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ABSTRACT 

 

CARDIOVASCULAR AND RESPIRATORY MEASURES OF COGNITIVE CONTROL:  

INVESTIGATING CHANGES IN PHYSIOLOGY WITHIN THE DUAL MECHANISMS FOR 

CONTROL FRAMEWORK 

 

Michelle Dollois  

University of Guelph, 2019  

Advisors:  

Dr. M. J. Fenske  

Dr. C. M. Fiacconi 

This thesis is an investigation of cognitive control strategies and how they are observable in heart 

rate (HR) and respiration. Cognitive control ensures that our actions align with our behavioural 

goals. This control can be divided into proactive and reactive control by the dual mechanisms for 

control framework. When using proactive control people actively anticipate goal-relevant 

events/actions prior to their occurrence. Those using reactive control make adjustments that are 

applied on-the-fly as events unfold. In this thesis, we used the AX-CPT task, which provides 

behavioural indices of control strategy together with physiological measures of HR and 

respiration to probe whether each control strategy has a unique physiological signature. 

Anticipatory HR deceleration was observed regardless of control strategy, but was especially 

sensitive to the consequences of proactive control use. Moreover, respiration appeared to more 

closely track global variations in control strategy.  
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1 Cardiovascular and Respiratory Measures of Cognitive 

Control 

Cognitive control is our capacity for corralling our attentional and perceptual resources to meet 

our behavioural goals. By directing our attention cognitive control ensures that our thoughts and 

behaviour are focused on goal-relevant objects and events in our surroundings. This helps us 

respond quickly to conflict (Botvinick, Braver, Barch, Carter, & Cohen, 2001) and to avoid it by 

using predictive signals (Czernochowski, Nessler & Freidman, 2010), preventing us from 

making errors. Maintaining this control is effortful (Locke & Braver, 2008), and depending on 

circumstances it may be deemed to not be worth engaging in. A neuroeconomic approach to 

cognitive control explains that people will attempt to minimize cognitive effort wherever 

possible to conserve resources (Westbrook & Braver, 2015; Westbrook & Braver 2016). In many 

situations we can choose how to approach a task, with different strategies involving different 

amounts of cognitive effort. Exerting cognitive control by preparing for an event and attempting 

to determine the appropriate response in advance may be more effortful than leaving your mind 

open and free. However, by preparing there is room to minimize the need for control when the 

event occurs. Our ability to regulate which approach to take, preparing or reacting, is an essential 

part of cognitive control. 

1.1 Dual mechanisms for control framework 

These two approaches to control are considered by the dual mechanisms for control (DMC) 

framework (Braver, 2012; Braver, Gray, & Burgess, 2007). This framework posits that there are 

two distinct strategies for cognitive control: proactive control and reactive control. Proactive 

control uses environmental signals to predict and prepare for events and conflict. It requires 

sustained attention and the maintenance of goals in working memory in order to prepare 

responses efficiently. Conversely, reactive control adjusts behaviour to events and conflict as 

they occur. It is a transient form of control used to correct behaviour as needed. These two 

modes of control each have costs and benefits, and thus are favoured differently based on present 

needs and demands.  

Since proactive control utilises environmental signals to prepare in advance, it often results in 

faster responses to anticipated events as a result of the extra initial effort. However, there is a 

cost in performance when predictions are wrong. Alternatively, reactive control does not rely on 

warning signals, requires no effort prior to an event occurring, and leaves more resources 

available to handle unpredicted events and conflict, thus outperforming false predictions. 

However, without preparation it is often slower at mobilizing responses than successful proactive 

control (Gonthier, Macnamara, Chow, Conway, & Braver, 2016b). This dual model fits well 

with the neuroeconomic approach as its two distinct profiles explain how we can limit our 

exertion of prolonged control only to situations where environmental signals call for it and 

indicate that it can be used to avoid future effort.  

Traditionally, research on the DMC framework has concerned itself with individual differences. 

The age-related differences in cognition that have been reported for decades are well explained 
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by the DMC framework. Aging has long been associated with a decline in cognitive control 

function; however, as summarized by Overbeek, van Boxtel, and Westerink (2014) there have 

been inconsistent results when attempting to quantify it. Treitz, Heyder and Daum (2007), for 

example, conducted a study using a battery of tasks, that all relied on executive functioning. 

They found that age only impacted cognitive performance in tasks that depended specifically on 

inhibiting prepotent responses and the ability to divide attention. Engle and Kane (2004) found 

that a key difference in age-related performance was due to a failure in goal-maintenance, which 

notably is a crucial step in proactive control. These researchers showed that deficits occur to 

different degrees based on task parameters, and concluded that cognitive control is likely 

composed of several mechanisms that can decline in function at least somewhat independently 

from each other. Approaching cognitive control as a collection of separate mechanisms that 

contribute differently to attentional regulation is common throughout much of the literature in 

the years leading up to the development and widespread consideration of the DMC framework 

(Banich, 2009; Koechlin, Ody, & Kouneiher, 2003; Koechlin & Summerfield 2007; O’Reilly, 

2006; Smith & Jonides, 1999; Treitz et al., 2007).  

Researchers who have centred their experiments around the DMC framework have been able to 

demonstrate that which cognitive control strategy populations are prone to using can explain 

differences in behaviour. With these strategies in mind, researchers have observed that older 

adults consistently provide more reactive patterns of responding than younger adults when both 

groups perform the same cognitive control tasks (Braver, 2012; Braver et al., 2001; Braver, 

Paxton, Locke, & Barch, 2009; Braver, Satpute, Rush, Racine, & Barch, 2005; Paxton, Barch, 

Racine, & Braver, 2008; Paxton, Barch, Storandt, & Braver, 2006). The DMC framework has 

also been used to explain differences in performance within children of different ages (Chatham, 

Frank, & Munakata, 2009), adolescents relative to adults (Banich, 2009), and those with 

neuropsychological disorders and diseases when compared to general populations (Banich, 2009; 

Braver et al., 2005; Lesh et al., 2013; Yoon et al., 2012). By considering differences with the two 

control strategies of the DMC framework, we can better understand the disparity in behaviour 

between groups. 

In addition to being used to investigate differences between groups, the DMC framework can 

also explain differences within individuals. This framework encourages one to understand 

cognitive control as a flexible process (Braver, 2012; Braver et al., 2007; Braver et al., 2009; 

Gonthier et al., 2016b). Thus, as well as predictors like age, the use of the two strategies is 

dependant on many dynamic factors like environmental signals, working memory load (Braver et 

al., 2007), and motivation (Braver et al., 2009; Locke & Braver, 2008). A common paradigm 

used to measure these strategies is the AX-Continuous Performance Test (AX-CPT; Rosvold, 

Mirsky, Sarason, Bransome, & Beck, 1956) which requires participants to categorize trials with a 

motor response as they are presented. The structure of the task allows participants to use either 

control strategy with each one having its costs and benefits. By adjusting various elements of this 

task, the degree to which individuals prefer each control strategy will vary. Braver et al. (2009) 

used the AX-CPT to induce a more reactive behavioural signature in a young proactive 

population by adding monetary incentives that disproportionately punished the mistakes made 

from using proactive control. Locke and Braver (2008) used monetary reward favouring 

proactive behaviour to create the opposite strategy shift. The use of motivation to alter behaviour 
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further supports the neuroeconomic validity of the DMC framework. By using incentives, 

whether a participant engages with the effortful proactive control can become more or less likely 

to reflect its new value in the current context, and these preferences can be observed in 

behavioural changes.  

1.2 Neural manifestations of the DMC framework 

Behavioural measures like reaction times and error rates allow us to evaluate which strategy was 

being used by an individual by quantifying the consequences of each strategy. Measures of 

neural activity allow us to view them in action. Prior to the widespread use of the DMC 

framework, neural models of cognitive control sometimes focused on regional distinctions in 

function. For example, the various operations involved in cognitive control have been attributed 

to activity in separate brain regions (Koechlin et al., 2003). Other models however, focused more 

on the different temporal dynamics within the prefrontal cortex (PFC; O’Reilly, 2006). O’Reilly 

posited a model that was predominantly based on different functions being carried out by the 

same region in the brain by different dopamine receptor types at different times. Within the 

context of the DMC framework, researchers tend to favour aspects of O’Reilly’s model and 

focus on changes in activity in the PFC over time (Braver et al., 2001; Paxton et al. 2008; Braver 

et al., 2009).  

A key distinction between the two strategies of the DMC framework is their temporal profile of 

control. Proactive control is characterized by early and sustained control. This is reflective of the 

use of cues to anticipate and prepare for events. Upon noticing a cue, someone using proactive 

control would focus their attention on their current goal, maintaining vigilance so that their goal 

is met. Those using reactive control would exert control only at the time of the event, reacting as 

it occurs. Thus, proactive control is characterized by early and sustained control beginning with 

the recognition of the cue, while reactive control requires only late and transient effort. It has 

been found that there are temporal patterns in PFC activation that mirror these temporal patterns 

and are predictive of cognitive control strategy use.   

When neural activity is compared between older and younger adults while they complete the 

AX-CPT in a functional magnetic resonance imaging (fMRI) scanner the differences in their 

control use are observable in their brain scans (Braver et al., 2001; Braver et al., 2009; Paxton et 

al., 2008). These studies have found that PFC activation is in agreement with behavioural 

markers for control strategy. Younger participants demonstrate proactive control and show 

sustained activation in the PFC in the delay preceding the response stimulus, while older 

participants who are more reactive show increased transient activity at the onset of the response 

stimulus. These temporal dynamics reflect qualities of the control strategies, demonstrating 

increased activity in the PFC during the moments of greatest control for each population.  

These results have also been replicated looking at changes in cognitive control within a 

population. Braver et al. (2009) showed that induced strategy change is paired with a temporal 

change in PFC activity. When proactive control was increased in an elderly sample through the 

use of strategy training, and reactive control was increased in a younger sample with penalty 

incentives, it was found that compared to baseline conditions the older population showed a 
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greater amount of early and sustained PFC activation, and that the younger population showed an 

increased amount of late, transient activation. These results demonstrate that proactive and 

reactive cognitive control manifest in unique patterns of neural activity that distinguish both 

between and within populations. 

1.3 Physiological activity and cognitive control 

Research using fMRI shows us that we can measure these strategies in ways beyond behavioural 

performance. Shifting our focus from the central to the peripheral nervous system, physiological 

change outside the brain can also be used to infer changes in cognition. Effort in particular is 

often accessed through observations of physiology. Many studies have associated pupil dilation 

with cognitive effort and demonstrated that it is a mechanism that is sensitive to more than just 

changes in light. In these studies, as tasks grew more difficult greater dilation was observed 

(Diede & Bugg, 2017; Hess, 1965; Kahneman & Beatty, 1966; Libby, Lacey, & Lacey, 1973; 

van der Wel & van Steenbergen, 2018). When paired with the DMC framework pupil dilation 

can be used as a tool to predict strategy use, with dilation mirroring the temporal PFC activation 

that is observed in similar situations.  

In a study comparing young children to older ones in performance on the AX-CPT, Chatham and 

colleagues (2009) demonstrated with behavioural results that at 3.5 years of age children have 

not developed enough cognitively to engage reliably in proactive control and instead favoured a 

reactive strategy, while 8-year-olds showed typical proactive behaviour. The observed patterns in 

pupil dilation mapped onto these two behavioural patterns, with the younger, more reactive 

children having the greatest dilation at the time of an imperative stimulus when a response was 

required, and the older, more proactive children showing dilation earlier in response to a warning 

signal and sustained during the delay prior to the appearance of the imperative stimulus. 

Moreover, when Chiew and Braver (2013) used monetary rewards to encourage proactive 

behaviour in an already proactive population, the use of incentives resulted in more prominent 

proactive behavioural signatures and increased dilation prior to the imperative stimulus relative 

to baseline conditions. Thus, pupillometry has demonstrated that it is sensitive to the temporal 

differences in effort patterns between the two strategies.  

Of particular interest to the current study, are the ways in which cardiovascular changes may be 

measured to give us a new tool to use when examining cognitive control and effort. It is worth 

looking into these measures because there is a large body of research that has associated heart 

rate (HR) deceleration with anticipation and preparation. These two actions are essential qualities 

of proactive control; however, as far as we know, HR has not been studied within the context of 

the DMC framework.   

Changes in attention have long been associated with changes in HR (Graham & Clifton, 1966; 

Porges & Raskin, 1969). One particularly reliable observation is that HR decelerates following a 

warning signal in anticipation of an imperative stimulus. Researchers in this field have said that 

this is one of the most replicable observations in psychophysiology (Jennings, van der Molen, 

Brock, & Somsen, 1991). This phenomenon has been consistently observed in task paradigms 

that involve a warning signal and an imperative stimulus. Following the warning signal HR 
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decelerates during the delay, or foreperiod, and reaches it nadir at the approximate time of 

stimulus onset (Coles & Duncan-Johnson, 1975; Coles & Duncan-Johnson, 1977; Jennings & 

van der Molen, 2005; Jennings et al., 1991; Jennings, van der Molen, Somsen, & Terezis, 1990; 

Lacey & Lacey, 1980; van der Molen, Boomsma, Jennings, & Nieuwboer, 1989). If the length of 

the foreperiod is held constant across trials, the nadir will reliably occur at the time of stimulus 

presentation. Alternatively, if the foreperiod varies, the nadir will occur at the most likely time of 

presentation (the average of the possible foreperiod lengths) and sustain itself until presentation 

(van der Molen et al., 1989). The sensitivity of the deceleration to the length of the foreperiod 

has been used to support the idea that this phenomenon is a product of active anticipation. 

HR deceleration has also been linked to motor preparation. Tasks that manipulate the motor 

response required of a participant have been observed to change HR deceleration, suggesting that 

deceleration may be related to response preparation. Coles and Duncan-Johnson (1975) used a 

task that comprised of a warning signal, three consecutive tones, and a response signal. 

Participants had to listen to the tones, determine if a response needed to be made based on the 

pitch pattern they heard, and give (or withhold) a response at the final signal. On trials when a 

response should be made there was significantly greater HR deceleration between the third tone 

and the response signal than on those that did not require a response. They interpreted this as 

indicating that the deceleration was an indication of motor response preparation. 

Furthermore, manipulations of the probability of making a response have been observed in 

anticipatory HR deceleration. In another tone discrimination task, participants had to sort two 

tones as being either high or low in pitch, each one requiring a different motor response (van der 

Molen et al., 1989). A warning signal was given prior to each tone, and the expected HR 

deceleration occurred following the warning signal. A third tone was also used to indicate a no-

go trial, where no response should be made by the participant. Van der Molen and colleagues 

manipulated the likelihood of go trials to observe how the probability of making a response 

affects HR. They observed that HR was slowest just prior to and during the imperative stimulus 

presentation when the probability of making a response was also greatest. This supports the 

claim that changes in HR are related to response preparation, and that this change is sensitive to 

task manipulations that impact response likelihood. 

Anticipation and preparation are essential components of proactive control that are not present in 

reactive control. It follows that the HR deceleration that has been observed for so long may be an 

indication of proactive control and therefore may not be present or as strongly pronounced in 

those using reactive control. The tasks used in these HR studies have designs that may encourage 

proactive control given the easy to use cues, predictable timing, and the need for early attention 

to avoid errors. Additionally, age is a strong predictor of control strategy preference in simple 

attentional tasks (Banich, 2009; Braver, 2012; Braver et al., 2001; Braver et al., 2009; Braver et 

al., 2005; Chatham et al., 2009; Paxton, et al., 2008; Paxton et al., 2006), and the samples used in 

these studies do not include either children or the elderly who would be more likely to 

demonstrate reactive control. All of which suggests that these studies may be presenting a 

collection of observations of proactive cognitive control. This idea is central to the questions 

investigated in this thesis.   
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When cardiovascular changes are investigated respiration is often measured as well. To an 

extent, HR is mediated by breathing, with the respiratory and cardiovascular systems usually 

operating in synchrony. This relationship is frequently measured as its impact has been shown to 

vary based on task demands, and so studies have looked for the desynchronization of breathing 

and HR during the administration of difficult cognitive tasks (Hansen, Johnsen, & Thayer, 2003; 

Lackner et al., 2011; Overbeek et al., 2014). Breathing rate has also been implicated in cognitive 

tasks (Porges & Raskin, 1969) with rate usually increasing with difficulty. However, there is 

relatively little research that has considered event-locked breathing responses. This is worth 

considering because the research that has used this method of analysis has found that greater 

exhalation following a stimulus presentation was associated with greater encoding of that 

stimulus (Huijbers et al., 2014; Melnychuk et al., 2018). Huijbers and colleagues (2014) found 

that when participants studied words, items that were subsequently remembered were followed 

by deeper exhalations that were more reliably locked with stimulus presentation. This has been 

interpreted as reflecting greater attention being paid to these items, consequently leading to better 

memory performance.  

Within the context of the DMC framework, considering event-locked respiration is valuable 

because the two strategies differ in when they use the greatest amount of attention. Those using 

proactive control should be paying much more attention to warning signals that can be used to 

prepare for events than those using reactive control. Conversely, without anticipation preceding 

an event, reactive control users should have to exert more control over their attention at the time 

of an event occurring in order to react appropriately. From this we would expect that respiration 

would differ between the two control strategies, with greater exhalations following the moments 

of greatest attention; however, to our knowledge event-locked respiration has not be investigated 

in the DMC framework.  

1.4 The current study 

The current study aimed to test whether cardiovascular and respiratory measures are sensitive to 

the control strategies defined by the DMC framework, and if they can be used as a new tool with 

which to examine cognitive control. To accomplish this, physiological measures of HR and 

respiration were combined with behavioural measures of control strategy, with the expectation 

that the two modes for control would be accompanied with two different HR change and 

respiration profiles that indicate the presence or absence of early cognitive effort due to 

anticipation and preparation.   

As mentioned earlier, the DMC framework has commonly been examined using the AX-CPT. In 

this task participants must categorize pairs of letters as being either targets or non-targets, where 

the identity of each letter is needed to successfully sort trials. A target trial is defined as any trial 

where the first letter, the cue, is an A, and the second letter, the probe, is an X, together making 

an AX trial. Trials with an A-cue but a non-X-probe (AY trial), a non-A-cue and an X-probe 

(BX trial), and a non-A-cue and a non-X-probe (BY trial) are all considered non-target trials and 

require a different response than the target AX trials. The exact proportions of these trials within 

the task vary across experiments, but specific relationships between trials are always maintained. 
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Importantly, A-cues should reliably predict X-probes, and X-probes should be highly associated 

with target responses.  

This can be used as a tool to observe the DMC framework by examining how much an individual 

relies on the information provided by the cue or the probe. Those using proactive control will use 

the cue to anticipate and prepare a response for the onset of the probe. On B-cue trials, this 

means preparing a non-target response since regardless of the probe identity B-cue trials will 

never be target trials. On A-cue trials this results in the anticipation of an X-probe and a target 

response due to their reliable pairing. Proactive strategy use is identified when a participant 

demonstrates accurate and fast performance on AX, BX, and BY trials, but relatively worse 

performance on AY trials due to the cost of anticipating the wrong probe and preparing the 

wrong response.  

Those using reactive control will instead favour the information provided by the probe over the 

cue. This will lead to a bias towards target responses in the presence of X-probes even on the 

non-target BX trials. At the onset of the X-probe, cue information will have to be retrieved from 

memory and used to direct behaviour. Because the predominant response to an X-probe is a 

target response, this will have to be inhibited on BX trials, resulting in performance cost for 

reactive users. However, a deficit in performance is not seen on AY trials since when relying on 

probe information, the identity of the cue is less likely to interfere with responses on Y-probe 

trials.  

Being able to explain the differences in behaviour in this task with the DMC framework is 

reinforced by studies that have varied the length of time between the cue and probe. When the 

window between the cue and probe is lengthened these behavioural patterns become more 

pronounced. Those using proactive control exhibit faster reaction times (RT) on B-cue trials and 

slower RT on AY trials as a result of a greater investment in preparation based on the cue 

(Braver et al., 2001; Braver et al., 2005; Paxton et al., 2008). While those using reactive control 

will show greater BX trial deficits as a result of the cue information being further out of reach in 

time, increasing the salience of the probe information and causing greater response conflict when 

an X-probe does not warrant a target response. By looking at the speed and accuracy differences 

between participants on these key trial types (AY and BX trials), the AX-CPT can highlight 

whether there is greater reliance on cue or probe information and thus can be used to quantify 

cognitive control strategy within the DMC framework.   

It is easy to extend this paradigm into the realm of anticipatory HR deceleration research, since 

the AX-CPT shares a structure with the tasks generally used; it has cue followed by a clear 

foreperiod and then a probe. Given that there is a long history of observing HR deceleration in 

conditions very similar to those in the AX-CPT, we predict that we will observe this HR 

deceleration in the foreperiod of each trial in a proactive sample. During this window proactive 

control users would be maintaining goals to anticipate the probe and prepare a response more 

efficiently. The use of anticipation and preparation in this window should replicate traditional 

findings for HR deceleration. A novel finding that we expect from the current study, will be the 

difference in HR deceleration during the foreperiod between proactive and reactive participants. 

Since proactive control places a greater emphasis on anticipation, we expect that greater 
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deceleration will occur for those who demonstrate proactive behaviour. Additionally, we expect 

that this may be observed in degrees such that, the more proactive a participant is, the greater the 

relative deceleration will be, reflecting the amount of control and effort being exerted during this 

period. 

Moreover, we expect that HR will vary between trial types for the proactive control users as a 

result of effort differences. This is based on studies that have shown that more difficult tasks are 

met with greater HR deceleration. In particular, an experiment by Coles and Duncan-Johnson 

(1977) had participants respond based on whether two tones were the same or different, and 

demonstrated that when a warning signal indicated that tones would be close in pitch (and 

therefore more difficult to distinguish between), HR decelerated more in the delay following the 

warning signal relative to trials in which the signal indicated it would be clearer difference. The 

results of this experiment suggest that the anticipation of and preparation for a relatively difficult 

discrimination task is observable in HR change.  

In the AX-CPT, A-cues and B-cues carry different response information which may impact 

anticipatory HR change in a similar manner. Following a B-cue, a participant can prepare a non-

target response with confidence. During the foreperiod a proactive participant can anticipate the 

presentation of the probe in order to make the non-target response quickly. This is seen in studies 

that demonstrate that proactive participants show greater speed overall than reactive participants 

(Gonthier et al., 2016b). However, on A-cue trials, the response to be made is still ambiguous 

(AX trials requiring a target response and AY trials requiring a non-target response). Therefore, 

the anticipation occurring in the foreperiod may reflect the impending need to determine the 

identity of the probe. The difference in cognition in the foreperiod between A-cue and B-cue 

trials for proactive participants, is the difference between preparing to discriminate and detect, 

respectively. If the phenomenon observed in the tone discrimination task (Coles & Duncan-

Johnson, 1977) is reflective of differences in the anticipated need for effort, and not limited 

strictly to effort within discrimination, a similar result may be found here. Since discrimination is 

a more onerous task than detection, the activity in the foreperiod following A-cues may reflect 

the greater expected amount of effort required at the onset of the probe and will elicit greater 

deceleration than B-cue trials. It is not expected that this difference will be pronounced for 

reactive participants since all probes will be require discrimination with this strategy.    

Along with changes in HR, we expect that the two control strategies will be paired with 

differences in respiration. Although the number of studies that have examined stimulus-locked 

respiration change is limited, there is evidence that attending to a stimulus is paired with 

exhalation occurring roughly two seconds later (Huijbers et al., 2014; Melnychuk et al., 2018). 

Within the context of the AX-CPT, we would expect that those using proactive control will 

attend to cues more than those using reactive control, and thus show greater exhalation following 

the cue presentation. Additionally, there may be a difference in respiration following the probe 

presentation due to the emphasis that is placed on the probe by reactive users.  

The current study uses two experiments to examine the relationship between autonomic nervous 

system (ANS) activity and cognitive control strategy. The first pairs the standard AX-CPT with 

electrocardiography (ECG) and respiration measures as a means to examine task performance 
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and behavioural markers for control strategy with physiological patterns. The second experiment 

uses a different version of the AX-CPT that includes no-go trials to encourage a preference for 

reactive control so that a clearer comparison could be made between the two strategy types. 

Through these two experiments we will evaluate ECG as a tool with which to access cognitive 

processes and determine if this measure can offer new insight into cognitive control.  

2 Experiment 1 

2.1 Methods 

2.1.1 Participants 

Participants were recruited through the University of Guelph’s participant pool system, which 

allows students in select courses to earn partial credit by participating in studies. Fifty-three 

students (age range 18-25, M = 18.5, SD = 1.19, male N = 17) were recruited through this pool. 

Inclusions were limited to students who were right-handed, had normal or corrected-to-normal 

vision, and English proficiency. Only those who had no history of cardiovascular conditions, 

were not taking any medications other than over-the-counter analgesics or oral contraceptives, 

and who had not consumed alcohol or caffeine within the 12 hours prior to participating were 

allowed to participate.  

2.1.2 Task and materials 

2.1.2.1 AX-CPT 

This task was carried out on a computer via E-Prime 3.0 experimental design software with 

stimuli being presented on a cathode-ray tube screen and responses being made with key presses 

on a standard QWERTY keyboard. Letters were presented in black and fixations were presented 

in grey, centred on a silver background. 

As described above, when completing this task, participants indicated whether each trial was a 

target or non-target by making a motor response. Each trial began with a fixation cross at the 

centre of the screen for 500 ms. This was then followed by the first letter in the trial, the cue, 

which was presented on screen for 500 ms. Following the cue presentation there was a 5000 ms 

delay during which another fixation cross was shown, followed by the 500 ms presentation of the 

second letter, the probe. Between trials there was a variable delay of 8, 10, or 12 seconds, during 

which a fixation dot was displayed on the screen. Which letters were presented as cue and probe 

were determined by trial type. Trials with A cues (AX and AY trials) began with A, and trials 

with X probes (AX and BX) ended with X. On trials with B cues or Y probes any letter other 

than A, X, Y, and K may have been presented (Y and K were excluded due to visual similarity to 

X). Which non-A and non-X letters were used was determined randomly, and trials were 

presented in a pseudo-random order. 

Starting from the onset of the probe participants were able to make their response as to which 

kind of trial they were shown. Responses were made by pressing either the “j” or “k” key on the 
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keyboard, one indicating a target trial, and the other a non-target trial (counterbalanced across 

participants). The time window for acceptable responses began at the onset of the probe and 

continued for 1 second following its offset (1500 ms total). Participants did not receive feedback 

on whether they responded correctly during the main task but did hear a “bloop” if they did not 

respond within the response window.  

For these experiments, trial proportions followed a 4:1:1:4 ratio of AX, AY, BX, and BY trials, 

respectively (Gonthier et al., 2016b; Richmond, Redick, & Braver, 2015). These proportions 

were chosen over the other commonly used 7:1:1:1 ratio (Braver et al., 2001; Braver et al., 2009; 

Braver et al., 2005; Chatham et al., 2009; Chiew & Braver, 2013; Locke & Braver, 2008; Paxton 

et al., 2008; Paxton et al., 2006) to minimize any effects of novelty due to the rarity of 

encountering letters other than A and X. With the 4:1:1:4 proportions each letter type is equally 

likely to occur without dramatically reducing the association between A and X or X and target 

responses.   

2.1.2.2 Physiology recording  

Biopac Systems Inc. hardware was used to collect physiological data. An MP160 base unit was 

used with the ECG100C (electrocardiography) and RSP100C (respiration) modules. All data 

were recorded at 500 hz, through AcqKnowledge 5.0 software.  

HR data were collected using EL500 and EL503 electrodes. One electrode was placed on the 

chest, 1-2 cm below the centre of the right clavicle, a second electrode was placed on the left 

abdomen on the lower ribs, and a third electrode was placed on the lower right ribs as a ground. 

This arrangement was used to highlight the R-wave component of the ECG signature to make 

measuring the distance between heart beats most clear.  

A respiration belt transducer (respiration belt) was used to measure changes in breathing. The 

respiration belt is wrapped around the upper chest of the participant, and a central electrode 

records the tensing and relaxing of the belt as the chest expands and compresses with breathing. 

This tool is able to measure both inhalation and exhalation, as well as relative volume change in 

volts based on electrode activity. 

2.1.2.3 Data processing  

For behavioural results, means of RT and error rates were analysed using the general linear 

model (GLM) to compare performance treating cue and probe as repeated measures variables 

with two levels each (A and B cues, X and Y probes). Three other measures are commonly used 

when examining AX-CPT performance to quantify the degree of proactive or reactive control 

use: the proactive behavioural index (PBI), the A-cue bias and d’-context (Braver et al., 2009; 

Braver et al., 2005; Gonthier et al., 2016b; Paxon et al., 2008; Richmond et al., 2015). The PBI 

compares performance on BX and AY trials to evaluate which trial type is causing the greatest 

difficulty for the participant. It is calculated for each participant by taking their mean RT and 

evaluating: (AY-BX)/(AY+BX); the same equation can be applied to accuracy scores. Positive 

PBIs are understood to indicate the use of proactive control, and negative, reactive control, while 
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the more extreme the score in either direction, the greater the participant favours that control 

mode. 

The A-cue bias and d’-context use signal detection theory (Stanislaw & Todorov, 1999) to 

evaluate sensitivity to the various trial types. The A-cue bias calculates a c criterion based on AX 

hits and AY false alarms to measure how sensitive to the presence of an A-cue the participant is. 

The d’-context uses AX hits and BX false alarms to calculate a d’ to quantify how sensitive the 

participant is to the context provided by the cue. Perfect hit or false alarm rates were adjusted: hit 

rates = 2-(1-N) and false alarms = 1-2-(1/N) (Braver et al., 2005), where N refers to the total number 

of that trial type.  

Heart rate was quantified by calculating the number of beats per minute (bpm), with a “beat” 

being defined as the time at which the peak of an R-wave was detected in the ECG, and the time 

between beats being used to calculate bpm. Change in bpm was then calculated for each trial 

before being averaged within trial types for each participant and then averaged across subjects. 

For HR calculations, each trial consists of a 15 second window beginning 6 seconds prior to the 

onset of the cue. Within this window bpm was averaged into 500 ms bins. The mean of the first 4 

seconds of the HR window (bins 1-8) was used as the baseline for that given trial. All bin means 

were then subtracted from the baseline to calculate the change in HR.  

To determine whether there had been significant deceleration occurring prior to the probe, 

change in HR was compared to zero (no change from baseline) in the bin preceding onset of the 

probe (bin 23). This bin was chosen, as significant change from zero at this time point would 

indicate that deceleration had occurred prior to the probe and is not attributable to the probe’s 

identity. Deceleration at this time point, for A-cue trials and B-cue trials were also compared, to 

investigate whether cue-identity impacted deceleration as predicted.   

Based on post hoc observations, change in HR was compared between trial types following the 

probe to determine if there was probe-based deceleration occurring. HR in the first 3 bins 

following the offset of the probe (bins 25-27) was averaged and compared with an analysis of 

variance (ANOVA) treating cue type and probe type as within-subject variables with 2 levels 

each. These bins were used as this window was most likely to include the greatest negative 

change in HR on any given trial for a participant. 

Respiration was examined within the same 15 second window used for the HR data and 

following the same 500 ms bin approach. Instead of a change in breathing rate, we were 

interested in event-related patterns of inhalation and exhalation. As such, breathing is reported in 

standardized units of volt change from the respiration belt. Positive numbers indicate the 

expansion of the belt, and thus inhalation, and negative numbers indicate exhalation, with the 

size of the number expressing the relative volume of the breath. Breathing measures were 

standardized within each block for each participant using a z-score transformation. The 

respiration belt is sensitive to strap tightness, as well as position on the body. The standardization 

of respiration scores was done to minimize the noise between participants that was due to 

placement, and within a participant due to the belt shifting over time. With this adjustment a 

respiration score of zero is representative of the mean respiration volume (as interpreted in 
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volts), with positive and negative numbers indicating an increase and decrease in volume, 

respectively. As such, our respiration data cannot be used to infer exact volume of inhalation and 

exhalation but is able to communicate the timing of these events and the relative volume change.  

To analyze the respiration data, the GLM was used to compare cue and probe impact on 

breathing. The time regions of interest for analysis is based on research that has found that 

attending to stimuli results in notable exhalation two seconds following the stimulus presentation 

(Melnychuk et al., 2018). Following this theory, average breathing activity was compared 

following the cue (bins 16-18), and the probe (bins 27-29).  

2.1.3 Procedure 

After participants had given informed consent, electrodes were placed on the chest and abdomen 

by the experimenter, followed by the respiration belt which was secured over top of their 

clothing. A five-minute baseline recording of heart and breathing activity was then taken during 

which the participant was instructed not to move or speak. Participants were then guided through 

the instructions of the AX-CPT by the experimenter, followed by the completion of 10 practice 

trials that mimicked the trial type proportions of the main experiment. During the practice trials, 

participants received verbal feedback from the experimenter if mistakes were made. This was 

followed by the completion of the main task. A total of 150 trials were done, broken up into five 

blocks of 30 trials separated by participant-paced breaks. The experimenter was present 

throughout the duration of the experiment, monitoring physiological recordings on a separate 

computer within the same room. At the completion of the task, physiological equipment was 

removed by the experimenter and the participant was debriefed.  

2.2 Results 

2.2.1 Reaction times and error rates  

Participants in this experiment had a mean RT across all trials of M = 556.5 ms (SD = 151.4), 

and an average error rate of 4% (SD = 4.6%). Performance on the different trial types ranged for 

RT (MAX = 524.8, SDAX = 128.5; MAY = 640.7, SDAY = 134.4; MBX = 541.8, SDBX = 184.3; MBY = 

518.6, SDBY = 158.3) and error rates (MAX = 3.4, SDAX = 3.4; MAY = 7.5, SDAY = 7.8; MBX = 2.5, 

SDBX = 4.2; MBY = 2.5, SDBY = 3.1), such that performance was slowest and least accurate on AY 

trials. RT means are visualized in Figure 5; for error rates see Figure 6. 

A 2 (Cue: A, B) X 2 (Probe: X, Y) repeated-measures ANOVA found that there was a main 

effect of cue on RT (F(1, 52) = 30.26, p < .001, η2g = .03), as well as a main effect of probe 

(F(1, 52) = 56.91, p < .001, η2g = .02), and a significant cue by probe interaction (F(1, 52) = 

152.28, p < .001, η2g = .05). To address the significant interaction between cue and probe, two 

simple effect tests were done using one-way ANOVAs, examining the effect of probe identity at 

each level of cue. A significant simple effect of probe was found on both A-cue trials (F(1, 52) = 

159.6, p < .001, η2g = .17), and B-cue trials (p = .029). Additionally, a series of post hoc t-tests 

were done with Holm’s adjustment that revealed that AY trials differed from all other trial types 

(p < .001 in all cases), and BX trials differed from BY trials (p = .008). 
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A similar pattern was found in the error-rate data, where an ANOVA found a significant main 

effect of cue (F(1, 52) = 15.94, p < .001, η2
g = .08), probe (F(1, 52) = 10.09, p = .003, η2

g = .04), 

and a cue-probe interaction (F(1, 52) = 11.28, p = .001, η2
g = .04). Examination of the simple 

effects using a one-way ANOVA found an effect of probe for A-cue trials (F(1, 52) = 13.52, p < 

.001, η2
g = .11), but not for B-cue trials (p = 1).  

2.2.2 Indices  

As described above, four indices were used to measure the degree of proactivity in our sample. 

Mean PBI for RT was M = .1 (SD = .1), and for accuracy M = .22 (SD = .41). Mean A-cue bias 

was, M = .28 (SD = .22), and mean d’-context, M = 3.87 (SD = .31).  

2.2.3 Heart rate  

Three participants were excluded from HR analyses due to technological interruptions of 

recording, therefore for the following HR data, N = 50. To test our primary prediction that HR 

would decelerate during the delay following the cue, we conducted a one-sample t-test on mean 

HR change in the last bin prior to the onset of the probe. Mean HR change, collapsed across 

trials, was significantly different from zero (M = -.997 bpm, t(49) = -5.3, p < .001), indicating 

that HR was decelerating prior to the probe. When these same data were split by cue identity (MA 

= -1.098 bpm, MB = -.896 bpm) and compared, no significant difference was found (t(49) = -

.802, p = .43).  

Following the probe presentation, HR was compared post hoc to determine the impact of probe 

identity on HR deceleration. Mean HR deceleration for each trial type was MAX = -3.07 bpm (SD 

= 1.89), MAY = -3.74 bpm (SD = 2.67), MBX = -2.74 bpm (SD = 2.4), and MBY = -2.36 bpm (SD = 

1.46). See Figure 1 for HR change over time during trials, and Figure 7 for visualisation of post 

probe HR change. Following the same approach as with our behavioural data, a repeated-

measures 2 (Cue: A, B) X 2 (Probe: X, Y) ANOVA was carried out. The ANOVA revealed a 

significant main effect of cue (F(1, 49) = 12.56, p < .001, η2
g = .04), and a cue-probe interaction 

(F(1, 49) = 5.78, p = .02, η2
g = .02), but no effect of probe (p = .5). A test of the simple effect of 

probe found a significant difference between AY trials and AX trials (F(1, 49) = 5.38, p = .02, 

η2
g = .02), but no effect of probe on B-cue trial HR deceleration (p = .23). Repeated-measures t-

test comparisons between the individual trial types found that there was greater deceleration on 

AY trials than BX (p = .046) and BY (p = .002) trials. 
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Figure 2.2.3.1: Mean HR change in Experiment 1, separated by trial type. Moving from left to right, the first 

grey box indicates the window used to calculate baseline HR prior to each trial, the second grey box indicates 

cue presentation, and the third grey box shows probe presentation. Green boxes are used to indicate analysis 

windows, one before and one after probe presentation.  

2.2.4 Respiration  

Breathing was examined following both the cue and probe for 48 of the participants. Exclusions 

were due to interruptions of the physiological recording (N = 3) or an excessive amount of noise 

in the data (N = 2). Mean respiration in the window of interest following the cue was, M = -.081 

(SD = .14). The negative value indicates that an exhale was occurring, and a one-sample t-test 

found that this was significantly different from zero (t(47) = -3.99, p < .001). When data were 

divided by cue identity, no significance was found (t(47) = 1.04, p = .3; MA = -.068, MB = -.094).  

During our window of interest following the probe, mean respiration was, M = -.19 (SD = .21). 

When compared to zero, a t-test found a significant difference (t(47) = -8.24, p < .001), 

indicating a reliable exhale occurred during this time. When breathing following the probe was 

considered with the various trial types (MAX = -.18, SD = .17; MAY = -.23, SD = .23; MBX = -.21, 

SD = .25; MBY = -.15, SD = .17) a 2 X 2 ANOVA found a significant cue by probe interaction 

(F(1, 47) = 8.79, p = .005, η2
g = .02), but no main effects. Simple effect tests on the impact of 

probe on cue using one-way ANOVAs found that AX and AY trials did not differ (p = .065), but 

that probe did impact exhale on B-cue trials (F(1, 47) = 4.12, p = .048, η2
g = .02). Additionally, a 

one-way ANOVA testing the impact of cue on Y-probes, found, that AY trials significantly 

differed from BY trials (F(1, 47) = 8.89, p =  .005, η2
g = .03). Experiment 1 respiration is 

summarized based on trial types in Figure 2. 
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Figure 2.2.4.1: Mean respiration in Experiment 1, separated by trial type. Moving from left to right, the first 

grey box indicates cue presentation, and the second shows probe presentation. Green boxes depict analysis 

windows. Y-axis is measured in z-scores. 

2.3 Experiment 1 discussion 

We found in this experiment that participants struggled the most on AY trials, which had the 

slowest RT and highest error rates of the four trial types. Additionally, the behavioural indices 

that attempt to quantify proactivity all suggested that this is a proactive sample, as is most easily 

seen in the positive mean PBI scores. Given the age of the population we sampled from, having a 

predominantly proactive sample is consistent with past literature (Braver, 2012; Braver et al., 

2001; Braver et al., 2009; Braver et al., 2005; Paxton et al., 2008; Paxton et al., 2006). However, 

it should be noted that there was a simple effect of probe on B-cues, indicating that performance 

on BX trials was worse than BY trials. This indicates that the X-probe on BX trials was causing 

some interference for our participants despite their use of proactive control. However, this 

interference was much smaller than from AY trials, and so the physiological results should be 

considered as an example of proactive activity 

In line with our predictions, we found that this proactive sample demonstrated significant HR 

deceleration during the delay, which reached its lowest point following the probe. This replicates 

the anticipatory HR deceleration pattern that has been seen in past cardiovascular research, and 

which we suspected was a manifestation of proactive control. However, our prediction that trials 

with A- and B-cues would result in different levels of deceleration cannot be clearly determined 

with these results. No effect of cue was found prior to the onset of the probe, indicating that there 

was no early separation based on cue type. Following the probe, at the nadir of the HR pattern, a 

significant main effect of cue was found, with A-cues resulting in the deepest deceleration, 
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however, the significant interaction between cue and probe in this window suggests that the main 

effect of cue is being driven by the combination of an A-cue with a Y-probe.  

The multiple trial types of the AX-CPT allowed us to discover another pattern in HR change 

which we did not expect following the probe. Here, AY trials distinguished themselves from the 

other trial types, mirroring the behavioural results. This may suggest that the extra control 

required to successfully respond on AY trials for proactive participants can be observed in the 

extra deceleration that occurs following the probe. If this is the case, then a distinct pattern 

should appear for those using reactive control, as they exert the most control on BX trials during 

this time window.  

Respiration data revealed that exhalation followed both the cue and probe presentation by 

roughly two seconds. Additionally, AY trials were paired with the deepest exhalation following 

the probe, though this trial type did not distinguish itself as prominently as in the behavioural and 

HR measures. This may be an indication of attention being paid to the stimulus, with extra 

attention being given to the Y-probe when it follows an A-cue. This explanation is further 

supported by activity on BY trials, which showed the least amount of exhale. BY trials would 

have presumably required the least amount of attention from the participants as both the cue and 

probe identities congruently indicate that a non-target response should be given, and so the probe 

on these trials should not capture much extra attention. Somewhat surprising, is how deep the 

exhales following BX trials were. Both in behavioural and respiratory results we see that is a 

significant difference between BX and BY trials. From this, it follows that X-probes following 

B-cues were causing some interference, which required greater attention to overcome and thus 

longer RT. However, the simple effect of probe was larger for B-cue trials than A-cue trials in 

the respiration, despite the A-cue trials having the larger effect in the behavioural data. This may 

indicate that respiration is more sensitive to the use of reactive control.  

The results from Experiment 1 have offered many interesting patterns in physiological change. 

However, without a reactive sample to compare these results to, the extent to which proactive 

and reactive forms of control exhibit different temporal profiles of physiological response is 

currently unclear. In the following experiment the AX-CPT was paired with a manipulation to 

induce more reactive behaviour so that such comparisons could be made.   

3 Experiment 2 

As discussed earlier, there are many methods that can be used to induce shifts in cognitive 

control strategy use. Though motivation is perhaps the most common manipulation paired with 

the AX-CPT to encourage a strategy shift (Braver et al., 2009; Chiew & Braver, 2013; Locke & 

Braver, 2008), the addition of feedback and monetary reward or punishment is a large enough 

departure from the methods of the standard AX-CPT used in Experiment 1, that a different 

manipulation may allow for a cleaner comparison between our two experiments. Instead we 

chose to use the addition of no-go trials to the standard AX-CPT to induce a shift towards 

reactive control use within the proactive population that we would be sampling from.  
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The no-go trials consist of a cue and probe like the other trial types in the AX-CPT. They are 

equally likely to have an A or a B as a cue letter, however, on no-go trials the probe is a number. 

Unlike the other four trial types which each require either a target or non-target response, no 

response should be given on no-go trials. The addition of these trials has been shown to cause 

greater interference on BX trials in traditionally proactive populations as seen in RT and 

accuracy scores, which has been interpreted as an increase in reactive control use (Braver et al., 

2009; Gonthier et al., 2016b). The rationale supporting this manipulation is that by including 

these numbers, a greater emphasis in placed on the probe identity. A response cannot be fully 

prepared based on any cue identity (whereas before a non-target response could be confidently 

prepared following a B-cue), and so utilising the cue to anticipate and prepare should hold less 

value for the participant. Additionally, the inclusion of A-no-go trials decrease the association 

between A-cues and X-probes without decreasing the association between X-probes and target 

responses. This should diminish A-cue interference somewhat without affecting X-probe 

interference.  

By including no-go trials in the AX-CPT, we hoped to induce reactive control in our sample so 

that we could make a clear comparison between the two control strategies and their relationship 

with changes in HR and respiration.   

3.1 Methods 

3.1.1 Participants  

Again, participants were recruited through the University of Guelph’s participant pool system 

and received partial course credits as compensation for participating in this study. Fifty-one 

students (age range 18-28, M = 19, SD = 1.84, male n = 8) were recruited through this pool. 

Inclusions and exclusions were the same as in Experiment 1.  

3.1.2 Task and materials 

3.1.2.1 AX-CPT no-go  

This task followed the same design as reported in Experiment 1, except with an additional 40 no-

go trials. The cues on these trials were equally likely to be either an A- or B-cue (distinguished 

as A-NG and B-NG trials), and the probe could be any number from 1-9 (randomly selected). On 

these trials participants were instructed to make no response. The lack of response during the 

response window did not result in a “bloop” for no-go trials. No-go trials were spread evenly 

across the experiment, resulting in an additional 8 trials per block. Roughly following the 

methods used by Gonthier and colleagues (2016b) the ratio of trial types was now, 12:3:3:12:4:4 

(AX, AY, BX, BY, A-NG, B-NG), which maintains the relative proportions of the original four 

trial types.  
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3.1.2.2 Physiology recordings  

All physiological data were collected by the same means as in Experiment 1.  

3.1.2.3 Data processing 

The data processing and analyses used in Experiment 1 were also used here. In addition, the no-

go trials were considered in some analyses, where probe as a factor was given three levels 

instead of two (X, Y, no-go). In cases where assumptions of sphericity were violated, results 

were adjusted based on the Huynh-Feldt correction. 

3.1.3 Procedure  

The same procedure is followed as in Experiment 1.  

3.2 Results 

3.2.1 Reaction times and error rates  

Means for RT and error rates fit a different pattern in this experiment compared to the first (for 

summary and comparison between both experiments for RT and error rates see Figure 5 and 6, 

respectively). BX trials had the slowest RT (M = 735.64 ms, SD = 150.28), followed by AY (M = 

722.20, SD = 135.52), BY (M = 638.34 ms, SD = 130.95), and AX (M = 574.48 ms, SD = 

124.53). The same ordering was found in error rates, with BX trials having the highest, and AX 

the lowest (MBX = 8.2%, SD = 10.4; MAY = 7.5%, SD = 8.6%; MBY = 3.7%, SD = 4.5; MAX = 

3.4%, SD =4.7). Additionally, the no-go AX-CPT has two no-go trial types for which the error 

rates were, MA-NG = 2.6% (SD = 4.7) and MB-NG = 5.9% (SD = 6.7). 

Following the same method as Experiment 1, a 2 X 2 repeated-measures ANOVA done with the 

RT data found a main effect of cue (F(1, 50) = 23.77, p < .001, η2
g = .02) with B-cue trials 

having a slower mean RT, a main effect of probe (F(1, 50) = 9.55, p = .003, η2
g = .009) with Y-

probes having the slower mean RT, and a cue-probe interaction (F(1, 50) = 260.47, p < .001, η2
g 

= .17). Simple effects were tested to further examine the interaction with one-way ANOVAs. 

Comparing the effect of probe identity at both levels of cue found a significant effect for both A-

cue trials (F(1, 50) = 129.41, p < .001, η2
g = .25) and B-cue trials (F(1, 50) = 118.86, p < .001, 

η2
g = .11). Post hoc t-tests comparing the individual trial types revealed that all trials differed 

from each other significantly (p < .001 in all cases) other than AY and BX trials (p = .32).  

Since the no-go AX-CPT has six different trial types that can be measured with accuracy, a 2 

(Cue: A, B) X 3 (Probe: X, Y, no-go) ANOVA was used to test omnibus effects. This test found 

a main effect of cue (F(1, 50) = 6.5, p = .014, η2
g = .01), and a cue by probe interaction (F(1, 50) 

= 18.67, p < .001, η2
g = .07), but no main effect of probe (p = .11). To investigate the interaction, 

data were divided such that simple effects of probe on cue were done with the four standard trial 

types (as they were in Experiment 1), and the no-go trials were compared separately. The simple 

effect test of probe found an effect of probe identity on both A- (F(1, 50) = 15.67, p < .001, η2
g = 

.08) and B-cues (F(1, 50) = 17.93, p < .001, η2
g = .08). The comparison of no-go trial error rates 
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found that accuracy was worse on B-NG trials than A-NG trials (F(1, 50) = 13.15, p < .001, η2
g = 

.08).  

3.2.2 Indices  

Proactive index measures found that in Experiment 2, our sample had a negative PBI when 

considering RT (M = -.007, SD = .06), but not accuracy (M = .004, SD = .41). Additionally, this 

sample had a mean A-cue bias of, M = .252 (SD = .17), and a mean d’-context of, M = 3.73 (SD 

= .56). Formal comparison in these scores between the two experiments will be made in a later 

section.  

3.2.3 Heart rate  

HR data include 50 of the 51 participants run in Experiment 2; one participant was removed from 

these data due to technical interference disrupting the recording of physiological measures. 

Following the same method as in Experiment 1, to examine whether HR decelerated in 

anticipation of the probe, change in HR in the bin prior to probe onset, collapsed across all six 

trial types, was compared to zero using a one-sample t-test. A significant difference was found 

(M = -1 bpm, SD = 1.27, t(49) = -5.58, p < .001) indicating that HR did decelerate during the 

delay period prior to the probe. Furthermore, there was greater deceleration on A-cue (M = -1.34 

bpm, SD = 1.43) than B-cue (M = -.65 bpm, SD = 1.54) trials (t(49) =-3.13, p = .003).  

When considering the post probe HR change and how it differed between the trial types, all six 

trial types were examined. Mean change in HR followed the same pattern within the four 

standard trial types as it did in Experiment 1, with the mean HR change being deepest for AY 

trials (M = -4.26 bpm, SD = 2.68), followed by AX (M = -3.44 bpm, SD = 1.69), BX (M = -3.13 

bpm, SD = 2.66), and BY (M  = -2.84 bpm, SD = 1.78); mean HR change for the no-go trials 

were, MA-NG = -4.15 bpm (SD = 2.37), and MB-NG = -3.09 (SD = 2.96). Mean HR change across 

time during trials is depicted in Figure 3, with trials split by cue identity; Figure 7 summarizes 

mean HR change following the probe in the four standard trial types.  

A 2 X 3 repeated-measures ANOVA revealed a significant main effect of cue (F(1, 49) = 14.52, 

p < .001, η2
g = .04) with A-cue trials showing deeper deceleration than B-cue trials, but no effect 

of probe (p = .47) or cue-probe interaction (p = .16). It should be noted that this interaction is 

significant when the no-go trials are not included in the analysis (F(1, 49) = 5.46, p = .024, η2
g = 

.02). A closer look at the between trial differences found a simple effect of probe when looking 

at A-cue trials (p = .02), driven by AX trials which decelerated less than AY and A-NG trials (p 

= .015 in both cases). No effect of probe was found within the B-cue trials (p = .82).  
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A.

 

B.

 

Figure 3.2.3.1: Mean HR change across trials separated by trial type; A-NG and B-NG refer to no-go trials. 

A) A-cue trial HR change. B) B-cue trial HR change. Grey bars depict baseline window, and cue and probe 

presentation, green boxes depict analysis windows.  
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3.2.4 Respiration  

Two additional participants were excluded from analyses of respiration due to excessive noise 

(final N = 48). Mean respiration in the period two-seconds following the cue was, M = -.022 (SD 

= .088), and a one-sample t-test found that this was not significantly different from zero, though 

it was trending (t(47) = -1.75, p = .087). No differences revealed themselves when the data were 

then split by cue identity (p = .71; MA = -.02, SD = .13; MB = -.03, SD = .14).  

During our window of interest following the probe, mean respiration was, M = -.22 (SD = .16). 

When compared to zero, a t-test found a significant difference (t(47) = -9.44, p < .001), 

indicating an exhale occurred during this time. When breathing following the probe was 

considered with the various trial types (MAX = -.22, SD = .17; MAY = -.21, SD = .22; MBX = -.24, 

SD = .23; MBY = -.2, SD = .16) a 2 X 2 ANOVA found no main effects or interaction. Respiration 

data plotted over time is summarized Figure 4. 

 

 

Figure 3.2.4.1: Mean respiration for the standard four trial types in Experiment 2. Grey bars depict cue and 

probe presentation, green boxes depict analysis windows. Y-axis is measured in z-scores. 
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3.3 Experiment 2 discussion 

The second experiment attempted to use the addition of no-go trials to encourage a reactive 

approach to the AX-CPT in our typically proactive sample. The behavioural data do show some 

signs of an increase in reactivity. This is most clearly seen in the RT and error rates on BX trials 

and confirmed by the simple effect of probe on B-cue trials in RT and error rates. This is also 

established by our PBI for RT which had a negative mean indicating slower RT on BX trials than 

on AY trials. However, we can still see markers for proactivity in this sample. AY trials still 

show relatively slow RT and high error rates, as is made clear by the presence of a simple main 

effect of probe on A-cue trials in both RT and error rates. Additionally, the mean PBI for 

accuracy is a positive number which indicates that participants were less accurate on AY trials 

than BX trials (although it should be noted that both PBIs in Experiment 2 are quite close to 

zero). The behavioural results from Experiment 2 suggest that we have increased reactive 

behaviour in our sample while not reducing proactive control. This is similar to the pattern of 

data found by Gonthier and colleagues (2016b), and further suggests that these two forms of 

control are either not exclusive, or that strategy is being decided on a trial-by-trial basis based on 

the cue identity.  

Based on our behavioural data it appears that our participants were using proactive control on A-

cue trials and reactive control on B-cue trials. The decision to choose a strategy based on cue 

identity may be explained by the overall increase in difficulty in the no-go version of the AX-

CPT. In the standard version, B-cue trials require an unambiguous motor response; regardless of 

probe identity, a non-target response should be made. While on A-cue trials, response depends 

on the identity of the probe. In the no-go AX-CPT, all trials are ambiguous prior to the 

presentation of the probe. Since the large majority of trials (nearly 80%) that begin with a B-cue 

require a non-target response, participants may be choosing to not engage with effortful 

proactive control, when they will need extra control on A-cue trials which have three potential 

responses all of which are equally or more likely than a no-go response on B-cue trials. Thus, the 

behaviour we have measured in this experiment fits with a neuroeconomic approach to cognitive 

control and demonstrates its real-time flexibility.  

Though our goal was not to closely examine performance on the no-go trials, a simple main 

effect of cue was present in the no-go error rates. This effect indicates that more mistakes were 

being made on B-NG trials than A-NG trials despite the likelihood of a no-go trial being equal 

following each cue. A possible explanation for this, is the difference in ambiguity and response 

likelihood that was just described above. The association between A-cues and target responses, 

and A-cues and non-target responses is weaker than the association between B-cues and non-

target responses. With less strong associations, the participant may be more inclined to hold all 

potential responses at the ready on A-cue trials. However, on B-cue trials, only number probes 

required a unique response, and the strong association between B-cues and non-target responses 

may be causing interference on B-NG trials in a similar way as the high association between A-

cues and target responses on AY trials for proactive participants.  

Turning to the physiological data we have found a number of interesting results. Within our HR 

measurements we found both a significant deceleration occurring prior to the probe onset, as 
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well as a distinction between cue types. This indicates that even in our sample, which 

demonstrates some reactive behaviour, there is still anticipatory HR deceleration occurring. The 

distinction between A-cue and B-cue deceleration within this pre-probe window may reflect the 

presence of both control strategies in our sample. The deeper deceleration on A-cue trials may be 

connected to the proactive approach taken in these trials, as seen in the trouble on AY trials, and 

the relatively less deep deceleration on B-cue trials may relate to the more reactive approach 

seen on those trials, as inferred by the difficulty on BX trials. If this is the case, this would 

suggest that the use of proactive control may mediate the degree of anticipatory HR deceleration 

in response to the cue. Additionally, this difference in HR deceleration may be a product of the 

difference in response ambiguity between the two cue-types. Deeper HR deceleration is 

associated with preparing for more difficult tasks (Coles & Duncan-Johnson, 1977). A-cue trials 

could end in one of three possible responses, while B-cue trials can only end in two, one of 

which is far more likely than the other. The difference in the expected difficulty on the upcoming 

discrimination task may be what is at the root of the differences in deceleration based on cue 

identity. If this is the case, it may suggest that instead of a difference between proactive and 

reactive strategy use, this pre-probe deceleration is reflective of a difference in two levels of 

proactivity that are present in the two cue trial types.  

Looking at the change in HR following the probe, we did not find the pattern we expected. 

Similar to the results found in Experiment 1, the difficulty on AY trials as seen in the 

behavioural data was paired with increased deceleration following the probe presentation relative 

to AX trials. However, the slower RT and higher error rates on BX trials was not met with 

deeper deceleration, as no B-cue trials differed in terms of HR change. This suggests that the 

extra control that is required on AY trials is different from the extra control used to respond 

successfully on BX trials. This is further supported by the finding that A-NG trials, like AY 

trials, distinguish themselves from AX trials, while B-NG and BX trials do not differ from BY 

trials. Our behavioural data tell us that extra control is required on all of the rare trial types, and 

that predominant or prepared responses are being inhibited in order to respond correctly. Despite 

this, the only extra control that is evident in HR change is that used on AY and A-NG trials. This 

indicates that inhibiting a prepared response (as in the case of the rare A trials) is different from 

inhibiting a reactionary response like on BX and B-NG trials, and that HR deceleration is only 

sensitive to the former.  

Following the same strategy as with Experiment 1, respiration patterns were examined at two 

points during trials. Following the presentation of the cue, no effect of respiration change was 

found when compared to zero, and following the probe mean exhalation was deep enough that 

the effect was significant. When comparing the different trials types in this post-probe window 

none were different from each other, though BX trials showed the deepest exhalation 

qualitatively. This is in line with our predictions about respiration, as our more reactive sample 

did not show a consistent exhale following the cue but did following the probe. This could be 

interpreted as them emphasizing the probe but not the cue. Considering that there is evidence of 

proactive behaviour in this sample, it is somewhat surprising that there wasn’t an effect of cue on 

breathing during the delay between stimuli. The presence of the consequences of both proactive 

and reactive control suggest that strategy may have been chosen based on cue identity. It is 
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interesting that this isn’t observable in the initial exhalation, where we would expect A-cues to 

receive more attention and therefore be paired with a deeper exhale.  

4 Experiment 1 and 2 Comparison 

4.1 Results 

Although many interesting results are observable within each experiment, comparisons between 

the two samples will be more informative for comparing the different control strategies. In the 

following analyses, omnibus tests will be done using 2 (Cue: A, B) X 2 (Probe: X, Y) X 2 

(Version: standard AX-CPT, no-go AX-CPT) split-plot factorial ANOVAs unless otherwise 

stated.  

4.1.1 Reaction times and error rates  

Beginning with behavioural data, comparisons of RT demonstrate that a shift in strategy has 

occurred with our Experiment 2 manipulation. The ANOVA found a main effect of version (F(1, 

102) = 17.19, p < .001, η2
g = .13) reflecting the overall slower RT in the no-go AX-CPT, and 

probe (F(1, 102) = 49.61, p < .001, η2
g = .02), but no effect of cue (F(1, 102) = 1.25, p = .27). All 

possible interactions were also significant; version by cue (F(1, 102) = 53.55, p < .001, η2
g = 

.02), version by probe (F(1, 102) = 4.33, p = .04, η2
g < .01), cue by probe (F(1, 102) = 417.05, p 

< .001, η2
g = .1), version by cue by probe (F(1, 102) = 31.72, p < .001, η2

g = .01). The 

interactions between version and cue, and version and probe, are reflective of the impact that no-

go trials had on performance on BX trials, resulting in slower overall RT for B-cue trials and X-

probe trials in Experiment 2 relative to Experiment 1. This is captured by the cue by probe by 

version interaction. RT results are summarized in Figure 5.  

 

Figure 4.1.1.1: Mean RT separated by trial type and AX-CPT version. Error bars are based on Cousineau 

(2005).  
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An analysis of the error rates was carried out the same way as with the RT data. The main effect 

of cue was significant (F(1, 102) = 5.31, p = .023, η2
g = .01) indicating that accuracy was higher 

on B-cue trials. The main effects of probe (F(1, 102) = 3.6, p = .061) and version (F(1, 102) = 

3.63, p = .06) were trending but did not reach significance. All possible interactions reached 

significance; version by cue (F(1, 102) = 10.8, p = .001, η2
g = .02), version by probe (F(1, 102) = 

5.99, p = .016, η2
g = .01), cue by probe (F(1, 102) = 41.01, p < .001, η2

g = .06), version by cue by 

probe (F(1, 102) = 5.04, p = .027, η2
g = .01). These results are very similar to those found for our 

RT data, and can be understood the same way; the no-go manipulation increased interference on 

BX trials. Error rate data are summarized in Figure 6. 

 

 

Figure 4.1.1.2: Mean error rates separated by trial type and AX-CPT version. Error bars are based on 

Cousineau (2005).  

4.1.2 Indices  

An alternative way to quantify whether strategy use had changed across the two experiments is 

by comparing the proactive indices. Independent t-tests were used to investigate whether 

differences were present. Both measures of PBI differed between the two experiments, with 

Experiment 1 having a significantly larger PBI for RT (t(102) = 6.67, p < .001) and for accuracy 

(t(102) = 2.67, p = .009), indicating more proactive behaviour. However, no significant 

differences were found between the A-cue bias (t(102) = .74, p = .46) and d’-context (t(102) = 

1.56, p = .12).  
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4.1.3 Heart rate  

In both experiments there was significant HR deceleration occurring prior to the presentation of 

the probe. When the data in this window were compared between the two cue types and the two 

versions of the task, a main effect of cue came out (F(1, 98) = 7.09, p = .009, η2
g = .02), but not 

of version (F(1, 98) < .001, p = .995), and no cue-version interaction was found (F(1, 98) = 2.16, 

p = .149). It is worth noting that even though no effect of cue was found within the Experiment 1 

results, there is no interaction present when the data are taken together with Experiment 2, and 

thus the main effect of cue present here can be interpreted as overall greater deceleration 

occurring prior to the probe on A-cue trials when compared to B-cue trials.  

Shifting to the window of interest following the probe presentation, when the two versions were 

compared in a 2 X 2 X 2 ANOVA only two significant effects appeared. There was a main effect 

of cue across both versions of the AX-CPT (F(1, 98) = 30.17, p < .001, η2
g = .04) with A-cue 

trials having deeper deceleration than B-cue trials. Additionally, there was a significant cue-

probe interaction present across both versions (F(1, 98) = 11.21, p = .001, η2
g = .02). No other 

effects or interactions reached significance; main effect of version (F(1, 98) = 1.53, p = .22); 

probe (F(1, 98) = 2.34, p = .129); version-cue interaction (F(1, 98) = .002, p = .965); version-

probe interaction (F(1, 98) = .21, p = .646); version-cue-probe interaction (F(1, 98) = .006, p = 

.937). Mean HR change following the probe is summarized in Figure 7. 

 

 

Figure 4.1.3.1: Summary of mean HR change in the 1500 ms window following probe offset. Error bars are 

based on Cousineau (2005). 
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Additionally, since we have interpreted the deceleration of HR occurring following the probe on 

AY trials as an indication of the use of proactive control on those trials, we attempted to see if 

this deceleration was sensitive to the degree of proactivity shown by a participant. This was done 

with a correlation between A-cue bias scores and the difference in deceleration on AY and BY 

trials for each participant. The A-cue bias was chosen because it is a measure of A-probe 

interference on A-cue trials, and thus differences in scores are dependant on one’s reliance on the 

cue. This was chosen over the PBI since PBI scores are influenced by performance on BX trials, 

and so a strong measure of proactivity is also dependant on a lack of reactivity. The difference 

between deceleration on AY and BY trials was used instead of the raw AY deceleration in order 

to account for any difference in HR change brought on by version (even though there is no main 

effect of version, qualitatively there was greater deceleration on all trial types in Experiment 2). 

BY trials are able to act as a control trial since both cue and probe are congruently non-target, 

therefore any difference between BY and AY deceleration should be attributable to the presence 

of the A-cue. Three participants were removed from the correlation, one for being an outlier in 

HR deceleration, and the others for being outliers in A-cue bias score (more than 2.5 standard 

deviations away from the mean). A significant negative correlation was found (r = -.22, p = 

.033), providing evidence that proactive behaviour may be a weak predictor of HR deceleration; 

more proactivity related to deeper deceleration on AY trials following the probe, as is illustrated 

in Figure 8. 

 

Figure 4.1.3.2: Each participant in Experiment 1 and 2 plotted based on relative AY trial deceleration and A-

cue bias. Yellow line indicates linear trend.  
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4.1.4 Respiration  

The exhale following the cue presentation was examined in terms of version and cue identity. An 

analysis using a 2 (Version: standard, no-go) X 2 (Cue: A, B) ANOVA found a main effect of 

version (F(1, 94) = 5.96, p = .016, η2
g = .04), indicating that deeper exhales occurred following 

the cue in Experiment 1 than in Experiment 2. No effect of cue (F(1, 94) = .94, p = .335) or 

interaction (F(1, 94) = .16, p = .69) reached significance. A 2 X 2 X 2 ANOVA testing mean 

respiration following the probe presentation considering cue, probe, and version revealed only a 

significant interaction between cue and probe (F(1, 94) = 7.08, p = .009, η2
g = .01). When means 

were collapsed across versions AY and BX trials show qualitatively deeper exhalation than AX 

and BY trials.  

To investigate how respiration at both time points varied based on version, respiration data were 

collapsed across trial types and compared at each time point. The 2 (Time: post-cue, post-probe) 

X 2 (Version: standard, no-go) ANOVA found a main effect of time (F(1, 94) = 53.65, p < .001, 

η2
g = .25), a time-version interaction (F(1, 94) = 4.16, p = .044, η2

g = .02), but no effect of 

version (F(1, 94) = .61, p = .436). These results indicate that exhalation was deeper overall 

following the probe (M = -2.06, SD = .2) than the cue (M = -.05, SD = .15). Additionally, 

exhalation was deeper following the cue in Experiment 1 than Experiment 2, but this reversed 

following the probe (though no main effect of version was found at the second time point). Mean 

respiration activity across trials comparing versions is depicted in Figure 9. 

 

A.
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B.

 

Figure 4.1.4.1:  A) Mean respiration collapsed across Experiment 1 and 2, separated by trial type. B) Mean 

respiration during trials comparing activity between the two AX-CPT versions. Grey bars depict cue and 

probe presentation, green boxes depict analysis windows. Y-axes are measured in z-scores. 

The exhalation data during the delay following the cue were also examined using a correlation. 

Mean exhalation was correlated with the PBI for RT. The PBI was chosen because it is sensitive 

to both proactive and reactive markers for behaviour, both of which should influence the amount 

of attention being paid to the cue (presumably, high proactivity being associated with high 

attention, and high reactivity being associated with low attention). The A-cue bias and d’-context 

are only able to access one strategy, while the PBI is able to find both extremes, and cluster those 

who are both proactive and reactive towards a neutral score, which mirrors how we would expect 

exhalation depth to vary. One outlier in respiration was excluded from the analysis (final N = 

95). The analysis found a significant negative correlation (r = -.214, p = .036), indicating that the 

more proactive (and less reactive) a participant was, the deeper the exhale was following the cue 

(data included in the correlation are summarized in Figure 10).   
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Figure 4.1.4.2: Participants plotted based on mean respiration following the cue presentation and RT PBI 

score. Yellow line indicates linear trend. 

4.2 Experiment 1 and 2 discussion 

When considering the data from both experiments together, the behavioural results show 

evidence for an increase in reactive control in the second experiment relative to the first. This is 

seen in the higher RT and error rates for BX trials, which resulted in significant cue-probe-

version interactions in both cases. Furthermore, mean RT PBI in Experiment 2 was both negative 

and significantly lower than in Experiment 1 indicating that on average participants were slower 

to respond on BX trials than AY trials which is characteristic of a more reactive behavioural 

profile. 

However, this increase in reactivity found in Experiment 1 was not paired with a decrease in 

proactivity. A-cue bias scores and d’-context scores did not significantly differ between 

experiments. In the case of the A-cue bias this means that participants were equally likely to give 

an incorrect target response on AY trials in both experiments. This A-cue interference typically 

wouldn’t be present in a reactive sample since the emphasis on probe identity should make a Y-

probe trial easy to sort. Thus, this demonstrates that both samples showed proactive behaviour on 

AY trials. Additionally, though there was a significant difference between accuracy PBI means, 

indicating that those in Experiment 2 were more reactive than those in Experiment 1, the mean 

PBI in both cases was positive, ultimately signifying more proactive than reactive behaviour. 

Since this index is dependant on the performance on both AY and BX trials, the increase error 

rates on BX trials may be washed out by the similarly high error rates on AY trials in Experiment 

2. A significant difference in d’-context scores was expected given the increase in error rates on 
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BX trials. However, this was not found. It is likely that ceiling effects are contributing to this 

given that both d’-context means were above 3.5. This is also potentially a factor in the similarity 

of A-cue bias scores and accuracy PBI means.   

The complexity of the behavioural results means that the comparison between physiological 

patterns is not as simple as a comparison between proactive and reactive control strategy use 

when looking between the two experiments in this study. However, the blending of strategies 

still allows us to explore our physiological measures and the types of control they are sensitive 

to. Change in HR across both experiments revealed an effect of cue identity on the deceleration 

that was occurring prior to the onset of the probe. One of our original predictions was that 

anticipatory deceleration would be deeper for those using proactive control than reactive control, 

and that the deceleration would be deepest on A-cue trials for those proactive participants. Thus, 

we expected to find both an effect of version, and a version by cue interaction. However, the 

only effect found was that of cue. With our samples it is unclear if this indicates that regardless 

of which control is preferred, anticipatory deceleration will occur and be sensitive to the 

expected difficulty, or whether this pre-probe deceleration is being driven by proactive control 

(which is present in both samples) with little reactive influence. Since both samples 

demonstrated proactive behaviour on AY trials in their RT and error rates, the absence of an 

effect of version or an interaction may be a product of our two samples showing the same 

anticipatory behaviour following cues. Alternatively, the structure of our AX-CPT, which had a 

consistent delay between cue and probe, may elicit an anticipatory response in HR change 

without requiring the maintenance of the cue-identity. It is possible that even those who 

demonstrate more exclusively reactive behavioural patterns would still show this deceleration 

due to the consistent timing of the experiment, although it is unclear how this would also result 

in an effect of cue identity.  

Our expectations were further challenged by the pattern of deceleration that occurred following 

the probe presentation. AX-CPT version had no impact on deceleration in either a main effect or 

interactions. The only significant results that became clear were a main effect of cue and a cue-

probe interaction. This main effect should be weighted lightly, given that there is an interaction 

present, and that prior to the probe onset A-cue trials were already showing deeper deceleration 

than B-cue trials. The cue-probe interaction highlights that there was the deepest deceleration on 

AY trials and the shallowest deceleration on BY trials. Considering this pattern in terms of 

proactive control, it suggests that the struggle and extra control required on AY trials that results 

in slower RT and greater risk of error can also be seen in additional HR deceleration. Since HR 

deceleration is associated with anticipated difficulty (Coles & Duncan-Johnson, 1977) it follows 

that there would be extra deceleration on this difficult trial type.  

However, the absence of a cue-probe-version interaction tells us that this pattern did not change 

across the two versions despite a change in behavioural patterns. If this deceleration were simply 

a related to exerting control to overcome conflict at the time of executing a response, we would 

expect the BX trials to distinguish themselves as well as the AY trials since participants 

struggled on both in Experiment 2. Despite this we cannot see any indication of this extra control 

in HR change on BX trials. This suggests that HR is sensitive to the consequences of proactive 

control but not reactive control, and that the inhibition of a prepared response is different from 
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the inhibition of a reactionary response. This is further supported by the pattern of HR change 

found on no-go trials within Experiment 2, where response inhibition resulted in deeper HR 

deceleration when the cue was an A but not a B.  

Though we cannot see a change in control strategy within the HR data alone, respiration has 

shown itself to be a potential tool to access it. Following the cue, a main effect of version 

indicates that those who are not showing markers of reactive control are attending more to the 

cue, as seen in deeper exhalation. Additionally, a correlation between depth of exhale and PBI 

score found a weak relationship between the balance of reactive and proactive control and degree 

of exhalation. This appears to indicate that the use of proactive control is paired with more 

attention being paid to the cue. It should be considered that this correlation is potentially being 

weakened by our samples. Since most participants in Experiment 1 show proactivity without 

reactivity and those in Experiment 2 shows both, ultimately most participants were proactive. 

We attempted to account for this by using the PBI which is able to place those who are most 

purely proactive and those who are most purely reactive at opposite extremes. However, we 

would expect that adding a sample that is more exclusively reactive would strengthen this 

correlation.  

It is worth noting that an effect of cue identity on respiration following the cue was not found in 

either sample. This is especially curious in the case of Experiment 2 since participants appear to 

choose control strategy based on the cue identity. The overall shallower breathing change in 

Experiment 2 (which did not reliably differ from zero) may be an indication of the overall 

increase in reactive control, and that respiration change may not be sensitive to the deliberation 

of how to handle cue information. Based on behavioural results, the inclusion of no-go trials 

appeared to have shifted the focus to probe identity in the case of B-cue trials, and respiration 

patterns suggest they may have also shifted attention away from the cue, at least initially. More 

research will be needed to fully explore the relationship with cue attention, strategy use, and how 

respiration taps into them.  

Shifting our focus to the respiration patterns following the probe, exhalation was observed after 

its presentation. Interestingly, a cue-probe interaction was present, with AY and BX trials being 

associated with the deepest exhalation. Within both experiments AY and BX trials had the 

slowest RT, and so the interaction in the respiration data may be an indication that the extra 

effort that was required to respond correctly to these most difficult trials was paired with greater 

attention. Alternatively, this may be a response to the rarity of the item. During the earlier 

exhalation, following the cue, there was no impact of cue identity, both of which occur at equal 

rates. However, at the time of the probe, a Y-probe is unlikely to follow an A-cue and an X-

probe is unlikely to follow a B-cue. This explanation may also account for the relative ease with 

which BX trials were handled in Experiment 1, despite the deeper exhale; though BX trials did 

have the second slowest RT, they were only significantly slower than BY trials. Given these 

results, it is worth considering how respiration may be impacted by expectations, and more 

specifically, when expectations are not met.  

The final point to be addressed with the respiration data is the significant interaction that was 

found when comparing overall exhalation following the cue and probe broken down by version. 
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This interaction lends credence to the research that has associated exhalation following a 

stimulus with attention (Huijbers et al., 2014; Melnychuk et al., 2018). We expected that those 

using proactive control would show greater exhalation in relation to the cue presentation, and 

that those using reactive control would exhale more following the probe. Though we did not get 

an effect of version when looking strictly at the post-probe window, this interaction provides 

evidence that attention is different for the two stimuli depending on which version of the AX-

CPT was completed. Additionally, since our Experiment 2 sample demonstrated both proactive 

and reactive behaviour, this response to the probe may be being muted by their proactivity. 

Regardless, the interaction between the two experiments suggests that strategy use can be 

observed in post-stimulus respiration.    

5 General Discussion 

The results presented in this paper provide support for the theory that HR deceleration occurs in 

tandem with anticipation and response preparation, and give new insight into how these elements 

relate. A key question we sought to answer with this research was whether the long-observed 

anticipatory HR deceleration that happens during the foreperiod between two stimuli is a 

manifestation of proactive control. The behavioural results in both Experiment 1 and 2 show 

indications of proactive anticipation in our samples via the cost in performance on AY trials. 

This proactive control is paired with HR deceleration that begins prior to the onset of the probe, 

and reaches its lowest point just following. The pattern of HR deceleration described here 

replicates what has been found in past literature that has investigated this phenomenon (Coles & 

Duncan-Johnson, 1975; Coles & Duncan-Johnson, 1977; Jennings & van der Molen, 2005; 

Jennings et al., 1991; Jennings et al., 1990; Lacey & Lacey, 1980; van der Molen et al., 1989). 

Thus, we provide support that this HR deceleration is related to anticipation.  

Additionally, though it did not support our predictions, we found that even in the case of reactive 

control, HR deceleration is observable prior to the onset of the probe, and to the same degree as 

in proactive control. This suggests that anticipation was occurring during the foreperiod in both 

Experiment 1 and 2 regardless of strategy use. The consistent timing of the foreperiod is likely 

an essential contributor to this effect. A similar pattern was found by Jennings and colleagues 

(1991) who observed HR deceleration preceding the beginning of trials even without the use of 

warning signals. In our own study the probe was always presented five seconds following cue 

offset; this presentation pattern would have been easy to learn for the participants and could have 

resulted in expectations based on timing. Even in reactive control, where the cue identity is not 

being actively maintained over the delay, our HR deceleration results suggest that passive 

anticipation of the probe onset is still occurring.  

Since our Experiment 2 sample demonstrated both proactive and reactive behaviour, there may 

be an inclination to attribute this anticipatory HR deceleration to their proactivity, and not 

consider it reflective of reactive control. However, the costs on AY and BX trials suggest that 

strategy use may have been chosen based on the identity of the cue. With this in mind, it should 

follow that if HR deceleration was only associated with proactive anticipation, the deceleration 

would vary based on cue identity the same way that behaviour did. Though we do have a main 

effect of cue on HR change within Experiment 2, there is no interaction between versions of the 



  34 

 

AX-CPT. This means that the cue-mediated deceleration cannot be credited to approaching B-

cue trials with reactive control, since even without the use of reactive control this difference is 

still present. It appears that the HR deceleration prior to the probe that is associated with 

anticipation is sensitive to the passive anticipation that comes from having a consistent 

foreperiod and is thus present with both proactive and reactive control. 

Further examining the main effect of cue-identity on HR deceleration in this pre-probe window, 

the disparity that is observable here is likely due to an aspect of preparation. Van der Molen and 

colleagues (1989) described several components of the HR signature that is recorded in cued-

stimulus tasks. Among them was a portion of deceleration, just prior to the onset of the 

imperative stimulus, that they associated with the allocation of processing resources for stimulus 

encoding. Additionally, they concluded that having predictable stimulus timing aided the 

encoding preparation that was observable in relatively deeper HR deceleration. With regards to 

the current study, the main effect of cue identity on HR change occurring in the bin prior to 

probe onset could be explained by this idea of encoding preparation, additionally being boosted 

by the consistent presentation timing. In our experiments A-cue trials can end in more possible 

responses than B-cue trials (2 versus 1 in Experiment 1, 3 versus 2 in Experiment 2), and 

because of the increase in response types, there are also weaker associations between A-cues and 

any given response than B-cues. This task structure results in A-cue trials being more difficult to 

respond to insofar as there are more probe identities to discriminate between and because the cue 

cannot be relied on as confidently to prepare a response. Because A-cues are more ambiguous 

cues than B-cues, it follows that they may be eliciting greater recruitment of resources just prior 

to the probe onset, which manifests in deeper HR deceleration.  

The reason why this is observable in both experiments is likely due to how participants are using 

the cue. With both versions of the AX-CPT, we see that the participants are using cue 

information to guide their behaviour. However, by considering behaviour on BX trials, it is clear 

that participants in Experiment 1 are using proactive control on B-cue trials, and that those in 

Experiment 2 are using reactive control on these trials. Despite this difference in strategy use, the 

HR data suggest that both groups of people are distinguishing between A- and B-cue trials in 

terms of encoding preparation in a similar way. Objectively, A-cue trials are more difficult than 

B-cue trials because of their extra ambiguity. The presence of a main effect of cue (that does not 

interact with AX-CPT version) suggests that the participants are, on some level, aware of this, 

and are recruiting encoding resources to match the cue type in preparation of the probe. This is 

also supported by the behavioural data in Experiment 2, where we see participants choosing 

proactive control only on A-cue trials. Though the cue is more reliable on B-cue trials, 

participants may be recognizing that because the discrimination task is more difficult on A-cue 

trials, it is more worth investing their energy to anticipate and prepare on trials that begin with A. 

If an interaction were present in the HR change data, we could interpret the difference between 

cue types in Experiment 2 as belonging to strategy; however, it appears that more generally, in 

both Experiments, participants were preparing for the probe differently based on the cue. This 

observation is in agreement with Coles and Duncan-Johnson (1977) who found that expected 

difficulty mediated HR deceleration depth, and with van der Molen et al. (1989) who related 

these differences to preparation for encoding.  
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Another conclusion that van der Molen and colleagues (1989) came to, was that as response 

probability increased, HR deceleration became deeper. Between Experiment 1 and 2 in our 

study, response probability differs without a difference in HR deceleration before or after the 

probe presentation. This discrepancy between their findings and ours has several potential 

explanations. The most likely culprit is that the two versions of the AX-CPT used by us were 

treated as a between-subjects factor. It is possible, that the difference in deceleration between 

low, medium, and high probability of responding found by van der Molen et al. (1989), was 

influenced by the participants’ ability to compare blocks, with HR change reflecting the relative 

differences between conditions. Moreover, the participants were made explicitly aware of the 

probability of each block before completing it, which likely enhanced any effects based on 

relative comparison. Another potential explanation for the absence of a difference in overall 

deceleration depth in our results, is that while in van der Molen et al.’s study changing the 

probability of responding didn’t change the task’s difficulty, in our study, the addition of the no-

go trials, both decreased the likelihood of responding and increased the difficulty of the task by 

adding more response options. Therefore, there may be a cumulative impact on HR change 

occurring, where the less extreme deceleration that occurs with less likely responding (van der 

Molen et al., 1989), is being balanced by the deeper deceleration that is associated with greater 

difficulty in a task (Coles & Duncan-Johnson, 1977).  

The difference in HR change by trial type that is observable in our data following the probe 

presentation was an unexpected result, as we predicted more general HR deceleration pattern 

differences based on strategy. Our finding that AY trials were paired with extra deceleration 

relative to the other trial types could be attributed to the increased difficulty on these trials for 

our proactive participants. However, if that were the case, then we would also expect greater 

deceleration following BX trials in Experiment 2. Response inhibition may be one way to 

explain the differences in post-probe deceleration. Research that has investigated cardiovascular 

change and response inhibition has consistently shown that the inhibition of a response is linked 

with greater HR slowing (Jennings, van der Molen, Brock, & Somsen, 1992; Jennings et al, 

1991; van der Veen, van der Molen, & Jennings, 2000; see Jennings & van der Molen, 2002 for a 

review). Jennings and colleagues (1991), compared HR change on a motor response task that had 

participants press buttons that corresponded to lights as they were illuminated. The task had two 

main conditions: the lights mapping directly onto the buttons and maintaining the same spatial 

order (for example, the leftmost light requiring participants to press the leftmost button) or 

having a complex mapping where the spatial order was not maintained between the lights and 

buttons. On the complex mapping trials participants showed deeper HR deceleration immediately 

following the stimulus presentation. The researchers interpreted this extra deceleration as the 

inhibition of the simple mapping responses. They reasoned that prior to the onset of the stimulus, 

all response possibilities would be brought to mind for response preparation, and that during 

complex blocks, the more salient simple responses would have to be inhibited in order to respond 

correctly.  

This account of post-stimulus HR deceleration is certainly applicable to the results of our 

experiments. On AY trials, the prepared and predominant target response that accompanies A-

cues for proactive users must be inhibited at the time of the probe in order to response correctly. 

These trials are marked by additional HR deceleration relative to the other trial types, as well as 
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slower RT. Jennings et al. (1991) found in their own experiment, that this post-probe 

deceleration was enhanced by slower response times and shorter delays between stimulus. In our 

own data, we observe similar behavioural costs on AY trials, indicative of inhibition. The delay 

between the cue and the probe is also similarly short like those that were associated with the 

greatest post-probe HR deceleration by Jennings and colleagues. Additionally, in our Experiment 

2 we have no-go trials. Although we cannot measure response speed on no-go trials the HR 

response on A-NG trials is identical to those of AY trials. In this case it appears that both 

complete response inhibition as well as inhibition followed by an alternative response are paired 

with this extra deceleration that is not present on AX trials where the prepared response is carried 

out. 

Although Jennings et al. (1991) provides a good explanation for our own observations, there are 

some important methodological differences between our study and theirs that need to be 

considered. Unlike us, they did not use a task with cue stimuli; each trial participants waited for a 

light to illuminate and then immediately responded to it. As there were no informative warning 

signals this paradigm appears to only lend itself to the use of reactive control, and so should 

mirror HR patterns on BX trials. Moreover, Jennings et al. theorized that the reason post-

stimulus deceleration was most pronounced when the variable inter-stimulus interval was 

shortest is because participants were least ready for the imperative stimulus at the time of its 

presentation. When unprepared the process of activating, inhibiting, and carrying out responses 

takes longer and so is paired with greater deceleration. With a reactive strategy on BX trials 

participants would have been activating responses, inhibiting predominant ones, and then 

executing a response in a similar fashion as the participants in Jennings and colleagues’ study. 

Given this, it may be surprising that BX trials in our own experiment were not associated with 

deeper HR deceleration in the reactive group.  

However, despite not following the same task structure as the AX-CPT, the context of the blocks 

that participants completed in Jennings et al. (1991) provided cue information that would have 

been used when preparing to respond. The knowledge that participants should be using the 

complex mapping of responses when the light illuminated would have prompted them to inhibit 

the simple mapping responses proactively. The same logic is at the core of studies that have 

examined types of cognitive control with the Stroop task. List-wide congruency proportions (the 

overall likelihood that words and their printed colour will match) can be learned and used to 

guide behaviour proactively in anticipation of the next word, thereby mediating the Stroop effect 

(Bugg & Crump, 2012; Gonthier, Braver, & Bugg, 2016a). Even though participants are reacting 

to each item as they occur without a warning stimulus to direct any preparation, the overall 

context of the task can be used in anticipation of making a response. Therefore, although 

Jennings and colleagues (1991) described conditions that sound similar to reactive control, the 

context created by blocking trial types likely resulted in proactive behaviour from their 

participants, which is what is being seen in the HR change data. This explains why Jennings and 

colleagues’ HR findings are comparable to change on AY trials but not BX trials.  

In the case of both proactive and reactive control, the difficult trial types (AY and BX, 

respectively) are challenging because another, incorrect response is predominant. In the case of a 

proactive user completing an AY trial, the prepared target response to the expected AX trial 
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needs to be overcome in order to respond correctly. BX trials for reactive users are difficult 

because the participant must resist responding target to the X-probe. In both cases response 

inhibition is required to respond correctly and is a factor in the worse behavioural performance 

on these trial types. Despite this, HR change on BX and B-NG trials indicate that the inhibition 

of prepared responses is different than the inhibition of simply predominant responses. If the 

only thing driving the additional post-probe HR deceleration was difficulty or response 

inhibition, then we would be able to measure extra HR deceleration on whichever trials were 

causing trouble for the participant. However, despite participants in Experiment 2 displaying 

difficulty on BX trials, there is no evidence of this in the HR data. This provides evidence that 

HR deceleration is sensitive to the inhibition of prepared responses only. Considering that HR 

deceleration has a history of being associated with preparation and anticipation, perhaps it is not 

surprising that it only appears to express the consequences of this proactive approach, and not of 

a reactive one.  

The data presented here suggest that HR and respiration are sensitive to different aspects of 

control strategy. Though HR only appeared to be sensitive to specifics of proactive control, 

respiration seems more reflective of both strategies. This is highlighted by the interaction 

between which version of the AX-CPT the participant completed and the depth of exhalation at 

the two time points measured. The different attention profiles of the two control strategies come 

through in this interaction, where we see deeper exhales following the cue for proactive 

participants, and deeper exhales following the probe for reactive participants. Additionally, 

though they did not significantly differ from each other when collapsed across versions, the 

ordering of trials from least to most deep reflects the expected amount of control that would be 

needed to respond correctly following the probe, with BX and AY trials having deeper 

exhalations than AX and BY trials. This may be an indication of an effect that was too small to 

measure in our samples, but that is sensitive to trial type differences in control and attention.  

Neither of the measures of physiological change used in our experiments map on perfectly to 

other tools that have been used in this domain. Pupillometry and fMRI recordings tend to align 

themselves more closely to the overall temporal differences between proactive and reactive 

control, with early spikes in physiological and neural activity being paired with the early control 

of proactivity, and the opposite, late activation, being found with reactive control (Braver et al., 

2001; Braver et al., 2009; Chatham et al., 2009; Chiew & Braver, 2013; Paxton et al., 2008;). We 

see some agreement between these patterns and our measures of respiration, where early 

exhalation is linked with proactive control, and deep exhalation following the probe is paired 

with reactive control, however these effects don’t appear to be as strong with respiration as with 

other measures. 

In studies that have used pupillometry, there has been some indication of unique physiological 

activity based on cue and probe identity. Chiew and Braver (2013) found that prior to the probe 

onset, B-cue trials were associated with greater dilation than A-cue trials in their proactive 

sample. One explanation they provided was that this increase in dilation was a sign of 

participants preparing to inhibit the predominant target response to an X-probe in case they 

encountered a BX trial. Though we do see evidence of the recruitment of encoding resources 

ahead of the presentation of the probe, our HR data showed the opposite pattern, with pre-probe 
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deceleration being deeper for A-cue trials. However, it is difficult to make a clear comparison 

between our experiment and Chiew and Braver (2013) because of methodological differences. In 

their experiment, trials occurred at proportions (AX, AY, BX, BY occurring at a ratio of 7:1:1:1, 

respectively) that would make B-cue trials rare, non-target responses rare, and X-probes 

following a B-cue more likely than in our experiment. With these proportions the novelty of B-

cue trials as well as the overwhelming likelihood that any trial should be met with a target 

response may increase the amount of control needed on B-cue trials, and thus contribute to the 

extra pupil dilation that they found prior to the probe on these trials. With these methodological 

differences in mind, the idea that HR deceleration and pupil dilation are related to anticipated 

effort can explain the results in both experiments. This provides tentative support that pre-

stimulus HR deceleration is in agreement with pupil dilation, and that both are sensitive to 

anticipation and preparation. However more research specifically investigating this question 

would have to be done to make these conclusions firm.  

When considering physiological activity following the probe based on trial type, changes in HR 

appear to both agree and disagree with measures of pupil dilation. Chatham and colleagues 

(2009) found that children who used reactive control showed significantly greater dilation at the 

time of the probe on BX trials than proactive children. HR change in our experiment did not 

reflect the reactive control being used on BX trials in Experiment 2, suggesting that HR is not 

sensitive to reactive control in the same way that pupillometry is. Alternatively, though a formal 

analysis was not included in the publication, figures in Chiew and Braver’s study (2013) suggest 

that there was greatest pupil dilation following the probe on AY trials within a proactive sample, 

and that this dilation increased when a task manipulation increased proactive behaviour. This 

maps on very closely to our own results, in which difficulty on AY trials was mirrored in more 

extreme HR deceleration. Moreover, this deceleration was related to the degree of proactivity 

shown by the participant. Therefore, where pupillometry appears to be sensitive to both forms of 

control, resulting in different temporal profiles, HR seems to be sensitive only to proactive 

control, but is able to measure the degree of its use.  

To fully understand how HR deceleration relates to cognitive control use, future studies should 

consider comparing changes in HR in a proactive sample with a more exclusively reactive 

sample. The no-go manipulation adapted from Gonthier et al. (2016b) successfully encouraged 

reactive control in our participants but was not successful in reducing proactive control. Our 

behavioural results provide further evidence that these two strategies may not be mutually 

exclusive (Gonthier et al., 2016a; Gonthier et al., 2016b) and can be applied flexibly based on 

present information such as cue-identity. The mixed behavioural results in our second 

experiment confirmed what we found in Experiment 1, with HR change indicating the presence 

of proactive strategy use, but also illustrated that the use of reactive control was not directly 

observable in HR. If a more exclusively reactive sample was used in the experiment, we would 

expect that the additional deceleration on AY trials that followed the probe would not be present 

in this sample. Additionally, the distinction between A- and B-cue trials prior to the probe may 

also not be present. It is possible that with the use of HR measurements we will be able to 

distinguish between proactive and reactive populations. However, it appears that the presence of 

both strategies would prevent us from identifying reactive control. The data presented here 

indicate that behavioural measures are more sensitive to the two control strategies than HR or 
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respiration, and that tools such as pupillometry and fMRI may be more equipped for identifying 

the strategies in the nervous system.  

5.1 Conclusions 

In conclusion, the experiments included in this paper were able to connect two bodies of 

literature that had not been brought together prior. Our results indicate that the anticipatory HR 

deceleration that has long been observed in cued tasks, is not exclusive to proactive control. In 

both of our samples and on trials that indicate the use of both strategies, HR deceleration 

occurred prior to the presentation of the probe, suggesting anticipation was occurring in both 

cases. Though behavioural results confirmed that the anticipation being used on proactive trials 

was different than the anticipation being used on reactive trials, both resulted in similar HR 

deceleration.  

Following the probe presentation, proactive control was measurable in HR change on AY trials. 

This provides more evidence for the idea that response inhibition contributes to additional HR 

slowing, and demonstrates that HR can be used to observe this strategy. Moreover, this post-

probe deceleration was impacted by the amount of proactive control displayed by the participant. 

In this window of analysis, proactive control did differentiate itself from reactive control in 

measures of HR change. Here we found a distinction between the inhibition of prepared 

responses and the inhibition of reactionary, predominant responses. Although it was stated earlier 

that pupillometry and fMRI appear to be better tools for observing these control strategies, it 

should be noted, that to our knowledge neither have been implicated in distinguishing between 

these two forms of response inhibition in the DMC framework. Therefore, measures of 

cardiovascular change appear to be able to access components of cognitive control that are not 

observable in simple behavioural data or with other physiological measures. 

Respiration data collected in these experiments provide more evidence that respiration is 

sensitive to attending to stimuli. Though we did not infer attention through performance on a 

memory test (Huijbers et al., 2014), the theoretical foundation of the DMC framework implies 

that which stimulus will be attended to will vary based on strategy use. This is corroborated by 

behavioural measurements of proactive and reactive control. Our results provide support for 

using stimulus-locked analyses of respiration to infer attention. Determining the level of 

sensitivity of this measure was not the primary goal of these experiments and so cannot be 

formally evaluated, but we do see evidence that respiration has the potential to be a valuable tool 

in cognitive research. 

Overall, our results suggest that although HR and respiration are sensitive to components of the 

DMC framework, behavioural indices such as RT and error rates seem to be the most effective 

tool with which to measure cognitive control strategies. Our observations emphasise the 

importance of anticipation within the DMC framework, and that the consequences of preparation 

are qualitatively different in proactive control. Future research on cognitive control should 

consider including measures of HR change in their experiments if their research questions centre 

around anticipation, preparation, or response inhibition.   
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