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Abstract 

Author: Ann-Helen Sveino Schøyen 

Title: Investigating the Neural Substrates of Response Inhibition in the Stroop Test 

Supervisors: Anne-Kristin Solbakk and Tor Endestad 

Inhibition can be defined as our ability to resist interference and suppress automatic 

responses. It is a central part of cognitive control, which is crucial to selecting and prioritizing 

important information. Deficits in inhibition ability are thought to be at the core of many 

psychiatric disorders such as ADHD and OCD. Previous studies have identified a set of 

neural networks commonly engaged in inhibition tasks. These areas are sometimes 

collectively referred to as the fronto-parietal network, and include the anterior cingulate 

cortex (ACC), the lateral prefrontal cortex (LPFC), and certain parietal areas. However, the 

research results are conflicting, and there is still no absolute consensus about which brain 

regions are implicated in inhibition and how the brain organizes and executes cognitive 

control. Identifying the neural substrates of inhibition could potentially lead to increased 

understanding of brain-behavior relationships including the neurobiological underpinnings of 

many of the mental disorders.  

The primary aim of this study was to investigate the neuroanatomical basis of 

inhibition using a neuroimaging analysis technique called voxel-based lesion-symptom 

mapping (VLSM). VLSM is conducted by analyzing the relationship between tissue damage 

and behavioral performance on a voxel-by-voxel basis. We used behavioral data from the 

Color-Word Interference Test (a.k.a. the Stroop test) in combination with MRI-derived 

information on lesion characteristics obtained from patients with focal injury to different 

subsectors of the prefrontal cortex. The participants were recruited from the Dept. of 

Neurosurgery at Oslo University Hospital. The project used already-existing data collected in 

the project Mechanisms of Cognitive Control in the Human Brain led by Anne-Kristin 

Solbakk and Tor Endestad at Front Neurolab. Our main hypothesis was that damage to voxels 

in the left dorsolateral prefrontal cortex (DLPFC) or the left ventrolateral prefrontal cortex 

(VLPFC) would be associated with impaired Stroop performance.  

Our results showed no statistically significant associations between impaired Stroop 

performance and lesioned voxels in any parts of the prefrontal cortex. Factors that may have 

contributed to the null findings are discussed. Notably, the lack of significant findings was 

most likely related to methodological issues, specifically a lack of power in the regions where 
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we expected to find an association between damaged tissue and impaired performance. 

Recommendations for future studies are outlined.  
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1 Introduction 

Cognitive control (also known as executive function or executive control) is considered the 

most advanced level of human cognitive capacity. It refers to a family of top-down driven 

mental control mechanisms that organize and modulate our behaviors, thoughts, and emotions 

in accordance with internal goals. These mechanisms come into play whenever we need to 

concentrate on a difficult task, overcome habitual responses, ignore distractions and resist 

temptations. If it were not for cognitive control, we would not be able to plan ahead or predict 

the consequences of our actions. In many ways, cognitive control is essentially what separates 

human beings from other species – we are able to overcome our impulses and instincts by 

changing how we behave and feel through adopting a more appropriate and goal-oriented 

strategy (Diamond, 2013; MacDonald III, Cohen, Stenger, & Carter, 2000).  

 Determining the basic components of cognitive control and how they are organized in 

the brain is a difficult task, and research investigating its constituent components has yielded 

contradictory findings (Jurado & Rosselli, 2007). Nonetheless, certain subcomponents of 

cognitive control recur across a multitude of studies and literature. These are: 1) mental set 

shifting (“Shifting”); 2) information updating and monitoring (“Updating”; sometimes 

referred to as “Working memory”), and 3) inhibition of pre-potent responses (“Inhibition”) 

(Miyake, Friedman, Emerson, Witzki, & Howerter, 2000). The first component, “Shifting”, 

involves the process of shifting back and forth between multiple operations, tasks or mental 

sets. It concerns flexibility of the mind, as opposed to rigidity, and is closely linked to 

creativity and the ability to change perspectives. The second component, “Updating”, 

involves mentally updating and monitoring task-relevant information. Importantly, this 

function goes beyond simply storing information in short-term memory. It also involves 

constantly monitoring and manipulating the information depending on its relevance to the task 

at hand (Diamond, 2013; Miyake et al., 2000). The goal of this study was to investigate the 

neuroanatomical basis of the third component, “Inhibition”, which will be covered in more 

detail below. We employed voxel-based lesion-symptom mapping (VLSM), a brain image 

analysis method which allows for a whole-brain approach to study the relationships between 

damaged areas of the brain and behavioral impairment on a fine-grained level (Bates et al., 

2003; Gleichgerrcht, Fridriksson, Rorden, & Bonilha, 2017). We used data from the Stroop 

test, a neuropsychological task commonly used to assess inhibition (MacLeod, 1991), as our 

behavioral measure.  
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1.1 Inhibitory Control and its Neural Basis 

The concept of inhibition is, misleadingly, used to denote a variety of functions across related 

scientific fields of study. This can make it challenging to navigate the existing literature. In 

cognitive neuroscience and network models, for instance, inhibition usually refers to a 

decrease in activation between neurons or nodes, which is not necessarily deliberate or 

controlled. In psychology, inhibition is commonly viewed as a family of related functions, 

and there are various opinions regarding how these functions are related or constituted (Khng 

& Lee, 2014). Nigg (2000), for instance, has developed a taxonomy distinguishing between 

eight types of inhibition processes, such as behavioral inhibition and interference control. 

“Behavioral inhibition” refers to a temperamental construct which denotes the tendency to 

withdraw from unfamiliar situations, people or environments due to distress (Svihra & 

Katzman, 2004). “Interference control” is defined as a voluntary and controlled suppression 

of automatic or prepotent responses (Miyake et al., 2000). The term is commonly used 

interchangeably with “resistance to interference” or “response inhibition”. In this thesis we 

will refer to this concept simply as “inhibition”. More specifically, successful inhibition 

concerns selecting the appropriate goal-related information while ignoring the irrelevant 

information (Song & Hakoda, 2015). It involves focusing on the task at hand without getting 

distracted by external or internal stimuli. Without inhibition, we would give in to our every 

temptation, habit and conditioned response.  

Deficits in the ability to resist interference and inhibit automatic responses are thought 

to be a central part of several mental disorders such as attention-deficit/hyperactivity disorder 

(ADHD), obsessive-compulsive disorder (OCD), addiction, autism, and schizophrenia. 

Furthermore, changes in susceptibility to interference and ability to inhibit automatic 

responses are assumed to partly explain both cognitive development and decline (Geddes, 

Tsuchida, Ashley, Swick, & Fellows, 2014). Clearly, inhibition is an essential and necessary 

component of adaptive human behavior and individual and social functioning (Sebastian et 

al., 2013). Consequently, several paradigms have been devised to measure inhibition ability, 

such as the Stroop task, Simon task, Flanker task, Antisaccade task, Go/no-go task, and Stop-

signal task (Diamond, 2013) (see section 3.1 for more details). Expectedly, the common 

denominator in these tasks is a requirement to suppress an automatic response, usually in 

favor of a goal-related one (Cieslik, Mueller, Eickhoff, Langner, & Eickhoff, 2015).  

In combination with various neuroimaging techniques, these tests have been used to 

investigate the functional components and neural basis of inhibition. Most of the research 
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conducted on this topic points to the frontal lobes as implicated in inhibition, particularly the 

prefrontal cortex (PFC). Typically, these studies identify a network comprising the anterior 

cingulate cortex (ACC) and the lateral prefrontal cortex (LPFC), with some studies also 

noting the involvement of parietal areas (MacDonald III et al., 2000; Roberts & Hall, 2008; 

Roelofs, van Turennout, & Coles, 2006; Song & Hakoda, 2015). These areas are often 

identified in studies that investigate other subcomponents of cognitive control as well, such as 

Shifting and Updating, and seem to some degree to represent a common neural basis of 

cognitive control (Gläscher et al., 2012; Ridderinkhof, van den Wildenberg, Segalowitz, & 

Carter, 2004). This network of brain regions is commonly known as the fronto-parietal 

network (Marek & Dosenbach, 2018; Roberts & Hall, 2008). Based on these findings, several 

hypotheses explaining the organization and components of cognitive control and its 

subcomponents have been proposed. These hypotheses seek to explain the specific functions 

of the fronto-parietal regions and how they work in concert. However, results from lesion 

studies (Fellows & Farah, 2005; Løvstad et al., 2012; Stuss, Floden, Alexander, Levine, & 

Katz, 2001; Swick & Jovanovic, 2002) indicate that patients with focal damage to the ACC, 

one of the essential components of the fronto-parietal network, perform normally on the 

Stroop test. These findings contradict the proposed hypotheses and cast doubt on the ACC’s 

contribution to inhibition and the existence of an overarching network of cognitive control 

consisting of the ACC, the LPFC, and parietal areas. Moreover, even though results from 

most studies agree that the PFC is implicated in inhibition, the exact PFC subregions 

identified vary across the literature. Clearly, the evidence concerning the neural basis of 

inhibition, and by extension cognitive control, is conflicting and contradictory. 

1.2 Project Goal and Implications 

The main goal of this study was to examine the neuroanatomical basis of inhibition in the 

human brain. Specifically, behavioral data from the Color-Word Interference Test (a.k.a. the 

Stroop test) were used in combination with MRI-derived information on lesion characteristics 

obtained from patients with focal injury to different subsectors of the PFC. A fairly new 

image analysis technique called voxel-based lesion-symptom mapping (VLSM, see section 

3.2.2 for details) was used to analyze the MRI data. Using this method one can identify parts 

of the PFC that are necessary for normal performance on the Stroop task.  
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In brief, the Stroop test requires the subject to name the ink color a word is presented 

in, while suppressing the urge to read the word itself (e.g., the word RED written in blue ink: 

see more details about the Stroop test in section 3.1.1). Several versions of the test exist, and 

these task variations can potentially alter the processing requirements and thereby dictate 

which brain regions are necessary for successful performance. To this date, only three VLSM 

studies investigating the neural basis of inhibition using the Stroop paradigm have been 

conducted, and the results are conflicting (Cipolotti et al., 2016; Gläscher et al., 2012; 

Tsuchida & Fellows, 2012). To our knowledge, the project we undertook was the first VLSM 

study using the Delis-Kaplan Executive Function System (D-KEFS) (Delis, Kaplan, & 

Kramer, 2001a) version of the Stroop test - the version most frequently used by clinical 

neuropsychologists in Norway (see Methods section for details). Our study was thus expected 

to provide novel information regarding the brain regions implicated in the D-KEFS version of 

the task, and the results can be compared with previous studies using other Stroop versions. In 

addition, it typically takes several years to recruit patients with focal injury, and not until now 

have we been able to accrue a cohort of a sufficient size. This is a main reason why VLSM 

and focal lesion studies in general are quite rare.   

Results from our study could have implications for clinical practice and the research 

field. Impaired Stroop performance can be seen in patients with various neurological and 

psychiatric disorders such as ADHD, acquired brain injury, Alzheimer’s disease and 

Parkinson’s disease. Understanding the neural substrates of impaired performance on the 

Stroop test can provide information about brain-/behavior relationships that will be useful for 

assessment of neurocognitive function. It will aid diagnostic work and provide valuable 

information about the neurobiological and psychological substrates of a host of disorders in 

which knowledge about the neuropathological underpinnings is currently limited. 

The remaining parts of this thesis consist of four sections; 1) Theory and review of the 

literature, 2) Methods and materials, 3) Results, and 4) Discussion. In the first section, the 

literature relating to cognitive control is reviewed, with an emphasis on its subcomponent 

inhibition. Firstly, a general overview of the PFC is presented. Subsequently, the main 

hypotheses attempting to explain the nature, organization and workings of cognitive control 

(and by extent inhibition) are outlined. This is followed by a presentation of different tasks, 

tests and research techniques employed by researchers and clinicians in order to measure 

inhibition. Then the results of studies investigating inhibition using the Stroop test are 

reviewed. The subsequent three sections of this article present the methods and materials we 
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employed in the study, and the results are presented and discussed. Lastly, a short summary of 

the general conclusions reached in this study is presented.  
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2 The Prefrontal Cortex and Cognitive Control 

The neural basis of cognitive control (and by extension its subcomponent “inhibition”) has 

garnered significant attention the last couple of decades particularly due to the advent of 

neuroimaging techniques such as functional magnetic resonance imaging (fMRI) and positron 

emission tomography (PET). The evidence accumulated thus far points to the frontal lobes as 

essential for higher order cognition. More specifically, regions located in the very anterior 

areas of the frontal lobes, the PFC, appear to subserve cognitive control. The PFC is a highly 

intricate system with long-reaching reciprocal connections with virtually all other parts of the 

brain, both cortical and subcortical. In addition, the different regions within the PFC are 

tightly coupled to each other. This makes it an ideal structure for controlling behavior and 

cognition (Helfrich & Knight, 2016). However, the extent to which subregions of PFC are 

functionally differentiated, that is, whether or to what degree cognitive functions can be 

mapped to discrete brain regions remains controversial. Furthermore, there is no absolute 

consensus about which brain regions are implicated in cognitive control and its 

subcomponents, and the specific patterns of activated nodes vary to some degree according to 

task requirements. In addition, we are not sure exactly how the brain decides to recruit and 

subsequently execute cognitive control with the help of these areas (Ridderinkhof et al., 

2004).  

In order to develop a sound hypothesis about which regions are implicated in 

inhibition, an essential first step is to review and compare the studies that have been 

conducted. However, most brain imaging studies operate on a very detailed anatomical level 

when they present and discuss their results, as will we in our study. Therefore, having a 

general idea of how researchers usually partition and label the regions of the PFC is necessary 

before conducting a review. In the following paragraph, a short overview of the anatomy and 

connectivity of the PFC will be presented.   

2.1 Anatomy and Connectivity of the Prefrontal Cortex  

The brain can be partitioned in various ways depending on the purpose of the division and the 

academic affiliation of the researcher doing the partitioning. Usually, each part of the brain 

can be distinguished either by gyral or sulcal landmarks, or by its cytoarchitectonic areas 

(Brodmann areas; BA). The prefrontal cortex (PFC) is typically partitioned into three main 
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parts: 1) the lateral PFC (LPFC), 2) the orbitofrontal cortex (OFC), and 3) the medial frontal 

cortex (MFC).  

 The LPFC (see Figure 1A) contains the lateral gyri (superior, middle and inferior 

frontal gyri). It can be further divided into three subparts: 1) the dorsolateral PFC (DLPFC: 

corresponding to BA 46/9, 46 and 8a), 2) the ventrolateral PFC (VLPFC: corresponding to 

BA 44 and 45 [corresponding to the pars opercularis and pars triangularis, respectively] and, 

3) the inferior frontal junction (IFJ: located in the vicinity of the junction of the inferior 

frontal sulcus and inferior precentral sulcus: corresponds to Brodmann areas 6/8/44 (Derrfuss, 

Brass, Neumann, & von Cramon, 2005)).  

 The MFC (see Figure 1B) can be partitioned into the anterior cingulate cortex (ACC) 

and the medial frontal gyrus. The ACC is usually separated into three sections: 1) the ventral 

portion (BA 32pl, BA 25), 2) the rostral portion (BA 32, BA 24), and 3) dorsocaudal portions 

(BA 32’, BA 34’). The medial frontal gyrus consists of three parts: 1) the supplementary 

motor area (SMA) and pre-SMA (medial BA 6), 2) the frontal eye fields (medial BA 8), and 

3) dorsomedial PFC (DMPFC, BA 9).  

 The last part of the PFC is the OFC (see Figure 1C), in which four parts can be 

distinguished: 1) the medial part (BA 14), 2) the ventral part (BA 13, BA 11), and 3) the 

lateral part (extends laterally into BA 47/12 [aka. pars orbitalis of inferior frontal gyrus]), and 

4) frontopolar portions (BA 10) (Ridderinkhof et al., 2004). 

Figure 1. Overview of the PFC including Brodmann areas. A and B are in lateral- and medial sagittal view, 

respectively, whereas C is in ventral (surface) view. 

 

The colorized areas represent regions commonly thought to be implicated in cognitive control. Original black-

and-white images taken from Ridderinkhof et al. (2004, p. 131). 
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A. The left LPFC. Areas in red correspond to the DLPFC while areas in blue correspond to the VLPFC. 

B. The left MPC. Areas in green correspond to the ACC.  

C. The OFC.  

 In the rest of this article, the parts of the brain will be referred to either by their main 

partitioning (LPFC, OFC, MFC), by its subcomponents (i.e., DLPFC, VLPFC) or by its 

Brodmann areas. As a general rule, in the review sections, we use the same labeling as the 

researchers utilized in their original studies. 

2.2 Hypotheses of Cognitive Control 

As previously mentioned, the proposed fronto-parietal network of cognitive control comprises 

the anterior cingulate cortex (ACC), the dorsolateral prefrontal cortex (DLPFC), and parts of 

the parietal cortex. While the fronto-parietal network can enlighten us about the brain regions 

thought to be implicated in cognitive control, it does not directly describe how the areas are 

functionally differentiated. On the other hand, several hypotheses seeking to explain how 

areas of the prefrontal cortex work in concert to execute cognitive control have been 

proposed. Below, the two most prominent of these, “action selection hypothesis” and 

“conflict monitoring hypothesis” will be outlined.  

2.2.1 Action Selection Hypothesis 

One of the major hypotheses seeking to explain the workings of cognitive control is the action 

selection hypothesis, advocated by Posner and other researchers (Pardo, Pardo, Janer, & 

Raichle, 1990; Posner & DiGirolamo, 1998). According to this account, the ACC is involved 

in the mediation of cognitive control by directly allocating attentional resources. More 

specifically, the ACC functions as a type of executive agent, coming into play in situations in 

which automatic processing or habitual responses are inadequate and must be suppressed. 

These are situations that usually require a high degree of control, such as when concentrating 

on a novel task, correcting errors, and responding to stimuli in an unfamiliar manner. The 

ACC implements cognitive control top-down by selecting features and schemes that are 

important for the current behavior or goal. According to the action selection hypothesis, the 

role of the lateral parts of PFC is to hold information that is not currently present, but is 

relevant in order to pursue the desired goal. Thus, the DLPFC plays an important part in 

working memory, and cooperates closely with the ACC to successfully implement cognitive 
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control. According to this hypothesis we would expect to find that both the ACC and the 

DLPFC are necessary to successfully perform the Stroop test. 

2.2.2 Conflict Monitoring Hypothesis 

The other major hypothesis of cognitive control is the conflict monitoring hypothesis, 

promoted by MacDonald and other researchers (Carter et al., 2000; MacDonald III et al., 

2000). As opposed to the action selection hypothesis, the conflict monitoring hypothesis 

suggests that the ACC is not directly involved in the implementation of cognitive control. 

Instead, the ACC “monitors the need for attentional resources by evaluating the level of 

conflict between current and desired responses” (Fellows & Farah, 2005, p. 788). In other 

words, the ACC detects the existence of conflicting response alternatives (e.g., habitual versus 

controlled responses), which will often be present in tasks demanding high levels of cognitive 

control. When the ACC detects a response conflict, it alerts regulative processes subserved by 

regions in the lateral PFC, such as DLPFC. These regions, in turn, resolve the conflict by 

focusing on the goal-relevant response in favor of the goal-irrelevant response (Roelofs et al., 

2006).  Thus, similarly to the action selection hypothesis, according to the conflict monitoring 

hypothesis we would expect to find that both the ACC and the DLPFC are necessary to 

successfully perform the Stroop test. 

2.2.3 The Hypotheses’ Relevance to Our Study 

Both the action selection and conflict monitoring hypotheses deal with the overarching 

neural substrates of cognitive control in general, and not specifically inhibition. Most likely, 

the brain regions implicated in inhibition, updating and shifting differ slightly. However, both 

hypotheses consider the ACC and the DLPFC to be key areas in the execution of cognitive 

control in general across subcomponents, although the two regions’ ascribed roles, and how 

they cooperate differ between the hypotheses. Importantly, these are also essential nodes in 

the proposed fronto-parietal network. Even though we did not directly investigate the merits 

of these hypotheses in our study, both the action selection hypothesis and the conflict 

monitoring hypothesis are thus important to take into account when investigating the 

neuroanatomical basis of inhibition. Firstly, in combination with results from previous 

research (see section 4), they can help us develop sound hypotheses regarding which brain 

regions are implicated in inhibition. From what we have seen, both hypotheses point to the 
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importance of the ACC and the DLPFC in cognitive control, and by extension, inhibition. 

Furthermore, they can provide a framework for how we can interpret potential findings from 

previous research and our own study.  
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3 Tests and Techniques 

3.1 Tests Measuring Inhibition 

A first step in understanding the neural basis of a specific cognitive function is to 

operationalize the function and then employ tests that specifically tap the function in question. 

Several tests have been devised in order to measure people’s cognitive control capacity. In the 

following, the focus will be on tests developed specifically to tap inhibition, as this is the 

subcomponent of cognitive control that is particularly relevant to our study. Some of the most 

common tests used to measure inhibition in research include the Simon task, Flanker task, 

Antisaccade task, Go/no-go task, and Stop-signal task (Diamond, 2013). All of these require 

the subject to stop an automatic response tendency, although the specific response inhibited 

varies between tests (Miyake et al., 2000). Most tests also require the subject to respond in a 

non-automatic, goal-related manner while inhibiting the automatic or overlearned response. 

For example, in the Flanker task, the subjects are asked to respond to a target stimulus (e.g., 

an arrow or letter) while ignoring stimuli flanking the target (Eriksen & Eriksen, 1974). 

Similarly, in the Simon task, “participants have to respond to a non-spatial stimulus 

dimension according to an arbitrary rule while ignoring the spatial dimension of the stimulus” 

(Cieslik et al., 2015, p. 24). The test that is most frequently used to measure inhibition in 

clinical neuropsychology, however, is the Stroop test (Stroop, 1935).  

3.1.1 The Stroop Test 

The Stroop test is one of the most frequently employed tests in cognitive psychology (for 

details regarding the D-KEFS version of the Stroop test used in this study, see Methods 

section). It was first introduced about 80 years ago, when John Ridley Stroop developed the 

test in order to study the phenomenon of interference, or response conflict. Stroop had been 

involved in studies investigating word reading versus color naming, and came up with the 

idea of a compound stimulus in which the word presented was incongruent with the ink color 

of the word (MacLeod, 1991). The classic Stroop test thus requires the subject to name the ink 

color a word is presented in, while suppressing the urge to read the word itself (e.g., the word 

BLUE written in green ink). This is known as the incongruent condition (see Figure 2.1). In 

other words, the subjects must inhibit an overlearned and therefore automatic response 

(reading the word) in favor of a non-automatic/unusual response (naming the ink color). The 
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ink color of the word and the word itself can also be presented in a neutral color (e.g., the 

word BLUE written in black ink) or a congruent color (e.g., the word BLUE written in blue 

ink). These are known as the neutral condition (see Figure 2.2) and congruent condition (see 

Figure 2.3), respectively.  

 

 

 

 

Figure 2. Stroop conditions 

1 = incongruent condition 

2 = neutral condition 

3 = congruent condition 

 

Research shows that test subjects make more errors and take longer time to respond in the 

incongruent condition relative to either the control or congruent conditions. This is a robust 

finding known as the Stroop interference effect. The size of the interference effect is thought 

to represent the test subject’s inhibition ability (i.e., the smaller the interference effect the 

better inhibition ability). Conversely, test subjects make less errors and are faster to respond 

in the congruent compared to the neutral condition, an effect known as Stroop facilitation 

(Badzakova-Trajkov, Barnett, Waldie, & Kirk, 2008).   

 Interest in the Stroop test increased when investigators discovered that patients with 

damage to areas of the PFC showed impaired performance (MacLeod, 1991). Furthermore, 

several patient groups, such as those with ADHD or schizophrenia, revealed an enhanced 

Stroop interference effect compared to healthy controls. This made the Stroop test a fertile 

testing ground for investigating the neuroanatomical basis of inhibition (MacDonald III et al., 

2000). This interest was especially stimulated with the advent of improved neuroimaging 

techniques, which will be covered in the following paragraphs.  

 

 



13 

 

3.2    Research Techniques Used to Investigate Cognitive Control 

Several techniques are used to investigate the neural substrates of cognitive control and its 

subcomponent inhibition. Two of the most common are fMRI and lesion studies. VLSM is a 

type of lesion study and is thus included in the latter category. In section 4, both fMRI and 

lesion studies investigating cognitive control will be reviewed. Therefore, a brief description 

of each technique is warranted and will be presented in the following paragraphs. As VLSM 

is the analysis technique employed in our study, it will be covered in greater detail than the 

other techniques.  

3.2.1 Functional Magnetic Resonance Imaging (fMRI) 

Since its inception in 1990, fMRI has become one of the most widely used neuroimaging 

techniques in cognitive neuroscience and clinical psychology and psychiatry. In short, fMRI 

measures local, time-varying changes in brain metabolism (blood-oxygen-level dependent 

[BOLD] signal) as a result of task-induced cognitive state changes (Glover, 2011). Task 

performance (the independent variable) is manipulated experimentally while the BOLD signal 

(the dependent variable) identifying active areas is measured (Kimberg, Coslett, & Schwartz, 

2007). Using fMRI, one can identify the brain areas that become activated while participants 

perform a cognitive control task, such as the Stroop test or the Simon task. In order to 

specifically study the activation relating to inhibition (the interference effect), most studies 

compare the activity elicited from the incongruent condition of Stroop with a neutral or 

incongruent condition (see paragraph 4.1 for details about activation patterns and a review of 

fMRI studies investigating the neural substrates of inhibition).    

3.2.2 Lesion Studies and Voxel-Based Lesion-Symptom Mapping 

The traditional lesion study involves inferring the cognitive function of a brain area by 

observing the behavioral consequences of a lesion to that area. It has been a frequently used 

method in neuroscience for centuries. Lesion studies allow one to investigate cognitive 

control by comparing the performance of patients with a lesion to a specific brain area with 

the performance of healthy controls or patients with lesions to different brain areas. Lesion 

studies can reveal dissociations in cognition that are difficult to hypothesize, which can 

contribute to and change existing models of the architecture of the brain (Adolphs, 2016). 
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Voxel-based lesion-symptom mapping (VLSM) (Bates et al., 2003) is a relatively new 

type of lesion study in which the relationship between brain injury and behavioral 

performance is mapped on a fine-grained level, i.e., on a voxel-by-voxel basis (Kimberg et al., 

2007). In VLSM, each participant’s structural brain scan is converted to a three-dimensional 

digital representation consisting of thousands of voxels. A voxel is a three-dimensional cube 

(e.g., 1 x 1 x 1 millimeter) each representing thousands of neurons. A statistical test is then 

performed investigating whether there is a difference in the behavior of interest score (e.g., 

inhibition ability score using the Stroop test) between the participants with and without a 

lesion to that specific voxel. Because of this, one is not of need of a control group when 

conducting VLSM. The result is a statistical map that identifies which regions of the brain 

(i.e., which voxels) are critical for performing a certain behavior (Kimberg, 2007).  

By analyzing the relationship between lesion and behavior on a voxel basis one can 

circumvent certain limitations associated with traditional lesion analysis methods. In the 

traditional methods, participants are usually grouped either by lesion or by a behavior of 

interest. The participants in the lesion group are usually identified by a common site of injury 

(e.g., the orbitofrontal cortex). The behavioral performance of the lesion group is then 

compared to that of a control group or a group with lesions to a different brain region. This is 

a good way to obtain information regarding the functional roles of specific regions of interest 

(ROIs). However, one will be at risk of losing information if the ROI contains several 

subregions that each contributes to different behavioral functions, and one may overlook 

regions outside the ROI that are part of a functional network. Furthermore, grouping 

participants by behavior of interest requires a cutoff score when the data is continuous rather 

than binary. This cutoff score will often be arbitrary, and one may lose information reflecting 

differing levels of performance. In VLSM one can avoid both problems as one is not required 

to an a priori division of participants into groups based on lesion location or behavior (Bates 

et al., 2003).  

3.2.3 Comparing Results from fMRI and Lesion Studies  

Both fMRI and lesion studies are imperfect methods for investigating the neural substrates of 

cognitive control and its subcomponent inhibition. However, as they suffer from different 

strengths and limitations, one can compare and converge the results obtained from studies 

using both methods in order to obtain a more precise estimate of the functional architecture of 

the brain (Kimberg et al., 2007). In other words, in order to develop a thorough understanding 
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of the neural basis of inhibition, one must examine studies using different analysis techniques. 

This is also essential in order to develop a sound hypothesis of what we will find in our own 

study. Because of this, VLSM studies, traditional lesion studies and fMRI studies 

investigating the neural substrates of inhibition are reviewed below. Results from all three 

analysis methods are then compared and evaluated in order to develop a hypothesis for our 

study.  
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4 Literature Review 

In the following, studies investigating the neural basis of inhibition using fMRI, lesion 

analysis and VLSM are reviewed. The focus will be mainly on those studies employing 

different versions of the Stroop test, but studies using other tasks measuring inhibition will be 

covered as well. How results from the studies relate to the action selection and conflict 

monitoring hypotheses will also be discussed briefly.  

4.1 fMRI Studies Investigating Inhibition 

Song and Hakoda (2015) set out to study the mechanisms that underlie the Stroop interference 

(SI) effect, a measure of inhibition, using fMRI. Employing a computer-based version of the 

Stroop test, they found that brain regions activated during SI included the bilateral middle 

frontal gyrus (BA 9), the left inferior frontal gyrus (BA 9), the right inferior parietal lobule 

(BA 7 and BA 39), and regions in the occipital lobe. In the frontal lobe, the middle frontal 

gyrus (BA 9) was the region most strongly activated. As previously noted, both the bilateral 

middle frontal gyrus and the left inferior frontal gyrus are parts of the LPFC. Song and 

Hakoda did not, however, find substantial activation in the ACC during interference, which is 

contrary to the predictions put forth by both the action selection and conflict monitoring 

hypotheses. Similarly to Song and Hakoda, MacDonald III et al. (2000) found increased 

activity in DLPFC (BA 9) during a modified version of the Stroop paradigm. During a 

preparatory period before each trial, the participants were given an instruction to either focus 

on reading the word (automatic response) or naming the color (requiring greater control) of 

the upcoming stimulus. In the preparatory period, DLPFC was more active when the 

participants were instructed to name the color of the stimulus than when they were instructed 

to focus on reading the words. This is consistent with DLPFC’s proposed role in 

implementing control. No such instruction-related activity was observed in the ACC (BA 24 

and 32). In the response-period however, greater activity was observed in the right ACC for 

incongruent, compared to congruent, naming trials. This is consistent with a role in conflict 

monitoring. DLPFC was active during the response period but was no more active during 

incongruent than congruent trials. The authors interpreted this dissociation as support for the 

conflict monitoring hypothesis.  

Similarly, Roelofs et al. (2006) aimed to test the merits of the action selection 

hypothesis and the conflict monitoring hypothesis, focusing mainly on activity in the ACC 
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using a Stroop-like paradigm. Brain areas implicated in inhibition included regions of the 

medial PFC (the ACC (BA 32) and left SMA (BA 6)), regions of the DLPFC (left superior 

frontal gyrus (BA 9), left inferior frontal gyrus (BA 44), right middle frontal gyrus (BA 46) 

and bilateral parietal lobe (BA 40). Moreover, their data showed that ACC responses were 

larger for neutral than for incongruent stimuli. This contrasts with the conflict monitoring 

hypothesis, which predicts that ACC activity should be increased only when conflicting 

response alternatives are present. In line with the action selection hypothesis, the authors 

suggested that the ACC is directly involved in regulation itself.  

 Meta-analyses have also been conducted investigating the neural basis of response 

inhibition using the Stroop paradigm. Derrfuss et al. (2005) analyzed 11 studies that 

employed variants of the color-word Stroop task. They located five significant clusters of 

inhibition-related activity, including the left inferior frontal gyrus (BA 6/8/44), bilateral 

ACC/pre-SMA (BA 32/6), left ACC/medial superior frontal gyrus (BA 32/9) and the left 

insula (BA 13, 14, 15 and 16). Areas in both lateral PFC (DLPFC and IFJ) and medial PFC 

(ACC and pre-SMA) showed increased activity, consistent with the study conducted by 

MacDonald et al. and partly consistent with the Song and Hakoda study. Roberts and Hall 

(2008) investigated the strength of the hypothesized fronto-parietal network (ACC, LPFC and 

areas of parietal lobe) commonly activated during inhibition tasks. They included 34 studies 

reporting a total of 40 experiments in their meta-analysis, 29 of which were Stroop tasks. 

Conflict-related activity was reliably reported in the ACC (BA 32), right and left inferior 

frontal gyrus (BA 44), bilateral anterior insula and bilateral parietal lobes. These are the areas 

thought to underlie the fronto-parietal network, supporting the hypothesized role of these 

regions in cognitive control and its subcomponent inhibition. 

 Other researchers have investigated the neural basis of response inhibition using other 

tasks than the Stroop paradigm. Sebastian et al. (2013) developed a new test, the Hybrid 

Response Inhibition Task, incorporating properties of the Simon-, the Go/no-go-, and the 

Stop-signal tasks. Brain regions activated included the right inferior frontal cortex and insula, 

the right IFJ, bilateral parietal regions and the pre-SMA. These results were similar to the 

ones obtained in the Roberts and Hall study, strengthening the fronto-parietal hypothesis of 

inhibition. Braver, Barch, Gray, Molfese, and Snyder (2001) wanted to test the merits of the 

conflict monitoring hypothesis by investigating brain activity during three tasks, among them 

the Go/no-go test measuring response inhibition to No-go stimuli. They identified an almost 

wholly right-lateralized network, including prominent regions in DLPFC (BA 46/9), VLPFC 
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(BA 44), and inferior (BA 40) and superior (BA 7) parietal cortex, and a small area of ACC. 

This contrasts with most of the other studies previously reviewed which have mainly 

identified left-lateralized regions. One explanation for this discrepancy is that while the 

Go/no-go task was used in this study, the other studies used the Stroop test. Use of material of 

a verbal nature, such as Stroop, could explain the left hemisphere dominance.  

 In summary, most of the fMRI studies mentioned above found that areas in DLPFC 

and ACC are activated during the inhibition condition of the Stroop task. The majority of the 

studies found activation in the left hemisphere. Some studies also identified activity in the 

parietal cortex, insula and pre-SMA, in accordance with the proposed fronto-parietal network. 

However, the evidence of the involvement of these regions is weaker than that of the frontal 

regions.  

4.2 Lesion Studies Investigating Inhibition 

One of the first lesion studies to investigate the neural substrates of Stroop interference was 

conducted by Vendrell et al. (1994). They found that right lateral lesions, specifically lesions 

to the VLPFC, were most strongly related to impaired Stroop performance. Left lesions, 

however, did not affect performance on the Stroop test at all. Results from most of the later 

lesion studies conducted, on the other hand, seem to point to an intact left PFC as crucial for 

normal Stroop performance. As previously noted, this is consistent with the majority of the 

fMRI studies reviewed above. An example is a lesion study conducted by Geddes et al. 

(2014). They investigated which brain areas are implicated in two different inhibition tasks 

(the Stroop test and the Eriksen flanker test). In contrast to the Vendrell study, they found that 

damage to the left VLPFC resulted in impaired Stroop performance, but did not affect 

performance on the Eriksen test. Interestingly, damage to the right VLPFC did not impact 

Stroop performance, but did lead to impaired performance on the Eriksen flanker test. One 

way to interpret this, in line with the authors’ conclusion, is that resistance to interference 

(i.e., inhibition) does not represent a unitary, domain-general function, but is rather supported 

by dissociable, material-specific processes. This could explain the results of the Braver et al. 

(2001) study in which a different inhibition task, the Go/no-go test, was used. Another 

interpretation is that the Stroop test and the Eriksen flanker test are simply not sensitive 

enough to be considered pure measures of inhibition/interference control. Instead, features 

related to the tests themselves, such as response modality and stimulus characteristics, might 

influence the results. 
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  Stuss et al. (2001) conducted a lesion study in order to determine which brain regions 

are necessary for successful Stroop performance. They found that bilateral superior medial 

lesions (BA 9), especially right-sided, resulted in impaired Stroop performance. Participants 

with lesions only to the left frontal lobe, however, showed impaired color naming. The 

authors pointed out that this would, by extension, also affect their performance on the 

incongruent Stroop condition. They further suggested that the left frontal lobe is commonly 

thought to be implicated in the Stroop test because frontal lesions result in generally slow 

responses in all task conditions. In other words, what seems to be impaired performance 

might actually be a result of general response speed slowness. Moreover, in contrast to most 

of the fMRI studies reviewed above, Stuss et al. could not demonstrate that damage to the 

ACC resulted in impaired Stroop performance. They suggested that the role of the ACC is 

most likely related to task and patient context.  

 The specific role of the ACC in inhibition, partly fueled by the Stuss et al. study, has 

become a central topic in lesion studies investigating the neural substrates of Stroop 

performance. Importantly, even though ACC is often treated as a unitary structure, it can be 

partitioned into different subcomponents with the possibility of each underlying different 

cognitive functions. This topic was explored in a study by Swick and Jovanovic (2002) who 

investigated whether two different ACC subregions are necessary for performance on a 

computerized version of the Stroop task. Only two patients were included in the study. The 

first patient, DL, had a lesion to the right mid-caudal ACC, while the second patient, RN, had 

a lesion to the left mid-dorsal ACC. DL showed normal Stroop interference and performance 

(normal amount of errors), but displayed an overall slowing, especially in the congruent 

conditions. RN, on the other hand, had more errors on the incongruent trials. The authors 

claimed that this suggests that there is topographic specificity of function within the human 

ACC. Furthermore, as the ACC is commonly treated as a unitary structure, it may explain 

why some studies find that it is implicated in inhibition, while others do not. However, as the 

participant number in the study was very low, one must interpret its results with caution. In 

addition, it is possible that the specific parts of the patients’ ACC that were lesioned are not 

directly implicated in inhibition, while the non-lesioned parts are. In other words, the specific 

subcomponents that are implicated in inhibition were not directly damaged in these two 

patients, which could potentially explain the results.  

 Other studies have also investigated the role of specific subcomponents of the ACC in 

inhibition. Fellows and Farah (2005) tested whether lesions to the dorsal ACC (dACC) affect 
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Stroop performance. They employed the same computerized Stroop test as used in the Swick 

and Jovanovic study, investigating the performances of four subjects with lesions to the 

dACC (three left, one bilateral). All the participants showed normal performance on the 

Stroop test. These results contrast with the results from the Swick and Jovanovic study, in 

which patient RN, who had a lesion to the left mid-dorsal ACC, showed impaired 

performance on the Stroop test. Fellows and Farah suggested that dACC could be implicated 

in motivational, emotional and/or reward-related processes that are often part of the optimal 

performance of cognitive tasks. As fMRI studies measure brain activation, the ACC activity 

could mistakenly be interpreted as related to inhibition processes. As only four participants 

were included in this study, however, its results must also be interpreted with caution.  

 Løvstad et al. (2012) tested the proposition that the ACC is not involved in inhibition, 

as suggested in the previously mentioned studies. Two patients with dorsomedial frontal 

lesions that included the ACC took part in the study. Patient 1 had a lesion in medial, dorsal 

and rostral ACC (BA 24 + 32), while patient 2 had a lesion in rostral and medial ACC (BA 24 

+ 32). The patients performed several neuropsychological tests, among them the Stroop 

Color-Word Interference test, and their performance was compared to that of healthy controls. 

Confirming the results of Stuss et al. (2001), Swick and Jovanovic (2002) and partly Fellows 

and Farah (2005), Stroop performance was within the normal range in both patients. 

However, both displayed reduced performance on tests of learning and memory, suggesting 

that the ACC might be implicated in certain aspects of cognitive control. 

 In summary, the results from lesion studies investigating the neural substrates of 

inhibition using the Stroop test paint a slightly different picture than the results from the fMRI 

studies. In agreement with the fMRI studies reviewed above, the lesion studies seem to point 

to the left PFC as implicated in inhibition. However, the lesion studies suggest that the ACC 

is not involved in inhibition per se. Instead, it might be engaged in other processes closely 

related to successful performance on tasks measuring inhibition. This is an important 

suggestion, as it is in direct conflict with both the conflict monitoring hypothesis and action 

selection hypothesis, as they both regard ACC as an essential part of the cognitive control 

network.  

4.2.1 Voxel-Based Lesion-Symptom Mapping Studies 

Only three VLSM studies have investigated the neural substrates of inhibition using the 

Stroop test. The first one was conducted by Gläscher et al. (2012) who wanted to characterize 
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the regional neural specificity of various cognitive functions, particularly cognitive control 

and decision making. Accordingly, they employed five tests providing a large dataset, accrued 

over several decades, consisting of 344 participants (165 of them with damage in the frontal 

lobes, and thus most relevant to the Stroop test). They found that lower performance on the 

Stroop test was associated with damage to the left DLPFC (middle frontal gyrus), consistent 

with the majority of other lesion studies and fMRI studies reviewed above. On the other hand, 

damaged ACC was not related to impaired Stroop performance, in line with results from most 

of the traditional lesion analysis studies. The researchers found, however, that damaged ACC 

was related to impaired performance on other cognitive control tasks, such as the Trail 

Making Test (TMT) and the Wisconsin Card Sorting Test (WCST). Furthermore, they used 

data from the patients who had completed all four cognitive control tasks in the study to 

conduct a factor analysis in order to compute a single “cognitive control factor” using VLSM. 

Importantly, significantly lower performance on this factor was associated with damage to the 

left rostral ACC indicating that ACC might be related to cognitive control in some way. Why 

the ACC does not seem to be implicated in Stroop performance, however, remains to be 

answered.  

  Tsuchida and Fellows (2013) investigated whether subcomponents of cognitive 

control (shifting, updating and inhibition) can be dissociated within the frontal lobes. They 

included 45 adult patients with chronic focal damage to the PFC in addition to 50 healthy 

controls. A computerized Stroop test was used to measure inhibition. Damage to the left 

VLPFC was related to impaired Stroop performance. Damage to dACC and the right VLPFC, 

however, was not significantly associated with performance decrements, in agreement with 

the Gläscher et al. (2012) study. 

 The last study investigating the relationship between Stroop performance and damage 

to the PFC using VLSM was conducted by Cipolotti et al. (2016). Thirty-one patients with 

damage to the PFC (14 left, 17 right) were included in the study. They found that performance 

on the Stroop test relied on the integrity of left lateral superior frontal gyrus (BA 6, 8 and 9) 

and middle frontal gyrus. No association was found between ACC damage and impaired 

Stroop performance.  

 In summary, all three of the VLSM studies reviewed above did not find a significant 

association between impaired performance on the Stroop test and damage to the ACC. This 

corresponds well with the results from the traditional lesion studies, but not with the results 

from most of the fMRI studies. All VLSM studies also identified left portions of the PFC 



22 

 

(most notably the DLPFC or the VLPFC) as implicated in successful Stroop performance. 

This corresponds well with most of the studies reviewed above, both the traditional lesion 

studies and the fMRI studies.  
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5 Hypothesis 

After reviewing the literature investigating the relationship between Stroop performance and 

prefrontal brain lesions, a more detailed description of our study’s hypothesis can be 

provided.  

We hypothesized that lesions to the left PFC will lead to impaired Stroop performance. 

With a few exceptions (such as the Vendrell et al. (1994) study), most of the literature points 

to the importance of the left hemisphere both in relation to cognitive control and particularly 

to inhibition. The precise locations within the left PFC implicated in the Stroop test are harder 

to specify, as each study identified slightly different areas. In general, most of the studies 

reviewed in paragraph 4 identified regions in the left DLPFC (BA 9, 46 or 8) or left VLPFC 

(BA 44 and 45). Parietal cortex and pre-SMA were also commonly identified, as well as 

insula. In our sample, only four participants had lesions located in the parietal lobes. Voxels 

in these areas were excluded because only voxels damaged in at least 10% of the participants 

(equal to 6 participants in our study) were included in the analysis to ensure sufficient power 

(see “Sufficient minimum lesion overlap” in section 6.2.1). Accordingly, only voxels in the 

frontal lobe regions were included in the VLSM analysis. In summary, our main hypothesis 

was that damage to voxels in left DLPFC/VLPFC would be associated with reduced Stroop 

performance. 

Even though most fMRI studies concluded that the ACC plays a role in inhibition, the 

majority of the lesion studies (traditional as well as VLSM) did not identify this association. 

Thus, based on the extant literature, we will most likely come to the same conclusion, but will 

nevertheless explore and discuss the potential role of the ACC as the D-KEFS version of the 

Stroop task has not been subjected to VLSM analysis in previous studies.  
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6 Methods and Materials 

6.1 Materials 

6.1.1 Access to Materials 

The neuropsychological and structural MRI data used in the following analysis were collected 

by researchers from Front Neurolab, in connection with their project Mechanisms of 

Cognitive Control in the Human Brain. The data collection started in 2008 and was finished in 

2018. 

6.1.2 Participants: Patients with Focal Frontal Brain Injury 

A patient cohort consisting of 56 subjects with isolated chronic damage to prefrontal cortex 

(PFC) subregions was primarily recruited from Oslo University Hospital. A small number of 

patients with traumatic brain injury (n = 3) were recruited from Sunnaas rehabilitation 

hospital. Criteria for patient inclusion were: a) chronic focal injury affecting frontal cortex, b) 

no additional extra-frontal injury, c) no white matter shearing, d) MRI-confirmed lesion, e) 

injury sustained at least 6 months earlier, and f) age from 20 to 60 years. Criteria for 

exclusion were: a) premorbid neurological injury/disorder or psychiatric disorder, b) history 

of substance abuse/dependence requiring treatment, c) profound sensory loss, d) pronounced 

aphasia, spatial neglect, or e) IQ below 85. The patients had injury caused by resection of 

primary cerebral tumor or contusions due to head trauma. The major lesion foci were a) 

dorsolateral, b) ventrolateral, c) ventromedial/orbitofrontal, and d) medial/anterior cingulate 

cortex. 

6.1.3 Neuropsychological Tests 

A battery of standardized neuropsychological tests was administered to the participants in 

order to assess their cognitive functioning. The present study examined performance on the 

Color Word Interference Test (CWIT), a variant of the classical Stroop test. 

The Color-Word Interference Test. The participants were tested with CWIT from 

the Norwegian version of the Delis-Kaplan Executive Function System (D-KEFS) battery 

(Delis et al., 2001a). D-KEFS uses the Comalli variation (Comalli, Wapner, & Werner, 1962) 

of the classic color-word test (see section 3.1.1) originally developed by Stroop (Stroop, 
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1935). This modified version consists of four parts: 1) color naming, 2) word reading, 3) 

inhibition, and 4) inhibition/switching (Lippa & Davis, 2010). In the first part of CWIT, the 

participant is instructed to correctly name the colors of 100 rectangular patches (either red, 

blue or green) printed in random order on a card. In part two of CWIT, the participant must 

read out loud 100 color words (either RED, BLUE or GREEN) printed in black ink and 

presented in random order on a second card. The basic functions involved in part 1 and part 2, 

naming colors and reading words, are essential in order to complete the last two parts of the 

CWIT, which both measure cognitive control functions. Participant performance on the third 

section of the CWIT, also known as the inhibition trial, is the behavior variable that was 

analyzed in this study. This is the part of CWIT that is equivalent to the traditional 

incongruent condition involving the interference effect. Here, the participant is presented with 

a card containing 100 color words displayed in random order. The words, however, are 

printed in colors that are different from the color words themselves – they are incongruent 

(e.g., the word RED printed in blue ink). The participant must name the ink colors as fast as 

possible, while inhibiting the more automatized tendency to read the words (Anderson, Jaroh, 

Smith, Strong, & Donders, 2017; Comalli et al., 1962). Part four of CWIT, 

Inhibition/Switching, measures the participants’ cognitive flexibility in addition to their 

ability to inhibit automatic responses. Here, the participant must switch between naming the 

incongruent ink colors and reading the color word (Delis, Kaplan, & Kramer, 2001b).  

Performance on each trial is evaluated as 1) time to completion, and 2) total errors. A 

participant’s difficulty in completing condition 3 and 4 of the CWIT test, however, may 

reflect impairment in the fundamental skills of color naming and word reading rather than 

impairment in higher order control functions. Consequently, a contrast score can be calculated 

by parceling out the performance on condition 1 or 2 from performance on condition 3 or 4. 

Thus, in order to measure a participant’s true inhibition score, we subtracted the completion-

time scaled score for color naming (condition 1) from the completion-time scaled score for 

inhibition (condition 3). Then, a new scaled scored derived from the scaled-score difference 

was calculated. This score was used as a measure of the participants’ inhibition scores in the 

subsequent analyses (Delis et al., 2001b). 

Validity and reliability. There is a substantial body of literature supporting the validity 

of the D-KEFS battery as a measure of executive function, and the utility of the CWIT has 

been established both in clinical and non-clinical populations. These studies have 

demonstrated that “the D-KEFS tests are sensitive to the assessment of executive function 
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deficits in numerous clinical populations, including patients with focal frontal lobe lesions” 

(Delis, Kramer, Kaplan, & Holdnack, 2004, p. 301). Furthermore, moderate to high split-half 

and test-retest reliabilities have been reported for CWIT (.62-.86 and .62-.76 respectively) 

(Homack, Lee, & Riccio, 2007). 

6.1.4 Structural MRI 

For each patient, high-resolution structural MRI scans were acquired at the Intervention 

Center at Oslo University hospital in order to obtain detailed descriptions of lesion extent and 

location. 

 Imaging was performed with a Philips Achieva 3 Tesla whole body MR unit equipped 

with an 8-channel Philips SENSE head coil (Philips Medical Systems, Best, the Netherlands). 

Anatomical T1-weighted images consisting of 180 sagittally oriented slices were obtained 

using a turbo field echo pulse sequence (TR, 8.125 ms; TE, 3.72 ms; flip angle 8°; voxel size 

1 × 1 × 1 mm; FOV, 256 × 256 mm). 

6.2 Methods 

6.2.1 Voxel-Based Lesion-Symptom Mapping Procedures 

In the next section, the procedures followed in conducting the VLSM are outlined. For the 

VLSM analysis, we employed the non-parametric mapping (NPM) toolbox that accompanies 

MRIcron developed by Chris Rorden (https://www.nitrc.org/projects/mricron). This software 

was chosen due to its availability, practicality and widespread utilization by other researchers 

conducting VLSM studies. All statistical analyses concerning the neuropsychological data 

and patient characteristics were conducted in Statistical Package for the Social Sciences 

(SPSS, version 25). 

The procedures essentially consist of three main steps: 1) Preparation of 

neuropsychological data, 2) Preparation of MRI data, and 3) Analysis.    

1) Preparation of neuropsychological data. In this study, we chose the participants’ 

CWIT scaled scores derived from the inhibition contrast score previously mentioned as our 

behavior measure. This score is the study’s dependent variable. A high score reflected a good 

inhibition ability, while a low score reflected a poor inhibition ability.  
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2) Preparation of MRI data. The first step in conducting VLSM is to prepare the 

MRI data for statistical analysis. One must first delineate all the participants’ lesions and then 

register each lesion reconstruction to a common brain template (i.e., normalization) (Kimberg, 

2007). The lesion maps function as the independent variable in the analysis. 

1. Delineation of lesion. The first step in preparing the MRI data for analysis is to 

trace the lesion on each slice of the 56 participants’ native space brain images in order to 

obtain an accurate three-dimensional representation of the damaged areas of the brain. This 

delineation defines which voxels in a participant’s brain represent lesioned, defective tissue 

and which voxels represent healthy tissue. In addition, the lesion reconstructions specify 

affected Brodmann areas and associated Talaraich coordinates, and make it possible to 

compute total lesion volume. The tracing can be done either manually or automatically (De 

Haan & Karnath, 2018). The manual lesion delineation, though time consuming, remains the 

gold standard in lesion analysis, as it yields exact regions of interest and shows high intraclass 

correlation coefficients of .86 - .95 (Wilke, de Haan, Juenger, & Karnath, 2011). In this study, 

the boundary of the lesion was traced by trained members of the research team on each 

relevant slice of the participant’s MRI image using MRIcron. The enclosed lesion was then 

filled, which resulted in a three-dimensional volume of interest (VOI) representing the 

lesioned area of the participant’s brain (Wilke et al., 2011).   

2. Normalization. After we had finished delineating the lesion, we were left with a 

three-dimensional binary lesion map reflecting the voxels where tissue was damaged for each 

participant. However, brains differ in size, shape and orientation. Therefore, we cannot 

compare the behavioral effects of the damaged voxels until we have made sure that lesion 

position and volume are directly comparable across participants (Rorden & Brett, 2000). This 

process is known as normalization. 

As with tracing, normalization can be done either manually or automatically. In this 

study, an automatic normalization algorithm that is part of the Statistical Parametric Mapping 

(SPM12) toolbox was used (https://www.fil.ion.ucl.ac.uk/spm/). This widely used software is 

free of charge and is implemented in Matlab. Using the SPM12 algorithm, each participant’s 

brain and lesion are scaled, rotated and warped in alignment with a common template. This 

ensures that a specific voxel represents approximately the same anatomical structure in every 

participant (De Haan & Karnath, 2018). In this study, we used the template created by the 

Montreal Neurological Institute (the MNI template), which was developed by taking the 

average of the MRI scan from a large number of young healthy individuals. There are several 
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advantages to using the MNI template. Firstly, the results will be compatible with the large 

number of other imaging studies that report coordinates in MNI space, making it easier to 

compare findings across published studies. Secondly, most electronic atlases for brain 

structure labeling provided by neuroimaging software (such as the Automated Anatomical 

Labeling atlas; AAL) are only compatible with MNI space. Thirdly, MNI space can easily be 

converted to the Talaraich coordinate system which is frequently used to describe spatial 

locations in brain imaging scans (Kimberg, 2007; Rorden & Brett, 2000). 

3) Analysis. The procedures of lesion delineation and normalization in Step 1 yielded 

a spatially normalized binary lesion map for every participant (De Haan & Karnath, 2018). 

Figure 3 shows an example of a delineated and normalized lesion map from a patient in our 

study overlaid on an MNI template in MRIcroGL (https://www.nitrc.org/projects/mricrogl).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Delineated and normalized lesion map (axial view) for one individual patient. 
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We could now proceed with the second step in VLSM, which is analysis of data. 

Before proceeding with the analysis, however, we had to make a series of crucial decisions 

concerning 1) which test statistic to use, 2) correcting for multiple comparisons, and 3) 

ensuring sufficient minimum lesion overlap.  

1. Test statistic. In VLSM, the goal is to investigate which voxels are significantly 

associated with worse performance on a behavioral measure when they are lesioned compared 

to when they are intact. As previously noted, behavior is defined as the dependent variable 

while each voxel’s lesion status is considered the independent variable (Kimberg et al., 2007). 

For each voxel in the brain a separate statistical test is performed comparing the behavior of 

the participants with versus without a lesion to that specific voxel. The product of this 

procedure is a statistical map in which each voxel has been assigned the value of a test 

statistic (Kimberg, 2007). The voxels assigned a value above a predefined threshold are 

considered significant. This threshold will vary according to the statistical test employed in 

the analysis. A crucial decision in VLSM is thus deciding on which test will be the most 

appropriate for one’s data.  

 In this study, the behavioral data we wished to analyze were continuous (i.e., scaled 

contrast scores), which one traditionally would analyze using a two-sample t-test. The t-test 

assumes that the behavioral data in question are normally distributed and measured on an 

interval scale. Our data, however, were slightly skewed, thus violating the test’s assumptions. 

This causes the t-test to lose sensitivity resulting in a reduction of power to detect behavior-

lesion effects (De Haan & Karnath, 2018). Rorden, Karnath, and Bonilha (2007) advocate the 

use of the Brunner-Munzel test in VLSM, as it is nonparametric (i.e., does not make 

assumptions about data distribution) and is virtually assumption free. Consequently, it will 

provide more power than the t-test when analyzing skewed distributions. We decided to 

employ the Brunner-Munzel test in our analysis as we deemed it most appropriate for our data 

set.  

2. Correcting for multiple comparisons. A major issue in VLSM is the multiple 

comparisons problem. When conducting a statistical test, one usually rejects the null 

hypothesis if the probability of obtaining the test value is less than 5% or 1% (p < 0.05 and p 

< 0.01, respectively). If each statistical test has a false probability level of 5%, conducting 

1000 tests would be expected to result in 50 false positive results (a.k.a. Type 1 errors). In 

VLSM, a separate statistical test is performed for every single voxel in the brain. This might 

result in tens of thousands of statistical tests, drastically increasing the probability of 
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observing false positives. The probability of obtaining false positives across the entire data set 

is known as the familywise error rate (FWER) (De Haan & Karnath, 2018).  

 There are many ways to correct for multiple comparisons and control the FWER using 

NPM software. The traditional method is the Bonferroni correction, in which one divides the 

desired false positive probability by the number of tests performed. For instance, if we want 

to evaluate 1000 voxels and keep the FWER at 5%, we change the false probability level to 

5/1000 = 0.05%. However, the Bonferroni test is overly conservative when the statistical tests 

are not independent, as is the case in VLSM. Namely, as lesions tend to be contiguous and 

cover large spatial areas, the lesion status of a specific voxel can be predicted by the lesion 

status of its adjacent voxels. Therefore, the statistical tests are not truly independent, which 

results in poor statistical power. An unbiased and more accurate way to circumvent loss of 

statistical power while simultaneously controlling the FWER is to employ permutation 

testing. Permutation testing is based on the logic that if the null hypothesis is true, there 

should be no special relationship between our independent and dependent variables. In other 

words, we can shuffle and reorder the variables in any way we want with the expectation that 

it will have no effect on our test statistics. Permutation testing essentially involves randomly 

“scrambling” (i.e., permuting) the behavioral scores of the participants with- and the 

participants without a lesion to a certain voxel thousands of times, each time generating a new 

test statistic. In this way we can generate thousands of VLSM maps and thereby derive our 

null distribution and appropriate threshold for statistical significance. If there is a true 

relationship between our independent and dependent variable, this “correct” arrangement will 

produce an extreme test statistic (i.e., reach the statistical significance threshold), and we can 

reject the null hypothesis (De Haan & Karnath, 2018; Karnath, Sperber, & Rorden, 2018; 

Kimberg, 2007; Kimberg et al., 2007). In addition to correcting for multiple comparisons, 

permutation testing can be used to circumvent certain problems associated with the Brunner-

Munzel test mentioned earlier. As Medina, Kimberg, Chatterjee, and Coslett (2010) pointed 

out, one issue with this test is that it tends to inflate z-scores when used with voxels in which 

there are less than ten subjects in the lesioned or non-lesioned group. However, one can 

readjust the z-scores by using permutation testing. 

Based on the information above, we decided to employ permutation testing in our 

study to correct for multiple comparisons. This was done in NPM with a permutation count of 

1000.    
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3. Sufficient minimum lesion overlap. In VLSM, statistical power varies as a function 

of the number of lesions that overlap at each voxel (De Haan & Karnath, 2018). To ensure 

adequate power, we only included voxels damaged in at least 10% (equivalent to 6 subjects) 

of the participants in the analysis. The chosen cutoff for “sufficient lesion overlap” will 

always be somewhat arbitrary. However, 10% of participants is a popular lesion overlap 

threshold that has been used in other VLSM studies (Miskin et al., 2016; Moon, Pyun, Tae, & 

Kwon, 2016), and was thus chosen for our study. 
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7 Results 

7.1 Patient Characteristics and Results of Neuropsychological Testing 

Characteristics of the 56 participants are presented in Table 1. The category “Other” was used 

for lesions that were difficult to place in the overarching categories within lesion location and 

hemisphere. Table 2 shows the results of the neuropsychological testing in the participant 

cohort in addition to results on the Matrix and Vocabulary tests from the Wechsler 

Abbreviated Scale of Intelligence (WASI), which were used as an estimate of fluid and verbal 

intelligence, respectively (Wechsler, 1999). Figure 4 displays the distribution of the 

participants’ contrast scores converted to z-scores.  

Table 1. Demographic and lesion data of the participant cohort 

 Participant cohort 

N = 56 

Age (years) 

(SD) 

45 

(11.5) 

Education (years) 

(SD) 

14.5 

(3) 

Gender (Male/Female) 22/34 

Handedness (Right/Left/Ambi) 53/1/2 

Lesion location  

Lateral/Orbitofrontal/Parietal/Other 

 

24/25/4/3 

Lesion hemisphere 

Right/Left/Bilateral/Other 

 

22/11/20/3 
SD = standard deviation 

Ambi = ambidextrous  
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Table 2. Performance on the CWIT and WASI. 

 

 

Mean (SD) participant score 

N = 56 

 Raw score  T-score/Standard score 

CWIT 1 – Color naming 

(SD) 

33 

(10) 

45 

(10) 

CWIT 2 – Color reading 

(SD) 

24 

(8) 

49 

(10) 

CWIT 3 – Inhibition 

(SD) 

58 

(21) 

50 

(12) 

CWIT 4 – Inhibition/switching 

(SD) 

67 

(27) 

50 

(12) 

Inhibition contrast measure  

(SD) 

WASI Vocabulary 

(SD) 

WASI Matrix 

(SD) 

N/A 

 

58 

(10) 

27 

(5) 

11.5* 

(2) 

50 

(10) 

58 

(7) 
SD = standard deviation 

* = standard score 

N/A = not applicable 

 

Figure 4. Z-score distribution of CWIT contrast scores based on CWIT 3 minus CWIT 1.  
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7.2 Nuisance Variables 

Performance on the CWIT test might be affected by certain characteristics of the participant 

group, also known as nuisance variables, such as age and sex. These variables are not of 

direct interest to our study and might confound the results. We investigated the relationships 

between the contrast score and participant age, years of education, sex, handedness and lesion 

volume by creating a correlation matrix in SPSS. None of the variables showed significant 

correlations with the contrast score, and were consequently not included as covariates in the 

subsequent analyses. 

7.3 VLSM Results 

Conducting the VLSM analysis in NPM generates three different images that can be overlaid 

on a brain template and analyzed in MRIcron or MRIcroGL. As the images were aligned in 

MNI space, they were opened on top of the standard MNI template included in MRIcroGL. 

The first image contains the sum of all the lesion maps, the second image contains a power 

map, and the third image contains the statistical map that identifies which voxels reach 

statistical significance. 

7.3.1 Sum of Lesions 

Figure 5 shows axial slices of an overlay image combining all the lesion maps of the 56 

participants included in the study. As illustrated in the bar at the bottom, different colors 

indicate increasing frequencies of lesion overlap, from dark blue (n < 1) to red (n > 20). The 

numbers indicate the z-coordinates (MNI) of each axial slice. As shown, the biggest overlap 

of lesions was concentrated to the right ventral PFC. 
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Figure 5. Sum of lesion maps overlaid onto an MNI template in axial view. Different colors indicate increasing 

frequencies of lesion overlap, from dark blue (n < 1) to red (n > 20). Total number of lesion maps included in the 

study was n = 56. 

7.3.2 Power Map 

Power is defined as the probability of obtaining a significant result for a true effect. Ensuring 

sufficient power in VLSM studies can be a problem due to scarcity of participants and 

heterogeneity concerning lesion location and lesion size. Adequate power increases the 

chances of correctly rejecting the null hypothesis, but will also lend more weight to null 

findings (Kimberg et al., 2007). The power map displayed in Figure 6 is the result of a power 

analysis. Only the colored areas of the brain have sufficient power to possibly detect a true 

relationship between damage and Stroop score above the permutation corrected threshold for 

statistical significance at p = 0.05 (z = 3.92; see the next paragraph for more details). Dark 

blue areas indicate lower power, while lighter blue areas indicate higher power. As shown in 

Figure 6, there is an asymmetry in the power distribution, with the right side of the brain 

displaying greater power compared to the left side.  
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Figure 6. Power map in axial view. Dark blue areas indicate lower power, while lighter blue areas indicate higher 

power. Total number of lesion maps included in the study was n = 56.  

7.3.3 Statistical Map 

NPM also generates a file displaying the results of the analysis (see Table 3 for a summary) in 

addition to a statistical map. The statistical map was generated using the Brunner-Munzel test 

while only investigating voxels damaged in at least 6 individuals (10% of the participants) to 

ensure sufficient lesion overlap. As shown in Table 3, this amounted to a total of 163.638 

voxels included in the analysis. NPM reports the statistical significance thresholds in z-scores 

corresponding to p values of 0.05, 0.025 and 0.01. As shown in Table 3, the Brunner-Munzel 

Range fell between z = -2.978 and z = 2.968. These numbers point to the lowest and highest 

z-scores obtained across all the voxels included in the analysis, respectively. Correcting for 

multiple comparisons yielded a statistical significance threshold of z = 3.92 at p = 0.05. This 

value falls outside the Brunner-Munzel Range, which indicates that there were no voxels in 

which the Stroop performance of participants in whom the voxel was damaged was 
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significantly poorer than the Stroop performance in whom the voxel was intact. In other 

words, we found no detectable differences in Stroop performance between participants with 

and without lesions to any of the voxels included in the study. Therefore, the statistical map 

generated by NPM displaying the voxels that reached statistical significance was “empty”, 

and will not be shown here. In other words, based on the results from the VLSM analysis we 

cannot reject the null hypothesis.  

Table 3. Summary of key results from the NPM-generated file  

Total voxels included in analysis 7.221.032 

Voxels damaged in at least 6 individuals 163.638 

Permutations 1000 

Brunner-Munzel range (z-score)   -2,978…2,968 

Statistical significance threshold 

(z-score equivalent to p = 0.05) 

 

3,92 
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8 Discussion 

The aim of this study was to investigate the neuroanatomical basis of response inhibition 

using behavioral data from the Color-Word Interference Test (Stroop) in combination with 

lesion data obtained from a cohort of patients with chronic focal PFC damage. We 

hypothesized that lesions to the left PFC, specifically regions in the left DLPFC (BA 9, 46 or 

8) or left VLPFC (BA 44 and 45), would lead to impaired Stroop performance. We did not 

find a statistically significant relationship between Stroop performance and lesioned voxels in 

any parts of the PFC. 

8.1 Relating our Findings to Previous Research and Theory 

Results from most of the existing literature indicate that the left side of the PFC, specifically 

the DLPFC and/or VLPFC, play an important role in inhibition. Consequently, the fact that 

we did not find an association between left PFC damage and impaired Stroop performance 

contrasts with most of the findings obtained from similar studies. Furthermore, the majority of 

fMRI literature investigating the neurobiological substrates of inhibition using the Stroop test 

reported a significant association between ACC activity and Stroop performance. This 

relationship was not present in most lesion and VLSM studies. Hence, our failure to detect an 

association between ACC lesion status and Stroop performance contrasts with most fMRI 

studies but is in agreement with similar lesion studies.  

 In the following paragraphs, results from our study will be compared to results from 

previous research in more detail. In the first section, possible reasons for why we did not find 

an association between left PFC injury and Stroop performance, in contrast to the three other 

VLSM studies conducted, will be discussed. In the next section, the role of the ACC in 

inhibition will be discussed briefly. 

8.1.1 Relating our Findings to VLSM Studies Using the Stroop Test 

Until now, only three VLSM studies investigating the neural substrates of inhibition using the 

Stroop test have been published. These were conducted by Gläscher et al. (2012), Tsuchida 

and Fellows (2013), and Cipolotti et al. (2016). In contrast to our findings, results from all 

three studies identified a significant relationship between lower Stroop performance and left 

PFC damage, although the exact regions differed slightly. However, in accordance with our 
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results, none of the VLSM studies found an association between ACC injury and Stroop 

performance.  

The methodology and execution of these three VLSM studies are in many ways 

comparable to our study, which can make it difficult to determine the causes of our deviating 

results regarding our main hypothesis. Firstly, our participant exclusion and inclusion criteria 

were almost identical to those used in the other studies. The patient characteristics, such as 

age, sex, estimated IQ, time since injury, and injury etiology were also similar. However, 

there are certain differences in methodology that could explain why our results are not in 

agreement with the other VLSM results. These differences are mostly related to the number of 

participants, variations in the Stroop task and scoring method, and the choice of test statistic 

in the VLSM analysis. Many of these methodological factors will be covered in more detail in 

section 8.2 below. 

Number of participants. The most obvious difference between our study and the 

Gläscher et al. study is the number of participants. Compared to our 56 subjects, 344 

participants were included in the Gläscher study, of which 165 had frontal lobe lesions. A 

large participant number ensures greater power which in turn increases the chances of 

detecting statistically significant associations. In other words, this difference in number of 

participants is a potential explanation for why Gläscher et al. found an association between 

damage to left PFC and impaired Stroop performance, and we did not. On the other hand, 

both the Cipolotti et al. (2016) and Tsuchida and Fellows (2013) studies had fewer 

participants than we did in our study. Thus, the difference in the number of participants does 

not fully explain why these studies found significant associations and we did not. 

Variations in Stroop task and scoring method. One of the central differences 

between our study and the other VLSM studies is variation in Stroop task and scoring method. 

Importantly, the variations used in the other three studies might be more sensitive in detecting 

small variations in inhibition ability. This leads to increased power, which, in turn, increases 

the chances of detecting statistically significant relationships. Tsuchida and Fellows, for 

instance, employed a computerized Stroop test. Compared to the traditional non-computerized 

Stroop test like the CWIT, digital recording of response times allows for more accurate 

measurement of response inhibition (see 8.2.2 for more details). Cipolotti et al. used the 

Trenerry version of the Stroop test which, like the CWIT version, is a non-computerized test. 

The scoring method, however, is different. In the Trenerry version, the total number of ink 

colors correctly named in two minutes is recorded in order to obtain a measurement of 
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inhibition, while in the CWIT version a contrast score is computed. The Trenerry scoring 

method might be more sensitive in detecting impaired inhibition compared to the CWIT 

scoring method.  

Test Statistic. As noted in the Methods section, one can choose between several test 

statistics when conducting a VLSM analysis. Choosing a liberal test statistic increases the 

probability of making a type I error, while choosing a conservative statistic will increase the 

probability of making a type II error (Kimberg et al., 2007). Importantly, difference in test 

statistic choice might explain why the other VLSM studies found significant associations, 

while we did not. For instance, Gläscher et al. used the false discovery rate (FDR) to correct 

for multiple comparisons. FDR is more inclusive and, as it does not control for the familywise 

error rate (FWER), leads to “improved” power by relaxing control of false positives (type I 

error) (Kimberg et al., 2007). Permutation testing, which was used in our study, is less liberal 

and does not inflate power in the same manner as FDR.  

In summary, several methodological factors can explain why the other VLSM studies 

found a significant association between damage to left PFC and Stroop performance, and we 

did not. Importantly, these methodological variations all relate to differences in power, which 

in turn influences the chances of detecting statistically significant associations.  

8.1.2 The Role of the ACC in Cognitive Control and Inhibition 

As previously noted, the absence of a statistically significant relationship between damage to 

the ACC and Stroop performance is in line with results from most lesion and VLSM studies, 

but does not agree with results from most fMRI studies. What impact may this have on our 

understanding of the role of ACC in response inhibition? The first question that must be 

answered is why most fMRI studies found an association between ACC activation and 

inhibitory control, while we (in addition to most lesion and VLSM studies) did not. One 

important clue could be the limitations and strengths inherent to the analysis methods 

themselves. Data from fMRI studies can provide evidence that observed differences in brain 

activation are due to differences in tasks performed (e.g., a cognitive control task vs. a task 

measuring a different function), but it does not allow for causal inference. Even though the 

activation is often presumed to be explained by a causal role of the observed region in a 

cognitive process, other explanations are possible. The BOLD signal might be caused by a by-

product of the cognitive process or might represent something else entirely. As is most 

commonly presumed, activation in the ACC during a Stroop task could indicate that this 
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region is essential to inhibition. Alternatively, as suggested by Fellows and Farah (2005), the 

signal might be caused by increased autonomic or emotional arousal brought on by the 

demanding task. For instance, results from a study conducted by Critchley (2004) indicate 

that the dACC plays a role in controlling the autonomic nervous system responses that 

accompany cognitive effort in humans. In other words, the ACC is activated when the subject 

performs a difficult task like the Stroop test, but is not specifically related to or essential to 

successfully performing inhibition tasks. The BOLD signal gives no information about the 

observed region’s role in the cognitive function studied, which could explain the discrepancy 

between our results and results from most of the fMRI studies. fMRI can tell us that certain 

regions are associated with cognitive control, but we cannot make inferences that these 

regions are essential to cognitive control.  

In other words, several factors can explain the discrepancy in results obtained from 

lesion studies and fMRI studies. Therefore, based on our results and evidence from lesion 

studies, we cannot conclude that the ACC in general does not play a role in response 

inhibition. Similarly, due to limitations to fMRI, we cannot conclude that ACC does play a 

role in inhibition. In any case, the recent failure to detect a relationship between ACC damage 

and impaired Stroop performance warrants further investigation. If the claim that ACC is not 

involved in inhibition is correct, it will have important implications for our current 

understanding of how the brain executes cognitive control. For instance, it would call for a 

revision of the action-selection hypothesis, the conflict monitoring hypothesis, and the 

proposed existence of the fronto-parietal network, which all regard the ACC as an essential 

component to successful execution of cognitive control.  

8.2 Methodological Aspects 

As discussed in the paragraphs above, there are several factors that could explain our failure 

to detect any statistically significant relationships between damage to the PFC and impaired 

Stroop performance. Our results could reflect a lack of a true association between damage to 

prefrontal regions and the type of inhibitory control studied here. However, as seen in the 

literature review, the vast majority of both lesion studies and fMRI studies identified left 

portions of the PFC (DLPFC and VLPFC) as implicated in inhibition. Therefore, our null 

findings can most likely be explained by methodological issues. That is, the fact that we did 

not find a significant association between lesioned voxels in the PFC and impaired Stroop 

performance does not mean that such a relationship does not exist. We may simply not have 
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had enough power to detect it. As we did not find any significant associations, discussing our 

results in light of the current theoretical accounts of cognitive control, such as the action 

selection hypothesis, the conflict monitoring hypothesis, and the proposed fronto-parietal 

network, is problematic. Consequently, methodological factors that may explain our lack of 

findings will be the main focus of the following paragraphs. These include limitations of 

VLSM, issues with using the Stroop test as a measure of response inhibition, and aspects of 

our participant sample. 

8.2.1 Limitations of VLSM 

There are several limitations inherent to the VLSM analysis method that could explain our 

null findings. The first one concerns problems related to delineation of the participants’ 

lesions. It was done manually by members of the research team. Although manual tracing 

remains the gold standard in VLSM, certain sources of error are still present. Firstly, it is not 

always easy to decide where a lesion starts and ends (Kimberg, 2007), and it can be 

challenging to distinguish subtle differences in contrast between lesioned and intact voxels. 

Absolute lesion map volume differences between raters can be as high as 12-18%, illustrating 

the difficulty of correctly tracing the boundaries of a lesion (Wilke et al., 2011). Although a 

neurologist or neurosurgeon checked the tracings and we systematically attempted to slightly 

overestimate rather than underestimate the lesions, damaged voxels related to Stroop 

performance might not have been included in the lesion tracing, thus confounding the results 

and leading to decreased power. This difficulty is amplified by the fact that damage may 

extend beyond the area of apparent injury as seen on the MRI scans. This is particularly true 

for white matter damage which is often harder to detect on MRI scans than cortical damage.  

Damage to white matter tracts can have broad ramifications outside the damaged area and can 

lead to remote dysfunction in apparently intact tissue. In our case, damage to the white matter 

tracts connecting the areas of the fronto-parietal network supporting cognitive control might 

lead to impaired function in one of its central nodes, such as DLPFC. As the damage is not 

readily apparent on the MRI scans, the voxels containing the damaged white matter tissue and 

the functionally impaired region will not be detected during lesion tracing.  

The second limitation concerns the MRI scan normalization process. In our study, this 

process was done automatically. Even though automatic normalization has several 

advantages, it can potentially lead to loss of important information about the individual 

participant. During the normalization process, a participant’s lesion map is automatically 
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normalized to a standard brain template. Sometimes, however, the software does not correctly 

warp the individual lesion map to the correct position on the template, confounding the 

results. Although two participants have anatomically corresponding damage to the DLPFC, 

the damaged voxels might become normalized to slightly different areas of the template, 

resulting in decreased power. 

Normalization issues are closely related to the problem of functional organization of 

the brain. VLSM assumes that the brain is functionally differentiated – that is, that specific 

regions support specific cognitive functions. As shown in the literature review above, most 

studies investigating the neural basis of cognitive control make this “localization assumption” 

(Rorden & Karnath, 2004). However, as previously discussed, the degree to which the 

different parts of the PFC are functionally differentiated remains disputed. Successful 

cognitive control could potentially be carried out in a distributed manner with large portions 

of the brain working in a plastic fashion rather than each region having a fixed function. If 

response inhibition is not functionally differentiated in the brain to the degree that VLSM 

assumes, we would not be able to detect statistical relationships between voxel status and 

Stroop performance. However, results from most of the studies reviewed above seem to 

indicate that certain brain regions are specifically related to cognitive control, particularly the 

fronto-parietal network regions. In other words, lack of functional differentiation is most 

likely not the reason why we did not find a significant relationship between PFC damage and 

impaired Stroop performance.  

A related, and more likely, explanation for our null findings concerns the individual 

functional differentiation and plasticity. VLSM assumes that certain functional modules are in 

the same locations across different individuals. We know, however, that the brain shows great 

anatomical differences between individuals (Rorden & Karnath, 2004), and it is possible that 

cognitive functions are differently distributed or load on different anatomical regions across 

individuals. This will confound the analyses and prevent detection of a relationship between 

voxel status and behavior. Furthermore, VLSM assumes that after a focal lesion, the intact 

regions of the brain continue to function in the same way as they did previously. In our case, 

one of the inclusion criteria was injury occurring at least 6 months prior to participation in the 

study. This time frame ensures that the participants have had some time to stabilize after the 

acute stages of injury. Their brains have started to repair and, possibly, reconfigure in order to 

compensate for the damages. This reorganization and degree of successful compensation, 

however, is not identical across individuals and will depend on personal characteristics such 
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as intelligence, education, injury localization and individual plasticity, as well as external 

factors such as training opportunities and treatment quality (Mogensen, 2011). A participant 

with a damaged DLPFC might show a normal Stroop performance due to successful 

functional reconfiguration and compensation after the damage. On the other hand, a different 

participant with damaged DLPFC might show impaired Stroop performance due to 

insufficient compensation and reorganization. VLSM assumes that all the participants’ brains 

are functionally matching and does not take into account the variability of post-injury 

functional differentiation. Similarly, recent research indicates that while core regions of the 

fronto-parietal network are present across individuals, individual variants in the network’s 

topography exist (Marek & Dosenbach, 2018). In other words, individual anatomical 

heterogeneity could explain why we did not detect a relationship between voxel lesion status 

and Stroop performance.  

The partial injury problem is an additional limitation of VLSM that can result in 

reduced statistical power (Karnath & Smith, 2014). A functional module of the brain, such as 

the ACC or the DLPFC, might be quite large and span many voxels. Yet, impaired behavior 

may be observed when only a portion of the module is damaged. For instance, two 

participants might show impaired Stroop performance but have sustained injury to different 

parts of the DLPFC, thus appearing as statistical counter examples to each other. The same 

problem arises in cases where function is tied to a distributed network of regions. For 

instance, two participants might show impaired Stroop performance, but they have injury to 

different parts of the fronto-parietal network. The regions of the fronto-parietal network are 

fairly large and cover a big part of the brain, making the partial injury problem likely to affect 

our results.   

Importantly, the practical implication of the limitations mentioned above is reduced 

statistical power (Kimberg et al., 2007). This makes it hard to detect a true relationship 

between voxel status and behavior. Most likely, these limitations interact and are present to 

different degrees across the individual participants. 

8.2.2 Utility of Conventional Clinical Stroop Tests  

An important aspect of using a clinical version of the Stroop test pertains to its sensitivity and 

accuracy in measuring inhibition. The primary method for analyzing performance on the D-

KEFS Color-Word Interference Test, which we used in our study, is based on the number of 

seconds that the examinee takes to complete each of the four conditions. This is usually 
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measured by the examiner using a stop-watch or a similar manual method. These variables are 

used to compute a contrast score as a measurement of inhibition. In a computerized Stroop 

version, however, the color-words are often presented individually, and the examinee’s 

response time to each individual color-word is recorded digitally. The mean response time is 

then computed to yield a measure of inhibition. Most of the lesion studies investigating the 

association between PFC damage and Stroop performance have utilized computerized Stroop 

tests (Fellows & Farah, 2005; Geddes et al., 2014; Swick & Jovanovic, 2002; Tsuchida & 

Fellows, 2013). Importantly, this ensures greater accuracy when measuring the participants’ 

response times. The clinical Stroop versions ensure sufficient sensitivity in a clinical setting, 

but when it comes to research important nuances and variations in response time are lost. This 

is especially true in our sample, in which only 6 participants showed impaired performance 

based on the 1 ½ SD below normative mean criterion (see next paragraph for more details). 

8.2.3 Issues Related to Participant Sample 

Certain aspects of our participant sample may have contributed to our failure to detect a 

statistically significant relationship between voxel status and Stroop performance. 

Sample characteristics and task performance variability. Even though the majority 

of our study’s participants were recruited from Oslo University Hospital, participation was 

voluntary. This might result in certain differences between the ones who decided to 

participate in the study and those who did not. This is known as the volunteer bias (Bordens 

& Abbott, 2014). Research indicates that volunteers tend to be more highly educated, have a 

higher IQ and belong to a higher social class than nonvolunteers (Rosenthal & Rosnow, 

1975). In our sample, the mean years of education was 14.5 years, which means that the 

majority of the participants had education beyond high school. We also know that the number 

of years of education correlates with intelligence. Furthermore, research shows that the 

outcome of brain injury partly depends on individual differences in cognitive reserve, which 

is defined as “an accumulation of complex neural networks that allows for unique task 

processing in the brain” (Hylin, Kerr, & Holden, 2017, p. 4). An individual’s amount of 

cognitive reserve is associated with his or her occupational complexity and IQ. This might 

implicate that our participants had greater cognitive reserves than patients who did not 

participate. This, in turn, might have made it easier for them to compensate for the injury, 

either through reorganization of function in the brain or by successfully employing other 

cognitive techniques and strategies to make up for loss of function. This hypothesis is in 
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agreement with the fact that our participants had a mean contrast measure of standard score 

11.5 (see Table 2), which is 1.5 standard scores above the normative mean. Furthermore, as 

seen in Figure 4, only 6 participants (10 % of the total sample) in our study obtained scores of 

1.5 standard deviations below the mean. This is what is usually defined as the cut-off for 

impaired performance on cognitive tests in clinical practice. In other words, 90 % of our 

sample performed within normal range. In addition, the mean T-score was around 50 for all 

four Stroop conditions. This might indicate that, due to high cognitive reserve, our 

participants did not show enough variation or impairment in Stroop performance to be 

detected by the VLSM analysis.  

Insufficient power. One of the most likely explanations for why we did not find a 

significant relationship between Stroop performance and voxel status is insufficient power. 

This lack of power can be caused by all the limitations covered above, as well as asymmetric 

lesion overlap. As seen in Figure 6, the power map indicates that power was distributed 

mostly in the right frontal lobe, as well as certain parts of the anterior left frontal lobe. The 

literature, however, indicates that areas such as the left DLPFC and (potentially) ACC, areas 

with little to no power in our study, are implicated in cognitive control. When no patients are 

lesioned in a given voxel, “we can learn nothing about the correlation between damage there 

and some behavior of interest” (Kimberg et al., 2007, p. 1074). The asymmetrical distribution 

of power can also be derived from Table 1, which shows that while we had 22 participants 

with unilateral right lesions, we only had 11 participants with unilateral left lesions. To ensure 

sufficient minimum lesion overlap, only voxels lesioned in at least 6 participants were 

included in the analyses. This probably resulted in low power which made it very difficult to 

detect a relationship between lesion status of voxels in the left hemisphere and Stroop 

performance. Furthermore, insufficient power makes it problematic to interpret null findings. 

When power is low, a lack of statistical significance does not necessarily reflect lack of a true 

relationship.  

Insufficient power might explain our failure to detect any statistically significant 

relationships between lesioned brain tissue in the hypothesized regions and reduced Stroop 

performance. However, we did not find any significant associations between Stroop 

performance and damaged voxels in the regions where we did have sufficient power. These 

include areas of the right and left orbitofrontal cortex (OFC) and areas of the right lateral 

PFC. This suggests that these regions are not necessary for the type of inhibitory control 

indexed by Stroop test completion time. This corresponds to the results of most of the studies 
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investigating the neural basis of inhibitory control, which typically do not find any 

associations between deficits in inhibition ability and lesioned OFC and right PFC (Cipolotti 

et al., 2016; Derrfuss et al., 2005; Geddes et al., 2014; Gläscher et al., 2012; Roelofs et al., 

2006; Song & Hakoda, 2015; Tsuchida & Fellows, 2013).  

The question is, however, how much weight we can lend to the null hypothesis and 

how confident our study allows us to be in our findings that the OFC and right PFC do not 

play crucial roles in the type of inhibitory control measured by the Stroop test. Even though 

we had sufficient power in these regions, some of the limitations concerning our sample and 

methods covered above might have influenced the results. In the section below, suggestions 

for what can be done differently in a future study will be outlined. If a future VLSM study 

following these suggestions is conducted showing the same results, we can conclude with 

more confidence that there is no association between right PFC, OFC and Stroop 

performance. 

8.3 Suggestions for Future Research  

There are several important lessons to be learned from our study concerning how to conduct 

similar studies in the future. In addition, recent technological advancements have been 

developed that could possibly be used to overcome the shortcomings of our study.   

8.3.1 What Can Be Done Differently in Future VLSM Studies? 

Participant selection. The most essential aspect of our study that could be improved 

upon in a future similar study is the power. This is done mainly by recruiting more 

participants. Ideally, one should ensure sufficient lesion overlap at those brain regions one 

hypothesizes will be related to the behavior of interest. This can be challenging, as certain 

areas of the brain are more commonly injured than others. For instance, the ACC is a region 

of the brain that is rarely focally damaged, which can make it hard to obtain sufficient lesion 

overlap. This can make it difficult to study the specific role of the ACC in inhibitory control. 

Alternatively, one can try to employ behavioral measures that are hypothesized to load on 

those areas in which one already has sufficient lesion overlap. In our case, for instance, we 

could try to investigate the relationship between voxel status and a behavior that is thought to 

depend heavily on brain regions of the right frontal lobe.  
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Methodological aspects. Many of the limitations outlined above are inherent to 

VLSM and cannot be avoided if one wishes to conduct a study using this analysis technique. 

The only way to compensate for these limitations is to increase the power. Still, there are 

certain methodological aspects of our study that could be improved upon in a future study. 

Firstly, manually normalizing the lesions to a common template is often more accurate than 

using an algorithm to do it automatically (Kimberg, 2007). This can ensure that the lesions are 

correctly represented, thus increasing the power and reducing errors. A second 

methodological aspect that could be improved upon is our behavior measure. In our study, we 

used the Color-Word Interference Test included in the D-KEFS battery which is commonly 

used in clinical neuropsychological practice in Norway. Compound scores (e.g., time to 

complete) are used to represent response inhibition ability in this test, which tends to obscure 

important specific information about performance. Using a computerized version of the 

Stroop test could allow greater accuracy in measuring inhibition ability.  

8.3.2 Recent Technological Advancements  

Certain technological advancements in brain analysis techniques have been developed that are 

able to overcome some of the limitations of VLSM. For instance, several multivariate 

approaches to lesion-symptom mapping (MLSM) have been developed. In VLSM, the 

relationship between brain and behavior is assessed separately at each voxel. This will lead to 

reduced statistical power in situations where, for instance, the same behavior is observed in 

two participants who show damage to different parts of the same functional structure (the 

partial injury problem). MLSM can overcome this problem by assessing the relationship 

between behavior and the entire lesion-map. It is particularly well suited to symptoms 

observed following damage to portions of a large functional region, or spatially distributed 

networks (Smith, Clithero, Rorden, & Karnath, 2013). This could make MLSM very suitable 

for investigating cognitive control, which is thought to rely on large spatial regions such as 

the DLPFC and/or the VLPFC. As an example of the MLSM approach, Zhang, Kimberg, 

Coslett, Schwartz, and Wang (2014) have developed a multivariate lesion-symptom mapping 

technique using a machine learning-based multivariate regression algorithm called a support 

vector regression (SVR). In their study, they wanted to compare the accuracy of VLSM and 

SVR-LSM by using both methods in the analysis of a synthetic dataset. They found that SVR-

LSM showed higher sensitivity than VLSM for detecting lesion-behavior relationships. Even 
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though MLSM still remains new in the literature with few publications, it seems to be a 

promising alternative to VLSM in future studies investigating cognitive control.  
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9 Conclusion 

The goal of this study was to investigate the neuroanatomical basis of response inhibition 

using voxel-based lesion-symptom mapping. This was done by employing behavioral data 

from the Color-Word Interference Test (a.k.a., the Stroop test) in combination with lesion 

data obtained from a cohort of patients with chronic PFC damage. Our results showed no 

statistically significant associations between impaired Stroop performance and lesioned 

voxels in any parts of the PFC. These null findings were most likely related to methodological 

issues, specifically lack of power in the brain regions where we expected to find an 

association between damaged tissue and impaired performance.  
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