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Abstract 

Interference control is the ability to protect ongoing cognitive processing from internal 

or environmental distraction. For an individual to achieve interference control 

appropriately, either a control mechanism to coordinate multiple processing streams, 

such as the central executive in working memory, a mechanism to flexibly allocate the 

cognitive resource with a limited capacity for performing each task, or both, are needed. 

Through the use of dual-task paradigms, animal studies have provided important 

information to elucidate the neural mechanisms of the central executive and the flexible 

allocation of cognitive resource. These animal studies should help to promote our 

understanding of the neural mechanisms of interference control. 
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Introduction 

Interference control, which is the ability to protect ongoing cognitive processing from 

internal or environmental distraction, has long been a subject of interest in cognitive 

psychology. The ability to achieve interference control is strongly correlated with the 

performance of higher-order cognitive functions such as language comprehension, 

problem-solving, and fluid intelligence. Human cognition studies have focused on 

inhibition-related functions [1-3], and dual-task paradigms have been used to investigate 

the mechanisms that underlie interference control. The general principle of the dual-task 

paradigm is for subjects to perform two relatively complex tasks simultaneously, each 

of which includes a distinct goal and stimulus-response association. Despite the 

remarkable flexibility of cognitive abilities, human subjects often exhibit decreased 

performance in either or both component tasks of the dual-task paradigm, since 

information processing for one task interferes with the other [4]. The addition of a more 

cognitively demanding secondary task can strongly disrupt performance of the primary 

task. Since heavy cognitive demands on the information processing system are thought 

to produce dual-task interference, either a control mechanism to coordinate multiple 

processing streams, such as the central executive in working memory model [5,6], or a 

control mechanism to flexibly allocate cognitive resource for each task [7,8], is required 

in addition to the control process for each component task. Recent behavioral studies 

have indicated that humans and animals exhibit a similar dual-task interference effect. 

Therefore, animal studies may be able to provide valuable insight to understand the 

neural mechanisms of interference control. This review focuses on the results obtained 

using dual-task paradigms and explains how animal studies help to elucidate the neural 

mechanisms of interference control. 

 

Behavioral analyses of the dual-task interference effect in animals 
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Behavioral analyses of the interference effect in dual-task conditions have been 

conducted in studies using animals (Table 1). Although these experiments were 

conducted under dual-task conditions, some examined the functional similarity of 

short-term memory (STM) processes between humans and animals, rather than the 

psychological mechanisms related to dual-task interference. In humans, rehearsal is 

negatively affected when a secondary task is introduced during the retention period of 

the primary STM task. Therefore, if the STM is a functionally equivalent process in 

humans and animals, a similar negative effect on the rehearsal process would be 

expected in behavioral performance of dual tasks in animals.  

Moise [9] examined this issue using monkeys. In the dual-task, a reaction time 

(RT) task was repeatedly inserted during the retention interval (< 30 s) of a delayed 

matching-to-sample (DMS) task. In the RT task, monkeys were required to quickly 

touch an illuminated cue. The rationale was that, if the monkey’s maintenance of 

memoranda relied on effortful rehearsal processes, the introduction of RT trials during 

the retention period should disrupt the performance of the DMS task, since effort was 

required to perform RT trials. In fact, DMS performance was markedly disrupted by the 

insertion of RT trials to a degree proportional to the number of inserted RT trials. The 

author concluded that the performance in both the DMS and RT required some degree 

of active processing which taxed a common capacity-limited cognitive resource, and 

that the nature of memory maintenance in DMS performance in monkeys was 

reminiscent of active rehearsal in human STM.  

On the other hand, Washburn and Astur [10] also investigated whether or not 

monkeys could rehearse visual short-term memoranda. They inserted two secondary 

tasks during a variable retention interval (< 48 sec) in the DMS task. The secondary task 

was either manual tracking of a moving circle or judgment of the number ‘2’. Insertion 

of these secondary tasks disrupted the performance of the DMS task. However, manual 
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tracking produced no more disruptive effects than passive viewing of a moving circle, 

and the response times in the numerical judgment task were comparable during a 

retention interval and an intertrial interval of the DMS task. Therefore, the authors 

concluded that monkeys did not rely on active rehearsal processes to maintain 

memoranda.  

Although contradictory results have been obtained from experiments that 

examined the cross-species similarity of STM, these studies showed that, with the 

addition of relatively simple secondary tasks, a dual-task interference effect can be 

observed in monkeys. Subsequent studies demonstrated that not only monkeys [11,12] 

but also pigeons [13,14] and rats [15-19] can also perform dual-tasks in various 

conditions and also exhibit dual-task interference effects analogous to those in humans 

(Table 1). Recently, Smith et al. [12] applied the dual-task method to examine whether 

or not metacognitive process can be dissociated from perceptual-level process using 

monkeys. In the dual-task condition, a metacognitive task was inserted during the 

retention period of a DMS task or a STM task. The metacognitive task included a 

sparse-middle-dense discrimination of random dots and the ‘uncertain’ response when 

the monkey was difficult to discriminate. As a result, a dual-task interference effect was 

observed. In addition, they found that the number of ‘uncertain’ responses dramatically 

decreased in the dual-task condition, while the performance of the sparse-middle-dense 

discrimination was not affected. These results indicate that the dual-task method can 

dissociate a lower level perceptual process from a higher level decisional process, such 

as metacognition. Thus, the dual-task paradigm is useful not only for examining the 

mechanism of interference control but also for examining other higher cognitive 

functions such as metacognition. 

The load-dependent effect of dual-task interference is an important 

characteristic of human dual-task performance [20,21] and an important phenomenon to 
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examine the mechanism of interference control. Basile and Hampton [11] showed that 

this effect was also evident in monkey dual-task performance. In their study, a DMS 

task was coupled with one of four secondary tasks that required different levels of 

cognitive demand (Figure 1a): (1) no secondary task, (2) a motor-only task, in which 

monkeys needed to touch a blue square presented at the screen corner, (3) an image 

perception task, in which monkeys needed to touch an unclassifiable complex image, 

and (4) a classification task, in which monkeys needed to classify an image as a bird, 

fish, flower, or person. Either four images (small set) or 1400 images (large set) were 

used as target images in the DMS task. In the small-set condition, due to the frequent 

appearance of the same images across trials, a target image would be hard to distinguish 

from distractors based solely on familiarity during the memory test. In contrast, the 

cognitive effort was less demanding in the large-set condition, since the infrequent 

appearance of a target image made it easier to distinguish it from distractors based on 

familiarity. The critical finding was that the addition of the secondary task impaired 

DMS performance only in the small-set condition in a load-dependent manner (Figure 

1b). This result indicates that the short-term maintenance of familiar information 

requires an active resource-demanding process similar to the human rehearsal process. 

This result also indicates that the additive effect of the magnitude of DMS performance 

deficits is strongly similar to the dual-task interference effect in humans. Thus, these 

findings validate the effectiveness of the use of primate models to investigate the neural 

mechanisms that underlie human dual-task interference effects. Similar additive effects 

were also observed in rats [17, 18] and pigeons [13]. The similarity of the dual-task 

interference effects in humans and animals suggests the presence of common cognitive 

processes related to dual-task interference. This could make it possible to apply a 

variety of neurobiological techniques to nonhuman primates to investigate the neural 

mechanisms related to dual-task interference effects.  
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Neural mechanisms of dual-task interference effects in monkeys 

fMRI studies have shown that the lateral prefrontal cortex (LPFC) is involved in 

dual-task interference effects [3,22-26]. The precise roles of the LPFC in dual-task 

interference effects and their neural mechanisms remain largely unknown [22, 27].  

However, since the cognitive capacity limitations in humans and monkeys have similar 

characteristics [28,29], it is expected that a common neural mechanism for the flexible 

allocation of cognitive resource is present in both humans and monkeys while they 

perform dual tasks. Therefore, neurophysiological studies using monkeys could provide 

some important evidence for understanding the neural mechanisms of dual-task 

interference. 

Single-neuron recordings from monkeys performing dual tasks are beginning to 

reveal the neural mechanisms responsible for dual-task interference [30-33] (Table 1). 

In the monkey’s lateral prefrontal cortex (LPFC), Wise and colleagues [30, 31] 

examined the neural mechanisms related to interference effects using a dual-task-like 

paradigm (Figure 2a). In their task, while monkeys looked at a fixation point at the 

center of a screen, a visual cue was first presented at one position and then revolved 

around the fixation point to a second position. The brightness of the visual cue then 

either increased or decreased after the end of the delay period (1.0 – 2.5 sec), and this 

informed the monkeys to make a saccade to the first or second position, respectively. 

Therefore, monkeys were required to attend to the visual cue at the second position to 

detect the change in brightness while remembering the fist position during the delay 

period. The authors found ‘specialized’ neurons that encoded either the remembered or 

attended position (Figure 2b). They also found a substantial number of ‘multi-tasking’ 

neurons that encoded both the remembered and attended positions (Figure 2c). 

Multi-tasking neurons exhibited several computational advantages over specialized 
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neurons in resolving dual-task interference effects. For example, multi-tasking neurons 

encoded different (often diametrically opposite) positions for both attention and 

memory and exhibited stronger spatial tunings than specialized neurons, thereby 

representing a larger amount of information than specialized neurons (Figure 2d). 

These results suggest that the activities of multi-tasking neurons in the LPFC may 

constitute an important part of neural processes related to dual-task interference.  

Recently, Watanabe and Funahashi [33] investigated the neural mechanism of 

dual-task interference in the monkey LPFC using a dual task that consisted of a spatial 

memory task [34] and a spatial attention task [35] with a varying load (Figure 3a). In 

this experiment, monkeys were required to remember the location of a visual cue to 

make a saccade in the later memory test (memory task component). At the same time, 

they were also required to attend to a location where a small circle was presented on the 

monitor to perform quick lever-release when they detected that the color of the circle 

had changed (attention task component). The difficulty of the attention task was 

parametrically manipulated by varying the location of the to-be-attended circle (Figure 

3b). The rationale of the experiment was that, if LPFC neurons participate in the 

processing of dual-task interference, delay-period activity, which was thought to 

represent information regarding the visual cue for the memory task [36,37], would be 

affected depending on the difficulty of performing the concurrent attention task. 

Behavioral performance of the memory task was impaired to a degree 

proportional to the difficulty of performing the concurrent attention task (Figure 3c). 

Analyses of LPFC neuron activities showed that both the memory and attention tasks 

recruited the same neural population in the LPFC that participated in spatial information 

processing. Specifically, sustained delay-period activities that encoded the location of 

the visual cue for the memory task were significantly attenuated by concurrent 

performance of the attention task, and a more difficult attention task produced a more 
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severe attenuation in delay-period activity (Figure 3d). These results demonstrate that 

the neural locus of dual-task interference resides in the competitive overloaded 

recruitment of the neural population that participates in similar information processing 

by two concurrently performed tasks, as has been postulated in human neuroimaging 

studies [23,38]. These findings also indicate that the psychological concept of 

processing resources [7,8] could be implemented in the brain as the limited 

information-processing capacity of single neurons in the LPFC. 

 A series of single-neuron recording experiments have shown that the 

representation of perceptual distractors was significantly suppressed in the LPFC [39], 

thereby protecting the sustained representation of behaviorally relevant information 

throughout the distractor-filled delay period [40, 41]. However, the characteristics of 

LPFC activities observed in the dual-task conditions were different than the 

characteristics of those elicited by the presentation of perceptual distractors. Therefore, 

although the LPFC plays a critical role in the processing of both perceptual [42, 43] and 

dual-task interference [22,44], these two processes may depend on distinct neural 

circuitries. Future investigation is needed to directly compare these two neural processes 

using behavioral tasks that employ the same sensory stimuli in both perceptual and 

interference conditions. 

Analyses of neural activities at the end of the secondary task showed another 

important facet of interference effects in the LPFC. Watanabe and Funahashi [33] found 

a significant ‘reawakening’ of neural encoding for the visual cue location in the memory 

task after the end of the attention task (Figure 3e), which indicates that even under the 

presence of the interference effect caused by the attention task, some neural 

mechanisms in the LPFC could operate to compensate for the interference effect 

produced by the attention task. Similar results have been reported by Miyazaki et al. 

[32], who compared the activities of LPFC neurons and dorsal premotor neurons while 
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monkeys performed a dual task, which consisted of memory-guided bimanual actions 

(primary task) and visually-guided bimanual actions (secondary task). The observed 

post-interference reactivation of the primary-task information showed that the LPFC 

played an important role in exerting compensatory control over the interference by the 

secondary task. Flexible prioritization among multiple streams of concurrent task 

processing is critical for the coordination of dual-task performance. The observed 

reactivation may correspond to the neural implementation of adaptive task coordination 

in the LPFC [22, 24]. 

 

Conclusions 

Behavioral analyses and physiological investigations of dual-task interference using 

monkeys are beginning to provide evidence regarding the neural mechanisms for 

interference control. The similarity of the behavioral patterns caused by dual-task 

interference in humans and monkeys and the capability to elucidate the fine details of 

neural computations by neurophysiological methods support the view that the primate 

model is an appropriate method for understanding the details of the neural mechanisms 

of the interference control and the flexible allocation of cognitive recourse.  
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Table 1. Animal studies using dual-task paradigms 

 Species Combination of tasks 

Behavioral studies   

 Moise [9] Monke

y 

DMS
a
 + simple reaction time task  

 Washburn and Astur [10] Monke

y 

DMS + overt OT
b
 or numerical judgment task 

 Basile and Hampton [11] Monke

y 

DMS + motor, image perception, or image 

classification task 

 Smith et al. [12] Monke

y 

DMS or DMP
c
 + perceptual confidence judgment  

 Kendrick and Rilling [13] Pigeon DMS + VI
d
, EXT

e
, or DRO

f
 schedule 

 Calder and White [14] Pigeon DMS + VI schedule 

 Maki et al. [15] Rat 8-arm WS
g
 radial maze + 4-arm WS

h
 radial maze  

 Beatty and Shavalia [16] Rat 8-arm WS radial maze + 8-arm WS or WS radial maze  

 Roberts [17] Rat 8-arm WS radial maze + 8-arm WS radial maze  

 Cook and Brown [18] Rat 12-arm WS radial maze + 12-arm WS radial maze  

 Jarrard and Elmes [19] Rat 12-arm WS radial maze + 4-arm WS radial maze 

 Harper et al. [45] Rat SPR
i
 in 12-arm maze + food consumption 

Neurophysiological studies   

 Lebedev et al. [30] Monkey memory-guided saccade + luminance discrimination 

 Messinger et al. [31] Monkey memory-guided saccade + luminance discrimination 

 Miyazaki et al. [32] Monkey memory-guided + visually-guided bimanual motor task. 

 Watanabe and Funahashi 

[33] 

Monkey DMP + spatial attention task 

 

a 
DMS = delayed matching-to-sample task 

b 
OT = object tracking task  

c 
DMP = delayed matching-to-place task 

d 
VI = variable interval 

e 
EXT = extinction 

f 
DRO = differential reinforcement of other behavior 

g 
In the WS (delayed spatial win-shift) radial maze task, animals are required to retain 

spatial information for visited arms both during task performance and across a delay.  

Optimal behavior consisits of visiting each arm without repetition. 
h 
WS = spatial win-shift task 
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i 
SPR = serial probe recognition task 
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Figure legends 

Figure 1: Load dependency of the dual-task interference effect in monkeys. (a) The 

DMS task was performed concurrently with one of four kinds of secondary tasks. None, 

no secondary task; Motor, the motor-only task; Image, the image perception task; 

Classify, the classification task. (b) DMS performance in a small-set condition (red 

dashed line) was impaired in a load-dependent manner by adding secondary tasks, while 

no deficit was observed in a large-set condition (black solid line). The horizontal dashed 

line indicates chance level performance. 

 

Figure 2: Prefrontal activities in dual-task-like situations. (a) A schematic diagram of 

the behavioral task. (b) Two examples of ‘specialized’ neurons that encoded either the 

attended (top) or remembered (bottom) location during the delay period. Polar plots 

illustrate spatial tunings of activities for attended (blue line) and remembered (red line) 

locations. (c) An example of ‘multi-tasking’ neurons that encoded both the attended and 

remembered locations with opposite spatial tunings. (d) Comparison of the coding 

efficiency between ‘specialized’ and ‘multi-tasking’ neurons. Decoding accuracy was 

always better when activities of ‘multi-tasking’ neurons were used.  

 

Figure 3: Neural effects of the dual-task interference in monkey prefrontal cortex. (a) A 

schematic diagram of the dual task used in this study. (b) The memory task was 

performed simultaneously with one of five conditions of the attention task that were 

associated with different levels of the cognitive load. (c) The performance of the 

memory task was impaired by the addition of the attention task in a load-dependent 

manner. (d) Population averaged delay-period activity in six task conditions associated 

with different levels of the cognitive load. Sustained delay-period activity was 
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significantly attenuated under the dual-task condition in a load-dependent manner. (e) 

Temporal changes of population-averaged neural signals representing the information of 

the attention cue (magenta), the memory cue (blue), and their interaction (green). 

Significant reawakening of the PEV representing the information of the memory cue 

was observed after the end of the attention task. PEV, proportion of explained variance. 
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Table 1. Animal studies using dual-task paradigms 

 Species Combination of tasks 

Behavioral studies   

 Moise [9] Monke

y 

DMS
a
 + simple reaction time task  

 Washburn and Astur [10] Monke

y 

DMS + overt OT
b
 or numerical judgment task 

 Basile and Hampton [11] Monke

y 

DMS + motor, image perception, or image classification 

task 

 Smith et al. [12] Monke

y 

DMS or DMP
c
 + perceptual confidence judgment  

 Kendrick and Rilling [13] Pigeon DMS + VI
d
, EXT

e
, or DRO

f
 schedule 

 Calder and White [14] Pigeon DMS + VI schedule 

 Maki et al. [15] Rat 8-arm WS
g
 radial maze + 4-arm WS

h
 radial maze  

 Beatty and Shavalia [16] Rat 8-arm WS radial maze + 8-arm WS or WS radial maze  

 Roberts [17] Rat 8-arm WS radial maze + 8-arm WS radial maze  

 Cook and Brown [18] Rat 12-arm WS radial maze + 12-arm WS radial maze  

 Jarrard and Elmes [19] Rat 12-arm WS radial maze + 4-arm WS radial maze 

 Harper et al. [45] Rat SPR
i
 in 12-arm maze + food consumption 

Neurophysiological studies   

 Lebedev et al. [30] Monkey memory-guided saccade + luminance discrimination 

 Messinger et al. [31] Monkey memory-guided saccade + luminance discrimination 

 Miyazaki et al. [32] Monkey memory-guided + visually-guided bimanual motor task. 

 Watanabe and Funahashi 

[33] 

Monkey DMP + spatial attention task 

 

a 
DMS = delayed matching-to-sample task 

b 
OT = object tracking task  

c 
DMP = delayed matching-to-place task 

d 
VI = variable interval 

e 
EXT = extinction 

f 
DRO = differential reinforcement of other behavior 

Table 1



g 
In the WS (delayed spatial win-shift) radial maze task, animals are required to retain 

spatial information for visited arms both during task performance and across a delay.  

Optimal behavior consisits of visiting each arm without repetition. 

h 
WS = spatial win-shift task 

i 
SPR = serial probe recognition task 

 

 


