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Brain tumours 

 

A brain tumour is an abnormal mass of tissue caused by abnormal proliferation of 

cells within the brain. The most common type of tumour that grows in the brain is a 

glioma. Glioma arise from non-neuronal, glial cells that maintain homeostasis, form 

myelin, and provide support and protection for neurons in the brain. Gliomas are 

commonly classified by location, cell type, histological grading or genetic markers. 

Most gliomas in adult patients are located above the tentorium, i.e. in one or more of 

the supratentorially located lobes of the brain. Depending on the type of glial cells, 

Gliomas that originate from astrocytes (star-shaped brain cells) are classified as 

Astrocytomas, while Gliomas that originate from oligodendrocytes are classified as 

Oligodendrogliomas. When Gliomas contain both types of glial cells they are then 

classified as Oligoastrocytomas. For clinical purposes, gliomas are classified by 

histological characteristics (grade I, II, III or IV) because the grade is correlated to 

patient survival. Tumours of grade I or II are termed ‘low-grade’. Grade I tumours 

are rare and usually have a benign clinical course. Most low-grade glioma (LGG) are 

of grade II. Although these tumours sometimes show little or no clinical and 

radiological progression over years, they invariably progress and transform into 

malignant high-grade, undifferentiated gliomas. Average growth of a LGG is 4 mm 

per year 146, 147. Median survival varies according to treatment strategy and selection 

criteria but is in the order of 6 - 7 years 125, 126. Once a high-grade glioma (either 

primary or secondary via transformation from a LGG) the prognosis is grave. The 

experiments reported in this book predominantly studied patients with 

supratentorial grade II LGG.  

LGG thus have a major impact on the life of the patient. The impact on the physical 

and cognitive capabilities of the patient depends mostly on the size and location of 

the tumour. LGG are usually large at time of detection and volumes larger than 20 

cm3 have been associated with short survival 101. The tumour size is typically the 

cause of the detection of the tumour as it occurs when the tumour causes symptoms 

such as unexplained headaches and epileptic seizures due to increased intracranial 

pressure. The location of the tumour is of importance for diagnosis and prognosis as 

LGG often grow near, or infiltrate, essential functional brain areas (eloquent areas) 58.  

LGG are therefore bound to generate significant morbidity or mortality in patients 

151. As LGG typically affect patients at a young age (the fourth decade of life or 

earlier) 37, treatment mostly  focuses on the quality of life of these patients 71, 72.  
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Brain surgery 

 

Quality of life is improved with cytoreductive (resective) surgery, which is 

becoming a routine treatment for LGG. Resective surgery of large size tumours 

allows for rapid decompression of the brain which reduces the symptoms of LGG 37. 

It is now practice to perform surgery whenever possible to avoid tumour infiltration 

in eloquent brain areas 56, 183. Tumour infiltration that spreads for many centimeters 

along cortical and subcortical pathways causes neurological deficits, re-occurrence of 

the tumour and, consequently, tumour transformation into a higher grade. Maximal 

resection of a tumour is therefore desired and has been shown to increase survival in 

patients with a LGG 172. However, because LGG infiltrate in eloquent brain areas, 

maximal resection of a tumour comes with the risk of inducing (new) neurological 

deficits in patients. 

 To avoid neurological deficits, invasive functional mapping techniques such as 

electro-cortical stimulation mapping (ESM) are now routinely used during surgery 57. 

ESM relies on the principle that a particular brain area can be functionally disabled 

for several seconds during electrical stimulation. During ESM, the neurosurgeon 

applies electric current in a particular brain area while the patient performs a given 

task. If the patient has difficulty performing the task during ESM, than the simulated 

area is spared, based on the assumption that there is a close relationship between the 

disturbed function and the targeted brain area. The use of ESM during resective 

surgery of LGG increases the extent of resection, especially near eloquent brain areas, 

and prevents  neurologic deficits 50. A major limitation of ESM however is that, 

besides being invasive, it only  yields information during, but not before surgery. 

 

Non-invasive functional mapping 

  

Magnetic resonance imaging (MRI)-based functional mapping techniques can in 

principle better assist the neurosurgeon given the limitations of ESM. MRI-based 

functional mapping is non-invasive and able to yield information before surgery. 

Preoperative information is usually used for surgical planning, by providing 

information for the neurosurgeon to predefine the surgical steps and the navigation 

route in order to extract the tumour. Surgical planning based on functional 

information aims to reduce the risk of inducing neurological deficits in patients. 

However, there are still practical concerns regarding the reliability of MRI-based 

functional mapping techniques, in particular the ability to yield reproducible results 
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in repeated investigations. The reliability of MRI-based functional mapping 

techniques is a pre-requisite for their application in clinical practice. 

 

One major goal of the research presented here is to get a firm estimate of the 

reliability of MRI-based functional mapping techniques (Chapter 2, 3, and 4). 

 

A major purpose to have reliable MRI-based functional mapping techniques is their 

use as clinical tools to model the long-term effects of surgery in the individual 

patient. Maximal tumoural resection is now becoming practice in neurosurgery. 

Attempts to perform a maximal resection of the tumour also include the infiltrated 

tissue surrounding the tumoural mass. As the infiltrated tissue is still functional, 

surgery is therefore bound to damage intact functional tissue surrounding the 

tumour, especially when tumours are very diffuse. It has been suggested that the 

brain has potential to overcome surgery-induced functional impairments by 

reorganization 53, 55. In order to compensate for the damaged functional tissue, the 

brain will presumably use different areas and neuronal pathways for performing a 

particular task after surgery than what was used before surgery. Such functional 

reorganization is thought to occur in remote cortex, notably in lesion homologue 

brain areas in the healthy hemisphere. Empirical follow-up studies that investigate 

functional reorganization after surgery are however rare and findings are diverse on 

the role of lesion homologue brain areas in the healthy hemisphere.   

 

A second major goal of the research presented here is to assess the long-term effects 

of surgery with MRI-based functional mapping techniques (Chapter 5 and 6). 

 

Achievement of both goals will not only permit better preoperative risk assessment, 

but will also increase the efficacy of surgery. 

 

Research background 

 

MRI-based functional mapping is mainly used in neurosurgery for localization of 

motor and language functions, as these are considered among the most important 

functions for quality of life. Motor and language functions are usually mapped with 

MRI-based techniques at both the subcortical and cortical level. Subcortical mapping 

entails the localization of white matter pathways in the brain located under the 

cerebral cortex (grey matter). These pathways connect the different grey matter areas 
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that serve the motor or language function. Grey matter areas that serve these 

functions are instead localized with cortical mapping. Together, subcortical and 

cortical mapping allow the neurosurgeon to have a complete picture of the brain`s 

functionality. 

 

Subcortical mapping  

 

DTI based tractography 

 

Diffusion Tensor Imaging (DTI) is a non-invasive technique used for the 

localization of white matter pathways in the brain. The clinically applied DTI is 

sensitive to the preferential thermal (i.e., due to heat) motion of water molecules in 

the brain. Thermal motion cannot be separated from other inner sources of water 

mobility such as changes in membrane permeability. Therefore, this motion is 

referred to as ‘apparent’ diffusion. In the cerebrospinal fluid spaces the water has an 

equal (i.e., isotropic) diffusion in all directions as no physical barriers are present. 

However, water diffusion is unequal (i.e., anisotropic) in white matter due to the 

coherent structure of the pathways. Water tends to diffuse parallel rather than 

orthogonal to the fibre tracts that form these pathways. The anisotropic diffusion 

pattern of water is modelled in three dimensional (3D) space by a mathematical 

model called a ‘diffusion tensor’ (DT). A diffusion tensor can be viewed 

geometrically as an ellipsoid which is defined from a minimum of six diffusion 

weighted measurements (three defining the shape and three the rotation of the 

ellipsoid). The orientation of the ellipsoid is defined by the principal long axis 

(eigenvector). The principal eigenvector in a voxel then represents the orientation of 

the fibre tracts in that voxel 139. The principal orientation of the fibre tracts in each 

voxel can be visualized by using the red, green and blue colour to indicate, in order, 

diffusion in the left-right, front-back, up-down orientations 7, 10. Colour brightness is 

used to indicate the rate of anisotropic diffusion in each voxel, with higher rates 

associated with brighter colours.  

DTI based Fibre tractography (FT) is a post-processing technique that uses the 

principal orientation of the diffusion tensor in a voxel to follow fibre tracts from 

voxel to voxel and visualize them in 3D 30, 42, 84, 89. In other words, DTI-FT visualizes 

the 3D architectural organization of white matter pathways in the brain. DTI-FT is 

widely applied because of its relative simplicity and is standard in commercial 

software packages used in clinical settings. FT is usually initiated from seed regions 
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defined by the user based on anatomical landmarks 35 or by following user-

independent atlas based automated protocols 230. DTI-FT has been used successfully 

for the visualization of motor 7 76, 99, 154 and language fibre pathways 34, 35 in healthy 

subjects. In neurosurgery, DTI-FT has been used to detect displacement, infiltration, 

or disruption of fibre pathways by the tumour 31, 106, 143, 220. Measures derived from 

DTI-FT have been shown to correlate with disease progress, disability, and functional 

recovery 40. A known important limitation in DTI-FT is the assumption that all fibre 

tracts in a voxel follow the same direction, and can be presented by a single ellipsoid 

193. Though this is often true, white matter can also have a more complex fibre 

architecture, and follow different orientations within a voxel 12. If fibre tracts cross 

each other in a voxel, they are called crossing fibres and they are misrepresented by 

DTI-FT . For neurosurgery is however of particular relevance that the reconstructed 

white matter pathways accurately correspond to the (complex) underlying anatomy. 

 

CSD based tractography  

 

Constrained Spherical Deconvolution (CSD) is a promising technique designed to 

accurately capture the white matter pathways within a clinically feasible imaging 

timeframe 191. CSD typically makes use of a High-Angular Resolution Diffusion 

weighted Imaging (HARDI) acquisition 192. The HARDI strategy is efficient in 

unmasking multiple fibre orientations by using a large number of DW directions at a 

constant b-value. CSD expresses the signal measured during a HARDI experiment as 

the convolution over spherical coordinates of the diffusion weighted signal intensity 

(for a single fibre population) in a voxel with the fibre orientations present in that 

voxel. The fibre orientations present in a voxel can then be obtained by performing 

the spherical deconvolution of the signal intensity in that voxel  from the signal 

measured. After spherical deconvolution, however, the fibre orientations may 

present negative values due to high frequency noise. CSD eliminates these noise 

artefacts by constraining the appearance of (physically impossible) negative values in 

the fibre orientations. Compared to DTI-FT, CSD has the advantage for clinical 

practice in that it can more accurately reconstruct, and distinguish between, motor- 

and language-related white matter pathways 18, 68, 92. 

 

Cortical mapping   

 

Task-related fMRI 
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Functional Magnetic Resonance Imaging (fMRI) is a non-invasive brain mapping 

technique that offers functional information with high spatial (millimeters) and 

temporal (seconds) resolution. The fMRI technique is based on the assumption of a 

relationship between neuronal activity and cerebral blood dynamics (Ogawa et al., 

1992). A common fMRI signal detection method is the Blood Oxygen Level-

Dependent (BOLD) method, which exploits differences in the magnetic properties of 

oxygenated and deoxygenated haemoglobin (Ogawa et al., 1990). In clinical practice, 

fMRI is used to map a specific, usually motor or language, brain function in the 

individual patient 169. In order to locate a brain function, the patient is required to 

perform a specific task in the scanner. The task is usually performed following an 

experimental design that alternates time-blocks of performance with rest (block 

design). Task-related fMRI has been shown to be a reliable technique in identifying 

specific brain functions 163, 166, 227. FMRI can map brain functions even in the presence 

of a tumour, and can thus be useful for preoperative planning 27, 63, 170. However, this 

technique is highly dependent on subject`s effort, and physical and mental ability to 

perform the given task 204, 214. Therefore, task-related fMRI cannot be used for 

preoperative planning or for assessing the long-term effects of surgery in patients 

that present neurological deficits, respectively, before or after surgery.  

 

Task-free fMRI 

 

Patients that present neurological deficits can be studies in a resting state, without 

the need for the patient to perform a specific task in the scanner (task-free). At rest, 

brain regions evoke spontaneous low-frequency fluctuations (0.01–0.1 Hz) in the 

BOLD signal. When these spontaneous fluctuations correlate in time between 

different brain areas, these areas can be regarded as forming a functional network. 

The two most popular techniques used for identifying functional networks at rest  

are seed-based correlations analysis (univariate analysis) and independent 

components analysis (ICA). Functional networks are identified with seed-based 

analysis by extracting the BOLD time course from voxels in a region of interest (seed 

region) and determining the temporal correlation with the time course of all other 

brain voxels 23, 44. ICA instead considers all voxels at once and uses a mathematical 

algorithm to separate a dataset into distinct functional networks that are correlated in 

their temporal domain and maximally independent (usually) in their spatial domain 

11, 107. Several functional networks have been identified with task-free fMRI and have 
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been related to specific brain functions 47, 198. Brain functions identified with task-free 

fMRI show many similarities to those identified with task-related fMRI 23, 78. Task-

free fMRI has been successfully used to identify functional networks in patients with 

various psychiatric diseases 77, and also recently in patients with brain tumours 108, 119, 

228. Besides the fact that no task is needed, another reason why task-free fMRI is 

attractive for clinical use is that multiple functional networks can be identified from a 

single scanning session. For instance, both motor and language functions can be 

therefore mapped from a single resting state data-set. As most functional networks 

are bilateral 47, task-free fMRI offers whole brain functional coverage thereby being 

ideal to study eventual functional reorganization after surgery in the associated 

region in the healthy brain hemisphere 19, 122, 209, 231, 232.  

 

Research outline 

 

Part I 

 

The goal of the research presented in Part I is to quantify the reliability of MRI-

based functional mapping techniques. Three studies were conducted for this purpose 

and are presented in Chapter 2, 3, and 4. 

In Chapter 2, a study is presented that tests the reproducibility of motor and 

language white matter pathways reconstructed with DTI-FT in healthy subjects. The 

primary focus of this study is on the reproducibility of architectural features of the 

reconstructed pathways, which addresses the spatial configuration (location and 

volume) of the pathways. This is of relevance for the neurosurgeon whose 

preoperative decisions are based on visual inspection of the reconstructed white 

matter pathways. This study also investigates the reproducibility of microstructural 

features, which addresses diffusion derived measures along the reconstructed 

pathways. This is of relevance as microstructural values are often used to predict 

long-term effects of disease on brain functionality. This study is published in the 

journal European Radiology. 

In Chapter 3, the reproducibility of motor and language white matter pathways 

reconstructed with CSD is assessed in healthy subjects. The reproducibility of 

architectural and microstructural features of the reconstructed pathways is of 

relevance for possible use of CSD for preoperative planning or assessment of long-

term effects of surgery.  
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In Chapter 4, the reliability of task-free fMRI is investigated in healthy subjects and 

it is compared to reliability of task-related fMRI. Comparing the two fMRI techniques 

in their ability to generate reproducible functional maps is of importance to assess 

the potential of task-free fMRI to replace task-related fMRI for clinical practice. For 

this purpose, the motor function was targeted as this function is extensively studied 

with both, task-free and task-related fMRI techniques. A univariate, seed-voxel-based 

correlation analysis was used to depict the motor function during resting state. This 

study is published in the journal Human Brain Mapping.  

  

Part II 

 

The goal of the research presented in Part II is to assess long-term effects of surgery 

with MRI-based functional mapping techniques. Two studies were conducted for 

this purpose and are presented in Chapter 5 and 6. 

In Chapter 5 a study is presented that uses task-related fMRI to assess long-term 

effects of surgery on functional activation patterns. Based on previous literature, 

surgery was hypothesized to affect the spatial pattern of activation specifically in 

lesion homologue brain areas in the healthy hemisphere 45, 174, 207, 216. Language-

related functional activation patterns were mapped with a verb generation task. This 

study is of importance in assessing long-term effects of surgery on the activation 

patterns of tumour patients as it accounts for confounding effects deriving from 

compliance and effort to perform the task, and from the brain shift as a consequence 

of surgery.  

In Chapter 6, long-term effects of surgery on the functional organization of the 

brain are studied with task-free fMRI. Based on literature 19, 145, it was hypothesized 

that surgery would affect spatial functional patterns in tumour homologue brain 

areas in the healthy hemisphere. An ICA approach was used to define the several 

functional networks at rest. Considering the several advantages that task-free fMRI 

offers in clinical practice compared to task-related fMRI, this study is of importance 

in assessing the ability of task-free fMRI to map the long-term effects of tumour 

surgery. 

   

Public interest 

 

The assessment of the reliability of MRI-based functional mapping techniques, and 

of their use in investigating long-term effects of surgery on brain function is relevant 
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to a broad audience of clinical practitioners and researchers. In clinical practice, 

results of the studies presented here are of relevance to the neurosurgeon for 

preoperative planning, and to the neurologist for the monitoring of pathological 

processes or surgical effects. The results presented here are also of relevance to LGG 

patients as they are informative on the consequences of surgery. In research, the 

results presented in the following chapters are of relevance to the neuroscientists and 

MRI technicians as a wide range of standard and new MRI-based functional 

mapping techniques are tested here. Testing MRI-based functional mapping 

techniques for clinical practice provides useful information about the strength and 

limitations of these techniques. The strengths of these techniques may hopefully help 

in improving quality of life for patients. The limitations will hopefully be an 

inspiration for ameliorations of these techniques in the near future. 
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Reliability of the corticospinal tract 

and arcuate fasciculus reconstructed 

with DTI based MR tractography: 

implications for clinical practice 

 
Gert Kristo,a,b,c Alexander Leemans,d Beatrice de Gelder,a Mathijs 

Raemaekers,c Geert-Jan Rutten, b Nick Ramseyc 

 

a Department of Medical Psychology and Neuropsychology, University of 

Tilburg, Tilburg, The Netherlands 

b Department of Neurosurgery, St. Elisabeth Hospital, Tilburg, The 

Netherlands 

c Rudolf Magnus Institute of Neuroscience, and Department of Neurology and 

Neurosurgery, University Medical Center Utrecht, Utrecht, The Netherlands 

d Image Sciences Institute, University Medical Center Utrecht, Utrecht, The 

Netherlands 

 

 

European Radiology, 2012; doi 10.1007/s00330-012-2589-9. 
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Summary 

 

Reliability of diffusion tensor imaging (DTI) based-fibre tractography (FT) is a pre-

requisite for clinical applications of this technique. Here we assess the test–retest 

reproducibility of the architectural and microstructural features of two clinically 

relevant tracts reconstructed with DTI-FT. The corticospinal tract (CST), arcuate 

fasciculus (AF) and its long segment (AFl) were reconstructed in 17 healthy subjects 

imaged twice using a deterministic approach. Coefficients of variations (CVs) of 

diffusion-derived tract values were used to assess the microstructural 

reproducibility. Spatial correlation and fibre overlap were used to assess the 

architectural reproducibility. Spatial correlation was 68% for the CST and AF, and 

69% for the AFl. Overlap was 69% for the CST, 61% for the AF, and 59% for the AFl. 

This was comparable to 2-mm tract shift variability. CVs of diffusion-derived tract 

values were at most 3.4%. Results showed low architectural and microstructural 

variability for the reconstruction of the tracts. The architectural reproducibility 

results are encouraging to further investigate the use of DTI-FT for neurosurgical 

planning. The high microstructural reproducibility results are promising for using 

DTI-FT in neurology to assess or predict functional recovery. 
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Introduction 

 

Diffusion tensor imaging (DTI) combined with fibre tractography (FT) 138, 192 is 

increasingly used in neurosurgery and neurology to study the corticospinal tract 

(CST) and arcuate fasciculus (AF) in individual patients. The CST or pyramidal tract 

(the primary motor cortex part) is particularly involved in the voluntary movements 

of distal limbs. Knowledge of its subcortical localisation is relevant for surgical 

planning in patients with tumours affecting the motor pathways 14, 106. Quantification 

of its microstructural properties can be relevant in the study of diseases like stroke 
113, 200, or neurodegenerative disorders such as multiple sclerosis 40, 202. The AF is 

generally considered to be the fourth component of the superior longitudinal 

fasciculus (SLF) 124; the long association fibres running within a hemisphere 73, 104 that 

connect the perisylvian frontal, parietal and temporal cortex 51, 61, 142. Within the left 

hemisphere it is a crucial subcortical structure for normal language function, 

although its specific pathways are disputed 17, 152. For this reason precise localisation 

of its trajectory is relevant in surgical planning 14. Classically, it is related to 

dysfunctions such as conduction aphasia 15 or primary progressive aphasia 132. The 

study of its microstructural properties is relevant in cognitive degenerative disorders 
36, 205.  

As with any technique, the reliability (i.e. test–retest reproducibility) of DTI-FT is a 

pre-requisite for clinical applications. In neurosurgery, gross changes to the 

architectural organisation can be detected by investigating the spatial configuration 

of fibre pathways 31. For example, displacement, infiltration, or disruption of fibre 

pathways by the tumour can be determined 106, 143. In neurology, tractography-

derived measures are shown to correlate with disease progress, disability, and 

functional recovery 40. In both cases, a key issue is that less is known about how 

much we can trust the DTI fibre pathways and their derived measures. Since DTI 

based FT is the only commercial approach made available by the major MRI vendors, 

there is still a need to get a firm estimate of the reliability of this technique. 

Reproducibility of architectural features addresses the spatial configuration 

(location and volume) of the reconstructed fibre pathways and can be measured by 

calculating image correlation and overlap. Reproducibility of microstructural 

features addresses diffusion-derived measures along the reconstructed fibre 

pathways and can be measured by calculating coefficients of variation (CVs). 

Fractional anisotropy (FA) quantifies the degree to which the diffusion magnitude 

depends on fibre direction, and mean diffusivity (MD) quantifies the overall amount 
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of diffusion (independent of direction). Other measures of interest are axial or 

longitudinal diffusivity (λ1) and radial or transverse diffusivity (λ┴). λ1 represents 

diffusion along the principal orientation (i.e. first eigenvalue) of the diffusion tensor 

(DT), whereas λ┴ represents the average of the second and third eigenvalues of the 

DT 40, 215.  

To date, few studies have measured the microstructural reproducibility of the CST 

reporting low variability 41, 48, 83. A single study reported volume agreement 

percentages of the CST that, depending on the number of directions of diffusion 

encoding, ranged from 69% to 70% when most of the reconstructed tracts was 

retained (i.e. when images were thresholded at 20% of the tracts) 189.  

Estimating the precision of tracking of the AF has been largely neglected. DTI-FT of 

the AF has been shown to be qualitatively reproducible between subjects, regardless 

of differences in data acquisition and analysis techniques 34, 137. A previous study 213 

that measured the microstructural reproducibility of the AF reported low variability. 

However, there are no studies that have measured the architectural reproducibility 

of AF. 

The main goal of this study is to measure the reproducibility of the CST and AF 

reconstruction with DTI-FT in individual subjects. Because the specific pathways of 

the AF are still disputed 35, two distinct protocols were used for the reconstruction of 

the AF: one that defines it entirely (including SLFII tracts) (AF) 124, 128, and one that 

defines only its temporal lobe component or long segment (AFl) 114. For the 

reconstruction of fibre pathways we use a deterministic streamline tractography 

approach which is standard in most commercial software and still the most widely 

used in clinical practice 7. Seventeen healthy subjects participated in this study with a 

test–retest interval of 7 weeks. For each tract, the average FA, MD, λ1, λ┴, as well as 

the length and volume of tracts were calculated. The CVs of FA, MD, λ1, λ┴ were used 

to assess microstructural reproducibility, and spatial correlation and ratio of fibre 

volume overlap were used to assess architectural reproducibility.  

 

Materials and methods 

 

Participants 

 

Seventeen healthy subjects (9 male and 8 female; mean age 39 years, SD 12 years) 

participated in the experiment after giving informed consent. The research protocol 

and consent forms were approved by the medical ethics committee of the University 
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Medical Center Utrecht in accordance with the Declaration of Helsinki (2008). 

Subjects were screened for medical, neurological, and psychiatric illnesses, use of 

medication, and metal implants. They were strongly right handed (M = 0.85; SD = 

0.15) according to the Edinburgh Handedness inventory 144. The test and retest took 

place with an interval of about 7 weeks (range 29–109 days, mean 51 days, SD 24 

days). 

 

Data acquisition 

 

All images were obtained with a 3-Tesla (3-T) Philips Achieva MRI (Philips Medical 

Systems, Best, The Netherlands), and the imaging protocol 98 was identical for all 

participants and for both imaging sessions. DTI were acquired in transverse 

orientation using parallel imaging sensitivity encoding (SENSE) (p-reduction=2) with 

the following parameters: high angular resolution gradient set of 32 weighted 

directions with b=800 s/mm² and one b=0 s/ mm² image, TR=8481 ms, TE=60 ms, 

echo planar imaging (EPI) factor=59, field-of-view 224×224 mm², 2-mm isotropic 

voxel size; 60 slices with no inter-slice gap covering the whole brain. Total DTI 

acquisition time was 6:02 min.  

  

Data processing and analysis 

 

The DTI data were processed and analysed in ExploreDTI 115 as described below. 

First, subject motion and eddy-current induced geometrical distortions were 

corrected, and the DTI data of the second imaging session were realigned to the DTI 

data of first imaging session. During image realignment, the b-matrix was reoriented 

as in Leemans and Jones 116 to correctly preserve the orientational information. Then, 

the diffusion tensors and subsequently the FA, axial (λ1) and radial (λ┴) diffusivity 

were calculated using a weighted linear least square estimation 38. Finally, a standard 

deterministic streamline FT approach was used to reconstruct the fibre pathways of 

interest as described in Basser et al 7. The FT procedure is described in more detail in 

the Appendix. 

 

Analysis of reliability 

 

For each microstructural measure, the CV (CV=standard deviation/mean) was 

calculated to assess reproducibility 24, 41. 



19 

 

The architectural reproducibility was measured on the reconstructed tracts by 

means of Pearson`s cross-correlation and the ratio of overlap, both taking the location 

of the reconstructed fibre pathways into account. Each voxel of our reconstructed 

tracts has a value that represents the number of fibres passing through the voxel 

(visitation counts). Given values of all brain voxels named x for imaging session one 

and y for session two, the discrete correlation coefficient between them was defined 

with the formula:  

yx

yx
r

σσ

),cov(
=

 
where cov denotes the covariance between x and y voxels, and σ  denotes their 

standard deviation. r² values will be reported which can range from 0 (no correlation) 

to 1 (perfect correlation). The ratio of overlap is a descriptive statistic defined as the 

ratio of the overlapping volume of both fibre bundles present in both imaging 

sessions (Voverlap) and the sum of the individual fibre bundle volumes 159:  
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where V1 and V2 denote the volume of the reconstructed fibre tracts in imaging 

sessions one and two, respectively. The ratio of overlap can range from 0 (no overlap) 

to 1 (perfect overlap). Overlap values were calculated for all voxels visited at least 

from one fibre, and for different tract visitation thresholds (10% to 50%, in steps of 

10%). Thresholding at more than 50% of visiting fibres would give uninformative 

overlap values, because only a few voxels with high visitation counts will then be 

present, rather than a group of voxels representing structured tracts. Fisher`s Z-

transformation was used on the individually estimated correlation and overlap 

values before group-wise comparisons. 

Furthermore, the effect of visitation counts on the reproducibility of voxels within 

the tract was established. We expect voxels with higher visitation counts to be more 

reproducible, therefore, to have a higher revisitation probability. The revisitation 

probability can range from 0 (the voxel is never revisited) to 1 (the voxel is always 

revisited), and included only voxels with visitation counts present in all subjects and 

sessions for both fibre tracts (70 visitation counts in our case).    

 

Results 

 

Fibre tractography results 

 



20 

 

DTI-FT results of the CST, AF and AFl reconstruction for two individuals are 

shown in Figs. 1, 2, and 3. Note that because the specific pathways of the AF are still 

disputed, we cannot exclude the reconstructed fibre tracts possibly belonging to the 

SLFII or other components of the SLF (Fig. 2) 17, 124. 

 
Fig. 1 Reconstructed corticospinal tract (CST) of subject 6 for imaging sessions 1 (a) and 2 (b), and  of 

subject 11 for imaging sessions 1 (c) and 2 (d). The image shows the left hemisphere. Red is assigned to 

left–right, green to anterior–posterior (A-P) and blue to superior–inferior (S-I) orientations 

 
Fig. 2 Reconstructed arcuate fasciculus (AF) of subject 6 for imaging sessions 1 (a) and 2 (b), and of 

subject 11 for imaging sessions 1 (c) and 2 (d). The image shows the left hemisphere. Red is assigned to 

left–right, green to anterior–posterior (A-P) and blue to superior–inferior (S-I) orientations 
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Fig. 3 Reconstructed long segment of the arcuate fasciculus (AFl) of subject 6 for imaging sessions 1 (a) 

and 2 (b), and of subject 11 for imaging sessions 1 (c) and 2 (d). The image shows the left hemisphere. 

Red is assigned to left–right, green to anterior–posterior (A-P) and blue to superior–inferior (S-I) 

orientations 

 

Average FA, MD, λ1, λ┴, tract length, and tract volume results for the CST, AF and 

AFl are summarised in Table 1. Paired sample t-tests showed no significant 

differences between the averaged FA, MD, λ1, λ┴, tract length, and tract volume 

values of the two imaging sessions for the CST, AF and AFl (lowest P= 0.14). 

Structural differences were expected to be found between the CST and AF (and 

AFl) as they are functionally different from each other. Indeed, paired sample t-tests 

showed significant differences between the averaged FA, MD, λ1, λ┴, tract length, and 

tract volume values of the tracts for both imaging sessions (all P< 0.001). The CST 

showed higher average FA and λ1 values, and longer fibres, whereas the AF (and 

AFl) showed higher average MD and λ┴ values, and a greater volume. 

 

Reliability results 

 

Microstructural reproducibility 

 

Coefficients of variation of FA, MD, λ1, and λ┴ values are summarised in Table 2. 

Results showed low variability in terms of anisotropy and diffusivity for the CST, AF 

and AFl with CVs ranging from 1.36% to 3.37%. 
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Paired sample t-tests showed higher λ┴ variability (P= 0.04), and a tendency 

towards higher MD variability (P= 0.06) of the CST compared with the AF. 

Comparison of the AFl with the AF showed higher λ┴ (P= 0.04) and MD variability 

(P= 0.04), and a tendency towards higher λ1 variability (P= 0.08). No significant 

variability difference were found between the tracts on the other microstructural 

measures (lowest P= 0.12).  

We conclude that all tracts show high microstructural reproducibility. 

Microstructural reproducibility is equal for all tracts in terms of anisotropy, and 

different in terms of diffusivity with the AF showing the lowest variability among 

the tracts. 

 
Table 1 Values of key DTI-FT metrics in imaging session 1 and 2 

 

CST AF AFl 

Session 1 Session 2 Session 1 Session 2 Session 1 Session 2 

FA Mean 

SD 

0.53 

0.03 

0.54 

0.03 

0.47 

0.02 

0.46 

0.02 

0.49 

0.02 

0.48 

0.02 

MD (mm2/s) Mean 

SD 

7.61×10-4 

2.57×10-5 

7.62×10-4 

1.63×10-5 

7.85×10-4 

2.21×10-5 

7.80×10-4 

2.34×10-5 

7.76×10-4 

2.02×10-5 

7.72×10-4 

2.23×10-5 

λ1 (mm2/s) Mean 

SD 

1.27×10-3 

3.47×10-5 

1.27×10-3 

3.42×10-5 

1.21×10-3 

3.01×10-5 

1.20×10-3 

3.72×10-5 

1.22×10-3 

2.67×10-5 

1.21×10-3 

3.91×10-5 

λ┴ (mm2/s) Mean 

SD 

5.08×10-4 

3.07×10-5 

5.06×10-4 

2.72×10-5 

5.72×10-4 

2.39×10-5 

5.68×10-4 

2.09×10-5 

5.52×10-4 

2.18×10-5 

5.51×10-4 

2.14×10-5 

Fibre length 

(mm) 

Mean 

SD 

109.14 

10.46 

106.55 

8.78 

80.00 

6.14 

80.40 

5.78 

88.97 

8.72 

89.36 

8.78 

Fibre volume 

(mm3) 

Mean 

SD 

4807.76 

2699.84 

4667.97 

2186.32 

9859.81 

3818.29 

9467.09 

2642.81 

5553.21 

2451.07 

5137.43 

1803.96 

FA fractional anisotropy, MD mean diffusivity, λ1 longitudinal diffusivity, λ┴ transverse diffusivity, 

CST corticospinal tract, AF arcuate fasciculus, AFl AF long segment  

 

Tract volume reproducibility 

 

Average CV of tract volume for the CST is 12.62% (SD= 10.32%), for the AF is 

14.04% (SD= 11.28%), and for the AFl is 16.11% (SD= 10.33%) (see Table 2). Paired 

sample t-tests showed no significant differences in tract volume variability between 

the fibre bundles (lowest P= 0.33).  

Note that the CVs of the tract volume were high for all tracts, especially compared 

with the CVs of the DTI measures representing the microstructural organisation of 

the fibre tracts.  
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Table 2 Coefficients of variation of key DTI-FT metrics 

 

 Coefficients of variation (%) 

FA MD λ1 λ┴ Fiber volume 

CST Mean 

SD 

2.08 

1.31 

2.32 

1.60 

1.94 

1.15 

3.37 

2.43 

12.62 

10.32 

AF Mean 

SD 

1.94 

1.29 

1.36 

0.87 

1.37 

1.00 

1.89 

0.96 

14.04 

11.28 

AFl Mean 

SD 

2.41 

1.46 

1.81 

1.30 

1.71 

1.33 

2.60 

1.46 

16.11 

10.33 

FA fractional anisotropy, MD mean diffusivity, λ1 longitudinal diffusivity, λ┴ transverse 

diffusivity, CST corticospinal tract, AF arcuate fasciculus, AFl AF long segment 

 

Architectural reproducibility 

 

Correlation values ranged across subjects from 0.54 to 0.85 (mean= 0.68; SD= 0.10) 

for the CST, from 0.52 to 0.79 (mean = 0.68; SD= 0.09) for the AF, and from 0.53 to 

0.80 (mean = 0.69; SD= 0.07) for the AFl. After Fisher`s Z-transformation, paired 

sample t-tests showed no significant differences between the correlation values of the 

tracts (lowest P= 0.61). We conclude that tracts show equal between-session 

correlation values. 

Overlap values ranged across subjects from 0.51 to 0.81 (mean = 0.69; SD= 0.09) for 

the CST, from 0.51 to 0.68 (mean = 0.61; SD= 0.05) for the AF, and from 0.52 to 0.67 

(mean = 0.59; SD= 0.05) for the AFl. After Fisher`s Z-transformation, paired sample t-

tests showed higher overlap values of the CST than the AF (P= 0.003), and the AFl 

(P= 0.001). There was no significant difference in overlap between the AF and the AFl 

(P= 0.19). We also used different thresholds ranging from 10% to 50% of the total 

number of fibres visiting voxels in both imaging sessions. Overlap decreases at 

higher thresholds for all tracts (Fig. A in Supplementary Material).  

To have a tangible idea of the correlation and overlap values found we made copies 

of the CST, AF and AFl of each imaging session and shifted them one and two voxels 

in x, y, and z directions. Correlation and overlap values coincided in this case as they 

were estimated on identical copies of the tracts. Averaged correlation and overlap 

values (across directions, sessions and subjects) were 0.66 (SD= 0.05) for one shifted 

voxel, and 0.40 (SD= 0.08) for two shifted voxels for the CST. For the AF they were 

0.65 (SD= 0.03) for one shifted voxel, and 0.42 (SD= 0.04) for two shifted voxels, and 
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for the AFl they were 0.62 (SD= 0.04) for one shifted voxel, and 0.37 (SD= 0.05) for 

two shifted voxels. Our overlap and correlation values are similar to the ones 

estimated when tracts were shifted one voxel (2 mm). These results suggest a 

definition of tractography borders comparable to ~2 mm of uncertainty. 

Lastly, Fig. 4 shows that the re-visitation probability in a voxel increased with the 

increase in fibre visitation counts. The more fibres visited a voxel in the first imaging 

session, the higher the chance that the same voxel was visited in the second imaging 

session. Among several functions investigated, the logarithmic function fitted our 

data best for the CST (R²= 0.982, t(1,69)= 61.45, P< 0.001), AF (R²= 0.987, t(1,69)= 

71.50, P< 0.001), and AFl (R²= 0.991, t(1,69)= 86.33, P< 0.001). Remarkably, a voxel 

visited by only four fibres had a probability above chance (>50%) of being re-visited 

when fibres were again reconstructed.  

 

 
Fig. 4 Probability values of a voxel`s fibre re-visitation for the corticospinal tract (CST) (depicted by red 

open circles), the arcuate fasciculus (AF) (depicted by blue open squares) and its long segment (AFl) 

(depicted by green open triangles) for different fibre visitation counts. Data were fitted with a 

logarithmic function depicted by a red line for the CST, by a blue line for the AF and by a green line for 

the AFl 

 

Discussion 

 

The present study investigated the architectural and microstructural 

reproducibility of two clinically relevant tracts reconstructed with DTI-FT: the CST 
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and the AF. We report low architectural and microstructural variability for both 

tracts. Image correlation was 68% for the CST, 68% for the AF, and 69% for its long 

segment. The overlap was 69% for the CST, 61% for the AF, and 59% for its long 

segment. This was comparable to 2-mm tract shift variability. CVs of FA, MD, λ1, and 

λ┴ values were at maximum 3.4% for the tracts. 

The architectural reproducibility of the fibre tracts considered did not go beyond 

69%. This contrasts with a previous study that investigated the corticospinal and 

several other tracts and found an average overlap across all tracts between sessions 

of 81% 83. The overlap results we found may be caused by factors known to 

negatively affect the test–retest reliability such as changes in the position of the 

subject in the magnetic field of the MRI and in the radiofrequency head coil, and 

motion artefacts 41, 213. Biases in the estimated diffusion measures are reduced in this 

study by preserving the orientational information when correcting for motion 

artefacts 116. Tract volume variations may also be caused by the partial volume effect, 

i.e. the intra-voxel heterogeneity of different tissue types or adjacent yet differently 

orientated white matter fibre bundles. It emerges from the image acquisition process 

and is known to affect the accuracy of DTI-FT and its estimated metrics 2. It can 

directly affect the number of voxels classified as belonging to a specific white matter 

tract compared with another tract or grey matter 41, 208.  

The architectural reproducibility results are encouraging to further investigate the 

use of DTI-FT for neurosurgical planning. The correlation and overlap values found 

were comparable to 2-mm tract shift variability. Although we do not assume that the 

tractography variability found in a test–retest investigation is a matter of tract 

shifting, it gives us a tangible value with which to compare our results. Our results 

suggest a definition of tractography borders with about 2 mm of uncertainty, which 

could be considered acceptable for neurosurgical planning. Of particular importance 

for the definition of tractography borders are results that showed voxels visited by a 

few fibres to have a high probability of being revisited in subsequent fibre 

reconstruction (Fig. 4). Although these voxels may be less reliable than voxels visited 

by many fibres 189, our results suggest that even voxels visited by a few fibres should 

not be neglected in neurosurgical decision making 106. Future studies should 

investigate the effect of brain lesions such as tumour or oedema on the accuracy and 

reliability of DTI-FT and its estimated metrics. The presence of a tumour or oedema 

near the tracts of interest makes the precise definition of tractography borders even 

more difficult. This extra variability due to the presence of a lesion is a larger 

problem in the paediatric population, particularly in the case of brain malformations. 
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Whether DTI-FT is a reliable technique in certain patient populations still remains an 

open question. 

The corticospinal tract and arcuate fasciculus show high microstructural 

reproducibility. The observed between session CVs in this study are similar to those 

of previous studies that investigated the FA, MD 83, 213, λ1 and λ┴ 48 values of the 

corticospinal tract and arcuate fasciculus. These results are promising for the use of 

DTI-FT in clinical neurology to assess or predict functional recovery of motor and 

language functions 40, as these longitudinal studies are interested in changes in 

microstructural properties of fibre tracts rather than in changes in their spatial 

configuration. However, while DTI metrics are stable when imaging is performed on 

the same MR sytem, imaging using  different MR systems and various upgrades can 

significantly affect longitudinal DTI studies 186, 187. 

The fibre tracts reconstructed here are spatially consistent with previous DTI-FT 

studies that investigated the CST 41, 48, 83 and the AF 34, 35, 213 (see Figs. 1, 2, and 3). The 

two tracts differed from each other in terms of anisotropy and diffusivity. The CST 

has higher average FA and λ1 values, while the AF (and AFl) has higher average MD 

and λ┴ values. Although the two tracts are structurally different from each other, the 

microstructural reliability in terms of anisotropy and the architectural reliability in 

terms of image correlation were equal for the tracts. These results may reflect 

properties of the magnetic field. We mitigate field heterogeneity effects in this study 

by using the SENSE technique which has been shown to enhance DTI in the human 

brain at 3 T 88. The differences found in microstructural reliability in terms of 

diffusivity and in architectural reliability with respect to image overlap may reflect 

differences in the organisation of the subcortical pathways investigated 41, 83, 213. 

The generalisability of our results could theoretically be dependent on the number 

of gradient sampling directions. Previous research has shown that increasing the 

number of the directions increases the sensitivity of detecting, particularly, the 

branching of fibre tracts that approach the cortex 83. However, this does not come 

with the benefit of increasing the test–retest reliability of these fibres. Our results are 

similar to those of previous studies that used 30 213 or 32 directions 48, 189, and show 

similar or lower variability results than previous studies that used 60 directions 41, 83. 

Our reliability results may also be dependent on the tensor model and method of 

fibre tracking used. The goal of this study is to measure the reliability of DTI-FT for 

clinical applications of this technique. For this reason we used DTI combined with a 

deterministic fibre tracking algorithm, which is standard in all commercial software 

used in clinical settings. The DTI model is well known because of its simplicity, while 
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the deterministic fibre tracking algorithm is computationally less intensive than, for 

example, probabilistic methods 192. The DTI-FT metrics found in this study are 

similar to those of previous studies that used a deterministic 48, continuous 213, fast 

marching 41, or a probabilistic tracking method 83. Future studies should investigate 

whether promising fibre tracking techniques 87, 92 are also reliable.  

To summarise, this study measures the architectural and microstructural 

reproducibility of the CST and the AF reconstruction with DTI-FT. Results showed 

low architectural and microstructural variability for the reconstruction of the tracts. 

The architectural reproducibility results are encouraging to further investigate the 

use of DTI-FT for neurosurgical planning. The high microstructural reproducibility 

results found are promising for using DTI-FT to study pathological processes in 

neurological disease 40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



28 

 

Appendix 

 

Fibre tractography procedure 

 

First, whole brain tractography was performed for all individuals and imaging 

sessions. FA-thresholds were set to 0.20 to initiate and continue tracking and the 

angle threshold was set to 30° for both tracts. Only fibres with a minimum length of 

50 mm were considered. 

Next, the CST, the AF and AFl were extracted for each individual from regions of 

interest (ROIs) according to a priori information of tract location 211, 212. The tracts of 

interest were only delineated in the left hemisphere considering the left hemisphere 

lateralisation of these tracts when subjects are strongly right handed 32, 206. The ROI 

sets of all tracts of interest were manually placed only by the first author (GK) as a 

previous study reported a high interobserver reliability in tract specific analysis 222. 

This was done following the guidelines and protocols described in previous studies, 

where figures showing the ROI placement are also present 114, 124, 128, 211. The CST was 

extracted by placing two ROIs on axial slices. The first ROI included the cerebral 

peduncle at the level of the decussation of the superior cerebellar peduncle. The 

second ROI was drawn right after the bifurcation to the motor and sensory cortex to 

include only primary motor cortex, and not sensory tracts 211.  The AF was extracted 

by placing two ROIs on coronal slices. The first ROI was selected where the AF, 

appearing as a green triangular shape on coronal images (indicating 

anterior/posterior orientation), was seen to be largest. The second ROI was selected 

at the level of the splenium of the corpus callosum, where the AF makes a sharp turn 

towards the temporal lobe 124, 128. The AFl was defined by using the first ROI used for 

the delineation of the AF, and by placing a second ROI on an axial slice through 

which the AF passes in the superior/inferior direction 114.  

The ROI sets of all tracts of interest were per individual the same for both imaging 

sessions. In doing so, the variability in ROI designation introduced by the operator is 

eliminated and does not affect the reliability results. However, we did not 

underestimate reliability as the protocol followed for tract delineation already 

reduced to the minimum the variability in ROI designation. All ROIs were placed 

subcortically 211 and were large enough to encompass all possible fibres belonging to 

the tracts of interest 114. The subcortical placement of ROIs ascertains proper 

delineation of tracts, such as the CST, that are known to substantially differ in 



29 

 

volume among individuals. The large size of the ROIs ascertains similar tractography 

results for different operators.   

For each tract (corticospinal and arcuate fasciculus) per subject and imaging 

session, the following parameters were calculated: average FA; average MD; average 

λ1; average λ┴; average length of tracts; and volume of tracts 41, 48, 83. FA, MD, λ1, and 
λ┴ values were obtained by averaging across all voxels in the tract and each voxel was 

counted only once.   
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Supplementary Material 

 

 
Fig. A Overlap values for the corticospinal tract (CST) (depicted by red open circles), the arcuate 

fasciculus (AF) (depicted by blue open squares) and its long segment (AFl) (depicted by green open 

triangles) for different tract visitation thresholds (10 to 50, in steps of 10 percent) 
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Summary 

 

The Diffusion Tensor (DT) model is inadequate for the reconstruction of fibre 

pathways in brain regions with multiple fibre orientations. To overcome this 

limitation Constrained Spherical Deconvolution (CSD) has been proposed. A high 

reliability of CSD is, however, a pre-requisite for its use in clinical applications. 

Reliability of reconstructed fibre pathways can be assessed in terms of architectural 

(addressing their spatial configuration) and microstructural (addressing diffusion-

derived measures along the fibres) reproducibility. We assess the reliability for two 

clinically relevant fibre pathways: the corticospinal tract (CST) and arcuate fasciculus 

(AF). The fibre pathways were reconstructed using CSD in 11 healthy subjects who 

were scanned on three occasions. Coefficients of variations (CVs) of diffusion-

derived measures were used to assess the microstructural reproducibility. Image 

correlation and fibre overlap were used to assess the architectural reproducibility. 

The mean correlation between sessions was 72% for both the CST and AF. The mean 

overlap between sessions was 63% for the CST and 58% for the AF. CVs of diffusion-

derived measures had very low variation (all measures <3.1%).These results are 

similar to reliability results based on the DT model which is commonly used in 

clinical settings. The reliability results found here are therefore promising to further 

investigate the use of CSD in clinical practice. 
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Introduction 

 

The Diffusion Tensor (DT) model is the most widely used mathematical approach 

to establish the direction of fibres from Diffusion Weighted (DW) Magnetic 

Resonance (MR) images 6, 138, 192. Based on the DT model, a number of fibre 

tractography (FT) algorithms have been proposed for the reconstruction of fibre 

pathways in the brain 7, 42, 136, 154. DT based FT is now made available by the major 

MRI vendors and is routinely used in clinical practice.   

DT based FT is however known to be inadequate in white matter regions with 

multiple fibre orientations. Much of white matter has a complex fibre architecture, 

containing “crossing fibres” 93. There the DT model will only depict the average 

direction of the diffusion of water (of the major eigenvector). Therefore, the accuracy 

of the FT based on this model will be highly dependent on the architecture of the 

underlying anatomy 192. Reconstruction of fibre pathways that accurately correspond 

to the underlying anatomy is of particular relevance for clinical practice 40. 

Constrained Spherical Deconvolution (CSD) is a promising technique designed to 

capture multiple fibre orientations within a clinically feasible imaging timeframe 191. 

This technique is basically a generalization of multitensor fitting techniques to 

handle multiple fibre orientations. It estimates the Fibre Orientation Distribution 

(FOD) by describing the DW signal measured from any fibre bundle by a single 

response function. This technique further constrains the appearance of (physically 

impossible) negative fibre densities in the FOD, thereby reducing artefacts due to 

noise contamination while preserving angular resolution. CSD typically makes use of 

a High-Angular Resolution Diffusion weighted Imaging (HARDI) acquisition. The 

HARDI strategy is efficient in unmasking multiple fibre orientations by using a large 

number of DW directions at a constant b-value 192. Compared to DT based FT, CSD 

has the advantage for clinical practice in that it can more accurately reconstruct the 

fibre pathways. CSD can for example reconstruct the lateral projections (the fibres 

projecting to the face area) of the corticospinal tract (CST) in regions dominated by 

the superior longitudinal fasciculus (SLF) fibres 92. CSD has also been shown to 

accurately distinguish the arcuate fasciculus (AF) from the other components of the 

SLF 18, 68. 

The CST and AF are indeed the most frequently reconstructed fibre pathways in 

individual patients. The CST is especially involved in the voluntary movements of 

limbs. Knowledge of its localization is relevant for surgical planning in patients with 

a tumour affecting or threatening the motor pathways 14, 106. Quantification of its 
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microstructural properties can be relevant in the study of brain disorders like stroke 
113, 200, or multiple sclerosis 40, 202. The AF is generally considered to be the fourth 

component of the SLF 124. Within the left hemisphere it is a crucial subcortical 

structure for normal language function by connecting Broca’s and Wernicke’s areas. 

Therefore, precise localization of its trajectory is relevant in surgical planning 14. 

Classically, damage to the AF is related to dysfunctions such as conduction aphasia 15 

or primary progressive aphasia 132. The study of its microstructural properties is 

therefore relevant for cognitive degenerative disorders 36, 205.  

As with any technique, reliability (test-retest reproducibility) of CSD is a pre-

requisite for its clinical applications. Reliability regarding the precision of 

reconstruction of fibre pathways can be assessed in terms of architectural and 

microstructural reproducibility. Reproducibility of architectural features addresses 

the spatial configuration (location and volume) of the reconstructed fibre pathways 

and can be measured by calculating image correlation and overlap. Reproducibility 

of microstructural features addresses diffusion derived measures along the 

reconstructed fibre pathways and can be estimated by calculating coefficients of 

variation (CVs). The most common microstructural measures are fractional 

anisotropy (FA) and mean diffusivity (MD). FA quantifies the degree to which the 

diffusion magnitude depends on direction, and MD quantifies the overall amount of 

diffusion (independent of direction). Other measures of interest are axial or 

longitudinal diffusivity (λ1) and radial or transverse diffusivity (λ┴). λ1 represents 

diffusion along the principal orientation (i.e., first eigenvector of the DT), whereas λ┴ 

represents the average of the second and third eigenvalues of the DT 41, 215.  

The main goal of this study is to measure the reproducibility of the CST and AF 

reconstruction with CSD in individual subjects. For this purpose eleven healthy 

subjects were scanned on three occasions. For the CST and AF, the average FA, MD, 

λ1, λ┴, as well as the length and volume of tracts were calculated. The CVs of FA, MD, 

λ1, λ┴ were used to assess microstructural reproducibility, and image spatial 

correlation and ratio of fibre volume overlap were used to assess architectural 

reproducibility.  

 

Materials and methods 

 

Participants 
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11 Healthy subjects (8 males and 3 females; age M= 35 years, SD= 5 years) were 

included in this study and scanned on three occasions. The mean interval between 

imaging sessions was 24 weeks. All subjects gave a written informed consent under a 

protocol approved by the Cardiff University School of Psychology.  

 

Data acquisition 

 

The scan protocol was identical for all participants and scanning sessions as 

described in Vos and colleagues 208. In summary, cardiac-gated DT-MRI datasets 

were obtained on a 3 T HDx MRI system (General Electric) using a single-shot spin 

echo EPI sequence with a b-value of 1200 s/mm², 60 gradient directions distributed 

uniformly over the half sphere 97, 6 b =0 images and an ASSET factor 2. The 

acquisition matrix of 96×96 was reconstructed to 128×128 with a field-of-view of 

230×230 mm², and 60 contiguous axial slices with thickness 2.4 mm were acquired, 

with an effective TR of 15 R–R intervals and a total acquisition time of approximately 

25 min.  

 

Data processing and analysis 

 

The DTI data were processed and analysed in ExploreDTI 115, using the following 

multi-step procedure: (a) Subject motion and eddy-current induced geometrical 

distortions were corrected while preserving the orientational information 116 and the 

diffusion weighted (DW) images of all three scanning sessions were realigned to the 

first b0 image of the first scanning session, (b) the diffusion tensors and subsequently 

the FA, axial (λ1) and radial (λ┴) diffusivity were calculated using a robust non-linear 

least square estimation 38, (c) the DTI data were rigidly coregistered to Montreal 

Neurological Institute (MNI) space in order to correct for any asymmetry in the axial 

plane due to the scan angulation and to avoid the interpolation bias between the 

different scanning sessions, (d) the CSD approach was used to reconstruct the fibre 

pathways of interest 92. 

The procedure of the reconstruction was the same for both fibre pathways. First, 

whole brain tractography was performed for all individuals and scanning sessions. 

The tractography algorithm is the deterministic variant of the previously developed 

probabilistic CSD based tracking algorithm 92 and can be summarized as follows. 

Fibre tracking was started at a given seed point (sampled at a 2 mm uniform 

distribution throughout the data set). First, the DW signal at the current position of 
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the trajectory was obtained using trilinear interpolation. Next, the FOD was 

estimated using CSD as in Tournier and colleagues 191. Then, the FOD peak direction 

that was closest to the previous stepping direction was extracted using a Newton 

optimization method on the sphere. Finally, the trajectory was advanced by a fixed 1 

mm step size along the obtained direction. Tracking was ended when the FOD peak 

intensities were beneath a threshold of 0.1 or when an angle of 30° was exceeded. 

Only fibres with a minimum length of 50 mm were considered. 

Next, the CST and AF were reconstructed for each individual in the left 

hemisphere. The reconstruction of the two fibre pathways was done for all three 

scanning sessions following an atlas based automated protocol incorporated in 

ExploreDTI and described in Zhang and colleagues 230. The CST was reconstructed by 

first placing two ROIs on the left cerebral peduncle and precentral gyrus, then 

adding two additional ROIs on the left superior corona radiata and posterior limb of 

the internal capsule, and finally excluding fibres from the left middle occipital gyrus, 

anterior limb and retrolenticular part of the internal capsule, pontine crossing fibres, 

medial lemniscus, inferior and superior cerebellar peducle, cerebellum, and the right 

hemisphere. The AF was reconstructed by first placing two ROIs on the left frontal 

and temporal lobe and then by excluding fibres from the left occipital lobe, inferior 

fronto-occipital fasciculus, insula, anterior and posterior limb of the internal capsule, 

external capsule, fornix/stria terminalis, cerebellum, and the corpus callosum and 

the right hemisphere. 

The following parameters were calculated for the CST and AF per subject and 

scanning session: average FA; average MD; average λ1; average λ┴; average length of 

fibres; and volume of fibres 41, 48, 83. FA, MD, λ1, and λ┴ values were obtained by 

averaging across all points along the tract pathways. 

 

Analysis of reliability 

 

The CV was used to assess reproducibility and was calculated for each 

microstructural measure with the formula CV=standard deviation/mean 24, 41. For each 

microstructural measure, three CVs were calculated, i.e. one CV for each pair of 

scanning sessions. The three CVs values were then averaged resulting in one final 

CV value per microstructural measure and subject. This final individual CV value 

was used for further comparisons of microstructural variability between the CST and 

AF. 
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The architectural reproducibility was measured by means of Pearson`s cross-

correlation and the ratio of overlap, both taking the location of the reconstructed 

fibre pathways into account. Pearson`s correlation measures the spatial correlation 

between the volume of the reconstructed fibre pathways of two different scanning 

sessions. Each voxel in our reconstructed fibre pathways has a value that represents 

the number of fibres passing through the voxel (visitation count). Given values of all 

brain voxels named x for one scanning session and y for another scanning session, 

the discrete correlation coefficient between the two scanning sessions was defined 

with the formula:  
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where cov denotes the covariance between x and y voxels, and σ denotes their 

standard deviations. The r values can range from 0 (no correlation) to 1 (perfect 

correlation). The ratio of overlap is a descriptive statistic defined as the ratio of the 

overlapping volume of fibres present in both scanning sessions (Voverlap) and the sum 

of the individual volumes of fibres:  
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where V1 and V2 denote the volume of the reconstructed fibre pathways in the one 

and the other scanning session, respectively. This measure is the same as what has 

been used for functional MRI 159. The ratio of overlap can range from 0 (no overlap) 

to 1 (perfect overlap). Overlap values were calculated for all voxels visited at least 

from one fibre, and for different visitation count thresholds (10% to 50%, in steps of 

10%). Thresholding at more than 50% of the visitation counts would give 

uninformative overlap values, because only a few voxels with high visitation counts 

will then be present, rather than a group of voxels representing structured fibre 

pathways. For the reconstructed CST and AF, three correlation and three overlap 

values were calculated, i.e. one correlation and one overlap value for each pair of 

scanning sessions. The three correlation and overlap values were then averaged 

resulting in one final correlation and overlap value per subject. Fisher`s Z-

transformation was used on the individual final correlation and overlap values 

before making comparisons of architectural variability between the CST and AF. 

Furthermore, the effect of visitation count on the reproducibility of voxels within 

the CST and AF was estimated. Our aim was to determine whether the visitation 

count of a voxel in one scanning session influenced the chance that the same voxel 

was re-visited at all in another scanning session. We expect voxels with higher 
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visitation counts to be more reproducible, and therefore to have a higher probability 

of re-visitation. The re-visitation probability value can range from 0 (the voxel is 

never re-visited) to 1 (the voxel is always re-visited), and included only voxels with 

visitation counts present in all subjects and all three scanning sessions for both 

investigated fibre pathways (70 visitation counts in our case). Three values of re-

visitation probability were calculated for each fibre pathway, i.e. one re-visitation 

probability value for each pair of scanning sessions. For each fibre pathway, the three 

values of re-visitation probability were then averaged. 

 

Results 

 

Fibre Tractography results 

 

CSD results of the CST and AF reconstruction for a representative subject are 

shown in Fig. 1 and 2. In Fig. 1 the CST travels from the motor cortex to the cerebral 

peduncle, passing through the corona radiata and internal capsule 41. In addition to 

what the DT model usually shows 211, the lateral projections such as the face area 

fibres can also be seen 92(coronal view of Fig. 1). In Fig. 2 the AF travels from the pars 

orbitalis, opercularis and triangularis (Broca’s area) and rostral and caudal middle 

frontal gyrus (premotor area) to the superior and middle temporal gyrus (Wernicke’s 

area) 35. Note that the figure clearly shows fibres originating from Broca`s area, which 

are missing when using the DT model 16. Whether these fibres may belong to other 

components of the SLF still remains an open question 68. 

Average FA, MD, λ1, λ┴, tract length, and tract volume results for the CST and AF 

are summarized in Table 1. Note that differences in tract length and tract volume 

values for the CST and AF between this and our previous study 111 are due to 

differences in imaging technique and fibre reconstruction protocol. To investigate 

structural differences between the CST and AF, each diffusion metric was averaged 

across sessions before comparison between the two fibre pathways. Results of paired 

sample t-tests showed significant differences between the CST and AF in FA, MD, λ1, 

and fibre volume values (highest p= 0.017). The CST showed higher FA, MD, and 

λ1values, whereas the AF showed a greater fibre volume. There were no significant 

differences between the CST and AF in λ┴ values and fibre length (lowest p= 0.121). 
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Fig. 1 The corticospinal tract (CST) of a representative subject reconstructed with CSD in scanning 

session one (a and b), two (c and d), and three (e and f). The CST is shown in the left hemisphere in 

sagittal orientation (a, c, and e), and in coronal orientation overlaid on a b0 image (b, d, and f) where 

also fibres projecting to the face area can been seen. Red is assigned to left-right (R-L), green to anterior-

posterior (A-P), and blue to superior-inferior (S-I) orientations. For this subject, the average image 

correlation was 0.73 and overlap was 0.64 
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Fig. 2 The arcuate fasciculus (AF) of a representative subject reconstructed with CSD in scanning 

session one (a and b), two (c and d), and three (e and f). The AF is shown in the left hemisphere in 

sagittal orientation (a, c, and e) and overlaid on a b0 image (b, d, and f) where fibres travelling from 

Broca`s to Wernicke`s area can been seen. Red is assigned to left-right, green to anterior-posterior (A-P), 

and blue to superior-inferior (S-I) orientations. For this subject, the average image correlation was 0.72 

and overlap was 0.62 
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Table 1 Values of key CSD tractography metrics in scanning session 1, 2, and 3 

 
 CST AF 

Session 1 Session 2 Session 3 Session 1 Session 2 Session3 

FA Mean 

SD 

0.48 

0.02 

0.47 

0.02 

0.47 

0.02 

0.41 

0.01 

0.41 

0.02 

0.40 

0.02 

MD (mm2/2) Mean 

SD 

9.71×10-4 

5.21×10-5 

9.65×10-4 

4.99×10-5 

9.67×10-4 

5.10×10-5 

8.45×10-4 

1.77×10-5 

8.51×10-4 

2.20×10-5 

8.48×10-4 

2.71×10-5 

λ1 (mm2/2) Mean 

SD 

1.33×10-3 

7.37×10-5 

1.32×10-3 

5.90×10-5 

1.32×10-3 

6.65×10-5 

1.11×10-3 

2.46×10-5 

1.12×10-3 

2.68×10-5 

1.11×10-3 

3.34×10-5 

λ┴ (mm2/2) Mean 

SD 

6.14×10-4 

6.23×10-5 

6.13×10-4 

6.51×10-5 

6.13×10-4 

5.31×10-5 

5.79×10-4 

1.54×10-5 

5.86×10-4 

2.29×10-5 

5.88×10-4 

2.62×10-5 

Fiber length  

(mm) 

Mean 

SD 

117.23 

14.37 

112.74 

12.30 

112.20 

14.66 

113.52 

8.28 

116.61 

14.79 

115.77 

6.96 

Fiber volume  

(mm3) 

Mean 

SD 

18872.73 

6033.57 

19715.69 

5308.14 

20198.15 

5014.10 

24666.91 

7091.96 

24852.36 

5785.52 

26844.36 

7659.70 

FA fractional anisotropy, MD mean diffusivity, λ1 longitudinal diffusivity, λ┴ transverse diffusivity, 

CST corticospinal tract, AF arcuate fasciculus 

 

Reliability results 

 

Microstructural reproducibility 

 

CVs of FA, MD, λ1, and λ┴ values were calculated for each pair of scanning sessions 

(three pairs in total) to measure the microstructural reproducibility of the CST and 

AF. Average CVs of these microstructural measures are summarized in Table 2. 

Results showed low variability in terms of anisotropy and diffusivity for the CST and 

AF with average CVs ranging from 1.09% to 3.13%. 

Average CVs of the CST were then compared to the average CVs of the AF by 

means of paired sample t-tests to investigate microstructural reproducibility 

differences. Results showed higher λ1 (p= 0.006) and λ┴ (p= 0.017) variability, and a 

tendency for higher MD variability (p= 0.078) of the CST as compared to the AF. No 

significant difference in FA variability was found between the CST and AF (p= 0.490). 

We conclude that the CST and AF show high microstructural reproducibility. 

Microstructural reproducibility is equal for the two fibre pathways in terms of 

anisotropy and is different in terms of diffusivity, with the AF showing lower 

variability.  
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Tract volume reproducibility 

 

CV of tract volume values were calculated for each pair of scanning sessions (three 

pairs in total) to measure the tract volume reproducibility of the CST and AF. The 

average CV of tract volume for the CST was 9.53% (SD= 4.72%) and for the AF was 

10.64% (SD= 5.08%) (see Table 2). A paired sample t-test showed no significant 

difference in tract volume variability between the CST and AF (p= 0.617). Note that 

the CVs of tract volume were high for both fibre pathways, especially compared to 

the CVs of the DTI measures representing the microstructural organization the CST 

and AF.  

 
Table 2 Coefficients of variation of key CSD tractography metrics 

 

  Coeficients of variation (%) 

FA MD λ1 λ┴ Fiber volume 

CST 

 

AF 

Mean 

SD 

Mean 

SD 

2.18 

0.36 

1.86 

0.94 

1.84 

1.04 

1.29 

0.36 

2.32 

1.34 

1.09 

0.30 

3.13 

1.01 

1.79 

0.88 

9.53 

4.72 

10.64 

5.08 

FA fractional anisotropy, MD mean diffusivity, λ1 longitudinal diffusivity, λ┴ transverse 

diffusivity, CST corticospinal tract, AF arcuate fasciculus 

 

Architectural reproducibility 

 

First, intersession correlations were calculated for each pair of scanning sessions 

(three pairs in total) to investigate the architectural reproducibility of the CST and 

AF. Average correlation values ranged across subjects from 0.61 to 0.80 (mean= 0.72; 

SD= 0.07) for the CST, and from 0.57 to 0.82 (mean = 0.72; SD= 0.08) for the AF. After 

Fisher`s Z-transformation, a paired sample t-test showed no significant differences 

between the average correlation values of the CST and AF (p= 0.750). We conclude 

that the CST and AF show equal between-session correlation values. 

Then for both fibre pathways, the intersession ratio of overlap was calculated for 

each pair of scanning sessions (three pairs in total) considering all voxels visited at 

least by one fibre. Average overlap values ranged across subjects from 0.57 to 0.68 

(mean = 0.63; SD= 0.03) for the CST, and from 0.51 to 0.62 (mean = 0.58; SD= 0.04) for 

the AF. After Fisher`s Z-transformation, a paired sample t-test showed higher 

average overlap values of the CST as compared to the AF (p= 0.001). We also used 
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different thresholds ranging from 10% to 50% of the total number of fibres visiting 

voxels present in all three scanning sessions. Overlap decreased at higher thresholds 

for both fibre pathways (supplementary Fig. A).  

To have a tangible idea of what the correlation and overlap values mean in practice, 

we made copies of the CST and AF of each scan session and shifted them one and 

two voxels in the x, y, and z directions. Correlation and overlap values coincided in 

this case as they were estimated on identical copies of the fibre pathways. Average 

correlation and overlap values (across directions, scanning sessions, and subjects) 

were 0.70 (SD= 0.03) for 1 shifted voxel, and 0.50 (SD= 0.04) for two shifted voxels for 

the CST. For the AF, averaged correlation and overlap values were 0.68 (SD= 0.02) 

for 1 shifted voxel, and 0.47 (SD= 0.03) for two shifted voxels. The overlap and 

correlation values we found are thus similar to the overlap and correlation values 

estimated when tracts were shifted 1 voxel (2 mm). These results suggest a definition 

of tractography borders comparable to ~2 mm uncertainty. 

Finally, the effect of visitation count on the reproducibility of voxels within the CST 

and AF was investigated by calculating the probability of fibre re-visitation in a voxel 

as a function of its fibre visitation count. Three re-visitation probability values (one 

for each pair of scanning sessions) were calculated for the CST and AF, and their 

average values are shown in Fig. 3.This figure suggests that the probability of fibre 

re-visitation in a voxel increased with the increase in fibre visitation count. In other 

words, the more fibres visited a voxel in a scanning session, the higher the chance 

that the same voxel was visited in a following scanning session. Among several 

functions investigated, the logarithmic function fitted our data best for the CST (R²= 

0.964, t(1,69)= 42.69, p< 0.001) and AF (R²= 0.983, t(1,69)= 63.51, p< 0.001). 

Remarkably, a voxel visited from only five fibres had a probability above chance 

(>50%) to be re-visited when fibres were again reconstructed. 

 

Discussion 

 

The present study investigated the architectural and microstructural 

reproducibility of two clinically relevant fibre pathways reconstructed with CSD: the 

CST and the AF. We report low architectural and microstructural variability for both 

fibre pathways. Architectural reproducibility was at maximum 72%, which is 

equivalent to reliability found after a 2 mm tract shift, while microstructural 

variability was at maximum 3.1%. 
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Fig. 3 Probability values of voxel`s fibre re-visitation for the corticospinal tract (CST) (depicted by open 

blue squares) and arcuate fasciculus (AF) (depicted by open red circles) for different fibre visitation 

counts. Data were fitted with a logarithmic function depicted by a blue line for the CST and by a red 

line for the AF 

 

The architectural reproducibility found here and in a previous study 18 that used 

CSD was not higher than in a previous study that used the DT approach for fibre 

reconstruction 83, 111. A higher reliability is however expected from the CSD technique 

given its ability to resolve “crossing fibres” in complex white matter architecture. 

However, CSD that use HARDI suffers from echo-planar imaging (EPI) artefacts 

more than the DT model 192. EPI artefacts such as b0 susceptibility effects and eddy 

current-induced geometric distortions, when large, cause a suboptimal image 

realignment. This directly affects the architectural reproducibility as measured with 

image correlation and overlap. 

 The architectural reproducibility results are encouraging for the potential future use 

of CSD for neurosurgical planning. The correlation and overlap values found with 

test-retesting were comparable to those found after 2 mm tract shift. Though we do 

not assume that the tractography variability found in a test-retest investigation is a 

matter of tract shifting, it provides a tangible value to compare the results with. The 

present findings suggest that tractography borders have a spatial uncertainty of 

approximately 2 mm (a voxel size), which could be considered acceptable for 

neurosurgical planning. Of additional importance for the reliability of tractography 
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borders is the current finding that even voxels visited by few fibres still have a 

relatively high probability to be revisited in subsequent fibre reconstruction (Fig.3). 

Though voxels with a low visitation count may be less reliably revisited than voxels 

visited by many fibres 189, the current results suggest that they should not be 

neglected in neurosurgical decision making 106. However, whether voxels visited by 

few fibres correspond to functional white matter pathways needs to be determined 

with electrocortical stimulation 14. 

Both the CST and AF showed high microstructural reproducibility with a 

maximum variability of their diffusion derived measures of 3%. The high 

microstructural reproducibility reported here is similar to a study that used 

probabilistic CSD 18, and to other studies that used DT based FT for the 

reconstruction of the fibre pathways 41, 48, 83, 111, 213. These results are therefore 

promising for using CSD in clinical neurology to assess or predict functional 

recovery of motor and language functions 40.  

The data suggest that the fibre pathways reconstructed here were more accurate as 

compared to previous studies that used the DT model 35, 41, 48, 83, 213. CSD visualized 

the face area fibres of the CST and the Broca`s area fibres of the AF which are missing 

in previous DTI studies 16, 211 (see Fig.1 and 2). The suggested higher accuracy of the 

fibre pathways reconstructed with CSD allows for a better investigation of their 

architectural and microstructural properties. Pathways with different architectural 

and microstructural properties have been suggested to differ in their reliability of 

reconstruction 18, 41, 48, 83, 213. Compared to each other, the CST showed higher 

diffusivity values and higher microstructural variability in terms of diffusivity, while 

The AF showed a greater fibre volume and a higher architectural variability in terms 

of image overlap.  

The reliability estimates found in the current and in a previous study 18 support the 

use of CSD in clinical settings. Furthermore, CSD reliability results are similar to 

those found in studies that used different DT based FT algorithms 41, 48, 83, 111, 213. 

However, compared to DT based FT, CSD is not yet standard in commercial software 

available for clinical settings. As is the case for the DT model, CSD does not require 

very large b-values which are easy to be obtained with a clinical MRI system within a 

practical timeframe 92. CSD requires more computation time than the DT model, but 

it still provides tractography results for a whole brain data set within a few minutes 
192. 

Future studies should investigate the effect of brain lesions such as tumour or 

oedema on the accuracy and reliability of CSD and its estimated metrics. The 
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presence of a tumour or oedema near the tracts of interest makes the precise 

definition of tractography borders even more difficult. This extra variability due to 

the presence of a lesion is a larger problem in the paediatric population, particularly 

in the case of brain malformations. Whether CSD is a reliable technique in certain 

patient populations still remains an open question. 

To summarize, this study assessed the architectural and microstructural 

reproducibility of the CST and the AF reconstruction with CSD. Results showed low 

architectural and microstructural variability for the reconstruction of both fibre 

pathways. These results are similar to reliability of the DT model which is standard 

used in clinical settings. CSD is however better able to reconstruct fibre pathways in 

white matter regions with complex fibre architecture. The reliability results found 

here are therefore promising for the use of CSD in neurosurgery and neurology 40. 
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Supplementary Material 

 

 
Fig. A Overlap values for the corticospinal tract (CST) (depicted by open blue squares) and arcuate 

fasciculus (AF) (depicted by open red circles) for different tract visitation thresholds (10 to 50, in steps of 

10 percent) 
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Summary 

 

Test-retest reliability of individual fMRI results is of importance in clinical practice 

and longitudinal experiments. While several studies have investigated reliability of 

task-induced motor network activation, less is known about the reliability of the 

task-free motor network. Here we investigate the reproducibility of task-free fMRI, 

and compare it to motor task activity. Sixteen healthy subjects participated in this 

study with a test-retest interval of seven weeks. The task-free motor network was 

assessed with a univariate, seed-voxel-based correlation analysis. Reproducibility 

was tested by means of intraclass correlation (ICC) values and ratio of overlap. 

Higher ICC values and a better overlap were found for Task fMRI as compared to 

task-free fMRI. Furthermore, ratio of overlap improved for Task fMRI at higher 

thresholds, while it decreased for task-free fMRI, suggesting a less focal spatial 

pattern of the motor network during resting state. However, for both techniques the 

most active voxels were located in the primary motor cortex. This indicates that, just 

like Task fMRI, task-free fMRI can properly identify critical brain areas for motor 

task performance. Although both fMRI techniques are able to detect the motor 

network, resting state fMRI is less reliable than Task fMRI. 
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Introduction 

 

Functional Magnetic Resonance Imaging (fMRI) is increasingly used to localise 

specific brain functions in the individual patient. Localization of the primary motor 

cortex (M1) is a frequent clinical issue in neurosurgery 63 and neurology 95, for which 

typically a fMRI study is performed while the patient is performing a task with 

alternating instructions (Task fMRI). The M1 can be well localized with this approach 
3, 105, 160, 165, 201. However, motor deficits can severely impair task performance of the 

patient and introduce false positive or false negative activation. This can have a 

profound influence on the reliability of the resulting brain activation maps, and their 

clinical interpretation 94, 110, 169. 

A possible solution to this problem is to study patients in a resting state (without 

the subject performing a specific task in the scanner). At rest, brain regions exhibit 

spontaneous fluctuations at low frequencies (0.01–0.1 Hz) in the Blood Oxygen 

Level-Dependent (BOLD) signal. When different brain areas show temporally 

correlated signals, as has for instance been shown with bilateral primary motor areas, 

these areas can be regarded as forming a functional network. Several functional 

networks that have been identified with resting state (task-free) fMRI 47, 198 have been 

shown to qualitatively overlap with Task fMRI activation 23, 78, 108. The simplest 

analysis technique for identifying functional connectivity networks is to extract the 

BOLD time course from voxels in a region of interest (seed region) and determine its 

temporal correlation with the time course of all other brain voxels (also called 

univariate analysis). Previous studies have shown that task-free fMRI can localize M1 

functionality 23, 43, 44, 121, 221. A recent study suggested that functional subregions of the 

motor network during rest are organized in a somatotopic fashion, in that they are 

linked one-on-one to their homologue in the contralateral hemisphere 199.  

A high test-retest reliability of fMRI maps is a pre-requisite for their application in 

clinical practice. Studies on Task fMRI reliability show mixed results for individual 

motor functional brain maps. Repeated scans of the same subject yields similar but 

not identical maps 130, with overlap ranging from 20 to 62% 82, 82, 130, 163, 163, 223, 2271-3. 

The reproducibility of single-subject fMRI is affected by multiple sources of 

variability, including attention and practice 196, 204, physiology (cardiac and 

respiratory artefacts) 20, 22, and equipment (MRI field inhomogeneities and image 

signal to noise ratio) 159. To date, only a few studies have investigated the reliability 

of task-free fMRI 131, 175, 233. However, these studies did not focus on the reliability of 

the M1 localization. The main goal of our study is to investigate the test-retest 
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reliability of task-free fMRI for M1 identification and compare it to the conventional 

Task fMRI to assess its potential for use in clinical practice.  

Two measures commonly used to asses reliability of functional brain maps are the 

intraclass correlation (ICC) 4, 179, and the ratio of overlapping activation 163, 166. ICC 

represents a general reliability measure based on between-session correlations of Z- 

(or T-) values of brain statistic images, and is independent of the choice for a 

particular significance threshold. The ratio of overlapping activation is a more 

specific measure in that it looks at common voxels surviving a particular significance 

threshold in both scan sessions. From a clinical point of view, the overlap measure is 

more informative because the neurosurgeon or neurologist will interpret fMRI 

results based on conventional P or Z-thresholding (with Z-values usually ranging 

from 3.5 to 5) 129, 130, 133, 163, 166, 170, 181, 223. 

Overlap results based on conventional Z-thresholding are not appropriate for 

comparing different fMRI experimental designs, as in the case of Task and task-free 

fMRI. Different fMRI designs differ in sensitivity and, thereby, produce different Z-

values.  Setting a conventional Z-threshold (e.g., at a Z-value of 5), while having 

different maximum Z-values between the designs, will categorize a different number 

of voxels as active. This affects the ratio of overlap and makes direct comparison not 

appropriate. A straightforward alternative is then to set a threshold that is exceeded 

by a fixed number of voxels  188. This approach is also justified by the fact that the 

goal is to determine where activity is located, and not whether there is activity 

(classical null hypothesis for scientific application).  

Here we quantify and compare between-session reproducibility of motor task, and 

task-free fMRI activity. Sixteen healthy subjects participated in this study with a test-

retest interval of on average 7 weeks. We assess reproducibility in terms of intra class 

correlation values and the ratio of overlap 159. We first estimate the ratio of 

overlapping activation for different Z-thresholds, and then for different thresholds 

exceeded by a fixed number of the most active voxels 188. Finally, we look at the 

percentage of voxels located in the primary motor cortex for different thresholds.  

 

Materials and methods 

 

Participants 

 

Sixteen healthy subjects (8 females and 8 males, mean age 39.4 years, SD 10.7) 

participated in the experiment after giving informed consent. The research protocol 
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and consent forms were approved by the medical ethics committee for research in 

humans (METC) of the University Medical Center Utrecht (UMC Utrecht, The 

Netherlands) in accordance with the Declaration of Helsinki (2008). Subjects were 

screened for medical, neurological, and psychiatric illnesses, use of medication, and 

metal implants. They had no previous experience with fMRI or with the tasks 

performed in the scanner, and all were strongly right handed (M = 0.85; SD = 0.15) 

according to the Edinburgh Handedness inventory 144. Participants were requested to 

abstain from nicotine and caffeine for 4 hr prior to the scan sessions, and from over-

the-counter medications for 24 hr. The test and retest took place with an average 

interval of approximately 7 weeks (mean 50.7 days, SD 22.6). 

 

Experimental design 

 

The fMRI experimental design was the same for both scan sessions and included, in 

order, a motor task, and a task-free experiment. Participants were informed about the 

experimental procedure, and briefly practiced the motor task with the aid of a laptop 

before the scanning session. 

We used a PC, a rear projection screen and a video projector system for stimulus 

presentation. Visual stimuli were projected in green and red on a dark background. 

For the motor task subjects repeatedly touched the thumb once with each of the 

digits backward and forward. Subjects were instructed to perform the task with the 

right hand when a flickering (2 Hz) green circle was presented on the screen, and to 

rest when a flickering red circle was presented. Subjects made movements at the rate 

of the flickering circle. The task was presented in a block-design with 8 cycles of 29.8 

sec of movement, and 29.8 sec of rest. The experimental trial always began with a 

control period, in that both hands were relaxed. Blocks were time locked to the fMRI 

scans.  

During the task-free fMRI experiment the scanner room was darkened and 

participants were instructed to relax with their eyes closed, to think of nothing in 

particular, and not to fall asleep. As verified afterwards, no participant reported to 

have fallen asleep or to have been close to falling asleep. 

 

Data acquisition 

 

All images were obtained with a whole body 3.0 Tesla (3T) Philips Achieva MRI 

scanner (Philips Medical Systems, Best, The Netherlands). The participant`s head 
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was held in place with padding. Heartbeat was recorded using a pulse-oximeter 

placed on the left index finger. Respiration was measured with a pneumatic belt 

positioned at the level of the abdomen 20.  

A T1-weighted structural image of the whole brain in saggital orientation was 

acquired for anatomical reference (3D FFE pulse sequence; acquisition parameters: 

TR 8.4 ms, TE 3.8 ms; FOV 288×288×175 mm; voxel size 1 mm isotropic; SENSE p-

reduction/s-reduction, 2/1.3; flip-angle, 8°; 175 slices, scan duration=265.8 sec).  

For functional scans, a 3D-PRESTO (Principles of Echo Shifting with a Train of 

Observations) pulse sequence 201 with parallel imaging 75, 141 was used. This method 

involves a combination of echo shifting 60, 135 and multiple gradient echoes per radio 

frequency excitation 118. It allows whole brain coverage with very short acquisition 

times by already applying the next excitation before signal readout. The very short 

acquisition times are ideal to reduce artefacts caused by motion during scans and 

physiological aliasing. This is of particular importance for the motor cortex since it 

has been shown to be more prone to physiological contaminations than the visual 

and auditory cortex 43. We used the following parameters: TR 22.5 ms; effective TE, 

32.4 ms; FOV 256×224×160 mm, voxel size 4 mm isotropic; matrix 64×56×40; SENSE 

p-reduction/s-reduction, 1.8/2; flip-angle 10°; scan time per volume (scan duration) 

0.6075 sec. Task and task-free functional images encompassed the whole brain and 

were acquired in saggital orientation, with a foot-head frequency encoding direction. 

In total 442 Task and 400 task-free fMRI scans were acquired, but only the first 400 

Task fMRI scans were included in the analysis to make an exact comparison with 

task-free fMRI. 

Between the Task and task-free fMRI, two additional functional scans were 

acquired: a PRESTO scan of the same volume of brain tissue and with the same 

parameters was acquired in 0.72 sec, but with a higher flip-angle (27°, FA27) for the 

image coregistration routine (see below in Data preprocessing section); and a diffusion 

tensor imaging scan not reported in this study which lasted 6:02 minutes.   

 

Data preprocessing 

 

All functional images of both scan sessions were realigned (2nd degree b-spline) and 

resliced (4th degree b-spline) to the high contrast functional image (Fa27) of the first 

scan session using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). We then corrected 

for cardiac and respiratory effects as this is shown to be beneficial for fMRI 178, 217, 

especially when the motor cortex is investigated 20. For correction of cardiac and 
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respiratory artefacts, custom Matlab scripts were used (Aztec, http://www.ni-

utrecht.nl/downloads/aztec). First, the Task and task-free BOLD signal was 

corrected for the effects of the phase of the cardiac and respiratory cycle using 

RETROICOR 74. Subsequently, the Task and task-free BOLD signal were corrected for 

the effects of heart rate, heart rate variability, and respiration volume per time unit 20 

using a multiple regression approach. The method used here is described in detail in 

the study of van Buuren and colleagues 197.  

Task-free functional images were then lowpass filtered (0.08 HZ) with a finite 

impulse response filter, and highpass filtered in FSL, version 5.92 (Gaussian-

weighted least squares straight-line fitting, with sigma = 50 s) 

(http://www.fmrib.ox.ac.uk/fsl/) 182. The Task functional images were only 

highpass filtered (sigma = 29.8 s). Task and task-free functional images were skull 

stripped 180 and intensity normalized (grand mean scaling) in FSL. No spatial 

smoothing was performed on the functional images 123, 163, 167, 184, as considered 

inappropriate for clinical decision making 171. 

For the task-free analysis, (see Data analysis section) we did not regress out the 

global signal as in previous fMRI studies 66, 67, 78, 102.  Regressing out the global signal 

may remove true functional signal 20, may introduce spurious negative activations in 

Task fMRI analysis 1, and anti-correlations in task-free fMRI analysis 140. Instead, we 

decided to separately regress out cerebrospinal fluid (CSF) and white-matter (WM) 

signal. Regressing out the CSF signal is beneficial as low frequency components in 

CSF have previously been reported with similar frequencies to resting state networks 
69.We regress out the WM signal as resting state networks are shown to be confined 

within the gray matter 47, 49. To regress out the CSF and WM signal, masks of the CSF 

and WM were made using the segmentation of SPM5. The resulting WM and CSF 

masks were then registered to the Fa27 of the first scan session (the reference space of 

the functional data) and eroded to the maximum (threshold 0.99, minimum 0, 

maximum 1). Finally, the seed region mask was derived from the overlap between 

the 10 most active motor Task fMRI voxels of scan session one and of scan session 

two 44. These voxels were restricted to a) the anatomically defined handknob 188, 225, 

and b) fall within the precentral gyrus. This allows using exactly the same seed 

voxels for both scan sessions. It also minimizes on the one hand the risk of selecting 

false positive seed voxels, and on the other hand the number of voxels to be excluded 

from the reliability analysis (see Analysis of reliability section). The precentral gyrus 

mask is derived from the Harvard-Oxford Cortical Structural Atlas (in FSL). The 
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number of voxels included in the seed region masks ranged from 2 to 10 (mean 5.1, 

SD 2.7). 

 

Data analysis 

 

FMRI data processing was carried out using a whole-brain univariate General 

Linear Model (FEAT in FSL). Time series statistical analysis was carried out using 

FILM, with pre-whitening accounting for local autocorrelation 218. The hemodynamic 

response function for the motor task functional images was modelled using a boxcar 

convolved with a double gamma variate function and its temporal derivative.  

To model motor task-free functional connectivity, three custom explanatory 

variables (EV`s) were chosen, sampled from the functional data itself: the mean time 

courses of the WM, CSF, and of the seed region. The seed region EV represents our 

factor of interest. Featquery (part of FSL) was used for extracting the timecourse of 

each EV.  

For visualisation purposes, individual task and task-free activation maps were 

generated using statistical correction (p<0.05) for multiple comparisons based on 

Gaussian Random Field (GRF) 219 (Fig. 1 and Fig. 2), and at different thresholds 

exceeded by a fixed number of the most active voxels 188 (Fig. 6 and Fig. 7, and in 

Supplementary Materials Fig. A and Fig. B). 

The mean functional image was registered by a two step procedure to the subject’s 

structural space, and then to standard space 90, 91. These transformations were 

applied to the images of the contrasts of interest to put them in subjects` structural 

and standard space, and to the precentral gyrus mask. The precentral gyrus mask 

was used to investigate the percentage of voxels located in M1 for Task and task-free 

fMRI at different thresholds. 

 

Analysis of reliability 

 

Reliability analysis was performed on whole brain Z-statistic images (Z-volume). 

For the task-free fMRI, the voxels in the seed region and their direct neighbours were 

excluded from the analysis, as including these voxels biases the results towards 

increased reliability of task free fMRI due to high correlations of these voxels with 

themselves and their direct neighbours (e.g., high correlations with neighbouring 

voxels may be the result of correlations in physiological noise or due to partial 

voluming). We assess reliability of functional brain maps by means of the intraclass 



56 

 

correlation (ICC) 4, 179 of contrast Z-values for pairs of individual activation maps 

(ICC) 159, and the ratio of overlapping activation (Roverlap) 163, 166. Both measures take 

the location of activation into account. However, in contrast to the Roverlap, the ICC is 

not dependent on the choice for a particular significance threshold and includes all 

brain voxels. 

A two-way random ICC (formula 2.1 from Shrout and Fleiss 179) for absolute 

agreement between the measurements was used, with the following equation:  

=withinICC
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where MSbetween is the mean square of the variance in Z-values between voxels; 

MScolumn is the mean square of the systematic (column) differences in voxel Z-values 

between the two sessions; MSerror is equal to the mean square of the within voxel 

variance (over sessions) after removal of the systematic session (column) variance. 

Fisher’s Z-transformation was used on the individually estimated ICC before group 

wise comparisons: 
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The relative amount of volume overlap in activation between the two sessions for 

the task and task free Z-statistic images of individual subjects was calculated by 

using the formula proposed by Rombouts and colleagues 166: 
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where V1 and V2 denote the number of supra-threshold voxels in the Z-volume in 

session 1 and session 2 respectively, and Voverlap the number of supra-threshold 

voxels in both Z-volumes. The Roverlap can range from 0 (no overlap) to 1 (perfect 

overlap), and is a descriptive statistic for the ratio of the number of voxels that are 

active in both sessions and the total number of active voxels. We calculate the 

individual ratio of overlapping activation for task and task-free fMRI for different Z-

values present in all subjects and sessions, and for different thresholds exceeded by a 

fixed number of the most active voxels. We consider Z-thresholding as conventional 

when Z-values range from 3.5 to 5 129, 130, 133, 163, 166, 170, 181, 223. 

 

Results 

 

fMRI results 
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The individual functional activation patterns detected here are spatially consistent 

with previous studies that used a finger opposition task 3, 105, 161, 164, 201, and resting 

state studies that investigated the motor functional network with a univariate 

analysis 23, 43, 44, 121, 221. Activation patterns of two individuals are shown in Fig. 1 for 

Task fMRI, and in Fig. 2 for task-free fMRI. These maps are corrected for multiple 

comparisons by thresholding at p<0.05 significance level that corresponds to a Z-

threshold of approximately 5 181. At this threshold (p<0.05), the mean number of 

voxels categorized as active for Task fMRI was 744 (SD= 565) in scan session one, and 

758 (SD= 546) in scan session two. The mean number of voxels categorized as active 

for task-free fMRI was 6291 (SD= 2268) in scan session one, and 6663 (SD= 2345) in 

scan session two. Compared to Task fMRI, a higher number of voxels was 

categorized as active during resting state for both scan sessions (both p< 0.001). 

 

ICC results 

 

Whole brain ICC' for the motor Task fMRI ranged from 0.20 to 0.60 (M=0.42; SD= 

0.12) across subjects and were all significant (all p< 0.001). Whole brain ICC' for the 

task-free fMRI ranged from 0.06 to 0.69 (M= 0.25; SD= 0.16) across subjects and were 

all significant (all p< 0.001) (Fig. 3). A paired sample t-test showed higher Task fMRI 

ICC' values as compared to the task-free fMRI (t(15)=2.77, p= 0.01). This comparison 

was based on task-free analysis that excluded the voxels in the seed region. Because 

the exclusion of the voxels in the seed region may have biased the analysis towards 

poorer reproducibility of task-free fMRI, this comparison was re-performed after 

inclusion of the voxels in the seed region. When the voxels in the seed region were 

included in the analysis, Task-free fMRI ICC' values did not change (M= 0.26; SD= 

0.16) and were still significantly lower than the Task fMRI values (t(15)=2.68, p= 

0.02). ICC results are therefore robust and suggest a higher reliability for the Task 

fMRI as compared to task-free fMRI. 
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Fig. 1 Motor task activation of Subjects 2 and 12 for scan Session 1 (in red) and scan Session 2 (in blue), 

rendered on subject’s anatomy, in turn resliced in MNI space. Axial slices are shown in neurological 

orientation (left is left) with the corresponding coordinate on top of each slice. Z-values for activated 

voxels exceeding the threshold (P < 0.05 corrected) ranged from 5.1 to 19.3 for scan Session 1, and 

from 5.1 to 18.7 for scan Session 2 for Subject 2. Z-values ranged from 5.1 to 16.3 for scan Session 1, 

and from 5.1 to 20.5 for scan Session 2 for Subject 12 
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Fig. 2 Task-free functional connectivity of Subjects 2 and 12 for scan Sessions 1 (in red) and 2 (in blue), 

rendered on subject’s anatomy, in turn resliced in MNI space. Axial slices are shown in neurological 

orientation (left is left) with the corresponding coordinate on top of each slice. Z-values for activated 

voxels exceeding the threshold (P < 0.05 corrected) ranged from 5.1 to 29.8 for scan Session 1, and 

from 5.1 to 31.2 for scan Session 2 for Subject 2. Z-values ranged from 5.1 to 29.4 for scan Session 1, 

and from 5.1 to 34.3 for scan Session 2 for Subject 12. The highest Z-values are found near the seed 

region which is included in the figure. 
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Fig. 3 Individual whole brain ICCwithin values for motor task (depicted by blue open squares) and task-

free (depicted by red open circles) fMRI 

 

 
Fig. 4 Between session averaged across all subjects overlap values for task (depicted by blue open 

squares) and task-free (depicted by red open circles) fMRI for different thresholds based on Z-values. 

The maximum Z-value present in all subjects and sessions was 9 for task, and 11.5 for task-free fMRI. 
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Overlap results 

 

Overlap as a function of Z-thresholding 

 

Task-free fMRI maps showed higher maximum Z-values compared to the Task 

maps for both scan sessions (t(15) for session one is 5.2 and for session 2 is 6.21, both 

p< 0.001). For Task and task-free fMRI, to calculate the averaged ratio of overlap for 

different Z-thresholds were taken into account Z-values that were present in all 

subjects across all the Task and task-free functional datasets. The maximum Z-value 

present in all subjects and scan sessions was 9 for task, and 11.5 for task-free datasets.  

Paired sample t-tests between Task and task-free fMRI were performed at each Z-

threshold (from 0.5 to 9 in steps of 0.5). Task-free fMRI overlap values are higher 

than those of task fMRI at Z-thresholds ranging from 1.5 to 2.5 (t(15) is, respectively, 

2.47, 2.49, 2.16, all p≤0.05). There is no significant difference between the two fMRI 

techniques at Z-thresholds ranging from 0.5 to 1.5, and at Z-thresholds ranging from 

2.5 to 7 (all p>0.05). Task fMRI overlap values are higher than those of task-free fMRI 

at Z-thresholds ranging from 7.5 to 9 (t(15) is, respectively, 2.13, 2.26, 2.19, 2.09, all 

p≤0.05). While there is no difference between the two techniques at conventional Z-

thresholding, Task fMRI overlap values are higher than task-free fMRI at higher 

thresholds. Across all subjects averaged ratio of overlapping activation for task and 

task-free fMRI thresholding for different Z-values is shown in Fig. 4. However, at all 

Z-thresholds (0.5 to 9) a higher number of voxels was categorized as active during 

resting state as compared to task for both scan sessions (t(15) ranged from 2.57 to 

8.70, all p< 0.02). This means that when the same Z-value is used as a threshold for 

both fMRI techniques, there is always a higher number of voxels categorized as 

active for task-free fMRI as compared to Task fMRI. A large number of active voxels 

in both condition biases the formula for the overlap towards increased reliability (the 

size of the overlap increases approximately linearly with the percentage of voxels 

active in the two sessions, even when the activation patterns that are produced 

during the two sessions are completely uncorrelated). Therefore, the overlap 

comparison between the two fMRI techniques is not straightforward as it is biased 

towards increased reliability of task free fMRI. In conclusion, an alternative way of 

thresholding is necessary in order to compare the overlap results between the Task 

and task-free fMRI. 

 

Overlap as a function of fixed number of voxels thresholding 
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A more straightforward alternative to compare the overlap results of Task and task-

free fMRI is to set a threshold that is exceeded by a fixed number of the most active 

voxels.  For assessment of overlap, we evaluated a range from 10 to 10000 voxels 

(about half of our scan volume). Paired sample t-tests between Task and task-free 

fMRI were performed at each threshold (from 10 to 100 in steps of 10, and from 100 

to 10000 in steps of 100). Task fMRI overlap values are higher than those of task-free 

fMRI at thresholds of 10 to 5500 voxels (t(15) ranged from 2.2 to 8.95, all p<0.01 from 

10 to 2800, and all p<0.05 from 2900 to 5500). At this range, Task fMRI shows the 

highest average overlap value at a threshold of 100 voxels. There was no significant 

difference between the two techniques at thresholds of 5600 to 10000 voxels. Across 

subjects averaged ratio of overlapping activation for task and task-free fMRI at each 

threshold are given in Fig. 5.  

At a threshold of 10 voxels, the averaged corresponding Z-threshold for Task fMRI 

is 13.6 (SD= 2.7) for scan session one, and 13.9 (SD= 2.7) for scan session two. At this 

threshold the averaged corresponding Z-threshold for task-free fMRI is 19.6 (SD= 

3.6) for scan session one, and 20.7 (SD= 4) for scan session two. At a threshold of 5500 

voxels, the averaged corresponding Z-threshold for Task fMRI is 2 (SD= 0.7) for scan 

session one, and 1.8 (SD= 0.6) for scan session two. At this threshold the averaged 

corresponding Z-threshold for task-free fMRI is 5.1 (SD= 1.6) for scan session one, 

and 5.4 (SD= 1.9) for scan session two. In conclusion, Task fMRI overlap values are 

higher than those of task-free fMRI for a range of supra-threshold voxels that 

correspond to conventional and high Z-thresholds. 

Finally, we investigated how the overlap values for both fMRI techniques were 

influenced by thresholding. We labelled the range from 10 to 1000 voxels as ‘high 

threshold’, and the range from 1000 to 5500 voxels as ‘conventional threshold’. For 

Task fMRI, across subjects averaged ratio of overlap is .47 (SD=.14) at high, and .44 

(SD=.09) at conventional threshold. For task-free fMRI, across subjects averaged ratio 

of overlap is .19 (SD=.11) at high, and .30 (SD=.11) at conventional threshold. 

Overlap values for Task fMRI are higher than task-free fMRI at high and 

conventional thresholds. Rigorous testing with linear models for interaction effects 

between the fMRI technique and thresholding is not appropriate in this case as 

overlap values at neighbouring thresholds are highly correlated, which would create 

an artificial significant effect. 
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Fig. 5 Between session averaged across subjects overlap values for task (depicted by blue open squares) 

and task-free (depicted by red open circles) fMRI for different supra-threshold voxels (range 10–10,000 

voxels). The x-axis is scaled logarithmically 

 

Alternatively, overlap differences for different thresholds can be calculated. Ten 

thresholds were chosen: 100, and 1000 to 9000 in steps of 1000. From the overlap 

value at each of the chosen thresholds was subtracted the overlap value of the next 

coming threshold (e.g., 100-1000; 1000-2000...9000-10000). The difference in overlap 

between the two fMRI techniques is 1% at a supra-threshold of 5000 voxels, it 

increases to 5% at a supra-threshold of 1000 voxels, and increases further to 11% at a 

supra-threshold of 100 voxels. The difference in overlap between the two fMRI 

techniques increased at higher thresholds. To investigate whether these results were 

biased from the exclusion of the voxels in the seed region for the task-free analysis, 

the comparison between the two fMRI techniques was re-performed after inclusion 

of these voxels. When the voxels of the seed region were included in the task-free 

fMRI analysis, the difference between Task and task-free fMRI did not change at a 

supra-threshold of 5000 and 1000 voxels, while it decreased from 11 to 6% at a supra-

threshold of 100 voxels. However, the difference between the two techniques 

persisted as task-free fMRI overlap values were still lower than the Task fMRI values, 

especially at higher thresholds. In conclusion, overlap improved for Task fMRI from 

conventional to high thresholds, but it decreased for task-free fMRI. 

We further investigated whether the decrease in overlap seen at high thresholds for 

task-free fMRI could be related to the size of the seed region used for the task-free 
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analysis. For example, the proportion of random noise may be larger for the mean 

timeseries of small seed regions, thereby decreasing the reproducibility of task-free 

fMRI especially at higher thresholds. We examined the correlation across subjects 

between the number of the voxels included in the seed region and the overlap results 

at a threshold of 1000 and 100 voxels and found no significant correlation 

(respectively, p= .13 and .44). These results indicated that the decreased reliability of 

resting state activation at higher thresholds was not related to the size of the seed 

region used for the task-free analysis. 

 

Scan order results 

 

We investigated whether differences in reliability between Task and task-free fMRI 

were due the fact that the Task fMRI was always acquired prior to the task-free fMRI  

148, 210. Because subjects had to lay in the scanner for a longer period of time they were 

more likely to move or to fall asleep during the task-free scans, thereby influencing 

the functional connectivity in the resting state 107. 

We first investigated whether there was a decrease in the temporal signal to noise 

ratio (tSNR) during the task-free scans as a direct consequence of increased motion 

due to the fact that subjects may become more uncomfortable. The tSNR was 

computed as the standard deviation of each voxel's timeserie after spatial 

preprocessing, and then averaged across all voxels in the brain for each subject. 

Results showed no significant difference on the tSNR between the Task and task-free 

fMRI in the first (Mean tSNR= 55.43 for Task and 55.49 for task-free fMRI) or second 

scan session (Mean tSNR= 55.52 for both, Task and task-free fMRI).  

We also investigated whether there was an increase in subject motion during the 

task-free fMRI by using the affine parameters that were calculated during the 

realignment. We computed the total displacement during scanning for each voxel 

and then averaged across all voxels in the brain resulting in a single value for each 

scan session. There was no significant differences in displacement of voxels between 

the Task and task-free fMRI in the first (t(15) = 0.01, p = 0.995) or second scan session 

(t(15) = 0.28, p = 0.782).  

We tested for indications that subjects had fallen asleep during the task-free scans 

by examining the physiological parameters acquired in each of the scan sessions. 

Usually, if a subject would fall asleep, then the heart rate and respiration frequency 

will go down, while the respiration amplitude will go up 178. The mean heart beat 

intervals and the change in slopes of their linear fits were compared between the two 
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fMRI techniques in order to investigate heart rate differences and heart rate changes 

during each of the scan sessions. Compared to Task fMRI, subjects’ heart rate was 

lower for the task-free fMRI session (lowest p = 0.001, t(15) = 3.97), but stable 

throughout the scanning session (lowest p = 0.20, t(15) = 1.33) suggesting that 

subjects did not fall asleep.  

In order to investigate respiratory changes and respiratory differences during 

scanning between Task and task-free fMRI, first, the frequency spectra of the 

respiratory signal were calculated for separate quarters of the scanning sessions 

(each quarter was 100 scans). From each frequency spectrum, the height and the 

location of the highest frequency were extracted which represented subsequently the 

amplitude and frequency of respiration. Linear functions were then fitted to the 

amplitude and frequency of respiration across the four quarters, and the change in 

their slopes were compared between the two fMRI techniques. The amplitude 

(lowest p = 0.24, t(15) = 1.24) and the frequency of respiration (lowest p = 0.17, t(15) = 

1.46) were similar and stable throughout the scanning sessions for both fMRI 

techniques.  

In conclusion, analysis of tSNR, subject motion, and physiological parameters show 

no scan order effects on the task-free fMRI 62. 

 

Table 1 The percentage of voxels located in M1 in each scan session for Task and task-free fMRI at 

different supra-threshold voxels 

 
                Task fMRI                                     Task-free fMRI 

Session 1          Session 2 Session 1          Session 2 

50* 

 

100 

 

500 

 

1000 

 

5000 

 

10000 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Mean 

SD 

64** 

13 

58 

9 

43 

6 

36 

6 

21 

2 

17 

1 

66 

13 

58 

10 

44 

8 

37 

7 

22 

3 

18 

1 

63 

20 

55 

19 

39 

13 

33 

10 

21 

5 

17 

3 

65 

21 

58 

20 

41 

14 

35 

11 

22 

5 

18 

2 

*Units: number of voxels 

**Units: % 
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Source of reliability difference 

 

The difference in reliability found may not be related to differences in the 

underlying BOLD signal but to differences in data processing. To investigate the 

source of the reliability difference, we ran the seed-based functional connectivity 

analysis on the Task fMRI data (with exclusion of seed voxels). In this way, any 

difference in reliability between task and task-free reliability could be ascribed to this 

difference in underlying BOLD signal. Compared to the previous GLM Task fMRI 

analysis, whole brain ICC' for the seed-based Task fMRI maps increased (M=0.51; 

SD= 0.11) across subjects and were all significant (all p< 0.001). A paired sample t-test 

showed significantly higher ICC' values for seed-based Task fMRI as compared to 

task-free fMRI maps (t(15)=5.01, p< 0.001) (see Fig. A in Supplementary Materials). 

Overlap values were also higher for seed-based Task as compared to task-free fMRI 

at all ranges of supra-threshold voxels (all p<0.001 for all paired comparisons from 10 

to 10000 voxels). Overlap results still showed a better reliability for seed-based Task 

fMRI when different ranges of Z-thresholding were used (lowest p= 0.03 for all 

paired comparisons for Z= 6 to 11.5). Seed-based Task fMRI overlap results as a 

function of fixed number of voxels thresholding and of Z-thresholding are given 

respectively in Fig. B and Fig. C in Supplementary Materials. We conclude that the 

higher reliability found for Task fMRI reflects properties of the underlying BOLD 

signal. 

 

M1 fMRI results 

 

The percentage of voxels located in M1 relative to the whole brain (anatomically 

defined in the precentral gyrus) for Task and task-free fMRI was calculated to 

investigate whether the most active voxels are always located in M1. Different 

thresholds were used evaluating a range from 50 to 10000 voxels. The seed region 

used to model motor task-free functional connectivity was excluded from this 

analysis. In Table I we give an overview of these results and show that: a) there is no 

difference between Task and task-free fMRI in the percentage of voxels located in M1 

at different thresholds (p>0.05); b) the higher the threshold, the higher the percentage 

of active voxels in M1 for both techniques (both p<0.001). Activation patterns of two 

individuals using at a threshold of 100 voxels are shown in Fig. 6 for Task fMRI, and 

in Fig. 7 for task-free fMRI. Anatomically evaluated, the highest active voxels are 

found in the handknob for Task fMRI 188, 225, and in bilateral M1 for task-free fMRI 199. 
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These results support the assumption that the most active voxels of the motor 

network are located in ‘critical’ brain areas for motor task performance 13. In 

supplementary materials, two individual results are shown at a threshold of 20 

voxels for Task fMRI (Fig. D), and 50 voxels for task-free fMRI (Fig. E).  

 

 
Fig. 6 The 100 most active motor task voxels of Subjects 2 and 12 for scan Sessions 1 (in red) and 2 (in 

blue), rendered on subject’s anatomy, in turn resliced in MNI space. Axial slices are shown in 

neurological orientation (left is left) with the corresponding coordinate on top of each slice. 

Corresponding Z-values ranged from 10 to 19.3 for scan Session 1, and from 8.3 to 18.7 for scan 
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Session 2 for Subject 2. Corresponding Z-values ranged from 9.1 to 16.3 for scan Session 1, and from 

11.9 to 20.5 for scan Session 2 for Subject 12 

 

 
Fig. 7 The 100 most active task-free functional connectivity voxels of Subjects 2 and 12 for scan 

Sessions 1 (in red) and 2 (in blue), rendered on subject’s anatomy, in turn resliced in MNI space. Axial 

slices are shown in neurological orientation (left is left) with the corresponding coordinate on top of 

each slice. Corresponding Z-values ranged from 23.2 to 29.8 for scan Session 1, and from 21.8 to 31.2 

for scan Session 2 for Subject 2. Corresponding Z-values ranged from 12 to 29.4 for scan Session 1, 

and from 21 to 34.3 for scan Session 2 for Subject 12. The highest Z-values are found near the seed 

region which is included in the figure 

 



69 

 

Discussion 

 

The present study investigates the between session reproducibility of individual 

functional motor brain maps identified with Task and task-free fMRI. Results show 

that Task fMRI has better reproducibility than task-free fMRI for motor network 

identification. Task fMRI ICC values are higher than those of task-free fMRI (Fig. 3), 

and overlap values using thresholds exceeded by a fixed number of voxels are higher 

for Task FMRI as compared to task-free fMRI (Fig. 5). Furthermore, overlap 

improved for Task fMRI at higher thresholds, while it decreased for task-free fMRI. 

Finally, the percentage of voxels active in M1 (relative to the whole brain) was 

comparable for the two fMRI techniques, and showed a higher percentage of voxels 

in M1 at higher thresholds (Table I). 

Both reliability measures showed that task-free fMRI identifies the functional motor 

network less reliably than Task fMRI. Our results therefore suggest that caution must 

be taken before applying task-free fMRI in clinical practice. These results contrasts 

with a previous study that suggested that task-free fMRI was more reliable than Task 

fMRI in identifying the functional motor network 228. The difference may be 

associated with the fact that Zhang and colleagues 228 assessed reliability 

qualitatively and the number of scans they acquired during resting state was greater 

than during task performance. The present study compares the reliability of the task-

free motor network to Task fMRI quantitatively in the same individuals. 

Furthermore, we report similar task-free ICC and overlap results to a previous 

resting state study that investigated the reliability of the supplementary motor area 

(SMA) network 175. Though Shehzad and colleagues 175 suggest that resting state 

functional connectivity is robust and reliable, we find it to be less reliable than task 

induced activity. The higher reliability found for Task fMRI more likely reflects 

properties of the underlying BOLD signal: driving the motor system with an explicit 

task results in greater fluctuations in the BOLD signal that can be mapped more 

reliably. The lower reliability of the resting state functional connectivity is not due to 

the fact that Task-free fMRI scans were always acquired later than the Task fMRI 

scans. Though scans acquired late in time may have a reduced tSNR and may be 

confounded by fatigue effects such as excessive movement or sleep during the 

scanning 148, 210, we found no such effects in our data as in a previous study by Fair et 

al. 62.  

Especially for higher statistical thresholds, Task fMRI activity is more reliable than 

resting state connectivity. This result is in agreement with a previous resting state 
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study that found lower intersession reliability in the SMA at higher than 

conventional thresholds 175. This may be a reflection of a difference in the nature of 

the spatial pattern of the motor network during resting state compared to Task fMRI. 

Although previous research shows that motor network connectivity displays a 

detailed topography during resting state 199, it may still be the case that the 

distinction in connectivity between neighbouring voxels does not match the spatial 

details in the pattern of activation produced by task fMRI. In a less focal pattern (i.e. 

lower peaks and troughs in the activation pattern), the calculated overlap values 

would be relatively small even for the most active voxels. The lower overlap at 

higher thresholds for resting state compared to task fMRI may thus be explained by a 

less focal pattern of resting state connectivity. A less focal resting state connectivity 

pattern does not necessarily imply that its spatial distribution is too coarse for motor 

network identification. Just like for Task fMRI, a higher percentage of voxels is found 

located in the primary motor cortex for task-free fMRI at higher thresholds. This 

clearly indicates that Task and task-free fMRI show functional activity and 

connectivity in critical brain areas for motor task performance (see Supplementary 

Materials, Fig. A and Fig. B). Our results suggest that task-free fMRI can properly 

identify the motor network. Furthermore, the spatial distribution of our connectivity 

maps is consistent with previous task-free fMRI studies that investigated the motor 

functional network with a univariate analysis 23, 43, 44, 121, 221 (see Fig. 2).  

Comparison of overlap results between the two fMRI techniques based on Z-

thresholding is not straightforward. Different experimental paradigms have different 

sensitivity and produce (throughout the entire brain) different Z-values. We found 

higher Z-values for the task-free motor network as compared to the task-related 

network. Due to sensitivity differences, using a single conventional Z-threshold for 

both paradigms is not an adequate comparison because a different number of voxels 

is categorized as active. Such a difference could systematically bias reliability 

estimates. The current experiment showed similar reproducibility between the two 

techniques at a single conventional Z-threshold (e.g., Z=5) (Fig. 4). However, 

thresholding from 10 to 5500 of the most active voxels clearly showed better overlap 

results of Task fMRI as compared to task-free fMRI. In turn, these thresholds based 

on the number of voxels corresponded to high and conventional Z-thresholding. 

Comparing the paradigms at a threshold where a fixed number of voxels is active, 

thus, provides more detailed and useful information. Importantly, this approach is 

attractive for clinical application, given that activity needs to be localized rather than 
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proven to occur. For scientific purposes, statistical thresholding is indicated as the 

null hypothesis typically states absence of activity.    

An alternative option to the seed-based analysis used in this experiment is 

Independent Component Analysis (ICA) 11, 107, 198. ICA does not rely on a priori 

seeding, and seems ideal to localize the motor functional networks in healthy 

volunteers and patients with altered brain functional topography 108, 228. However, 

this method has its own limitations such as an occasional failure to separate different 

functional networks from each other 234 or from noise 21, and being subjective and 

labour intensive in selecting the functional network of interest from others 228. 

Nevertheless, the reliability levels obtained in the present study are very similar to 

test-retest studies that have used ICA 131, 234.  

The findings about the location of the most active voxels are of particular relevance 

for the use of Task and task-free fMRI in clinical practice. Even for the well known 

functional motor network, a major challenge for the neurosurgeon during 

presurgical planning is to disentangle critical brain areas from non critical areas 

when relying on conventional Z-thresholding 13, 169. While this is complicated for 

Task fMRI, it is even more so for task-free fMRI considering the size of the volume 

categorized as active 44, 221. Our findings support the use of higher fMRI thresholds 

for clinical purposes because a high percentage of voxels are located in the primary 

motor cortex for both techniques. However, at higher thresholds the Task fMRI 

voxels showed to be more reliable than the task-free ones. Therefore, caution should 

be taken in using task-free fMRI as a substitute of Task fMRI for diagnostic 

examinations 27, 63, and for comparisons between healthy volunteers and patients 127.  

The reproducibility results reported here are dependent on the method used to 

analyse the functional brain maps. The analysis used has been shown to be efficient 

in previous test-retest studies 181. However, differences in pre- and postprocessing 

between the Task and task-free fMRI may bias the estimation of their reproducibility 

133. Because we use a seed region based on Task fMRI for the resting state analysis 44, 

the reliability of task-free may be even overestimated compared to clinical situations 

were no task fMRI data are available. While we take a clinical perspective in this 

study  and consider smoothing inappropriate 171, smoothing may still be beneficial 

for test-retest purposes as it gives adhesion to a less focal resting state connectivity 

pattern 166. 

To summarize, a rigorous test-retest comparison showed Task fMRI better 

reproducible than task-free fMRI for motor network identification in healthy 

subjects. Task fMRI ICC values were higher than those of task-free fMRI. Overlap 
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values were higher for Task fMRI as compared to task-free fMRI when thresholds 

exceeded by a fixed number of voxels were used. Overlap further improved for Task 

fMRI at higher thresholds, while it decreased for task-free fMRI. This is of relevance 

considering that the most active voxels of the motor network are located in critical 

brain areas for motor task performance. The reliability results presented here suggest 

that caution must be taken before applying task-free fMRI in clinical practice as a 

replacement of Task fMRI. However, resting state fMRI may be still suitable for 

patients with task compliance problems because, just like Task fMRI, it can properly 

identify the motor network. As it is not clear whether these findings generalize to 

other brain systems, future studies should address the reliability of other resting state 

networks relevant for neurology and neurosurgery. 
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Supplementary Materials 

 

 
Fig. A Individual whole brain ICCwithin values for seed-based Task (depicted by blue open squares) and 

task-free (depicted by red open circles) fMRI 

 

 
Fig. B Between session averaged across subjects overlap values for seed-based Task (depicted by blue 

open squares) and task-free (depicted by red open circles) fMRI for different supra-threshold voxels 

(range 10-10,000 voxels). The x-axis is scaled logarithmically 
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Fig. C Between session averaged across all subjects overlap values for seed-based Task (depicted by 

blue open squares) and task-free (depicted by red open circles) fMRI for different thresholds (0.5-11.5) 

based on Z-values 
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Fig. D The 20 most active motor Task voxels of Subjects 2 and 12 for scan Sessions 1 (in red) and 2 (in 

blue), rendered on subject`s anatomy, in turn resliced in MNI space. Axial slices are shown in 

neurological orientation (left is left) with the corresponding coordinate on top of each slice. 

Corresponding Z-values ranged from 13.6 to 19.3 for scan Session 1, and from 12.1 to 18.7 for scan 

Session 2 for Subject 2. Corresponding Z-values ranged from 12.4 to 16.3 for scan Session 1, and from 

15.9 to 20.5 for scan Session 2 for Subject 12 
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Fig. E The 50 most active task-free functional connectivity voxels of Subjects 2 and 12 for scan Sessions 

1 (in red) and 2 (in blue), rendered on subject`s anatomy, in turn resliced in MNI space. Axial slices are 

shown in neurological orientation (left is left) with the corresponding coordinate on top of each slice. 

Corresponding Z-values ranged from 24.6 to 29.8 for scan Session 1, and from 22.9 to 31.2 for scan 

Session 2 for Subject 2. Corresponding Z-values ranged from 13.4 to 29.4 for scan Session 1, and from 

23 to 34.3 for scan Session 2 for Subject 12. The highest Z-values are found near the seed region which 

is included in the figure 
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Summary 

 

Despite many claims of functional reorganization following tumour surgery, 

empirical studies that investigate changes in functional activation patterns are rare. 

This study investigates inter-hemispheric language reorganization in low-grade 

glioma patients as a result of tumour surgery. Based on literature, we hypothesized 

that surgery would affect the spatial pattern of activation specifically in tumour 

homologue brain areas in the healthy hemisphere. Twenty-two patients were 

scanned before and after surgery and eighteen healthy volunteers were scanned 

twice for comparison. A verb generation task was used to map language related 

areas. Contrary to our hypothesis, our findings indicate that surgery of low grade 

gliomas does not induce specific functional reorganization in language homologue 

brain areas in the healthy hemisphere. Low-grade glioma patients showed a similar 

pattern of brain activation as controls before and after surgery. Elevated changes in 

the activation pattern were found in patients and were present in all brain areas, 

were largest in brain areas in proximity to the surgical resection, and were very 

similar to the patients’ anatomical mismatch before and after surgery. This suggests 

that the observed non-specific functional reorganization found is caused by the brain 

shift as a consequence of surgery. Perilesional reorganization can, however, not be 

excluded. Global changes in the amplitude of activation did frequently occur in 

individual patients following surgery, but such changes occurred equally in control 

subjects. Caution is suggested when interpreting results that are sensitive to global 

changes in the amplitude of activation, as the amplitude of activation varies 

substantially in individual patients and healthy controls. 
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Introduction 

 

The assessment of long-term effects of tumour resection on brain function is 

important for clinical decision-making 169. Low-grade gliomas (LGGs) represent a 

special case among the brain tumours because they grow slowly, delaying their 

transformation into malign, high grade gliomas to about 7 to 8 years 125, 126. Though 

this delay in malignant transformation may suit a ‘wait and see’ interventional 

approach, it is now becoming practice to perform surgery on patients with a LGG 

whenever possible 56, 183. Research has shown that maximal resection of the tumour 

increases survival of LGG patients 172. However, increased survival comes with the 

risk of inducing (new) neurological deficits as LGGs often grow near, or infiltrate, 

essential functional brain areas (eloquent areas) 58. To avoid neurological deficits, 

electro-cortical stimulation mapping (ESM) is now routinely used during surgery 50, 

57. However, intra-operative ESM does not prevent the removal of normal brain 

tissue as seen in fMRI images 169, 224. Surgery is thus bound to damage intact 

functional tissue surrounding the tumour, especially when the amount of resected 

tissue is large 173.  

It has been suggested that the brain has potential to overcome surgery-induced 

functional impairments by reorganization 53, 55. In order to compensate for the 

damaged functional tissue, the brain will presumably use different areas and 

neuronal pathways for performing a particular task after surgery than what was 

used before 57, 80. Such functional reorganization is thought to occur in remote cortex, 

notably in the healthy hemisphere 45, 207, 216, especially in lesion homologue brain 

areas as has been previously suggested for the language function 174.  

Empirical follow-up studies that investigate functional activation patterns after 

surgery are rare. Previous fMRI studies have suggested that the number of activated 

areas may decrease compared to before surgery, 150, 168, or may increase after surgery 

by involving lesion homologue areas in the healthy hemisphere 26, 109, 174, 177.  

A major difficulty with investigating the effects of tumour resection on brain 

function in individual patients is that many factors can confound fMRI measures of 

functional reorganization. One possible confounding factor is represented by the 

global amplitude change between the scanning sessions, where by global change we 

mean that all amplitudes of Blood Oxygen Level Dependent (BOLD) responses are 

scaled with a similar percentage across the entire brain from one scanning session to 

the other 158. Large changes in global amplitudes of BOLD responses have been 

observed in healthy subjects. Such global changes in amplitudes could for instance be 
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caused by differences in task compliance and in effort 120, 214. Global changes in 

amplitudes therefore do not necessarily imply functional reorganization of the brain. 

Functional reorganization would be expected to affect the spatial pattern of 

activation (i.e., the spatial functional organization). Changes in the spatial pattern of 

activation can however also result from brain deformation or the so-called brain 

shift. Brain shift is a consequence of surgery and causes anatomical misalignment 

between the scanning sessions. Brain shift of a magnitude of up to 20 mm has been 

reported 81, 85, 103, and has also been shown to affect alignment of the healthy 

hemisphere 134.  

In the current study we investigate whether surgical removal of the tumour affects 

the functional organization of language function. We focus on the activation pattern 

in healthy hemisphere which we would expect to display elevated involvement and 

therefore a change in activity, notably within homologue language areas. For this 

purpose we scanned a patient group before and after surgery, and a control group of 

eighteen healthy volunteers was scanned twice. We use a novel approach that 

discriminates between activation changes due to global effects and changes in the 

pattern of activation 158.  

 

Materials and methods 

 

Background 

 

The purpose of this analysis was to estimate functional reorganization induced by 

surgery in the healthy hemisphere of LGG patients. With functional reorganization 

we specifically mean differences in BOLD signal before and after surgery that affect 

the spatial pattern of activation. The procedure for quantifying the amount of change 

in the activation pattern used here is based on a method proposed by Raemaekers 

and colleagues 158 for estimating test-retest variability of fMRI activation.  

The method discriminates test-retest changes in global BOLD signal and changes in 

the spatial pattern of the BOLD signal. Global changes in the amplitude of the spatial 

pattern of activation occur when the amplitudes of BOLD responses are affected to a 

similar extent across the entire brain, changing the amplitude of activation in all 

voxels by the same percentage. This type of variability could be caused by 

differences in task compliance or in effort which may be considered secondary 

factors when looking for true surgical effects on functional organization. 
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Fig. 1 The regressor coefficients (b-values) scatter plot of one of the healthy subjects. Each dot 

(represented by a cross) represents the b-value in the first (on the x-axis) and second scanning session 

(on the y-axis). The error bars show the standard deviation of the b-values in the first (horizontal bars) 

and second (vertical bars) scanning session. The straight line fitted through the data points is given in 

grey and has a slope of 48.35°. PATdifference represents the standardized distance in effect sizes of the 

data points towards the fitted line. PATshared represents the standardized distance in effect sizes of the 

data points towards the origin along the fitted line 

 

Surgery is expected to affect the spatial pattern of activation. Changes in the spatial 

pattern of activation occur when the relative proportional activation of one voxel to 

the next changes after taking whole brain changes in the amplitude of activation into 

account. This type of variability is expected when the functional architecture of the 

brain changes as a result of surgical treatment. However, this type of variability may 

also be the result of brain shift which causes anatomical misalignment between the 

scanning sessions. Previous results showed that in healthy subjects the main source 

of between session changes in BOLD signal is due to global changes in amplitudes. 

Changes in the activation pattern in healthy subjects only occurred on a spatial scale 
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that was consistent with effects of partial voluming or geometric distortions induced 

by magnetic and radiofrequency field inhomogeneities 158.   

Between-session changes in the underlying BOLD signal are assessed by analysing 

properties of scatter plots of regressor coefficients (b-values) (see Fig. 1 for 

illustration). These plots are analysed for each subject individually. For each subject 

the b-values of the first scanning session (on the x-axis) are plotted against the b-

values of the second scanning session (on the y-axis). Every data point in the pattern 

thus represents a single voxel in the brain. The error bars represent the standard 

deviation of the regressor coefficients during the first (horizontal bars) and second 

(vertical bars) session. 

A straight line is fitted through the data points that can be described by the formula 

y = ax + b, where a is the slope and b is the intercept. Global changes in the amplitudes 

of BOLD responses between sessions cause the slope to deviate from 1 (which is 

equal to 45°). 

Two important measures that can be extracted from the scatterplots are PATshared 

and PATdifference. PATshared is the standard deviation of the data points (expressed in 

effect sizes) from the origin of the plot along the fitted line (after they are projected 

orthogonally onto the fitted line). PATshared represents the amount of activation 

pattern that is shared between before and after surgery. PATdifference is the standard 

deviation of the data points (expressed in effect sizes) from the fitted line. PATdifference 

represents the amount of changes in the spatial pattern of activation between before 

and after surgery. PATshared and PATdifference can be computed for any predetermined 

region of interest. PATshared and PATdifference are computed after masking out the 

surgical resection of the tumour. The amount of changes in the spatial pattern of 

activation (PATdifference) in a brain area is previously found to increase by definition 

with the amount of activation that is shared between sessions (PATshared) in that brain 

area 158. A surgery-induced excess change in the spatial pattern of activation between 

scanning sessions can thus only be adequately investigated by examining between 

area and between subjects differences in the relationship between PATdifference and 

PATshared. In this study we investigate differences in the ratio between PATdifference 

and PATshared between the tumour homologue and non-homologue brain areas in the 

healthy hemisphere within patients, and between patients and healthy subjects. By 

this we address the question whether there is functional reorganization following 

tumour surgery, and whether these changes specifically affect the functional 

architecture of the tumour homologue brain areas in the healthy hemisphere.  
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Participants 

 

In this study eighteen healthy subjects (9 females and 9 males, M age = 39.7 years, 

SD = 11.4), and twenty-two consecutive patients with a primary brain tumour 

(Glioma) referred for surgical treatment to the St. Elisabeth Hospital (Tilburg, 

Netherlands) were included. The Glioma grade was I, II or III according to the 

definitions of the World Health Organization (WHO), and the tumour was present in 

only one of the hemispheres. The healthy subjects had no neurological deficits on 

clinical examination while all patients had epileptic seizures treated with 

antiepileptic drugs. All healthy subjects were strongly right handed (M = 0.85, SD = 

0.15), while twenty patients were strongly right handed (M = 0.94, SD = 0.12) and 

two were strongly left handed (M = 0.87, SD = 0.06) according to the Edinburgh 

Handedness inventory 144. Details on the patients, including the tumour location and 

volume of resection, are given in Table 1. Anatomical images before and after surgery 

for all patients are given in Supplement 1. All subjects had no previous experience 

with fMRI or with the tasks performed in the scanner and reported to properly have 

performed the task during both fMRI sessions. Subjects were scanned at the 

University Medical Center Utrecht (UMC Utrecht, The Netherlands) after giving 

informed consent approved by the medical ethics committee for research in humans 

of the UMC in accordance with the Declaration of Helsinki of 2008. The test-retest 

scanning interval was on average 20 weeks (M =150 days, SD = 44) for patients, and 7 

weeks (M = 48 days, SD = 21) for the healthy subjects. 

 

Surgical procedure 

 

All patients underwent surgery under local anaesthesia to allow for cortical and 

subcortical electrical stimulation of critical sensorimotor and language structures. 

Tumour borders were identified with aid of a surgical guidance system (Stealth S7, 

Medtronic) that included T1 weighted images with gadolineum, FLAIR images and 

relevant subcortical fiber tracts from DTI (corticospinal tract, inferior fronto-occipital 

fasciculus, arcuate fasciculus and/or optic radiation). The boneflap exposed the 

tumour and part of the surrounding normal brain. Tumour resection was performed 

according to the principles of sulcal-to-sulcal surgery whereby the extent of resection 

was determined by the results of electrocortical stimulation (ie, according to 

functional boundaries), patient performance and surgical judgement that all FLAIR 

abnormalities had been removed (acknowledging the limitations of the surgical 
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guidance systems due to brain shift). Electrical stimulation was performed with a 

bipolar probe with 5 mm distance between the tips (ISIS, Inomed).  A biphasic 

current was applied for a maximum duration of four seconds (frequency 60 Hz, 

pulse duration 0.5 - 1 ms, current 2 – 8 mA). During (sub)cortical stimulation as well 

as during tumour resection patients performed motor and language tasks and were 

continuously monitored by a neuropsychologist. Incidentally, other tasks were used 

(e.g., counting and subtracting).  

 

Functional MRI task 

 

The fMRI experimental design was the same for both scanning sessions. 

Participants were informed about the experimental procedure, and briefly practiced 

the task with the aid of a laptop before the scanning session. We used a PC, a rear 

projection screen and a video projector system for stimulus presentation. Visual 

stimuli were projected in white on a dark background. The verb generation task 162, 

170, 203 consists of five language blocks (29 s) which are alternated with non-language 

control blocks (29 s). Blocks were time locked to the fMRI scans. During the control 

blocks subjects had to fixate on the centre of the screen and make a button-press 

when an asterisk was presented (one to three asterisks per block). During the 

language blocks a noun was presented on the screen every 3 s and subjects had to 

generate a related verb for the presented noun (e.g., coffee → drink). To prevent 

artefacts from head or jaw movement, subjects were instructed to silently vocalize 

the response (covert articulation). 

 

Functional MRI acquisition 

 

All images were obtained with a whole body 3.0 Tesla (3T) Philips Achieva MRI 

scanner (Philips Medical Systems, Best, The Netherlands). The participant`s head 

was held in place with padding. Heartbeat was recorded using a pulse-oximeter 

placed on the left index finger. Respiration was measured with a pneumatic belt 

positioned at the level of the abdomen 20.  

First, a T1-weighted structural image of the whole brain in saggital orientation was 

acquired for anatomical reference (3D FFE pulse sequence; acquisition parameters: 

TR 8.4 ms, TE 3.8 ms; FOV 288×288×175 mm; voxel size 1 mm isotropic; SENSE p-

reduction/s-reduction, 2/1.3; flip-angle, 8°; 175 slices, scan duration=265.8 s).  
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Table 1 Patients' clinical and pathological details 

 

Patient's    Tumour's 

Code Age Sex Histology** Hemisphere  Lobe  Volume (cm3) 

1 42 male A2 right frontal 3.63 

2 36 male A2 right fronto-temporal 18.23 

3 47 male A2 right frontal 31.88 

4* 43 male A2 right temporal 39.97 

5 31 female O2 right frontal 1.49 

6 37 female OA2 right frontal 0.86 

7 48 female A4 right parietal 15.50 

8 36 male O2/3 left fronto-parietal 4.47 

9 39 male O2/3 left frontal 39.67 

10 55 male O2 left temporo-occipital 14.09 

11 39 male A2 left fronto-temporal 56.04 

12 31 male O2 left frontal 9.92 

13 44 male O2 left frontal 7.49 

14 56 male O2 left temporo-occipital 11.18 

15 43 male O2/3 left temporo-parietal 23.13 

16 34 male O2 left temporal 19.69 

17* 29 male O2/3 left frontal 13.94 

18 32 female O2 left frontal 31.51 

19 51 female O2 left frontal 18.00 

20 26 female A2/3 left parietal 13.81 

21 51 female O2 left frontal 27.53 

22 52 female O2 left temporal 5.07 

* left handed 

** WHO classification: A astrocytoma; O oligodendroglioma; OA oligoastrocytoma; number WHO 

grade 

*** resected volume as measured from the post-surgical structural image 

 

For functional scans, 3D-PRESTO 141 was used covering the whole brain with the 

following parameters: TR 22.5 ms; effective TE, 32.4 ms; FOV 256×224×160 mm, voxel 

size 4 mm isotropic; matrix 64×56×40; SENSE p-reduction/s-reduction, 1.8/2; flip-

angle 10°; scan duration 0.6075 s (for the whole volume). 486 functional images were 

acquired in saggital orientation with a foot-head frequency encoding direction.  

Finally, a PRESTO scan with the same field of view and with the same functional 

scan parameters was acquired in 0.72 s, but with a higher flip-angle (27°). This scan is 

called FA27 and was used in the image coregistration routine (see below). 

 

Functional MRI pre-processing and analysis 
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Functional images of both scanning sessions were first realigned and resliced to the 

Fa27 of the first scanning session using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). 

Then, custom Matlab scripts were used (Aztec, http://www.ni-

utrecht.nl/downloads/aztec) for correction of cardio-respiratory artefacts. The 

correction method used is described in detail in the study of van Buuren and 

colleagues 197. After these corrections, the functional images were high-pass filtered 

(Gaussian-weighted least squares straight-line fitting, with sigma = 29 s) in FSL, 

version 5.92 (http://www.fmrib.ox.ac.uk/fsl/) 182. Finally, the functional images 

were skull stripped 180 and normalized by a single scaling factor (grand mean 

scaling) in FSL. No spatial smoothing was performed on the functional images.  

The pre-processed functional data were analysed using a whole-brain univariate 

General Linear Model (FEAT in FSL). Time series statistical analysis was carried out 

using FILM, with pre-whitening to account for local autocorrelation 218. The 

hemodynamic response function was modelled using a boxcar convolved with a 

double gamma variate function and its temporal derivative. To correct for head 

motion, the six realignment parameters were included in the design matrix of the 

tasks as regressors of no interest. These analyses resulted in whole-brain individual 

b-maps (for each of the two sessions) containing the regression coefficients for each 

voxel, and the corresponding standard deviations of the b-values. 

 

Segmentation of cortical areas 

 

The Freesurfer software package 46, 64 was used for generating surface 

reconstructions of the cortex for every participant. Cortical surface reconstructions 

for healthy subjects were based on a (non-normalized) T1 weighted image that was 

the average over the two scanning sessions, while cortical surface reconstructions for 

patients were based on the T1 weighted image acquired before surgery. An 

automatic surface based parcellation algorithm segmented the different cortical areas 

52, 64, and the surface based segments were subsequently converted back to a volume. 

See Fig. 2 for reference of the different cortical segments that were generated. Cortical 

reconstructions of all patients are given in Supplement 2. Segments only included 

voxels in grey matter. The resulting volumes were then co-registered to the FA27 of 

the first scanning session with nearest neighbour interpolation by using the (mean) 

T1 image as source.  
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Fig. 2 The different segmented brain areas projected on an inflated cortical surface for one of the 

healthy subjects. The image shows the lateral and medial sides of the left hemisphere 

 

Results 

 

Changes in the spatial pattern of activation 

 

Changes in the spatial pattern of activation were investigated by calculating 

PATdifference and PATshared, and their ratio for different brain areas.  

 

PATdifference and PATshared 

 

The amounts of PATdifference and PATshared for different brain areas for patients and 

healthy subjects are given in Fig. 3. PATshared (amount of activation pattern that is 

shared between the sessions) showed higher values in the left hemisphere for both 

patients and healthy subjects. In the left hemisphere, the highest amount of PATshared 

was observed in known language related areas. These areas were the pars 

opercularis and triangularis (Broca’s area), the caudal middle frontal gyrus, 

precentral gyrus (premotor area), the supramarginal gyrus (Geschwind`s area), and 

the banks of the superior temporal sulcus (Wernicke’s area) 33. Visual inspection of 

Fig. 3 suggests no differences between patients and healthy subjects in the amount of 

PATshared in both hemispheres, the implication of which is that patients and healthy 

subjects show the same activation pattern regardless of the surgery. 

 



88 

 

 
Fig. 3 The mean estimates of PATdifference and PATshared for different brain areas during the verb 

generation task for patients and healthy subjects. Interrupted lines represent PATdifference and continuous 

lines represent PATshared. Red lines represent the results from the left hemisphere and blue lines 

represent the results from the right hemisphere. Error bars show the standard error of the mean 

 

However, in both hemispheres, patients showed a higher amount of PATdifference 

(amount of changes in the activation pattern between sessions) as compared to the 

healthy subjects. Our results thus suggest larger changes in the activation pattern in 

the tumoural and healthy hemisphere of patients after surgery as compared to 

control subjects.  

 

PATdifference and PATshared relationship in contratumoural homologue areas 
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We investigated whether the increased amount of PATdifference found in patients was 

due to an increase in variability in functional homologue brain areas as has been 

previously suggested 150, 174, 177. Following Raemaekers and colleagues, the ratio 

between PATdifference and PATshared was computed for different brain areas 158 and is 

shown for patients and healthy subjects in Fig. 4.  

For patients, the ROI’s from the segmentation were regrouped to form four 

different ROI’s that represented: 1) ROI`s affected by the tumour (tumour); 2) ROI`s 

in the tumoural hemisphere but non-affected by the tumour (non tumour); 3) ROI`s 

in the healthy hemisphere mirroring the ROI`s affected by the tumour (tumour 

homologue); 4) ROI`s in the healthy hemisphere mirroring the ROI`s not affected by 

the tumour (non tumour homologue). For healthy subjects, a single ROI was 

generated that was the combination of all ROI’s. PATshared and PATdifference were 

computed for these newly defined ROI’s. The PATdifference to PATshared ratio was 

compared between the tumour homologue and non-homologue brain areas in the 

healthy hemisphere within patients, and between patients and healthy subjects.  

 
Fig. 4 Scatterplots of the mean estimates of PATdifference plotted against the mean estimates of PATshared 

for patients (grey circles) and healthy subjects (open circles). Circles represent PATdifference (on the x-

axis) and PATshared (on the y-axis) estimates for different brain areas. The error bars show the standard 

error of the mean of PATdifference (horizontal bars) and PATshared (vertical bars) 

 

Results of the ratio of PATdifference to PATshared for all patients and healthy subjects 

are given in Fig. 5. In patients, the ratio of PATdifference to PATshared was significantly 

higher for tumour ROI`s (M= 0.67) as compared to non tumour ROI`s (M= 0.56), to 
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tumour homologue ROI`s (M= 0.57), and to non tumour homologue ROI`s (M= 0.56) 

(respectively, for each paired sample t-test comparison t(21)= 4.43, = 2.79, and = 3.41; 

p< .001, = .011, and = .003). There was no difference however in the ratio of 

PATdifference to PATshared in the tumour homologue ROI`s when compared to non 

tumour homologue (p= .555), and non tumour ROI`s (p= .850). This means that in 

patients the highest variability was found in brain areas that were affected by the 

tumour, and that there were no specific differences between the other ROI`s. 

However, patients showed in all four ROI`s a significantly higher ratio of PATdifference 

to PATshared compared to healthy subjects (M= 0.49) (in order, a two sample t-tests for 

each type of ROI`s comparison t(38)= 4.99, = 2.29, = 2.35, and = 2.07; p< .001, = .028, = 

.024 and = .045). Results suggest that the larger changes in the activation pattern 

found in patients were not specific to tumour homologue brain areas in the healthy 

hemisphere, but were present in all brain areas and largest in areas affected by the 

tumour. 

 

We performed an additional analysis to assess whether large-scale reorganization 

of specifically functional homologue areas had already occurred before surgery. If 

reorganization had occurred before surgery, the pattern of activation in functional 

homologue areas in patients would then be different from the pattern of the healthy 

subjects. For this purpose we used the values of PATshared that were computed in the 

initial analysis as PATshared represents the pattern of brain activation. We assessed for 

all ROI’s of patients how much the PATshared deviated from the mean PATshared of the 

control subjects (the mean PATshared can be seen in Fig. 3). Subsequently we assessed 

whether this deviation was larger for tumour homologue areas than for non tumour 

homologue areas in patients. We found no difference in deviation from the mean 

PATshared of healthy subjects for the PATshared of tumour homologue and non tumour 

homologue areas of patients (t(21)= -0.67; p= 0.74), indicating no large scale inter-

hemispheric functional reorganization before surgery. 

 

Brain shift 

 

We did not observe specific changes in the activation pattern in the tumour 

homologue areas in patients as a result of surgery. Compared to controls, we did 

however find in patients larger changes in the functional activation pattern 

throughout the brain. Although such general increase could indicate very diffuse 

functional reorganization, it may also be caused by shift of the brain that usually 
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happens after the surgical resection. Because we used a linear (rigid) registration 

method to align the functional images before and after surgery, we have not 

accounted for the brain shift effect. The brain shift would then be larger in brain 

areas close to the surgical resection as compared to brain areas located far from the 

resection. In other words, the ratio of PATdifference and PATshared would be larger in 

brain areas close to the surgical resection. To investigate this, the surgical resection 

was manually segmented and the resulting segment was circularly dilated fifteen 

times in steps of one voxel. The addition to the segment after each dilatation step was 

stored as a separate ROI. This resulted in fifteen ROI’s that represented functional 

tissue at increasing distance from the surgical resection (0-6 cm). The ratio of 

PATdifference and PATshared was calculated for all 15 ROI’s and for all patients. Based 

on same analysis as just described, the between session changes in the grey-white 

matter intensity of the anatomical (T1) image with distance to the surgical resection 

has been added to the plot for reference. Because of scaling differences, the values of 

the anatomical variability were normalized to the values of the functional variability. 

 

 
Fig. 5 The mean estimate of PATdifference to PATshared mapping for all patients and healthy subjects. For 

patients, the mean estimates are separately calculated for brain areas a) affected by the tumour 

(tumour, represented by black squares); b) in the tumoural hemisphere non-affected by the tumour 

(non tumour, represented by green diamonds); c) in the non-tumoral hemisphere mirroring the ROI`s 

affected by the tumour (tumour homologue, represented by red circles); and d) in the non-tumoral 

hemisphere mirroring the ROI`s non-affected by the tumour (non tumour homologue, represented by 

blue triangles). Linear functions were fitted to the data points for visualisation purposes and are 

represented by a black line for tumour, a green line for non tumour, a red line for tumour homologue, 
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and a blue line for non tumour homologue brain areas. For healthy subjects, the mean estimates are 

calculated for all brain areas, represented by grey crosses, and linearly fitted for visualisation purposes 

with a grey line 

 

 
Fig. 6 The proportion of PATdifference to PATshared averaged across all patients as a function of the 

distance (expressed in mm) from the resection for functional (red line) and anatomical images (blue 

line). The values of the anatomical images are normalized to range of the values of the functional 

images. Error bars show the standard error of the mean 

 

Results indicate that the ratio of PATdifference and PATshared decreases with distance 

to the surgical resection (Fig. 6). The anatomical variability shows a similar decrease 

with distance to the surgical resection. These results suggest that at least a large 

portion of the larger changes in the spatial pattern of activation found in patients 

relative to control subjects could be caused by the anatomical misalignment between 

the scanning sessions, which is caused by the brain shift following surgery. 

 

Global changes in BOLD amplitude 

  

Global changes in the underlying BOLD amplitudes were estimated separately, as 

it is known that these changes represent the main source of between session 

differences in BOLD signal in healthy subjects 158. Global changes were investigated 
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by estimating the slope of the straight line fits on the scatter plots of the task-related 

b-values of all grey matter voxels. The angles of the straight line fits are given in Fig. 

7. For most of the patients and healthy subjects the angles of the straight line fits 

were significantly different from 45°, meaning that global changes in underlying 

BOLD amplitudes did frequently occur. There were no systematic between-session 

global changes in underlying BOLD amplitude for the patients (mean angle= 43.68°; 

t(21)= 0.43; p= 0.675) and the healthy subjects (mean angle= 44.81°; t(17)= 0.06; p= 

0.951). There were also no differences between the patients and the healthy subjects 

in underlying BOLD amplitude global changes (t(38)= 0.25; p= 0.802). Nevertheless, 

the variability in global underlying BOLD amplitudes was large; 49.21% for patients 

and 41.31% for the healthy subjects (relative from one session to the other), which 

also varied substantially between subjects (SD= 55.22% for the patients and 

SD=35.54% for the healthy subjects). Our results suggest no systematic global 

changes in BOLD amplitude following surgery. However, global changes in the 

underlying BOLD amplitudes did frequently occur in individual patients and varied 

substantially between them.  

 

To observe whether the inclusion of also patients with a tumour in the right 

hemisphere obscured potential important effects, the entire analysis was repeated 

with inclusion of only patients with a tumour in the left hemisphere. This did not 

have any noticeable effects on the results (see Supplement 3-6). 

 

Discussion 

 

This study investigated inter-hemispheric language functional reorganization in 

low-grade glioma patients following tumour surgery. More specifically, it was 

assessed whether surgery affected the spatial pattern of activation in functional 

homologue areas in the healthy brain hemisphere. Low-grade glioma patients 

showed a similar pattern of brain activation as controls before and after surgery, and 

a larger amount of changes in the activation pattern following surgery as compared 

to healthy subjects. The amount of changes in the activation pattern was similar in 

patients in both the tumoural and healthy brain hemisphere. These changes in the 

activation pattern were highest in brain areas close to the surgical resection and 

decreased with the distance to the surgical resection. Because a decrease of variability 

with the distance to the surgical resection was also seen for the amount of anatomical 

mismatch, most of the changes for the spatial pattern of activation can be explained 



94 

 

by the brain shift. Global changes in the amplitude of activation did frequently occur 

in individual patients as well as control subjects, but no systematic effects were 

found following surgery.  

 

 
Fig. 7 Angles of the straight line fits on the regressor coefficients (b-values) for patients (grey circles) 

and healthy subjects (open circles). A slope of 45° indicates no global changes in the underlying BOLD 

amplitudes. Error bars are not shown as they were very small (largest error is 0.871 degree) 

 

No evidence was found in low-grade glioma patients for surgery-induced 

functional reorganization specific to language homologue brain areas in the healthy 

hemisphere. This finding contrasts with results from several previous studies 26, 109, 

150, 168, 174, 177. A potential source of the difference between our and previous results 

could be the analysis method. We specifically focused on changes in the pattern of 

activation which may be a more direct measure of functional reorganization. 

Functional reorganization would change the functional architecture of the brain, and 

therefore the pattern of activation instead of the global level of activation. Compared 

to the global level of activation, changes in the pattern of activation are therefore 

conceptually a more plausible reflection of a change in brain function, and are less 

likely confounded by effects of task compliance or fatigue. Moreover, there is recent 

evidence that activity in language homologue brain areas is not always associated 

with functional reorganization 9, 194. 

There are several possible reasons that could theoretically have prevented us from 

finding evidence for specific inter-hemispheric functional reorganization. First, it is 
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possible that reorganization has already occurred before surgery as reported in 

previous studies 25, 86, 117, 153. However, this seems unlikely since the pattern of 

activation (captured in the PATshared) was similar for patients and healthy subjects. 

Second, it may well be that specific inter-hemispheric functional reorganization is not 

observed because of the use of intra-operative ESM. ESM is a reliable and safe 

technique for the neurosurgeon to avoid the resection of essential brain areas 50, 59, 173. 

However, it does not prevent the removal of functional (normal) brain tissue as 

depicted with fMRI 169, 224. Removal of normal brain tissue is still expected to induce 

functional reorganization, especially considering the large amount of tissue resected 

in our patients (see Table 1).  

We found a brain-wide increase in changes in the activation pattern in patients, but 

from our data it cannot be concluded that these changes are caused by non-specific 

functional reorganization as suggested from graph theoretical analysis 8, 29, 185. 

Although a brain-wide functional reorganization could theoretically exist, it cannot 

be distinguished from coregistration error and brain shift. The coregistration error is 

found to be caused in healthy subjects by changes in intensity of functional images 

due to subject motion 155. In addition to motion, between sessions changes in 

intensity of functional images can be caused in patients by the surgical resection, 

even in absence of the brain shift. Our data  suggest that in patients most of the 

brain-wide increase in changes in the activation pattern is caused by the brain shift. 

This shift is a normal consequence of surgery, especially when the amount of 

extracted tissue is large. The brain shift causes anatomical misalignment between the 

scanning sessions. The anatomical misalignment causes in turn an apparent increase 

in variability of the spatial pattern of activation. The brain shift found here 

influenced even the variability of brain areas very distant from the tumour, 

confirming findings of previous studies 81, 85, 103, 134. While non-rigid registration 

methods have been proposed to properly match the tumoural hemisphere, in order 

to do so they deform the healthy hemisphere 149, 226. A perfect match at voxel level 

therefore may not be realistic even with the existing registration methods that report 

displacement errors as high as 3 voxels 39. New registration methods that will be able 

to (almost) perfectly match functional images of patients with large lesions may be 

thus beneficial to the analysis approach used in this study. It should be noted that we 

can not determine whether reorganization has taken place surrounding the lesion, 

hence such an effect of surgery can not be excluded. In the present study we 

specifically focussed on interhemispheric changes. 
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Global changes in the amplitude of the underlying activation pattern occurred 

frequently in individual patients following surgery as well as in healthy subjects. 

Though no systematic effects were found at the group level, the evidence for these 

global changes suggests caution in the use of estimates of the BOLD signal (i.e. b-

values) to compare or classify individual patients. Even large fluctuations in 

amplitudes of BOLD responses can be part of normal within subject variation 158 

instead of being a reflection of functional reorganization. Global variations could 

thus theoretically have confounded previous case reports 150, 174, 177. 

To conclude, we found no evidence for specific inter-hemispheric language 

functional reorganization in low grade glioma patients following surgery. The non-

specific functional variability that we found could be explained by the anatomical 

variability caused by the brain shift following surgery. Perilesional reorganization, 

however, can not be excluded. Caution is suggested when interpreting results based 

on the amplitude of the underlying activation pattern as this is found to vary 

substantially in individual patients as well as healthy subjects. 
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Supplementary Materials 

 

Supplement 1 Anatomical images showing the tumour location before and after surgery for all 

patients  
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Supplement 2 The right and left hemisphere cortical reconstruction of the segmented brain areas for 

all patients 
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Supplement 3 The mean estimates of PATdifference and PATshared for different brain areas during the 

verb generation task for only patients with a tumour in the left hemisphere. Interrupted lines represent 

PATdifference and continuous lines represent PATshared. Red lines represent the results from the left 

hemisphere and blue lines represent the results from the right hemisphere. Error bars show the 

standard error of the mean 

 
Supplement 4 Scatterplot of the mean estimates of PATdifference plotted against the mean estimates of 

PATshared for only patients with a tumour in the left hemisphere. Grey circles represent PATdifference (on 
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the x-axis) and PATshared (on the y-axis) estimates for different brain areas. The error bars show the 

standard deviation of PATdifference (horizontal bars) and PATshared (vertical bars) 

 

 
Supplement 5 The mean estimate of PATdifference to PATshared mapping for only patients with a tumour 

in the left hemisphere and healthy subjects. For patients, the mean estimates are separately calculated 

for brain areas a) affected by the tumour (tumour, represented by black squares); b) in the tumoural 

hemisphere non-affected by the tumour (non tumour, represented by green diamonds); c) in the non-

tumoral hemisphere mirroring the ROI`s affected by the tumour (tumour homologue, represented by 

red circles); and d) in the non-tumoral hemisphere mirroring the ROI`s non-affected by the tumour 

(non tumour homologue, represented by blue triangles). Linear functions were fitted to the data points 

for visualisation purposes and are represented by a black line for tumour, a green line for non tumour, 

a red line for tumour homologue, and a blue line for non tumour homologue brain areas. For healthy 

subjects, the mean estimates are calculated for all brain areas, represented by grey crosses, and linearly 

fitted for visualisation purposes with a grey line 
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Supplement 6 The proportion of PATdifference to PATshared averaged across only patients with a tumour 

in the left hemisphere as a function of the distance (expressed in mm) from the tumour for functional 

(red line) and anatomical images (blue line). The values of the anatomical images are normalized to 

range of the values of the functional images. Error bars show the standard error of the mean  
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Summary 

 

The assessment of long-term effects of tumour resection on brain function is 

important for clinical decision making. Empirical studies that investigate changes in 

functional patterns are however rare. This study investigates inter-hemispheric 

functional connectivity changes in low grade glioma patients as a result of tumour 

surgery during resting state. Based on literature, we hypothesized that surgery 

would affect the spatial functional connectivity patterns, specifically in tumour 

homologue brain areas in the healthy hemisphere. Twenty-two patients were 

scanned before and after surgery using resting state functional magnetic resonance 

imaging, and eighteen healthy volunteers were scanned twice for comparison. Our 

findings indicate that surgery of low grade gliomas induced specific connectivity 

pattern changes in tumour homologue brain areas in the healthy hemisphere. In 

addition, there were large connectivity pattern changes in the tumoural hemisphere, 

but additional analysis showed that these may have been caused by the shifting of 

the brain as a consequence of surgery. The current results indicate that resting state 

fMRI could become a promising tool for mapping changes in functional connectivity 

as a result of surgery. 
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Introduction 

 

The assessment of long-term effects of tumour resection on brain function is 

important for clinical decision-making 169. Among the brain tumours, low-grade 

gliomas (LGGs) represent a special case because they grow near, or infiltrate essential 

functional brain areas (eloquent areas) 58. Though tumour transformation into 

malign, high-grade gliomas is delayed for several years 125, 126, it is now practice to 

perform surgery on LGG patients whenever possible 56, 183. Usually, a maximal 

resection is performed in order to remove all infiltrated tissue surrounding the 

tumoural mass, thereby increasing patient survival 172. Maximal resection is 

performed with the help of electro-cortical stimulation mapping (ESM) 50, 57. ESM 

however does not prevent surgery from damaging functional, but infiltrated brain 

tissue around the tumour 169, 173, 224.  

The changes that occur in cortical brain networks as a result of surgery are 

currently unknown. Although neurons are only removed in the area directly 

surrounding the tumour, the heavy interconnectedness of the brain is bound to make 

this tissue removal result in more widespread functional changes 5, 28, 54. Surgical 

removal of white matter tracts and grey matter around the tumour may significantly 

alter the neuronal input to tumour homologue areas compared to non-tumour 

homologue areas. Such changes in altered interhemispheric connectivity can be 

investigated with resting state fMRI 156, 209. 

Resting state fMRI can identify multiple functional networks without requiring the 

patient to perform a specific task in the scanner. As most of the resting state 

functional networks are bilateral 47, they offer whole brain functional coverage 

thereby being ideal to study eventual altered interhemispheric connectivity 19, 122, 209, 

231, 232. At rest, brain regions exhibit spontaneous fluctuations at low frequencies 

(0.01–0.1 Hz) in the BOLD signal. When these spontaneous fluctuations correlate in 

time between different brain areas, these areas can be regarded as functionally 

connected, thus forming a functional network. Independent components analysis 

(ICA) is a popular technique used for identifying functional networks during rest. 

ICA considers all brain voxels at once and uses a mathematical algorithm to separate 

a dataset into distinct functional networks that are correlated in the temporal domain 

and are maximally independent in the spatial domain 11, 107. Resting state fMRI has 

been successfully used to identify functional networks in patients with brain 

tumours 108, 119, 156, 176, 228, but studies that follow these networks after surgery are rare. 
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In some patients, functional connectivity is suggested to increase in the healthy 

hemisphere after brain surgery 19, 145.       

In the current study we use task-free fMRI to investigate whether surgical removal 

of the tumour affects functional connectivity of the brain. We focus on the 

connectivity patterns in the healthy hemisphere which we would expect to display 

altered connectivity within functional homologue brain areas. For this purpose we 

scanned a patient group before and after surgery. A control group of eighteen 

healthy volunteers was scanned twice. We use a novel approach for estimating 

changes in connectivity (Independent Component maps), that discriminates between 

signal changes due to global effects and changes in the spatial pattern of connectivity 

158.  

 

Materials and methods 

 

Participants 

 

In this study eighteen healthy subjects (9 females and 9 males, M age = 39.7 years, 

SD = 11.4), and twenty-two consecutive patients with a primary brain tumour 

(Glioma) referred for surgical treatment to the St. Elisabeth Hospital (Tilburg, 

Netherlands) were included. The Glioma grade was I, II or III according to the 

definitions of the World Health Organization (WHO), and the tumour was present in 

only one of the hemispheres. The healthy subjects had no neurological deficits on 

clinical examination while all patients had epileptic seizures treated with 

antiepileptic drugs. All healthy subjects were strongly right handed (M = 0.85, SD = 

0.15), while twenty patients were strongly right handed (M = 0.94, SD = 0.12) and 

two were strongly left handed (M = 0.87, SD = 0.06) according to the Edinburgh 

Handedness inventory 144. Details on the patients, including the tumour location and 

volume of resection, are given in Table 1 in page 85. Anatomical images before and 

after surgery for all patients are given in Supplement 1 in page 97. All subjects had no 

previous experience with fMRI or with the tasks performed in the scanner and 

reported to properly have performed the task during both fMRI sessions. Subjects 

were scanned at the University Medical Center Utrecht (UMC Utrecht, The 

Netherlands) after giving informed consent approved by the medical ethics 

committee for research in humans of the UMC in accordance with the Declaration of 

Helsinki of 2008. The test-retest scanning interval was on average 20 weeks (M =150 
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days, SD = 44) for patients, and 7 weeks (M = 48 days, SD = 21) for the healthy 

subjects. 

 

Surgical procedure 

 

All patients underwent surgery under local anaesthesia to allow for cortical and 

subcortical electrical stimulation of critical sensorimotor and language structures. 

Tumour borders were identified with aid of a surgical guidance system (Stealth S7, 

Medtronic) that included T1 weighted images with gadolineum, FLAIR images and 

relevant subcortical fiber tracts from DTI (corticospinal tract, inferior fronto-occipital 

fasciculus, arcuate fasciculus and/or optic radiation). The boneflap exposed the 

tumour and part of the surrounding normal brain. Tumour resection was performed 

according to the principles of sulcal-to-sulcal surgery whereby the extent of resection 

was determined by the results of electrocortical stimulation (i.e., according to 

functional boundaries), patient performance and surgical judgement that all FLAIR 

abnormalities had been removed (acknowledging the limitations of the surgical 

guidance systems due to brain shift). Electrical stimulation was performed with a 

bipolar probe with 5 mm distance between the tips (ISIS, Inomed).  A biphasic 

current was applied for a maximum duration of four seconds (frequency 60 Hz, 

pulse duration 0.5 - 1 ms, current 2 – 8 mA). During (sub)cortical stimulation as well 

as during tumour resection patients performed motor and language tasks and were 

continuously monitored by a neuropsychologist. Incidentally, other tasks were used 

(e.g., counting and subtracting).  

 

Resting state Functional MRI 

 

The task-free fMRI experimental design was the same for both scanning sessions. 

During the experiment the scanner room was darkened and participants were 

instructed to relax with their eyes closed, to think of nothing in particular, and not to 

fall asleep. None of the participants reported to have fallen asleep or to have been 

close to falling asleep. 

 

Data acquisition 

 

All images were obtained with a whole body 3.0 Tesla (3T) Philips Achieva MRI 

scanner (Philips Medical Systems, Best, The Netherlands). The participant`s head 
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was held in place with padding. Heartbeat was recorded using a pulse-oximeter 

placed on the left index finger. Respiration was measured with a pneumatic belt 

positioned at the level of the abdomen 20.  

First, a T1-weighted structural image of the whole brain in saggital orientation was 

acquired for anatomical reference (3D FFE pulse sequence; acquisition parameters: 

TR 8.4 ms, TE 3.8 ms; FOV 288×288×175 mm; voxel size 1 mm isotropic; SENSE p-

reduction/s-reduction, 2/1.3; flip-angle, 8°; 175 slices, scan duration=265.8 s).  

For functional scans, 3D-PRESTO 141 was used covering the whole brain with the 

following parameters: TR 22.5 ms; effective TE, 32.4 ms; FOV 256×224×160 mm, voxel 

size 4 mm isotropic; matrix 64×56×40; SENSE p-reduction/s-reduction, 1.8/2; flip-

angle 10°; scan duration 0.6075 s (for the whole volume). 486 functional images were 

acquired in saggital orientation with a foot-head frequency encoding direction.  

Finally, a PRESTO scan with the same field of view and with the same functional 

scan parameters was acquired in 0.72 s, but with a higher flip-angle (27°). This scan is 

called FA27 and was used in the image coregistration routine (see below). 

 

Data pre-processing 

 

Functional images of both scanning sessions were first realigned and resliced to the 

Fa27 of the first scanning session using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). 

Then, custom Matlab scripts were used (Aztec, http://www.ni-

utrecht.nl/downloads/aztec) for correction of cardio-respiratory artefacts. The 

correction method used is described in detail in the study of van Buuren and 

colleagues 197. After these corrections, the functional images were high-pass filtered 

(Gaussian-weighted least squares straight-line fitting, with sigma = 50 s) in FSL, 

version 5.92 (http://www.fmrib.ox.ac.uk/fsl/) 182. Finally, the functional images 

were skull stripped 180 and normalized by a single scaling factor (grand mean 

scaling) in FSL. No spatial smoothing was performed on the functional images as 

considered inappropriate for clinical decision making 112, 171. 

 

Data analysis 

 

Single-session ICA was performed separately for scanning session one and 

scanning session two of each subject by using MELODIC in FSL 

(http://www.fmrib.ox.ac.uk/fsl/). The time courses of the data were first 

normalized. The number of components was then automatically estimated by using 
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Bayesian estimators for the model order and Principal Component Analysis to 

reduce the data prior to component estimation. After estimation, the un-thresholded 

Independent Component maps (IC-maps) containing the z-values were used for 

subsequent analysis. 

From all the components estimated for each session, the following criteria were 

used in order to select only components that represent functional resting state 

networks: 

a) the ratio of (the average) low (0.01 - 0.1 Hz) to high frequencies (0.1 – 0.8 Hz, the 

Nyquist limit) in the power spectrum of the component was at least 4. This removed 

components with high power in frequencies above the expected frequencies for 

resting state components. 

b) The spatial pattern of the component  was allowed to have only limited clustering 

of positive and negative voxels. This exclusion criterion essentially removes 

components that were related to subject motion.  

After selection, all the IC-maps of the first session were correlated with all the IC-

maps of the second session resulting in a matrix containing a correlation value (r) for 

every possible IC-map pair (session 1 with session 2 ). The optimal matches between 

IC maps of the two sessions were selected using the correlation matrix and a Stable 

Marriage matching algorithm 70, 79 as implemented in IDL. Matched IC-maps with a 

correlation lower than 0.15 were excluded from the analysis. 

To assess between session changes in the IC-maps, we used a novel approach that 

is described in detail in Reaemaekers et al.158.This approach discriminates global 

changes in statistical maps, and changes in the pattern of statistical maps. The first 

step in the analysis involves a global scaling of effect sizes of the two sessions using a 

straight line fitting. Subsequently, two values for every predefined ROI are 

calculated: 1) PATshared which reflects the mean amount of activity in a brain area 

during the two sessions, and 2) PATdifference which reflects the amount brain 

activation differences between sessions. This process was repeated for every IC-map 

pair.  

Subsequently, PATshared and PATdifference were averaged across all IC-map pairs, 

resulting in a single PATshared and PATdifference value for every ROI in each subject.  

Importantly, as previous results have shown that activation pattern changes 

between sessions increase with the mean amount of activation across sessions, 

functional activation pattern changes  are only indicated by an increase in the ratio  

between PATdifference and PATshared. 
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Segmentation of cortical areas 

 

The Freesurfer software package 46, 64 was used for generating surface 

reconstructions of the cortex for every participant. Cortical surface reconstructions 

for healthy subjects were based on a (non-normalized) T1 weighted image that was 

the average over the two scanning sessions, while cortical surface reconstructions for 

patients were based on the T1 weighted image acquired before surgery. An 

automatic surface based parcellation algorithm segmented the different cortical areas 

52, 64, and the surface based segments were subsequently converted back to a volume. 

See Fig. 2 in page 87 for reference of the different cortical segments that were 

generated. Cortical reconstructions of all patients are given in Supplement 2 in page 

107. Segments only included voxels in grey matter. The resulting volumes were then 

co-registered to the FA27 of the first scanning session with nearest neighbour 

interpolation by using the (mean) T1 image as source.   

 

Results 

 

Changes in the spatial pattern of activation 

  

Changes in connectivity were investigated by calculating PATdifference and PATshared, 

and their ratio for different brain areas.  

 

PATdifference and PATshared 

 

The values of PATdifference and PATshared for different brain areas for patients and 

healthy subjects are given in Fig. 1. PATshared (mean amount of resting state activation 

across sessions) was highly symmetric between the left and right hemisphere for 

both patients and healthy subjects 47, 65, 229, 234. Further visual inspection of Fig. 1 

suggests higher amounts of PATdifference (amount of changes in the connectivity 

pattern between sessions) for patients as compared to the healthy subjects. 

 

PATdifference and PATshared relationship in contratumoural homologue areas 

 

We investigated whether changes in the spatial pattern of IC-maps occurred in 

functional homologue brain areas in the healthy hemisphere. Following Raemaekers 
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and colleagues, PATdifference and PATshared was computed for different brain areas 158 

and are plotted against each other for patients and healthy subjects in Fig. 2.  

 

 
Fig. 1 The mean estimates of PATdifference and PATshared for different brain areas during resting state for 

patients and healthy subjects. Interrupted lines represent PATdifference and continuous lines represent 

PATshared. Red lines represent the results from the left hemisphere and blue lines represent the results 

from the right hemisphere. Error bars show the standard error of the mean 
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Fig. 2 Scatterplots of the mean estimates of PATdifference plotted against the mean estimates of PATshared 

for patients (grey circles) and healthy subjects (open circles). Circles represent PATdifference (on the x-axis) 

and PATshared (on the y-axis) estimates for different brain areas. The error bars show the standard error 

of the mean of PATdifference (horizontal bars) and PATshared (vertical bars) 

 

For patients, the ROI’s from the segmentation were regrouped to form four 

different ROI’s that represented: 1) ROI`s affected by the tumour (tumour); 2) ROI`s 

in the tumoural hemisphere but non-affected by the tumour (non tumour); 3) ROI`s 

in the healthy hemisphere mirroring the ROI`s affected by the tumour (tumour 

homologue); 4) ROI`s in the healthy hemisphere mirroring the ROI`s not affected by 

the tumour (non tumour homologue). For healthy subjects, a single ROI was 

generated that was the combination of all ROI’s. PATshared and PATdifference were 

computed for these newly defined ROI’s. The resulting values for PATdifference to 

PATshared for these new ROI`s are plotted against each other for all patients and 

healthy subjects in Fig. 3. To test for differences in pattern variation (changes in the 

mapping between PATdifference and PATshared) between different brain areas in 

patients, and between patients and control subjects, a straight line was fitted through 

the data points of Fig. 3. The amount of pattern variation was defined by the distance 

of each single data point from the fitted line. 
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Fig. 3 The mean estimate of PATdifference to PATshared mapping for all patients and healthy subjects. For 

patients, the mean estimates are separately calculated for brain areas a) affected by the tumour 

(tumour, represented by black squares); b) in the tumoural hemisphere non-affected by the tumour 

(non tumour, represented by green diamonds); c) in the non-tumoral hemisphere mirroring the ROI`s 

affected by the tumour (tumour homologue, represented by red circles); and d) in the non-tumoral 

hemisphere mirroring the ROI`s non-affected by the tumour (non tumour homologue, represented by 

blue triangles). For healthy subjects, the mean estimates are calculated for all brain areas and are 

represented by grey crosses. As a reference, a linear functions was fitted to all data points and is 

represented by a black line 

 

To check for the presence of differences in pattern variation between the ROI`s in 

patients a repeated measures analysis was performed. This analysis showed a 

significant effect of ROI`s (F(3, 63)= 8.56, p< .001). Subsequently, specific contrasts 

between ROI`s in patients were tested by means of paired sample t-tests. The amount 

of pattern variation was highest for tumour ROI`s  and differed significantly when 

compared to non tumour ROI`s (M = .060; t(21)= 3.03, p= .006), to tumour homologue 

ROI`s (M = .049; t(21)= 2.55, p= .019), and to non tumour homologue ROI`s (M = .086; 

t(21)= 3.75, p= .001). In the healthy hemisphere, tumour homologue ROI`s showed a 

higher pattern variation when compared to non tumour homologue ROI`s  (M = .037; 

t(21)= 2.57, p= .018). Thus, changes in the connectivity pattern were larger in brain 

areas affected by the tumour, and in the healthy hemisphere these changes were 

specific to tumour homologue brain areas. 

To check for the presence of differences in pattern variation between patients and 

healthy subjects a multivariate measures analysis was performed. This analysis 
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showed a significant effect of groups for tumour (M = -0.103; F(1, 38)= 22.55, p< .001) 

and non tumour ROI`s (M = -0.043; F(1, 38)= 6.72, p= .013) in the hemisphere affected 

by the tumour. This analysis showed furthermore a significant effect of groups for 

tumour homologue (M = -0.054; F(1, 38)= 7.02, p= .012), but not for non tumour 

homologue ROI`s (M = -0.017; F(1, 38)= 1.25, p= .270) in the healthy hemisphere.  

Taken together, comparisons within patients and between groups suggest that the 

variability found in patients was highest in areas affected by the tumour, and in the 

tumour homologue brain areas of the healthy hemisphere. 

 

Brain shift 

 

Although specific changes in the connectivity pattern in the tumour homologue 

areas were observed in patients, most of the variability was found in areas affected 

by the tumour. This variability may be caused by shift of the brain that usually 

happens after the surgical resection. Because we used a linear (rigid) registration 

method to align the functional images before and after surgery, we have not 

accounted for the brain shift effect. The brain shift would then be larger in brain 

areas close to the surgical resection as compared to brain areas located far from the 

resection. In other words, in brain areas removed from surgery and close to them the 

amount of pattern variation would be larger. To investigate this, the surgical 

resection was manually segmented and the resulting segment was circularly dilated 

fifteen times in steps of one voxel. The addition to the segment after each dilatation 

step was stored as a separate ROI. This resulted in fifteen ROI’s that represented 

functional tissue at increasing distance from the surgical resection (0-6 cm). The ratio 

of PATdifference and PATshared was calculated for all 15 ROI’s and for all patients. Based 

on same analysis as just described, the between session changes in the grey-white 

matter intensity of the anatomical (T1) image with distance to the surgical resection 

has been added to the plot for reference. Because of scaling differences, the values of 

the anatomical variability were normalized to the values of the functional variability. 

Results indicate that the ratio of PATdifference and PATshared decreases with distance to 

the surgical resection (Fig. 4). The anatomical variability shows a similar decrease 

with distance to the surgical resection. Results suggest that at least some portion of 

the larger changes in the spatial pattern of connectivity found in patients relative to 

control subjects could be caused by the anatomical misalignment between the 

scanning sessions, which is caused by the brain shift following surgery. 
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Fig. 4 The proportion of PATdifference to PATshared averaged across all patients as a function of the 

distance (expressed in mm) from the resection for functional (red line) and anatomical images (blue 

line). The values of the anatomical images are normalized to range of the values of the functional 

images. Error bars show the standard error of the mean 

 

Additional analyses  

 

The entire analysis reported above was repeated with exclusion of patients with a 

tumour in the right hemisphere, as their inclusion may have obscured important 

effects expected in patients with a tumour in the dominant, left hemisphere. This did 

not have however any noticeable effects on the results (see Supplement 1-4). 

To test for whole brain changes in the total amount of resting state activation 

between the sessions, we averaged the global scaling of the resting state networks 

(defined by the angle of the straight line fitting). An angle of 45°  (slope is 1) indicates 

no changes. There were no systematic between-session changes in underlying global 

BOLD amplitude for the patients (mean angle= 43.02°; t(21)= 1.52; p= 0.142) and the 

healthy subjects (mean angle= 45.60°; t(17)= 0.50; p= 0.622). There were also no 

differences between the patients and the healthy subjects in underlying global BOLD 

amplitude changes (t(38)= 0.86; p= 0.393). Thus, as a whole the resting state 

functional networks did not evidence systematic differences between sessions, or 

differences in session effects between groups.  
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Lastly, an additional analysis was performed to assess inter-hemispheric functional 

reorganization before surgery. For this purpose we used the values of PATshared as it 

represents the mean pattern of brain connectivity (of both sessions). We assessed for 

all ROI’s of patients how much the PATshared deviated from the mean PATshared of the 

control subjects (the mean PATshared can be seen in Fig. 1). Subsequently we assessed 

whether this deviation was larger for tumour homologue areas than for non tumour 

homologue areas in patients. We found no difference in deviation from the mean 

PATshared of healthy subjects for the PATshared of tumour homologue and non tumour 

homologue areas of patients (t(21)= 0.29; p= 0.775), indicating no presurgical large 

scale inter-hemispheric functional connectivity abnormalities. 

 

Discussion 

 

This study investigates potential changes in brain connectivity in low grade glioma 

patients following tumour surgery. More specifically, it was assessed whether 

surgery affected the spatial pattern of Independent Component-maps (IC-maps) in 

functional homologue areas in the healthy brain hemisphere. Low grade glioma 

patients showed larger changes in the connectivity pattern following surgery as 

compared to healthy subjects. Changes in the connectivity pattern were larger in 

brain areas affected by the tumour, and in tumour homologue areas in the healthy 

hemisphere. Specific changes in tumour homologue brain areas indicate changes in 

functional connectivity. The functional changes observed in brain areas affected by 

the tumour were very similar to the anatomical mismatch found in these areas. This 

means that changes in the tumoural hemisphere may be caused predominantly by 

the brain shift effect. 

We found evidence for altered functional connectivity in tumour homologue brain 

areas in the healthy hemisphere. Tumour surgery is performed on LGG patients 

whenever possible in order to increase patient survival 172, 183. However, attempts to 

remove all the brain tissue infiltrated by the tumour  inevitably induce damage of 

tissue that is still functional 57, 173. It is suggested that damage of functional tissue in 

the tumoural hemisphere affects functional homologue areas in the healthy 

hemisphere 53, 55. Findings of involvement of functional homologue areas in the 

healthy hemisphere are usually related to cortical compensatory mechanisms aiming 

to limit or heal the effects of brain injury as previously reported in some patients 

after epilepsy 19 and tumour surgery 145. However, functional communication 

between hemispheres is predominantly achieved via anatomical connections passing 
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through the corpus callosum 96, 195, 229. Disruption of these anatomical connections 

due to surgery may also provide an explanation of the increased functional 

variability found in tumour homologue areas given that surgery, for example, may 

reduce transcallosal inhibition 100, 157, 190. 

The brain shift found in patients may have caused the large pattern changes in the 

IC-maps in the vicinity of the tumour. The brain shift is a normal consequence of 

surgery, especially when the amount of extracted tissue is large. The brain shift 

causes anatomical misalignment between the scanning sessions and causes therefore 

an apparent increase in variability of the spatial pattern of connectivity 81, 85, 103, 134. 

While non-rigid registration methods have been proposed to properly match the 

tumoural hemisphere 149, 226, these methods are not accurate enough to provide a 

fully accurate voxel to voxel alignment 39.  

 The current results show that resting state fMRI is a promising technique to map 

the long-term effects of tumour surgery. This technique can be used in patients 

experiencing neurological deficits as it does not require the patient to perform a 

specific task in the scanner 108, 119, 156, 176, 228. Furthermore, multiple functional 

networks can be identified from a single scanning session offering whole brain 

functional coverage for estimating potential altered connectivity 47. On the other 

hand, the use of ICA in this particular setting also comes with some difficulties. For 

instance, the identification and matching of resting state functional networks before 

and after surgery is based to some extent on arbitrary parameters. Furthermore, 

inconsistencies in network identification that are inherent to the ICA technique may 

induce a substantial amount of noise to the matching of the brain  networks before 

and after surgery 21, 234. In spite of this, we observed specific effects in the 

contratumoural homologue areas in patients, suggesting that this is a robust effect.   

To conclude, we found evidence in low grade glioma patients for specific surgery-

induced connectivity changes in the healthy hemisphere. Though caution is needed 

in interpreting results of resting state fMRI, the technique carries promise for 

mapping the long-term effects of neurosurgical interventions. 
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Supplementary materials 

 

 
Supplement 1 The mean estimates of PATdifference and PATshared for different brain areas during resting 

state for only patients with a tumour in the left hemisphere. Interrupted lines represent PATdifference and 

continuous lines represent PATshared. Red lines represent the results from the left hemisphere and blue 

lines represent the results from the right hemisphere. Error bars show the standard error of the mean  
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Supplement 2 Scatterplot of the mean estimates of PATdifference plotted against the mean estimates of 

PATshared for only patients with a tumour in the left hemisphere. Grey circles represent PATdifference (on 

the x-axis) and PATshared (on the y-axis) estimates for different brain areas. The error bars show the 

standard deviation of PATdifference (horizontal bars) and PATshared (vertical bars) 

 

 
Supplement 3 The mean estimate of PATdifference to PATshared mapping for only patients with a tumour 

in the left hemisphere and healthy subjects. For patients, the mean estimates are separately calculated 

for brain areas a) affected by the tumour (tumour, represented by black squares); b) in the tumoural 

hemisphere non-affected by the tumour (non tumour, represented by green diamonds); c) in the non-

tumoral hemisphere mirroring the ROI`s affected by the tumour (tumour homologue, represented by 

red circles); and d) in the non-tumoral hemisphere mirroring the ROI`s non-affected by the tumour 

(non tumour homologue, represented by blue triangles). For healthy subjects, the mean estimates are 
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calculated for all brain areas and are represented by grey crosses. As a reference, a linear functions was 

fitted to all data points and is represented by a black line 

 

 
Supplement 4 The proportion of PATdifference to PATshared averaged across only patients with a tumour 

in the left hemisphere as a function of the distance (expressed in mm) from the resection for functional 

(red line) and anatomical images (blue line). The values of the anatomical images are normalized to 

range of the values of the functional images. Error bars show the standard error of the mean 
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Reliability of MRI-based functional mapping techniques 

 

The goal of the research presented in Part I was to quantify the reliability of MRI-

based functional mapping techniques. MRI-based functional mapping techniques 

show reliability levels that are generally acceptable for their use in clinical practice. 

In particular, results encourage the use of these techniques for surgical planning.  

 

Subcortical mapping 

 

DTI-FT showed low variability for the reconstruction of white matter pathways in 

the brain. The architecture of motor and language pathways could be reproduced 

with a reliability of about 70%. A clinical practitioner such as the neurosurgeon 

would expect reliability values that approach 100%. However, that maximum 

reliability value is unrealistic considering the large number of factors known to 

negatively affect the reliability of DTI. The most important factors of variability 

include change in the position of the subject in the magnetic field of the MRI and in 

the radiofrequency head coil, motion artefacts 41, 213, and partial volume effects 2, 208. 

Nevertheless, a 70% reliability was comparable to the match between a tract and the 

same tract shifted by only 1 voxel (2mm). These results encourage the use of DTI-FT 

for surgical planning. Furthermore, diffusion measures derived from the functional 

pathways showed only 3% of variation from one imaging session to the other. The 

high reliability of these measure encourages future uses of DTI-FT to assess long-

term effects of surgery on functional pathways. 

A low variability for the reconstruction of white matter pathways was also found 

for CSD. Just like DTI-FT, CSD could reproduce functional pathways with a 

reliability of about 70%, again equal to the effect of a shift of 2 mm. Likewise, 

variation of diffusion derived measures was about 3%. Compared to DTI-FT, the 

neurosurgeon however would expect higher reliability values for CSD given its 

ability to accurately reconstruct the white matter architecture. However, CSD suffers 

from EPI artefacts more than the DT model 192. EPI artefacts such as b0 susceptibility 

effects and eddy current-induced geometric distortions may cause a suboptimal 

image realignment, which directly affects reliability.  

In conclusion, DTI-FT and CSD showed low and similar variability for the 

reconstruction of white matter pathways. Results encourage the use these techniques 

for surgical planning. CSD may however be preferred to DTI-FT considering its 

ability to reconstruct functional pathways more accurately. These technique may be 
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furthermore used to assess long-term effects of surgery on functional pathways, 

given their ability to deliver highly reliable diffusion-derived measures. 

  

Cortical mapping 

 

Resting state fMRI identified the functional motor network less reliably than task-

related fMRI. The lower reliability found for resting state fMRI reflected properties of 

the BOLD signal at rest. Fluctuations in the BOLD signal are lower at rest and can be 

mapped less reliably. Results suggest that the spatial pattern is less focal at rest 

compared to during task performance. Indeed, resting state connectivity was less 

reliable than task-related activity especially for the most active voxels. The most 

active voxels were however located in brain areas critical for motor task 

performance. Critical brain areas are usually targeted for surgical planning as these 

areas need to be spared from resection. Therefore, neurosurgeons must adjust their 

expectations and be cautious when using this technique for surgical planning. 

However, a less focal resting state pattern does not necessarily imply that its spatial 

distribution is too coarse for motor network identification. Just as during task 

performance, the motor network was properly identified at rest.  

In conclusion, resting state fMRI is less reliable than task-related fMRI. Task-related 

fMRI may be therefore preferred to resting state fMRI for surgical planning. 

However, resting state fMRI may still be suitable for surgical planning of patients 

with task compliance problems as it can identify the motor network.  

 

Long-term effects of tumour surgery 

 

The goal of the research presented in Part II was to assess long-term effects of 

surgery with MRI-based functional mapping techniques. Surgery was hypothesized 

to affect functional patterns in lesion homologue brain areas in the healthy 

hemisphere. Task-related fMRI showed no effects of surgery on the functional 

patterns in the healthy hemisphere during task performance. However, resting state 

fMRI showed surgery to affect the functional patterns in the healthy hemisphere at 

rest. Results encourage therefore the use of resting state fMRI to assess long-term 

effects of surgery, as this technique seems sensitive to depict subtle effects of surgery 

on brain functions. 

Task-related fMRI showed no evidence in LGG patients for surgery-induced 

functional reorganization specific to language homologue brain areas in the healthy 
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hemisphere. The reason that no specific surgery-induced functional changes were 

found in the healthy hemisphere was not due to tumour-induced changes that might 

have occurred before surgery, or to the use of ESM during surgery. However, task-

related fMRI showed non-specific, brain-wide functional changes in the activation 

patterns of patients. These non-specific functional changes were largest near the 

surgical resection, and were very similar to the anatomical changes found in patients. 

These findings suggest that the non-specific functional changes found can be 

explained by the brain shift following surgery. The brain shift is known to influence 

even brain areas very distant from the tumour 81, 85, 103, 134. Because of the brain shift, 

however, results do not exclude surgery-induced effects in functional areas 

surrounding the lesion. The reason that no specific surgery-induced functional 

changes were found in the healthy hemisphere may be due to the subtlety of the 

surgical effects in patients. Subtle surgical effects may be unable to be depicted from 

task-related fMRI as these effects may be attenuated or confounded in the attempt of 

the patient to perform the task. Presumably, top-down (influential) cognitive 

processes such as attention may play an important role in patients in confounding 

surgery-induced effects on activation patterns. The verb generation task is known in 

activating frontal areas usually related to executive functions such as attention and 

working memory. Task-related fMRI results were indeed affected from compliance 

and effort of patients to perform the task. The amplitude of the underlying activation 

patterns was found to vary substantially in individual patients. Caution therefore is 

suggested to the neurosurgeon when interpreting task-related fMRI results based on 

the amplitude of the BOLD signal.  

Resting state fMRI provided evidence for altered functional connectivity in tumour 

homologue brain areas in the healthy hemisphere. These findings may suggest 

functional reorganization related to cortical compensatory mechanisms aiming to 

limit or heal the effects of surgery 19, 145. However, these findings may also be related 

to disruption of anatomical connections in the brain due to surgery 100, 157, 190. Just like 

for task-related fMRI, the brain shift found in patients at rest explained most of the 

large pattern changes in the vicinity of the tumour. The current results show that 

resting state fMRI is a promising technique to map the long-term effects of tumour 

surgery. This technique can be used in patients experiencing neurological deficits  108, 

119, 156, 176, 228. Resting state fMRI can identify multiple functional networks from a 

single scanning session thereby offering whole brain functional coverage, ideal for 

estimating potential altered brain connectivity 47. However, resting state fMRI results 

are dependent on the analysis technique used. For example, inconsistencies in 
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network identification that are inherent to the ICA technique may induce a 

substantial amount of noise to the matching of the brain  networks before and after 

surgery 21, 234. Furthermore, identification and matching of resting state functional 

networks before and after surgery is based to some extent on arbitrary parameters.  

In conclusion, caution is suggested to the neurosurgeon in interpreting results of 

resting state fMRI. Nevertheless, resting state fMRI is recommended to the 

neurosurgeon as this technique carries promise for mapping the long-term effects of 

neurosurgical interventions. 

 

Future research 

 

MRI-based functional mapping techniques should be routinely used in 

neurosurgical practice. The use of these techniques for surgical planning can be 

beneficial to the quality of life of LGG patients. MRI-based functional mapping 

techniques are expected in the near future to predict the long-term effects of surgery 

and guide rehabilitation.  

 

Part I 

 

Future studies should investigate the effect of brain tumours on the reliability of 

subcortical and cortical MRI-based functional mapping techniques. The presence of a 

tumour near functional pathways and brain areas of interest makes the precise 

definition of, respectively, tractography borders and functional patterns difficult. 

Whether MRI-based functional mapping techniques are reliable in LGG patients 

remains, thus, still an open question.  

Considering the high reliability of diffusion-derived measures, CSD can be used to 

assess the long-term effects of surgery. It is known that functional communication 

between hemispheres is predominantly achieved via anatomical connections passing 

through the corpus callosum 96, 195, 229. As LGG are originated and spread in the white 

matter, surgery is bound to damage transcallosal connections in attempting to 

remove all the tissue affected by the tumour. Surgery-induced disruption of 

transcallosal pathways may therefore reduce transcallosal inhibition in the healthy 

hemisphere 100, 157, 190. Diffusion-derived measures of transcallosal pathways in the 

healthy hemisphere are therefore expected to differ substantially after surgery as 

compared to before surgery. This difference should be higher than the normal 

variation expected in healthy subjects. 
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Future studies should compare to the reliability of other resting state networks, 

such as the language network, relevant for neurosurgery. The reliability of resting 

state functional networks important for neurosurgery could be investigated by using 

ICA analysis, suggested as a better option relative to the seed-based analysis 108, 228. 

Reliability of functional networks at rest should be then compared to the reliability of 

the same networks during task performance. If ICA analysis would give similar 

reliability results for both fMRI techniques, then resting state fMRI could in the near 

future substitute task-related fMRI for surgical planning.  

 

Part II 

 

Future studies may investigate the effects of surgery on other functional networks 

such as the motor network, relevant for neurosurgery. ICA analysis may be preferred 

in this case to the conventional GLM analysis as ICA is less affected from subject 

motion during motor task performance. Compared to performance of a language 

task, performance of a motor task requires to the patient less attentional resources. 

Assuming that attention confounds subtle surgery-induced effects on activation 

patterns, investigating the motor network in LGG patients may be therefore 

beneficial to the assessment of long-term effects of surgery with task-related fMRI. 

Future task-related or resting state fMRI studies that aim to investigate long-term 

effects of brain lesion may consider the analysis method used here for quantifying 

the amount of changes in functional brain patterns 158. This is basically a method for 

estimating test-retest variability of functional patterns, and discriminates between 

test-retest changes in global BOLD signal and changes in the spatial pattern of the 

BOLD signal. Discrimination between these two sources of variability is of relevance 

considering that most of the changes in the BOLD signal  are due to global changes in 

amplitudes and occur to a large extend also in healthy subject. This implies that this 

variability is not related to neurological or surgery-induced deficits. Neurological or 

surgery-induced deficits are expected to induce changes in the spatial pattern of the 

BOLD signal 158. This method showed here to be sensitive to depict changes on a 

small spatial scale such as the brain shift, and subtle changes in the spatial pattern 

due to the surgical effects. Future fMRI studies may benefit therefore from the ability 

of this technique to depict subtle lesion-related changes, that occur at a very small 

spatial scale. 

Evidence of surgery-induced functional changes coming from MRI-based 

functional mapping techniques should correlate with neuropsychological findings in 
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LGG patients. The ultimate goal would then be to use MRI-based functional 

mapping techniques as tools to predict the long-term effects of surgery, and to 

subsequently guide rehabilitation. 
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Samenvatting 

 
Laaggradige gliomen (LGG) zijn maligne hersentumoren met een enorme impact 

op het leven van de patiënt; de mediane overleving bedraagt ongeveer 6 jaar. Het 

LGG treft vaak jonge mensen en de behandeling richt zich op het handhaven van de 

kwaliteit van leven. Resectieve chirurgie is een veel voorkomende behandeling en 

correleert met een langere overleving. Omdat LGG frequent zijn gelokaliseerd in 

zogenaamde eloquente hersengebieden gaat een operatie gepaard met de kans op 

(nieuwe) neurologische uitvalsverschijnselen. Om deze risico’s zo klein mogelijk te 

maken kan tijdens de operatie gebruik worden gemaakt van elektrocorticale 

hersenstimulatie. Een belangrijke beperking van deze invasieve methode is dat alleen 

informatie wordt verkregen tijdens de operatie, en niet ervoor.  

‘Functional brain mapping’ methoden die gebaseerd zijn op MRI techniek zouden 

daarom veel geschikter zijn voor gebruik in de neurochirurgische praktijk, aangezien 

MRI een non-invasieve methode is die al voorafgaande aan de operatie kan worden 

toegepast. Informatie aangaande functionele lokalisatie die verkregen is voor de 

operatie wordt meestal gebruikt voor chirurgische planning, door het verstrekken 

van informatie aan de neurochirurg om zowel de chirurgische procedure en de 

navigatieroute vooraf te definiëren. Echter voor het gebruik van functionele MRI 

informatie zijn er nog een aantal belangrijke onbeantwoorde vragen, bijvoorbeeld ten 

aanzien van de reproduceerbaarheid van de resultaten. Betrouwbaarheid van 

functionele MRI resultaten (gedefinieerd als de mate van reproduceerbaarheid in 

herhaalde experimenten) is een belangrijke voorwaarde voor gebruik in de klinische 

praktijk. Het eerste belangrijke doel van dit onderzoek was daarom het onderzoeken 

van de betrouwbaarheid van functionele MRI technieken.  

De operatie kan gezond hersenweefsel beschadigen, vooral wanneer het ‘diffuus’ 

groeiende LGG betreft. Er zijn aanwijzingen dat het brein kan compenseren voor een 

dergelijk functieverlies middels reorganisatie van functies naar andere corticale 

hersengebieden, vooral de homologe gebieden in de andere hersenhelft. Om 

dergelijke reorganisatie te kunnen meten is het nodig patiënten herhaaldelijk te 

onderzoeken. Het tweede belangrijk doel van dit onderzoek is om de langere-

termijns functionele effecten van een operatie te onderzoeken met functionele MRI 

technieken.  
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MRI-gebaseerde functionele technieken werden gebruikt voor het lokaliseren van 

motor en taalfuncties, aangezien deze als de meest belangrijke functies voor de 

kwaliteit van het leven beschouwd worden. In de onderzoeken die worden 

beschreven in dit proefschrift zijn de witte stof banen voor taal en motoriek bepaald 

met conventionele Diffusion Tensor Imaging (DTI) en een nieuwe techniek: 

Constrained Spherical Deconvolution (CSD) - Fiber Tractography (FT). De corticale 

gebieden voor taal en motoriek zijn bepaald met de conventionele functionele MRI 

techniek (waarbij de patiënt tijdens het scannen een opdracht dient uit te voeren: 

taak-gerelateerde fMRI) en een nieuwe resting-state fMRI techniek (waarbij de 

patiënt zelf geen opdracht meer hoeft uit te voeren; taak-vrije fMRI). De resultaten 

van DTI/CSD en fMRI samen geven de neurochirurg een compleet beeld van de 

functionaliteit van het brein.  

Naar aanleiding van de eerste doelstelling van dit onderzoek kan worden 

geconcludeerd dat de betrouwbaarheid van de onderzochte functionele MRI 

technieken over het algemeen voldoende is voor gebruik in de klinische praktijk. DTI 

en CSD-FT toonden een lage en vergelijkbare variabiliteit bij reconstructie van de 

witte stof banen voor taal en motoriek. CSD is te verkiezen boven DTI omdat het de 

functionele banen met een hogere accuratesse bepaald. De betrouwbaarheid van 

taak-vrije fMRI was minder dan die van taak-gerelateerde fMRI, en derhalve is taak-

gerelateerde fMRI te verkiezen voor gebruik bij chirurgische planning. Echter voor 

patiënten die de taak onvoldoende kunnen uitvoeren door een neurologisch uitval 

lijkt taak-vrije fMRI een redelijk alternatief.  

Naar aanleiding van de tweede doelstelling, werden LGG patiënten onderzocht 

voor en (drie maanden) na operatie met taak-vrije fMRI. Hierbij werden 

postoperatief functionele veranderingen gevonden in de gezonde (niet-tumorale) 

hersenhelft. Taak-vrije fMRI lijkt derhalve een voldoende sensitieve techniek om 

functionele veranderingen te detecteren en kan worden gebruikt om de lange-

termijns effecten van de chirurgische behandeling te onderzoeken. Taak-gerelateerde 

fMRI toonde echter geen veranderingen in de gezonde hersenhelft na de operatie. 

Waarschijnlijk spelen ‘aandacht’ en andere top-down cognitieve processen een 

belangrijke verstorende rol in het detecteren van effecten van chirurgie. Taak-

gerelateerde fMRI resultaten werden mogelijkerwijs beïnvloed door de inspanning 

van de patiënt om de taak uit te voeren. Verder bleek voor taak fMRI de amplitude 

van de onderliggende activiteitspatronen aanzienlijk te verschillen tussen de sessies 

voor zowel patiënten als gezonde vrijwilligers. Voorzichtigheid is daarom geboden 

voor de neurochirurg bij het interpreteren van taak-gerelateerde fMRI resultaten op 
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basis van de amplitude van het BOLD signaal. Wanneer gebruik wordt gemaakt van 

taak-gerelateerde fMRI onderzoeken lijkt het beter om taken te gebruiken die zo min 

mogelijk top-down cognitieve processen vereisen.  

In toekomstige studies zouden ook de effecten van de hersentumor zelf moeten 

onderzoeken op de betrouwbaarheid van de functionele MRI resultaten. Daarnaast 

zou het informatief zijn de bevindingen van MRI onderzoeken die wijzen op 

functionele veranderingen na operatie te correleren met de bevindingen van 

neuropsychologisch onderzoek. Het is te verwachten dat in de nabije toekomst de 

verschillende functionele MRI technieken de lange-termijns effecten kunnen gaan 

voorspellen van een hersenoperatie en meer richting kunnen geven aan de 

revalidatie.   
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