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Cluster 1 includes 7 subjects with a low number of CE, a short RT, a low RT SD and a low 

slope. In cluster 2, we found 18 subjects with a high slope (slow down), medium RT and RT SD 

and a medium number of CE. Cluster 3 included 17 subjects with a long RT, a high RT SD, a low 

number of CE and a low slope. Finally, cluster 4 included 17 subjects with a short RT, a low RT 

SD, a high number of CE and a low slope (Table 1). Correlations between performance variables 

are shown in supplementary Figure S1.  

 

 

Figure 2 : Cluster extraction. (A) Four clusters is the optimal number of cluster to 
extract; (B) Cluster dendrogram. 
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Table 1: Cluster's performance: CE, RT, RT-SD and Slope (mean ± SD). 
 CLUSTER 1 CLUSTER 2 CLUSTER 3 CLUSTER 4 
CE Low  

(16 ± 3.05) 
Low  

(19.33 ± 10.83) 
Low  

(11.29 ± 6.10) 
High  

(39.05 ± 8.90) 
RT Short 

(297.17 ± 36.25) 
Medium  

(348.36 ± 50.28) 
Long 

(396.44 ± 63.98) 
 Short 

(279.76 ± 49.78) 
RT SD Low  

(37.18 ± 7.63) 
Medium  

(56.91 ± 11.56) 
High  

(71.20 ± 17.29) 
Low  

(41.98 ± 12.72) 
Slope Low  

(0.07 ± 0.16) 
High  

(0.45 ± 0.14) 
Low  

(0.05 ± 0.24) 
Low  

(0.01 ± 0.28) 
 

RT – The ANOVA revealed the following main effect of cluster (F(3,55)= 15.175; p<0.001; ɳ2= 

0.45; power=0.99). The post-hoc test revealed that RT in cluster 3 is longer than in clusters 1 and 4, 

and shorter in cluster 4 than in cluster 2 (Figure 3A).  

CE – The ANOVA revealed a main effect of cluster (F(3,55)= 34.031; p<0.001; ɳ2= 0.64; 

power=1). The post-hoc test revealed that the mean number of CE in cluster 4 is higher than in the 

three other clusters and lower in cluster 3 than in cluster 2 (Figure 3B).  

RT SD – The ANOVA revealed a main effect of cluster (F(3,55)= 17.624; p<0.001; ɳ2= 0.49; 

power=0.99). The post-hoc test revealed that RT SD in cluster 3 is higher than in the three other 

clusters. The RT SD in cluster 2 is also higher than in clusters 1 and 4 (Figure 3C).  

Slope – The ANOVA revealed a main effect of cluster (F(3,55)= 13.780; p<0.001; ɳ2= 0.42; 

power=0.99). The post-hoc test revealed that slope in cluster 2 is higher than in the three other 

clusters (Figure 3D).  
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3.2 Aim 2: Investigation of age effects. 

Age – The age distribution among the four clusters is shown in the supplementary figure S2. The 

ANOVA revealed a main effect of cluster (F(3,55)= 2.896; p=0.043; ɳ2= 0.13; power=0.65). Post-

hoc tests revealed a lower age of cluster 4 (43.53 ±17.83) compared to cluster 3 (59.74 ±19.43), 

while no difference was observed between clusters 1 (46.37 ±23.16) and 2 (56.84 ±21.99) (Figure 

3E).  

The ANCOVA made on each dependent variable with Age as covariant showed the same cluster 

effect (Table 2). Post-hoc tests revealed also the same differences as those described above.  

Figure 3 : Performance profile. (A) Reaction time – RT; (B) Commission error - CE; (C) reaction time standard 
deviation – RT-SD; (D) Reaction time slope - Slope; (E) Age. All values are presented as mean and ± standard 
deviation. 
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Table 2: Results of the ANCOVA with Age as covariant. 

 Degree of freedom F value p value η2 Power 

CE 3,54 28.630 p<0.001 0.61 1.00 
RT 3,54 10.761 p<0.001 0.37 0.99 
RT SD 3,54 13.783 p<0.001 0.43 0.99 
Slope 3,54 12.952 p<0.001 0.41 0.99 

 

3.3 Aim 3: Investigation of profile’s specificities in terms of oscillatory activity over time. 

To verify if Clayton's model (Clayton et al. 2015) may explain the differences observed between 

clusters, we focused on two main processes of this model: the monitoring and activation of relevant 

structures. Complete result table is available in supplemental material, only results from the 

electrodes highlighting statistical differences are presented here. 

Monitoring - First we evaluated the influence of theta power on electrodes located on posterior 

medial frontal cortex  (Fz and AFz) and lateral prefrontal cortex (FC5, FC6, FT7, FT8, F7 and F8). 

The ANOVA performed on theta power revealed an interaction between period and cluster in two 

of the 8 electrodes analyzed: FC6 (F(15,275)= 2.325; p=0.023; ɳ2= 0.11; power=0.98) and F8 

(F(15,275)= 2.232; p=0.039; ɳ2= 0.10; power=0.97). The post-hoc test revealed that theta power 

was significantly different over periods in cluster 1, in which theta power was higher in periods 5 

and 6 than in periods 1 and 2 at FC6 (Figure 4A) and at F8 (Figure 4B). It remained stable all 

along the task in the three other clusters.  
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Activation of task-relevant region – We used a granger causality analysis at theta band to 

evaluate the relationship between monitoring regions (posterior medial frontal and lateral prefrontal 

cortices) and visual area. The ANOVA of the Granger causality value at theta-band revealed an 

interaction between period and cluster for the causal connectivity between the electrodes FT7 and 

Oz (F(15,275)= 2.628; p=0.023; ɳ2= 0.12; power=0.99). The post-hoc test revealed that cluster 2 

showed a higher theta connectivity in period 1 compared to periods 5 and 6 (Figure 5A). In 

addition, we observed a negative correlation of -0.40 between FT7-Oz theta connectivity and RT 

over the 6 periods, while we found a correlation of 0.22, 0.14 and -0.03 for the clusters 1, 3 and 4, 

Figure 5 : Theta power in frontal regions. (A) Theta power in fronto-central cortex - FC6; (B) Theta power in 
frontal cortex – F8. 

Figure 4 : Activation of task relevant structures 
calculate with Granger causality connection between 
FT7 and Oz. 
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respectively. The Figure 5B shows the variation of RT over the different blocks. 

 

As Oz was found to be modulated by FT7 at theta band synchrony, we analyzed the theta-gamma 

coupling on this electrode. The Figure 6 shows the theta-gamma coupling for the four clusters over 

time.  Descriptively, in this figure we observe clear differences among the four clusters. We note 

that cluster 1 had a higher and over-time stable theta-gamma coupling in a wide-range of regions. 

We also observed that in the occipital region, the theta-gamma coupling was higher in the first 

period for the subjects of cluster 2, but decreased over time. The ANOVA for the theta-gamma 

coupling in occipital region showed an interaction between cluster and period in the Oz electrode 

Figure 6 : Cross-frequency coupling. (A, B, C and D) Global coupling between theta phase and gamma power. (E, F, 
G and H) Over time cross-frequency coupling. The arrows indicates a significant difference observed in occipital 
regions in cluster 2 subjects (see. Figure 7). 
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(F(15,275)= 2.086; p=0.010; ɳ2= 0.10; power=0.96). The post-hoc test revealed that cluster 2 

showed a lower theta-gamma coupling on the period 5 compared to the period 1 (Figure 7).  

 

4. Discussion 

The main aim of the present study was to determine sustained attention performance profiles in 

the general adult population. To that end, we applied the SART to 59 adults, aged from 19 to 86 

years, and focused on four classical measures of performance. In addition, we examined age 

differences among these performance profiles and specificities in terms of oscillatory activity over 

time.  

Identification of sustained attention performance profiles. By clustering subjects with similar 

performance we were able to identify four distinct clusters (Figure 3; Table 1). Each of them 

differed from the others on at least one measure of performance. More precisely, the subjects 

included in cluster 1 were “high-performers”: they are accurate (low level of CE) and fast, they 

have few attentional lapses (low RT SD) and no attentional decline over time (negative slope). 

Subjects included in cluster 2 demonstrated a higher positive slope, reflecting a markedly RT slow-

down over the course of the task. In association with a medium level of CE, this may suggest the 

Figure 7 : Modulation index of theta-gamma 
coupling in occipital cortex – Oz (Visual region). 
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adoption of a more cautious response strategy. Cluster 3 grouped subjects with the higher RT 

variability (RT SD), believed to reflect subtle differences in RT that are produced by attentional 

lapses (Allan Cheyne et al. 2009; Seli et al. 2012). Finally cluster 4 included subjects with the 

highest number of CE.  

Further, our results show that the clusters 3 and 4 seem to include two contrasting populations 

that reflect opposite speed-accuracy trade-off related profiles. On one hand cluster 3 includes 

individuals with a high level of accuracy (indicated by a high RT and SD and a low number of CE), 

on the other hand cluster 4 includes faster subjects (with a fast RT, low SD, and a high number of 

CE), suggesting an opposite speed-accuracy trade-off balance. The relationship between speed and 

accuracy seems to be a signature of the decision process used (Heitz 2014), for example “subjects 

either used a guessing strategy or a highly accurate controlled strategy” (Swensson 1972). This kind 

of differences in speed-accuracy trade-off was observed between different age groups, in which was 

found that elderly commit less CE and tend to slow down throughout the task if compared to young 

people (Brache et al. 2010; Carriere et al. 2010; Jackson and Balota 2012; Staub et al. 2014). 

However, in this study the difference was attributed to an age-related difference excluding 

important individual differences, such different possible strategies. In this sense, this methodology 

enables us to study more deeply the neural circuitry and other physiological aspects supporting each 

one of these characteristics. 

Investigation of age effects. The investigation of age differences among the four clusters revealed 

an age difference only between clusters 3 and 4. Cluster 3 included subjects older (around 60 years 

old) than cluster 4 (around 43.5 years old). However, age had no impact on the indicators analyzed. 

Indeed, we still found similar differences in RT, SD, Slope and CE among the four clusters after 

controlling by age. In this sense, age seems not be a determinant factor which might explain or 

indicate the preferential utilization of one or other strategy.  Thus, it may explain why in the 

literature we find very heterogeneous results regarding the relationship between sustained attention 
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capacities and aging. However, the identification of cluster groups composed of similar 

performance profiles may allow us to go further and identify/study biomarkers related to specific 

strategies (e.g. controlled or automatic) as well as aspects associated with attentional features such 

attentional lapses. 

Oscillatory model of sustained attention. To take our observation further, we tested the 

oscillatory model of sustained attention recently proposed by Clayton et al (Clayton et al. 2015). 

This model suggests that sustained attention relies on two main functions, (1) monitoring and 

evaluation of ongoing cognitive processes mediated by theta oscillations on posterior medial frontal 

cortex and lateral prefrontal cortex and (2) a selective excitation of task-relevant cortical areas 

through gamma oscillations and inhibition of task-irrelevant areas through alpha oscillations. In the 

present study, we focused on the monitoring process as well as in the activation of relevant 

structures. 

Regarding the first function (1) we studied the effects of task engagement on theta oscillations in 

electrodes located in monitoring relevant structures. Our results revealed that the “high-performers” 

(individuals from cluster 1) presented an increase over time of theta activity in right-frontal regions 

(FC6 and F8), which is not observed in the other clusters (Figure 4). It suggests that over the time 

course of the task there is an increasing need of theta activity to maintain a good performance. The 

fact that theta oscillations, which are believed to support long-range transmission of information, 

were increased in these subjects may indicate an enhanced modulatory activity (Clayton et al. 

2015). Thus, the over-time increase of theta-band activity observed in the right-frontal region of the 

“high-performers” corroborates the importance of this cortical region in the maintaining of attention 

(Posner and Petersen 1990; Pardo et al. 1991; Rueckert and Grafman 1996; Coull 1998). 

Regarding the activation of task-relevant regions (2), we observed that individuals included in 

cluster 2 presented a high level of functional connectivity at theta-band between FT7 and Oz 
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electrodes at the beginning of the task which decreased over time (reaching a similar level when 

compared with the other clusters in the last task periods) (Figure 5). Lateral prefrontal cortex is 

thought to send modulatory signals to sensorimotor areas, by synchronizing at theta-band (Clayton 

et al. 2015). Our results support an increase of the modulation exerted by FT7 (electrode located in 

the left lateral prefrontal cortex) over Oz (electrode located in the visual region) in these subjects, 

suggesting a higher mobilization of attentional resources in the first period of the task (Clayton et 

al. 2015). However, this modulatory activity reduces over time, indicating that this attentional 

mobilization decreases progressively over time. Interestingly, it is exactly these subjects that 

presented a slow-down of RT on the time course of the task. Also regarding point (2) of the model, 

gamma oscillations in sensory cortices are associated with an enhanced attention to sensory input. 

Furthermore, the gamma activity in sensory cortices is highly influenced by cognitive control 

regions (Clayton et al., 2015, Gregoriou et al., 2014). For example, the task improvement of 

subjects during an oddball task has been associated with the increase of gamma oscillations in 

visual area (Akimoto et al. 2013; Potes et al. 2014). Interestingly, regarding the increased functional 

connectivity between FT7 and Oz electrodes, in the present study we also observed an increased 

(Figure 6C), but over-time reduction (Figure 6D) of theta-gamma coupling in Oz electrode on 

subjects included in cluster 2, suggesting an over-time reduced treatment of visual inputs  

(Gregoriou et al. 2014; Clayton et al. 2015). Altogether, our results highlight that subjects from 

cluster 2, which are the only ones to have a significant RT slow-down over the time course of the 

task, showed an increase of functional connectivity between FT7 and Oz electrodes concomitantly 

with an increase in theta-gamma coupling. In addition, both features reduced over the time course 

of the task. This suggests that subjects from this cluster have a higher attentional mobilization and 

increased treatment of visual inputs at the beginning of the task, which decreases over time. Both 

measures might be used as attentional resources mobilization. 
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Noteworthy, we observed that subjects from the Cluster 1 showed a widespread increase and 

over-time maintaining of theta-gamma coupling during the whole task (Figure 6A and Figure 6B). 

This may suggest that “high-performers” use a spread brain circuitry lastingly. However, more 

studies and different techniques are necessary to better explore this feature. 

 

In summary, we were able to identify two populations of individuals presenting opposite speed-

accuracy trade-off profiles. We also observed that high-performance subjects present a globally 

increased theta-gamma coupling maintained over time and an increase of theta activity in FC6 and 

F8. Finally, we observed that RT slow-down over time, which might indicate the adoption of a 

more cautious strategy, was observed in individuals showing a high level of modulation exerted by 

FT7 over Oz at the beginning of the task which strongly reduced during the time course of the task. 

In addition, a similar result was observed when we looked the theta-gamma coupling in the visual 

cortex in these subjects, suggesting that both measures may be used as markers of a more controlled 

strategy.  Therefore, the main finding of the present work is that we have been able to identify four 

attentional profiles by separating subjects based on their performance. This method appears to be 

very useful in studying and better understanding the mechanisms underlying different attentional 

features, such as attentional decline, attentional lapses, or speed-accuracy trade-off. 
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Figure captions 

Fig 1 Attentional oscillatory model (adapted from Clayton et al., 2015).  (A) monitoring and evaluation of relevant 

activity supported by theta oscillations in fontal cortices and by communication between posterior medial frontal cortex 

(pMFC) and lateral prefrontal cortex (LPFC). (B) Synchronization at theta band between frontal regions and taks-

relevant and task-irrelevant regions. 

Fig 2 Cluster extraction. (A) Four clusters is the optimal number of cluster to extract; (B) Cluster dendrogram. 
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Fig 3 Performance profile. (A) Reaction time – RT; (B) Commission error - CE; (C) reaction time standard 

deviation – RT-SD; (D) Reaction time slope - Slope; (E) Age. All values are presented as mean and ± standard 

deviation. 

Fig 4 Theta power in frontal regions. (A) Theta power in fronto-central cortex - FC6; (B) Theta power in frontal 

cortex – F8. 

Fig 5 Activation of task relevant structures calculate with Granger causality connection between FT7 and Oz. 

Fig 6 Cross-frequency coupling. (A, B, C and D) Global coupling between theta phase and gamma power. (E, F, G 

and H) Over time cross-frequency coupling. The arrows indicates a significant difference observed in occipital regions 

in cluster 2 subjects (see. Figure 7). 

Fig 7 Modulation index of theta-gamma coupling in occipital cortex – Oz (Visual region). 
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