(incongruent condition) then cognitive processes of word reading and color identification interfere with 
each other and generate a conflict that requires longer processing for conflict recognition, error checking and 
adaptation30. The conflict is between the competing demands of the task to name the color versus the interference 
from automatic word reading31. Word reading reflects the speed of visual search and language centers for word 
recognition. Color naming depends on working memory and speed of visual search. Color-word association 
relies on working memory, conflict monitoring, and speed of visual search31. The cognitive interference of word 
reading on colour identification29,32impacts ME/CFS more than controls (Hedges’ g 0.40 to 0.51)17,20,26,33–35. 
Processing speed in the color / word versions of the Stroop task was compromised in ME/CFS based on Hedges’ 
g of 0.76 to 0.82 in literature reviews18,23,35,36.

LC have slower response times (Rt) when performing the Stroop task37that may be related to dysfunctional 
attention with hypoarousal38and increased brainstem midbrain connectivity by fMRI39. We analyzed past data 
to verify that response times were significantly slower in ME/CFS and LC than HC.

The Stroop test has evolved from lists of words written on three hardcopy pages to be read as fast as possible 
to two words on a computer screen which require the subject to decide “Does the colour of the upper word 
agree with the meaning of the lower word?” and then press one of two buttons for yes or no29. A refinement 
of this task found that stimulus response times were dependent on the preceding stimulus (prestimulus)40as 
predicted by the congruency sequence or Gratton effect41. The effect of the preceding stimulus on the response 

Figure 1. Stroop task. Three examples of each of the three categories of the colour-word Stroop task stimulus: 
‘C’ congruent: colour of upper word agrees with its meaning, ‘I’ incongruent: colour of upper word differs from 
its meaning, and ‘N’ neutral: the upper coloured line does not contain a word (XXXX). The task was to answer 
‘Does the colour of the upper word agree with the meaning of the lower word?’ and press one of two buttons 
for “yes” or “no”. The correct response is indicated by Y or N at the right hand side of each example.
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time (prestimulus effect) has been linked to the anterior cingulate cortex42. We proposed that ME/CFS and LC 
subjects would have greater impairment caused by the incongruent presentations and exaggerated prestimulus 
effects compared to HC.

For clarity, we denote prestimulus in lower case (c, n, i) and subsequent Stimulus in Upper Case (C, N 
I). Pairings of prestimulus and Stimulus appear as prestimulus then Stimulus (e.g. cN). Responses times were 
reported for the Stimulus.

Repeated presentations lead to practice effects with progressively faster response times that decay according 
to power laws43. Practice may be a manifestation of cognitive automatization effects that may differ between 
ME/CFS, LC and HC as a result of disease mechanisms. Constants and exponents of power relationships 
were compared to investigate this hypothesis. Rt data were binned to quantify the serial effects44 and to assess 
differences between groups. We proposed that practice effects and power-function speed-up would be slower to 
develop in ME/CFS and LC compared to faster adaptation in HC.

The theory of automaticity provided a null hypothesis by proposing that improvement of Rt with practice 
would be due to the increase in knowledge base following repeated presentations rather than changes in cognitive 
strategies43. This hypothesis predicted that the Rt for each type of presentation and their standard deviations 
would decrease by the end of the task according to a power43or exponential45 function.

Cognitive processes utilized in the Stroop task have been quantified as the Stroop (congruency) Effect (Rt for 
Incongruent minus Congruent Stimulus), Facilitation (Congruent - Neutral) and Interference (Incongruent – 
Neutral)44,46,47. There is significant disagreement about the order and level of processing events during cognition 
and potential anatomical loci for each analytical process. We predicted these indices would be different between 
ME/CFS, LC and HC and show diverse patterns of change over time (practice effects). In addition, we adapted 
these indices to the prestimulus to study possible consequences of each type of presentation on Rt of the following 
consecutive stimulus. These attributes have not been studied in the context of cognitive dysfunction in ME/CFS 
or LC.

Results
Demographics
Two cohorts had fMRI scans with Stroop tasks in 2016 or 2023. Sex as a biological variable was assessed in 
the context of ME/CFS and its elevated ratio of females to males. Groups were equivalent for age and gender 
(Table 1).

Univariate analysis
Variation in response time (Rt) was investigated by univariate general linear model for simple main fixed effects 
with Sidak correction for multiple comparisons. Rt was the dependent variable with independent variables (fixed 
factors) of group (HC, LC, ME), prestimulus (n, c, i), and Stimulus (N, C, I) and elapsed time as a covariate.

The theory of automaticity predicted that the mean Rt and SD would decrease as the number of presentations 
increased43. This was examined in the univariate model by assessing the change in variance with time using the 
Modified Breusch-Pagan Test for Heteroskedasticity. Homoskedasticity is defined when the variance (SD) does 
not depend on the magnitude of the variable (Rt), while heteroskedasticity indicates variances grow larger as 
values become higher. The homoskedasticity hypothesis was falsified (Chi-Square 206.3, 1 degree of freedom, 
p = 10–258) indicating that variances were larger at higher values of Rt. Because Rt was highest at the start of 
the task and decreased progressively, we can assume that the variance of Rt decreased from start to end of the 
task. This result was consistent with the automaticity theory and concept that task performance improves with 
the continued accrual of additional practice43. The decrease in Rt with time indicated a significant practice 
effect over the duration of the Stroop task across all groups suggesting that the practice effect is inherently 
heteroskedastic. Elapsed time had the largest impact on the changes in variance (p = 1.6 × 10-59) and accounted 
for the heteroskedacity (SOM Table S1). Disease (p = 0.00059) and prestimulus (p = 0.0021) had smaller impacts. 
Therefore, the Rt data were binned by time to study the time course of practice for each disease group, prestimulus 
and Stimulus presentation type (see below).

Estimated marginal means for Rt ranked the groups as LC (1.68s [1.65 to 1.71] mean [95%CI]) > ME (1.60s 
[1.58 to 1.61], p = 6.9 × 10-7) > HC (1.37s [1.35 to 1.39], p = 10–258 vs. both LC and ME) (SOM Table S2). This 
suggested global slowing of neural communication during the task in LC and ME.

The prestimuli were ranked incongruent (i, 1.73s [1.71 to 1.75]) > congruent (c, 1.50s [1.48 to 1.53], p = 10–258 
vs. incongruent) > neutral (n, 1.41s [1.39 to 1.43], p = 10–258 vs. incongruent and 4.7 × 10-9 vs. congruent) (SOM 
Table S3). The group x prestimulus cross-product had the same relationships for all three groups with the three 
prestimuli ranked i > c > n and LC > ME > HC (SOM Table S4). Subtraction of Rt values of prestimuli found 

Cohort

2016 2023

HC ME ICC ME Fukuda HC ME ICC LC

N 27 18 24 16 31 19

female/male 19/8 12/6 20/4 11/5 24/7 14/5

Age mean 43.1 43.3 49.7 38.9 43.1 47.9

Age SD 13.7 10.7 11.5 12.6 10.9 13.3

Table 1. Demographics.

 

Scientific Reports |        (2024) 14:26796 3| https://doi.org/10.1038/s41598-024-75651-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


similar Stroop effects (RT i – Rt c), facilitation (Rt n – Rt c) and interference (Rt i – Rt n) in the three groups 
based on the univariate data.

The overall Rt for Stimuli were closely bunched but were ranked Congruent (1.60s [1.58 to 1.62]) > Incongruent 
(1.54s [1.52 to 1.56] p = 0.00088) = Neutral (1.50s [1.48 to 1.53] p = 1.8 × 10-18) (SOM Table S5). Incongruent and 
Neutral Rt were equivalent (p = 0.053).

The group x Stimulus cross-product ranked Rt of Congruent and Incongruent Stimuli as LC > ME > HC. The 
Stroop effect and facilitation were negative while interference was positive for all three groups (SOM Table S6)47.

Estimated marginal means for the prestimulus x Stimulus cross-product emphasized the predominant effect 
of the incongruent prestimulus to prolong Rt compared to congruent and neutral for each combination of 
Stimulus. In general, the incongruent prestimulus caused the highest Rt values without regard for the Stimulus 
(SOM Table S7). The incongruent prestimulus effect was found for each group suggesting the same hierarchy 
of cognitive difficulty and relative effort. However, the longer Rt values demonstrated the significant cognitive 
problems in ME and LC groups.

The group x prestimulus x Stimulus triple cross product highlighted the overall dominant effect of the 
incongruent prestimulus within HC, LC and ME groups (Fig.  2, SOM Tables S8 and S9). LC and ME had 
significantly longer Rt for all pairings compared to HC signifying cognitive dysfunction. LC had longer Rt 
than ME for iC and nC pairings where different prestimuli preceded the Congruent Stimulus. This suggested 
difficulties for LC to process the Congruent Stimulus.

Figure 2. Rt for each pairing and group. Univariate analysis generated mean Rt with 95%CI error bars for 
neutral (white bars), congruent (dotted bars) and incongruent (diagonal lines) prestimuli in HC, ME and LC 
groups. Significant differences in Rt within each group were indicated by error lines to the right of data bars 
(p < 0.05). The predominant significant effect of the incongruent prestimulus was evident. LC and ME had 
significantly longer Rt than HC for each pairing (not indicated). LC was prolonged compared to ME for iC and 
nC. Data are in SOM Tables S8 and S9.
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Power analysis of Rt time courses for practice effects
Rt time courses were fitted to power curves (Rt = constant x 10exponent) where the constant was an approximation 
of the Rt y-intercept at the start of the task and the exponent was a measure of the change in Rt over time 
that has been likened to the rate of learning43. Exponential decay was another alternative45 but power curves 
accounted for higher explained variance here. It was noted that the constant and exponent were highly correlated 
(R2 = 0.80) across the entire dataset suggesting that the highest initial Rt values had the fastest rate of decrease. 
Based on the univariate findings, we predicted that the initial Rt (constant) and rate of learning (exponent*(-1)) 
would be higher in LC and ME than HC and that the practice effects would be larger in LC and ME so that all 
groups had the same Rt at the end of the task (Rt extrapolated to 900s). Parameters were calculated for the nine 
pairings then compared between groups by paired t-tests.

As predicted, the constant and exponent*(-1) were highest in LC, but values were ranked LC > ME = HC 
(Table  2). Therefore, LC had the greatest cognitive deficit at the start of the task and had the fastest rate of 
learning. ME was not different from HC. However, Rt extrapolated to the end of the task (900s) were equivalent 
between LC and ME and higher than HC indicating that the disease groups had global cognitive deficits that 
could not be corrected by practice. The incremental change between 0 and 900 s (∆Rt) was larger for LC than 
ME. These practice effects may be a way to distinguish LC from ME although they may also indicate shorter vs 
longer duration of disease, respectively.

Binned data for time course of practice effects
Table 2and the heteroskedacity outcomes assume that practice effects were constant for all prestimulus Stimulus 
pairings over the 900s time course. However, it was possible that time courses were different for congruent, 
incongruent or neutral presentations in the three disease groups. Other possible variations could be due to 
slower onset of practice effects or development of fatigue with slower Rt at the end of the task. Therefore, practice 
effects were evaluated further by examining the time course of changes in Rt using six bins with approximately 
equal numbers of stimulus presentations44. Bin 1 lasted 162s (21.5 stimuli) and the remainder ended at 294s 
(39.2 stimuli), 427s (56.9 stimuli), 563s (75.0 stimuli), 694s (92.5 stimuli) and 900s (120 stimuli). The average 
Rt for Congruent, Incongruent and Neutral Stimuli and congruent, incongruent and neutral prestimuli were 
determined for each binned group. Stroop Effect, Facilitation and Interference and their standard deviations, 
SEM and unpaired Student’s t-tests for differences from zero were calculated by propagation of errors48.

As seen in the univariate analysis for the complete 900s time course (Fig. 2), LC and ME had longer Rt than 
HC for stimuli and prestimuli in all bins (Fig. 3), again indicating the cognitive dysfunction in LC and ME. The 
first bin had the longest Rt values. Rt decreased progressively throughout the task confirming the power law 
practice effect. The decay curve for the Incongruent Stimulus was the smoothest and continued through bin 6 
suggesting subjects may have focused on the Incongruent Stimulus throughout the task. Power function decay 
curves were seen for the incongruent and neutral prestimuli as well. In contrast, the congruent prestimulus 
showed a steep decrease from bin 1 followed by a flat curve that may suggest a rapid adaptation. The bin-to-bin 
changes in Rt were smooth with the exception of the Congruent Stimulus in bin 2 where Rt showed a large drop 
from bin 1 followed by an increase in bin 3. This dip was seen for all groups and may indicate transiently faster 
recognition of the Congruent Stimulus during the interval of bin 2 or shifting cognitive strategies throughout the 
task. The Neutral Stimulus had a small increase in Rt in bin 3 for LC and ME.

Prestimulus and stimulus effects
The relative impact of prestimulus and Stimulus were seen by the delta (∆) for each matched pairing (Fig. 3G-I). 
We hypothesized that Rt would be longer for Stimulus than prestimulus and that ∆ values would all be positive 
and significantly greater than zero. However, this was not the case, in particular for ∆ = Incongruent Stimulus 
minus incongruent prestimulus (Fig. 3H). The overall patterns were highly similar between HC, LC and ME 
suggesting similar evolution of cognitive strategies for completing the Stroop task. The ∆ for Congruent Stimulus 
minus congruent prestimulus was significantly greater than zero for all three groups. However, ∆Congruent 
temporarily dropped to zero in bin 2 because of the faster response times to the Congruent Stimulus and in bin 
6 because of the improving Rt for Congruent Stimulus with steady Rt for the prestimulus (Fig. 3G). The ∆ for 
Incongruent minus incongruent was negative in all bins indicating that the incongruent prestimulus induced 
significantly prolonged cognitive consequences that slowed down the Rt of the following Stimulus. ∆Incongruent 
had larger (negative) magnitudes for LC and ME than HC in bin 1, but values became equivalent between groups 

exponent x (-1) constant (Rt at 0s) Rt at 900s ∆Rt

HC 0.078 ± 0.047 2.07 ± 0.53 1.19 ± 0.14 0.88 ± 0.61

LC 0.133 ± 0.050 3.57 ± 1.38 1.38 ± 0.14 2.19 ± 1.38

ME 0.069 ± 0.039 2.21 ± 0.46 1.36 ± 0.14 0.85 ± 0.50

LC > ME p = 0.00020 p = 0.0051 p = 0.22 p = 0.0060

LC > HC p = 0.010 p = 0.0082 p = 4.8 × 10-6 p = 0.018

ME > HC p = 0.33 p = 0.33 p = 9.4 × 10-7 p = 0.82

Table 2. Power functions for practice effects. The overall average, SD and significant differences by paired 
t-test were calculated for power curve parameters determined from the nine prestimulus stimulus pairings 
(uncorrected p-values) (SOM Table S10).
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after bin 2. ∆Neutral started near zero but increased by bin 6 with the largest value corresponding to the small 
increase in Rt in bin 3 (Fig. 3C).

Stroop effects
Surprisingly, Stroop effects (Incongruent – Congruent) for the Stimulus were found only in bin 2 for all three 
groups (Fig. 4A). Significant reverse Stroop effects were found in bin 1 for ME and LC and for all three groups in 
bins 3, 4 and 5. There was no net effect for any group in bin 6. This pattern was due to the exponential decay of 
Rt for Incongruent Stimulus (Fig. 3B) and shortening of Rt for the Congruent Stimulus in bin 2 (Fig. 3A). Stroop 
Facilitation (Neutral – Congruent) followed a similar trend with negative values in bin 1 that increased in bin 2 
(Fig. 4B). Interference (Incongruent – Neutral) was significant in bins 1 and 2 but decreased in approximately 
linear fashion towards negative values in bin 6 for all three groups (Fig. 4C).

Because of the large effect of the incongruent prestimulus (Fig. 3E), Stroop effects were evaluated for each 
prestimulus (Fig. 4). Unlike the Congruent Stimulus, the congruent prestimulus caused positive Stroop effects 
with LC and ME groups having larger effects in bins 2 and 3 compared to HC (Fig. 4D). In the second half, 
Stroop effects became equivalent. Significant facilitation was present in the first bin for LC and ME (Fig. 4E) 
with values becoming equivalent between groups in the second half of the task. Stroop interference from the 
prestimulus was significantly higher for LC and ME than HC in bins 1 and 2 (Fig. 4F) before curves for the three 
groups converged together in the second half.

These curves demonstrate dynamic changes in Stroop effects over the course of the task with disease related 
reverse Stroop effects and facilitation for Stimulus in bin 1 for LC (Fig. 4A). The prestimulus had significantly 
larger Stroop, facilitation and interference effects in LC and ME (Fig. 4E, F) during the first half of the task.

Surprise
Presentation of pairings with different prestimuli and Stimuli such as cI, iC and iN may be considered a cognitive 
surprise and induce strategic reorientation. A strategic surprise index with three terms was adapted from Rt 
formulas of Carter et al42. (equations in SOM Table S13). The “surprise” term calculated the change in Rt when a 

Figure 3. Time course of practice effects. Rt (s) in each bin was plotted for HC (black circles and line), LC 
(orange triangles and line) and ME (grey squares and line) for each Stimulus (A-C), prestimulus (D-F) and 
differences (∆) in Rt between Stimulus and prestimulus presentations for Congruent, Incongruent and Neutral 
stimuli (G-I). Error bars indicate SEM. Large circles indicated p < 0.05, t > 3.0 for > 200 degrees of freedom. 
Data are in SOM Table S11.

 

Scientific Reports |        (2024) 14:26796 6| https://doi.org/10.1038/s41598-024-75651-3

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


prestimulus was followed by a dissimilar Stimulus in contrast to presentation of the same Stimulus twice (i.e. iC – 
iI). The next term corrected for “conflicts” with different prestimulus and stimulus (i.e. the average of cI and iC). 
The third term corrected for “same” sequential pairings (i.e. average of cC and iI). The index was calculated as 
“surprise” plus “same” minus “conflicts” and was interpreted to indicate strategic effects when it was positive and 
significant (sum > 0 and p< 0.05). The relevance is that significant positive results were correlated with anterior 
cingulate cortex activation for error monitoring42. We found values for the surprise term ranged from − 1 to + 1 
for the six pairs of dissimilar Stimuli. Conflict terms ranged from 1.1 to 2.9 and the same term from 1.6 to 2.2.

All three groups had significant surprise indices for C in iC-cC (Fig. 5D) and N in cN-nN (Fig. 5C) and 
iN-nN (Fig. 5F). Looking closely at the iC and iN pairings suggested that when an I was presented and then 
became the prestimulus, there was a greater expectation that the next stimulus would be an I to give iI so that 
presentation of other stimuli (iC, iN) was viewed with “surprise” that required a greater or different cognitive 
response (strategic response) than would have occurred for iI. Surprise was not found for cI or nI suggesting a 
focus or vigilance for the appearance of I as the next Stimulus (Fig. 5B). The n prestimulus was not associated 
with surprise when different stimuli were presented next (nC, nI) (Fig. 5A and L). Other Stimuli gave negative 
and mixed responses that were more difficult to interpret (Fig. 5E, G-K).

The impact of the Congruent Stimulus was defined by nC + iC-cC-cC (Fig. 5G) and represented the difference 
between dissimilar prestimuli (nC and iC) and the cC pairing. When the index was > 0 with p < 0.05, then the 
“surprise” of viewing C after n or i prestimuli was greater than the “nonsurprising” view of consecutive C stimuli 
(cC). The surprise index for bin 2 was significantly positive for all groups due to prolonged Rt when viewing 
nC and iC, and possible strategic consequences during this short window. The index was particularly elevated 
in bin 2 for LC. These results are likely to be related to the very short Rt for the Congruent Stimulus in bin 2 
(Fig. 3) that predicts a relative shortening of the cC terms in the equation. Subsequently, the index moved to zero 
(not significant) indicating Rt became comparable for nC, iC and cC and that transiently engaged additional 
cognitive resources were no longer required or that a strategic plan was emplaced to deal with the C Stimulus 
during the latter half of the task. Bin 2 may expose a transient state during the evolution of problem solving with 
this Stroop task. This interpretation was supported by the effect of the congruent prestimulus (cN + cI-cC-cC) 
(Fig. 5J) where significant surprise effects for all three groups were found only during bin 2.

The index for the Incongruent Stimulus (cI + nI-iI-iI) did not elicit surprise (Fig. 5H) suggesting a concerted 
focus and potentially a strategic plan for anticipating and responding to future I Stimuli without regard for the 
preceding prestimulus. This was an unexpected result because we had anticipated that the I Stimulus would 
require additional resources for cognitive surveillance and word color conflict resolution to account for its 
prolonged Rt values. However, Rt for nI and cI were balanced by the iI terms in the formula suggesting that the 
Incongruent Stimulus itself was a persistent challenge without regard to its prestimulus. The generally linear 
upward trend may reflect significant practice effects for I (Fig. 3B).

iN + iC-iI-iI estimated the surprise and strategic effect of the incongruent prestimulus (Fig.  5K). During 
the first third of the task, the effects of dissimilar “surprises” (iN, iC) following the incongruent prestimulus 
were overcome by the longer Rt associated with the cognitively challenging but “unsurprising” repetition of I 

Figure 4. Time course for Stroop effects of prestimulus and Stimulus. Stroop, Facilitation and Interference 
effects were shown for Stimulus (upper row, A-C) and prestimulus (lower row, D-F) in HC (black circles and 
line), LC (orange triangles and line) and ME (grey squares and line) were indicated by positive values that were 
significantly different from zero (large circles, p < 0.05, t > 3.0 for > 200 degrees of freedom). Error bars indicate 
SEM. Data are in SOM Table S12.
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(iI). Note that this relationship must have changed over the course of the task because iC had longer Rt than iI 
(Fig. 2). The dynamic change was indicated by the general upward trend for the index and its positive values in 
the second half of the task. The strong practice effect for I and continuing predominance of the i prestimulus 
effect (Fig. 2) was the most likely explanation because the Rt for iI decreased more rapidly than iC (Fig. 5D) and 
iN (Fig. 5F). The I practice and i prestimulus effects were present in all three groups and so did not appear to be 
influenced by disease pathologies.

Index scores for the Neutral Stimulus were positive (iN + cN-nN-nN) (Fig. 5I) because of the overall ranking 
of prestimulus effects as i > c > n so that Rt for nN was faster (smaller) than iN and cN (Fig. 2). The index for 
neutral prestimulus (nI + nC-nN-nN) had a similar trend (Fig. 5L) because of the overall ranking of C > I = N 
for Stimulus Rt. HC bin 6 was an exception as both indices became negative because of a small uptick in Rt for N 
(Fig. 3C) that may suggest a relative loss of focus for this Stimulus or the onset of fatigue in HC.

Practice effects can follow power43or exponential45functions. Therefore, the Rt data were log transformed 
and used as the dependent variable in a simple main fixed effects univariate regression model with dependent 

Figure 5. Surprise index. The time course for change in surprise indices was depicted for six pairings of 
Stimulus (upper two rows, A-F). Sums of these pairings gave the overall effects for Stimulus (third row, G-I) 
and prestimulus (bottom row, J-L). Data were shown for HC (black circles and line), LC (orange triangles 
and line) and ME (grey squares and line). “Surprise” was induced when the prestimulus and Stimulus did not 
match and the index was significantly greater than zero. Large circles indicate significant differences from zero 
(p < 0.05, t > 3.0 for > 200 degrees of freedom). Error bars indicate SEM. Data in SOM Table S14.
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variables of group, prestimulus, Stimulus, six bins with log of elapsed time as a covariate and Sidak correction for 
multiple comparisons. Data were contrasted for each prestimulus Stimulus pairing and LC, ME and HC groups. 
The time course in SD was plotted to determine if SD decreased with practice43. The log log transformations 
generated the highest R2 values.

Geometric means for HC decreased significantly for iI (R² = 0.946), nC (R² = 0.712), nI (R² = 0.661), cI (R² 
= 0.568) and iN (R² = 0.523) (Fig. 6). Bin 1 had the highest values for cI, nC and nN. Exceptions with more 
horizontal curves were cC that had the significant drop in Rt in bin 2 as seen previously in Fig. 3, small bump 
for cN in bin 3 (R² = 0.328), flat curve for iC (R² = 0.0978), and large but nonsignificant increase of Rt for nN in 
bin 6 (R² = 0.180). Curves for SD were generally horizontal except for nN (R² = 0.681) and iI (R² = 0.421) that 
were downsloping.

LC had higher geometric means of Rt as shown by the upper end of the y-axis at 0.4s compared to 0.24s 
for HC and 0.3s for ME (Fig. 7). cC had a sawtooth pattern with significant acceleration of mean Rt in bin 2 
as seen previously. Bin 1 had the significantly slowest Rt but improved with practice for cC, cI, iC, iI and nC. 
Practice curves were significant for iI (R² = 0.923), iC (R² = 0.842), nN (R² = 0.815), iN (R² = 0.776), nC (R² 
= 0.680), nI (R² = 0.539) and cI (R² = 0.540). Log log curves for SD were horizontal except for cI (R² = 0.508). 
Although LC had large incremental improvements in Rt indicating significant practice effects (Table 2), LC was 
still significantly slower than HC in bin 6 for cC, iN and nI.

ME had intermediate Rt values (top of y-axis 0.3) (Fig. 8). Significant practice effects were found for iI (R² = 
0.965), cI (R² = 0.699), nC (R² = 0.708), and nN (R² = 0.606). Rt for cI and nN were slowest in bin 1 but became 
significantly faster in later bins. Again, cC had its shortest Rt in bin 2. cN had a significant slowing of Rt in bin 
3 compared to bins 2 and 4. The later time points in cI, nI and nN trended upwards suggesting possible fatigue 
effects or loss of attention. ME was significantly slower than HC in bin 6 for cC, iI, iN, nC and nI. Log log curves 
for SD were generally horizontal but had wider ranges for Rt and larger variations between bins than other 

Figure 6. Log log time series for HC. Time courses are plotted for each pairing with log of mean and SD on 
the y-axis and log of bin on the x-axis. The top of the y-axis was 0.24s for HC. The six bins corresponded to 
162s (21.5 stimuli), 294s (39.2 stimuli), 427s (56.9 stimuli), 563s (75.0 stimuli), 694s (92.5 stimuli) and 900s 
(120 stimuli). The mean (black circles, black line), SD (orange triangles and line) and power regression curves 
for mean (black line) and SD (dashed black line) were shown. Lines at the top of each graph indicate significant 
differences between means for time points (p < 0.05) in the univariate model. Data are in SOM Table S15.
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groups. The SD curve for nN increased in bins 5 and 6 which was unlike the other pairings, LC and HC groups 
and may have indicated a decrease in attention or erratic Rt as a result of cognitive fatigue in ME.

Discussion
Performance in the Stroop task reflects informational conflict between the incongruent word meaning and 
colour and task conflict between relevant colour naming and irrelevant but automatic word reading49. The time 
courses shed light on how individuals dynamically adjust cognitive processes to optimise performance in the 
face of conflicting information. This insight contributes to our broader understanding of cognitive flexibility, 
which is crucial for adapting to changing environments and situations. The effects of prestimulus, Stimulus and 
task duration on response times (Rt) were determined from binned, univariate and logarithmically transformed 
analyses.

Overall, LC and ME/CFS had significantly prolonged Rt compared to HC confirming cognitive dysfunction.
The effect of Stimulus was ranked C > I = N. All three groups showed the large dip in Rt for C in bin 2 

suggesting a common strategy for accelerated processing of C during this individual time period (Figs. 3, 6, 7 
and 8). The smooth decrease in Rt for I throughout the task was parallel for the three groups indicating practice 
effects. Stroop effects were minimal for Stimulus (Fig. 4) possibly because of the heterogenous mix of congruent, 
incongruent and neutral stimuli that prevented proportion contingency effects that are more evident in tasks 
with predominantly congruent or incongruent presentations50and our use of the manual button box reporting 
system as opposed to verbal responses30.

The effect of the incongruent prestimulus to prolong the response time of the subsequent stimulus was a 
significant finding that was consistent with the congruency sequence or Gratton effect40–42. Further investigations 
found significantly different Stroop, facilitation and interference effects in LC and ME/CFS compared to HC in 

Figure 7. Log log time series for LC. Time courses by six bins for LC. Time courses are plotted for each pairing 
with log of mean and SD on the y-axis and log of bin on the x-axis. The top of the y-axis was 0.4s for LC. The 
six bins corresponded to 162s (21.5 stimuli), 294s (39.2 stimuli), 427s (56.9 stimuli), 563s (75.0 stimuli), 694s 
(92.5 stimuli) and 900s (120 stimuli). The mean (black circles, black line), SD (orange triangles and line) and 
power regression curves for mean (black line) and SD (dashed black line) were shown. Lines at the top of each 
graph indicate significant differences between time points (p < 0.05) in the univariate model. Data are in SOM 
Table S15.
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the first half of the task (Fig. 4). The effects became equivalent between groups in the second half. This dynamic 
evolution suggests that the incongruent prestimulus had a large impact on the cognitive processing and network 
interactions in LC and ME/CFS at baseline, and that practice effects sped up their Rts although they remained 
significantly slower than HC (Fig. 3).

From a pathophysiological perspective, ME and LC groups have significantly slower Rt to all stimuli 
compared to HC. This confirms earlier suppositions but extends those studies by investigating possible 
quantitative disease related changes in cognitive functions such as Stroop Effects, Facilitation, Interference, 
surprise and practice effects that can be defined by differential response times to Incongruent, Congruent and 
Neutral Stimuli. Univariate analysis ranked Rt for Stimulus as LC > ME > HC but the time course showed that 
practice effects evolved to rank Rt as LC = ME > HC at the end of the task. This confirmed the persistent residual 
cognitive deficit of LC and ME that improved but could not be overcome by practice. Rt improved most in the 
first half of the task suggesting this was the period of maximum adaptation. Rt was relatively constant in the 
second half suggesting a period of stabilization. Rt did not slow down again which would have suggested slower 
processing and development of cognitive fatigue. Comparison of the two halves by fMRI may provide insights 
into differences in mechanisms of cognitive processing during these periods and compensatory recruitment 
or network utilization between disease groups. Plausible molecular mechanisms to explain the prolonged Rt 
include defective neurotransmission related to reduced TPRM3 activity as shown for NK cells in ME and LC51, 
and loss of white matter integrity with increased axial diffusivity and potentially slowing of axon conduction 
times through long white matter tracts that connect regions required to complete the Stroop task52,53.

Practice improves performance for both colour recognition and word suppression dimensions43. Subjects 
were naïve to the Stroop task when recruited. They were given instructions on how to complete each test, but 
were not given trial runs to become familiar with the task. This prevented the development of learning strategies 

Figure 8. Log log time series for ME. Time courses by six bins for ME. Time courses are plotted for each 
pairing with log of mean and SD on the y-axis and log of bin on the x-axis. The top of the y-axis was 0.3s 
for ME. The six bins corresponded to 162s (21.5 stimuli), 294s (39.2 stimuli), 427s (56.9 stimuli), 563s (75.0 
stimuli), 694s (92.5 stimuli) and 900s (120 stimuli). The mean (black circles, black line), SD (orange triangles 
and line) and power regression curves for mean (black line) and SD (dashed black line) were shown. Lines at 
the top of each graph indicate significant differences between time points (p < 0.05) in the univariate model. 
Data are in SOM Table S15.
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before starting the task and instead revealed their initial deficit (y-intercept of power curves) and progress with 
practice. Stimuli were viewed in random order making it more difficult to develop anticipatory strategies, and so 
were more likely to reveal conflict adaptation or practice effects.

Practice effects were examined using logarithmic time series (Figs. 6, 7 and 8). All three groups shared the 
significant transient acceleration of Rt in bin 2 with cC and slowing of cN in bin 3 that suggests common evolution 
of cognitive processing during the development of the most efficient network strategy. LC had the longest initial 
Rt values by power function analysis, average of bins and univariate analyses. ME was intermediate compared to 
HC. At the end of the task LC had the largest incremental improvements in Rt. Rt values were equivalent for LC 
and ME at the end of the task but were still slower than HC demonstrating their continuing cognitive deficits. 
The improvement in LC was reflected by the number of pairings that had significant practice effects (R2 > 0.5, 
effect size > 0.7) with LC having 7, HC having 5 and ME only 4. All three groups were significant for iI, nC and 
cI, with nI and iN also shared between LC and HC. Only LC was significant for nI, iN and iC. These data suggest 
LC began with the largest cognitive deficit (slowest initial Rt) and had the capacity to significantly improve their 
processing times by the end of the task. In contrast, ME had an intermediate level of deficit at the start but fewer 
significant practice effects and smaller incremental improvements than LC. This suggests that LC and ME may 
begin with differences in cognitive function and brain network activation in the first half of the task, but may 
evolve towards more similar network connections that are different from HC by the end of the task. The initial 
response in ME may indicate long term cognitive compensation given their longer duration of disease compared 
to the shorter subacute duration of LC. Differences in network connectivity between LC and ME can be tested 
using fMRI data that have already been collected.

It was remarkable that LC, ME and HC had roughly parallel time courses for Stroop, practice, surprise and 
other response patterns that were derived from differences in Rt. The overall similarity suggested that similar 
cognitive processes were utilized in all subjects. Viable theories of cognition must explain the practice effect for 
the Incongruent Stimulus and persistent incongruent prestimulus effect that were maintained in all groups and 
that were not altered by the disease pathologies that caused the distinct global slowing of responses times in LC 
and ME. Neural mechanisms and network areas recruited to complete the task may be similar in LC, ME and 
HC.

The strong congruency sequence effect of the incongruent prestimulus suggested prestimulus priming by its 
distracting and cognitively challenging presentation leading to increased attentional control then followed by 
recruitment of anticipatory brain activities that continued to be utilized during the subsequent stimulus54. The 
cognitive processes responsible for the effects continue to be debated55,56but neurological imaging methods have 
begun to chart the network processes invoked by the Stroop task. Event-related potentials reveal high temporal 
resolution stages of stimulus processing, semantic level analysis, and response selection in a frontal parietal 
network49. The dorsolateral prefrontal cortex (DLPFC) is consistently involved for sustained and selective 
attention during task execution. Anodal transcutaneous direct current stimulation over the DLPFC improves 
performance on the Stroop task57. The lateral prefrontal cortex is proposed to exert differential control to 
upregulate Stroop task relevant colour processing and downregulate automatic word reading that is not relevant 
to the task and instead generates interference58. The posterior DLPFC creates the appropriate rules for the brain 
to accomplish the current goal and to counteract biases, distractions and irrelevant information59. Efficiency 
at the Stroop task requires activating brain areas involved in color perception, but not those involved in word 
encoding or the semantic perception of the word60. The mid-dorsolateral prefrontal cortex selects the goal 
oriented information such as ink color and excludes irrelevant information such as word meaning59. Activation 
of the left DLPFC during a Stroop task is related to expectations about the conflicting nature of presentation 
rather than the conflict itself. The right dorsolateral prefrontal cortex may reduce the attentional conflict or may 
not be activated until after the conflict is over61.

Medial prefrontal regions, and in particular the anterior cingulate cortex (ACC), are transiently activated 
during conflict as part of an error prevention network that facilitates corrective actions42. The ACC may monitor 
bilateral DLPFC function and becomes activated during conflict and interference. This does not appear to be a 
strategic action to control the Stroop responses42. The ACC helps select an appropriate response and allocates 
attentional resources62. The anterior dorsal ACC has a predominant role for error checking to determine if the 
answer is correct or incorrect59. Activity in this region increases when the probability of an error is higher63. The 
posterior dorsal ACC may activate the medial supplementary motor area leading to the ultimate button press 
that marks the end of each test61.

DLPFC regions coordinate with posterior parietal regions of the executive control network for visuospatial 
attention and task switching to ensure the selection of the relevant word colour information and suppression of 
word reading61. Event-related potentials during the Stroop task demonstrate that presentation of the incongruent 
stimulus can recruit larger anticipatory resources in premotor and parietal areas than the congruent stimulus 
but without further activation of frontal areas64. Difficult tasks such as the Incongruent Stimulus may lead to 
prolonged downstream activation of the left intraparietal lobe and bilateral extrastriate visual cortex that lasts 
into the next stimulus64. The distracting stimulus may also stimulate the right ventral attention network with 
activation of the right temporal parietal junction, inferior frontal gyrus and insula65,66.

The right anterior insula is closely connected to the dorsal ACC within the salience network and may 
recognize the interference of the incongruent condition and recruit inhibitory control mechanisms through the 
dACC, supplemental motor area (SMA) and separate connections to the right putamen for inhibitory control and 
movement planning for flexible goal-oriented, adaptive behavior67,68. In this way the incongruent prestimulus 
may cause prolonged task oversight, conflict recognition (interference) and resolution with the additional steps 
adding to the longer (slower) Rt.

Practice effects were evident from the power curves and acceleration of Rt values in the Stroop time series. 
Task repetition (practice) appears to modify brain activation patterns of distinct regions depending on the 
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nature of the conflict being tested with attention networks of the DLPFC and posterior parietal cortex executive 
control network, ACC and occipital cortex69being implicated in semantic and response conflicts70. Semantic 
conflicts affect response control regions in the inferior frontal junction, inferior frontal gyrus, insula and pre-
supplementary motor areas. The posterior parietal cortex is involved in response conflict. Practice effects for 
semantic conflict may involve automation of stimulus processing, conflict and response control while practice 
may increase the extent of cognitive resources recruited to resolve response conflicts. Left hemisphere attention 
networks may be involved during the early practice stage for semantic conflict but later for response conflict. 
This type of time dependent practice effect was suggested by the evolution of Rt, surprise and Stroop effects.

Errors lead to slowing of Rt (Rabbitt effect)71. The salience network and temporoparietal junction are activated 
during error processing to ensure correct responses72 Dorsal posterior cingulate cortex evaluates feedback from 
erroneous responses. The left superior frontal gyrus mediates post-error behavioral adaptation (prolonged Rt).

These network processes suggest the cascade of control hypothesis where various brain regions act in series to 
coordinate the multistage network of task processing, conflict identification, resolution and motor activation58. 
Parallel processes may also compete for task completion43.

The randomization procedure for order of stimuli was a limitation. The scheme was set to generate slightly 
more incongruent prestimulus Incongruent Stimulus pairings as cognitive challenges for ME and LC subjects in 
the fMRI studies. However, the scheme did not generate pairings of neutral stimuli in the initial 100s and this 
required an adjustment for power curve analysis. There was a relatively small number of cC pairings in this period 
but no adjustments were necessary. The design did not generate runs of purposefully incongruent or congruent 
stimuli and so Stroop effects were not as large as other studies. Despite this limitation, the derived Rt data will 
now be used to plan re-analysis of the fMRI data to investigate Stroop and incongruent prestimulus effects and 
sequential timing of activation for conflict recognition and resolution. Rt and accuracy data were not analyzed 
separately for each individual but rather were pooled for each group. Post-error slowing was not evaluated73. 
Sample sizes were different between subject groups in the two cohorts. The first cohort completed 120 tests while 
the second had two runs of 55 tests separated by a 90 s rest period. Practice effects were maintained over the 
short break. The order of each combination of word and color were not extracted and so “recency” of episodic 
retrieval (repetition of scoring responses based on the most recently viewed instance of the same word color 
combination)74and context dependent retrieval of control states75were not assessed. ME subjects were diagnosed 
using Fukuda2and International Consensus Criteria3in the first cohort and the latter for the second cohort. 
Univariate analysis showed the criterion variable did not impact the Rt data and so ME outcomes were pooled 
for the comparison against LC. The data from the first half of the task had the largest incremental changes in Rt 
due to practice effects while the second half maintained the relatively steady Rt. Differences in fMRI findings 
between the first and second halves may identify alterations caused by practice. Excel power equations did not 
generate asymptotes and so do not provide the minimum time for stimulus assimilation and response76.

Methods
Subjects
The study was approved by Griffith University Human Research Ethics Committee (2022/666) and written 
informed consent was obtained from all individuals. This cross-sectional investigation was conducted at the 
National Centre for Neuroimmunology and Emerging Diseases (NCNED) on the Gold Coast, Queensland, 
Australia. Eligible participants were medical-practitioner referred and assessed using validated Centers for 
Disease Control and Prevention questionnaire and the NCNED research questionnaires for fatigue affected 
subjects to record the severities of post-exertional malaise, cognitive disturbances, immune manifestations, 
thermoregulatory complaints, gastrointestinal symptoms, urinary frequency, body pain, and sleep disturbances. 
Long-COVID (LC) participants were selected if they had one or more of these symptoms, moderate or worse 
severity, onset less than 3 months following COVID-19 infection and persistence for at least 3 months according 
to the WHO working case definition7. ME/CFS (ME) patients met International Case Criteria (ICC)3or 1994 
Center for Disease Control (“Fukuda”) criteria2. Cases were reviewed by a clinician experienced in LC and 
ME/CFS. Healthy controls reported no chronic health condition or evidence of underlying illness. Medical 
history was requested to identify comorbid manifestations and exclusionary diagnoses including mental illness, 
malignancies, autoimmune, neurological, or cardiovascular diseases. Female participants were not pregnant or 
breastfeeding. The study was performed in accordance with the Declaration of Helsinki.

Stroop colour-word task performance data were available for cohorts of healthy controls (HC), ME and LC 
who had participated in functional magnetic resonance imaging trials (Table 1). The 2016 cohort of HC and 
ME viewed a continuous string of 120 stimuli over 900s. The 2023 cohort of HC, ME and LC were tested with 
two runs of 450 s (55 stimuli each) separated by 90s. The average time per stimulus was 7.5s. The two Stroop 
protocols were dictated by the purposes of the fMRI studies39,77–81. Univariate analysis showed that the HC and 
ME data from the two cohorts were equivalent and so their data were pooled. The two runs in the 2023 cohort 
were compared and showed that the 90s interruption did not affect Rt indicating no loss of practice or conflict 
adaptation effects.

The Stroop colour-word task engages attention, conflict recognition (surveillance), conflict resolution, 
decision making and motor responses. Each Stroop stimulus displayed two words on a computer screen (Fig. 1). 
The upper word, either RED, BLUE, YELLOW, GREEN or XXXX, was coloured either red, blue, or yellow or 
green on a black background. The lower word was either RED, BLUE, YELLOW or GREEN coloured white on 
a black background. The subject was asked to respond to the question “Does the colour of the upper word agree 
with the meaning of the lower word?” by pressing one of two buttons on a handpiece to respond ‘yes’ or ‘no’. 
The Stroop task involved three trial types: incongruent (the upper word is written in different colour from its 
meaning), congruent (upper word is written in the colour of its meaning) or neutral (upper word is XXXX in a 
colour that sometimes differed from the meaning of the lower word). The incongruent task is more challenging 
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because of the need to inhibit the automatic impulse to read the top word rather than inspect its colour and the 
conflict between the upper word meaning vs. color and lower word meaning.

The Stroop stimuli were presented in random order. Proportion contingency effects43,50were fixed by having 
30% Congruent, 36% Incongruent and 34% Neutral Stimuli on average for all subjects (total 15,354 stimuli). 
Using three stimuli meant it was difficult for subjects to develop strategies to predict the next stimulus. This was 
anticipated to reduce congruency sequence or Gratton effects41. As a result, the Stroop effect of word reading 
interference on color naming was predicted to be relatively low. Episodic retrieval of recent responses to stimuli 
were not accessible from the data82.

Stroop task records were scanned to tabulate stimulus onset time, response times (Rt), stimulus type, and 
button box response for accuracy (fraction of total stimuli). Data were extracted for the nine prestimulus – 
stimulus pairings from all subjects. Each pairing is reported here with prestimulus in lower case (n, c, i) and 
Stimulus in upper case (N, C, I) to give pairings such as iN and cC. Response time recorded the time from first 
observing a new stimulus to pushing the response button. Effects of time were determined as time from start of 
the task and number of stimuli tested (duration 7.5s per stimulus).

Factors affecting Rt were assessed by univariate general linear model for simple main fixed effects with Sidak 
correction for multiple comparisons in SPSS version 29 (IBM https://www.ibm.com/products/spss-statistics). Rt 
was the dependent variable. Independent variables (fixed factors) were disease group (HC, LC, ME), prestimulus 
(n, c, i), and Stimulus (N, C, I) with time as a covariate. Estimated marginal means were calculated for group, 
prestimulus, Stimulus and the cross-products after correcting for the effects of time. To assess longitudinal 
practice effects, the data were allocated to 6 bins and the univariate analysis repeated for log Rt as the dependent 
variable and log duration as a covariate.

Practice or automaticity effects were determined by power function analysis of Rt vs. stimulation time data43 
in Excel. The constant represented the extrapolated y-intercept for Rt at time 0s. The asymptotes were 0 by this 
method. The absolute value of the exponent was the rate of learning and represented the improvement in Rt as 
a function of T. Values were compared between HC, LC and ME for each pairing. There was an anomaly with 
nN due to the randomization program that added more of the Incongruent Stimuli so that no nN pairings were 
recording in the first 100s. Therefore, nN power curves were corrected by re-aligning the data to 100s.

Variability throughout the trial was assessed from the standard deviations of Rt for equally large groups of 
consecutive stimuli. It is postulated that SD of Rt should decrease in later segments of the curve compared to the 
initial period43.

Data availability
Data AvailabilityAll data generated or analysed during this study are included in this published article and its 
supplementary information files.
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