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Souhrn v českém jazyce 

Výzkumu neurální kontroly funkce dolních močových cest (DMC) je v posledních 

třech desetiletích věnována velká pozornost. Funkční magnetická rezonance (fMRI) 

umožňuje identifikaci mozkových struktur podílejících se na neurální kontrole DMC. 

Cílem předkládané práce je detekce neurální aktivity související s funkcí dolních 

močových cest pomocí fMRI a ověření nové metodiky využívající synchronního 

provedení fMRI mozku a urodynamického vyšetření. 

Ve studiích shrnutých v této dizertační práci jsme se zaměřili na zmapování 

mozkových center zapojených do regulace svalstva pánevního dna, funkce dolních 

močových cest při plnění močového měchýře a při mikci. Dále jsme sledovali aktivitu 

těchto center při plnění močového měchýře u pacientů s kompletní míšní lézí nad 

úrovní Th5.  

Při interpretaci výsledků fMRI měření jsme nově využili časovou korelaci se 

synchronně provedeným urodynamickým záznamem. Díky tomuto rozšíření stávající 

současné metodiky jsme měli přesnější dokumentaci sledovaného děje, tedy aktivity a 

změny náplně detruzoru.  

Naše práce ověřila proveditelnost metodiky zpřesňující interpretaci fMRI dat využitím 

synchronního urodynamického záznamu. Prokázali jsme aktivaci CNS související s 

aktivací pánevního dna v gyrus precentralis a v doplňkové motorické oblasti (SMA). 

Námi detekovaná aktivita CNS při plnění močového měchýře byla lokalizována v 

oblastech frontálního laloku, limbické oblasti, periakveduktální šedi, 

somatomotorického kortexu a inzuly. V obdobných oblastech jsme sledovali aktivace i 

při mikci. U pacientů s kompletní míšní lézí jsme při plnění močového měchýře 

detekovali aktivace v oblastech odpovídajících parasympatické aferentaci. Výsledky 

této studie přinášejí důkaz o roli extraspinální sensorické aferentace v neurální 

kontrole dolních močových cest u pacientů s kompletní míšní lézí.  
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Summary  
 
 
Considerable research attention has been paid to the neural regulation of the lower 

urinary tract (LUT) in past three decades. The aim of this work is mapping of a brain 

activity by functional magnetic resonance imaging (fMRI) using refined scanning 

protocol with synchronously performed urodynamics.    

We aimed to detect neural activity associated with pelvic floor muscle (PF) 

contractions, filling of urinary bladder and miction. In addition we evaluated using 

fMRI brain activity associated with urinary bladder filling in patients with a complete 

spinal cord injury (SCI). We hypothesized activation of brainstem and forebrain areas 

in receiving information from the vagal nerves. 

Adjustments of urodynamic system enabled successful implementation of synchronous 

filling cystometry with fMRI evaluation of cortical activity. We concluded that 

synchronous urodynamic examination is a novel feasible method that facilitates and 

enhance interpretation of fMRI data acquired.  

The main clusters of brain activation during PF contractions were observed in the 

medial surface of the frontal lobe (primary motor area) and supplementary motor area 

(SMA). We detected neural activity associated with filling of urinary bladder and 

miction in middle and inferior frontal gyrus, angular gyrus, posterior and anterior 

cingulate gyrus and subcortical grey nuclei. Our results are consistent with already 

published works and concord with present hypothetical functional model of LUT 

neural control. 

In SCI patients we detected significant activation clusters at nucleus of the solitary 

tract (NTS), thalamus, amygdala, insular lobe, anterior cingulate gyrus  and prefrontal 

cortex. This study provides strong evidence that extraspinal sensory pathways do exist 

and are involved in the neural control of the lower urinary tract in complete SCI 

patients. The activity clusters detected strongly suggest association with vagal nerve 

afferents. 
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1. Introduction to the problem

This work summarizes five years of my activity in the field of the application of 

functional magnetic resonance imaging (fMRI) in urinary tract interventions. 

Due to the complexity of the issue of fMRI I am going to address this work 

to theoretical aspects of functional imaging in detail, specifically to data evaluation 

and interpretation. The introductory part deals with the physiological foundations 

of fMRI. In the next section, it is possible to find an overview of techniques that can 

be used to acquire functional images. The following chapters are devoted to an 

overview of the methods for the evaluation of fMRI data and to explain the very nature 

of their basic principles. 

The second part is dedicated to specific projects which have been addressed by our 

research team of which I was an active part. In studies presented, I have been involved 

in hypotheses formulation and completion of the study protocol. I was responsible 

for the submission of study dossier and related communication with appropriate Ethics 

Committee. I participated in selection of subjects, fMRI measurement itself and final 

interpretation of our results. These results were presented at international meetings and 

published papers are the basis of this dissertation.  

1.1 Functional imaging methods applicable to the study of a neural 
regulation of a micturition cycle 

Research on the neural control of function of the lower urinary tract (LUT) is, 

in particular, in the past three decades devoted to the great attention. Functional 

imaging methods, Positron Emission Tomography (PET) and fMRI allow to identify 

the brain structures involved in the neural control of LUT. 

PET imaging is a method that generates a 2D or 3D image. The principle of method 

is trapping of emissions of radiolabelled metabolically active substances, filled into 



Petr Holý  Univerzita Karlova v Praze 3. Lékařská fakulta 

- 7 - 

the bloodstream and concentrated in the metabolically active areas of the brain. 

The disadvantage of PET is invasiveness, its price and the practical limitations 

resulting from the need for an on site preparation of a radioactive water H2
15O (with 

regard to its short half-life).  

Due to the fact that all work of our team was carried out with the use of fMRI I am 

going to address the principles of this method, its advantages and limitations in more 

detail later in the text. 

1.2 Functional imaging of brain activity using functional magnetic 
resonance  

Although the basic principles and the physiological preconditions for research of the 

brain functions are generally known, only in the last two decades of the 20th century, 

thanks to the development of Positron Emission Tomography (PET) and functional 

magnetic resonance imaging, we are seeing the rapid development of clinical 

applications and a steep growth of publications in this area. 

Functional imaging of neural activity using fMRI is a relatively new method. 

In comparison with the PET, which was put to  use a few years earlier in the 

perfusional and functional studies of the brain activity, fMRI has several advantages:  

better time resolution (the image measurement time can be significantly less than 1 

second), better spatial resolution (the size of the voxel array can be just a few mm3) 

and also it is not invasive. This method does not use ionizing radiation nor require use 

of any contrast agent. This fact just makes this method through some practical 

problems (such as the relatively low signal/noise ratio) nowadays very attractive. 

The first scientific work about the fMRI has been published in the years 1990-92 

(Ogava S. et al., 1990; Belliveau JW. et al., 1991), but very quickly this method 

showed how important role it will have in the mapping of the human brain function. 

The whole first half of the 1990s was marked by the development and optimization 
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of the fMRI measurement methods and, in particular, the evaluation of the functional 

images (Bandettiny PA. et al., 1993; Friston KJ. et al., 1996). In parallel, there was 

a series of theoretical and experimental studies, which allowed to better understand 

and to describe the neuro-physiological process of brain activation in terms of effects 

on the measured signal of the magnetic resonance (Kennan RP. et al., 1994). 

 
Now the main area of interest is focused on the use of fMRI to answer specific clinical 

questions. By using a large number of test tasks it can be used to study almost any 

brain function, allows to perform chronological or comparative studies on groups 

of selected subjects (e.g. patients versus healthy volunteers). This all can be made 

under favorable ethical and economical conditions. 

 
Here is the main area of interest of our study team that is concerned with identification  

and description of neural structures associated with the regulation of the lower urinary 

tract. 

 

1.3 Physiological principles of functional MR imaging 
 

1.3.1 Neurovascular coupling 
 

The mechanism, allowing the investigation of functional magnetic resonance imaging 

of brain activity, is based on the difference of the local blood supply, specifically 

on the flow and volume changes of the cerebral blood vessels (Cerebral Blood Flow - 

CBF, Cerebral Blood Volume - CBV), and blood oxygenation. When you activate 

the brain cells it starts the haemodynamic response, which leads to the satisfaction 

of the increased energy consumption of activated neurons. Locally the neuronal 

activity leads to change of glucose metabolism and thus also to increased oxygen 

consumption. Neurovascular coupling leads eventually to a local increase in blood 

flow (CBF increase) and local increase in blood volume (CBV increase) and to locally 

elevated concentration of oxyhemoglobine (when compared to resting state). 
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The dynamics of this process can be described as follows: shortly after the beginning 

of the activation (in the order of a few hundred milliseconds) local decrease 

of oxyhemoglobine level occurs in place of the activation thanks to the immediate 

increased demand for oxygen caused by increased glucose metabolism (Buxton R., 

1997). Subsequently, during approximately next 3-7 seconds, the perfusion 

is increased. And thus it also relatively increases oxyhemoglobine level in proportion 

to deoxyhemoglobine in the close vicinity of active neurons. Therefore the resting 

state ratio between oxyhemoglobine and deoxyhemoglobine is changed in favor of 

oxyhemoglobine in the activated area.  

 

Thus we do not observe the activity of neurons directly. fMRI is based on detection of  

expression of neural activity-mediated perfusion changes in the vicinity of neural 

activation.  Schematically shown on Figure 1.1.  

 
Practically the most uses of cerebral blood flow (CBF) and cerebral blood volume 

(CBV) measurement and in particular the blood oxygenation changes - Blood 

Oxygenation Level Dependent (BOLD) effect. In general, we must admit that such 

evaluation based on mediated effects leads to a certain loss of information: 

a) different types of neuronal activity (e.g., synoptic excitation or inhibition) are 

projected to the simple concept of "cerebral/neural activation", b) the loss of spatial 

resolution: "vascular" effects occurs in the vicinity of observed neuronal activation, 

c) ) the loss of time resolution: "vascular" effects are slower in an order of magnitude 

than the changes in electrical potential during neuronal activation. 

 

 

Fig. 1.1 Two possible sources of mediated view of the brain activation: a) metabolic response 
(using e.g.. PET) or b) vascular response (fMRI). 
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1.3.2 Blood Oxygenation Level Dependent (BOLD) effect 
 
Functional MR imaging most of all uses different magnetic properties of 

the oxyhemoglobine (Hb) and deoxyhemoglobine (dHb), so-called BOLD effect. 

Almost all the oxygen in the blood is bound to hemoglobin. One hemoglobin molecule 

can bind up to four oxygen molecules. Deoxygenated hemoglobin has blood 

compounds of iron in a state with four unpaired electrons which make up a significant 

magnetic moment. It results in paramagnetic behavior of the dHb unlike oxygenated 

hemoglobin, which has no magnetic moment (is diamagnetic). 

 

The difference in magnetic properties of substances is expressed in different 

susceptibility. The susceptibility of fully deoxygenated blood is 0.2 ppm higher than 

fully oxygenated blood (Brooks RA., 1987). The mapping of subtle changes to 

a magnetic field due to the blood oxygenation changes shows a linear correlation 

between the susceptibility and the blood oxygenation (Weisskoff RM., 1992). 

The relative difference in a susceptibility of paramagnetic dHb and surrounding tissues 

forms local inhomogeneity of the magnetic field, which can lead to a decrease in MR 

signal. 

 

Local neuronal activation causes an increase in blood flow, which is disproportionately 

higher than the average tissues oxygen consumption after the first seconds. Since the 

supply of oxygen in the arteries is higher than its consumption, and because no oxygen 

is stored in the tissue, the blood on the venous side of a tissue has increased level of 

oxygen. (Weisskoff RM., 2000) 

 

The signal change (determined by the local perfusion changes) depending on the 

neuronal activity, is significantly slower than the changes in the electrical activity of 

the neurons. It is usually referred to the interval 4-7 seconds. This time, from a 

practical point of view, represents probably the so-called "transit time" of 

physiological cascade and also represents the time that oxygenated blood needs to pass 

from a capillary phase to a venous phase. The time course of events of a whole 

physiological cascade shows Figure 1.2. 
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Fig. 1.2 Demonstrates events of a cascade in increase of neuronal activity. The demand for 
energy is met by glucose metabolism. It necessitates an increase of the blood flow (CBF) and 
thanks to the expansion of capillaries it will also increase the blood volume (CBV) and 
oxygenation of the blood (BOLD). From the perspective of MR these events lead to 
measurable changes in relaxation times T1 and T2 (taken from Wong E.C., Functional MRI, 
Springer, 2000, editors: Moonen, C.T.W, and Bandenttini PA). 
 

The time response of vascular system in the form of timing changes of MR signal is 

called the "hemodynamic response function" (HRF) in the literature.  

 
In normal conditions it is difficult to quantitatively link the change of MR signal with 

the level of a blood oxygenation. It is possible though to use several measurements 

under different conditions of neurological activity to map the relative changes in local 

blood oxygenation. The use of techniques sensitive to the susceptibility changes 

(i.e. gradient echo sequence) confirms that these measurements detect paramagnetic 

effects associated with the degree of oxygenation of the blood.   
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From this it is clear that the changes of MR signal associated with the activation of the 

brain are extremely subtle. Therefore, the question arises of the magnetic field size, 

necessary for functional imaging. A number of theoretical models (Fisel RC., 1991; 

Ogava S., 1993) leads to roughly quadratic dependence of T2 changes to the blood 

oxygenation (MR signal changes correlates with the change in the relaxation constant 

involving inhomogeneity of the field  determined by the difference of susceptibility). 

Turner, in his thesis (Turner R., 1993) presents the changes to MR signal in the optical 

stimulation, evaluated in the 4T  field approximately of 15%, and 1.5T field of 4.7%. 

Therefore, you can generally expect a better signal/noise ratio in a higher magnetic 

field. It turns out, however, that the dominant source of noise is "physiological noise". 

It is caused by the brain pulsation, breathing or also by other random movements. This 

"noise" is independent on the size of the magnetic field. 

 

1.3.3 Interpretation of the data obtained by BOLD 
 

Generally is, from physiological perspective, accepted linear relationship between the 

neuronal activity and strength of BOLD signal. BOLD signal is understood as meaning 

of a group of neurons and not just a single cell. BOLD signal is same for both 

excitatory and inhibitory activity of neurons. (Kim DS., 2002). 

 

If we accept the time course of the hemodynamic response of the system 

as an essential input for modeling a measurable effect of brain activation, then the 

obvious question is, if this course is constant and similar for all areas of one brain and 

same for different subjects. Unfortunately, neither of these conditions is entirely true 

and especially interindividual differences in both amplitude and time of hemodynamic 

responses are significant (up to 70% of variance) (Aguirre GK., 1998). This fact makes 

any quantification of brain activity using BOLD effect virtually impossible and also 

makes difficult statistical evaluation of fMRI, when looking for a match with the 

expected course of model function. On the other hand, analysis of interindividual 

differences in time can be used to assess  possible pathologies or could be used 

as a "chronometer" of brain skills (Menon RS., 1999). 
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Another important issue is the linearity of BOLD effect. Can we observe proportional 

increase in MR signal during prolonged stimulation (or increased intensity)? It turns 

out that the change of BOLD signal is very likely not entirely linear, but to some 

extent follows this dependence. Result of practical measurements (Dale AM., 1997) 

shows that there is addition of response to individual short stimuli and BOLD signal is 

stronger. Of course, with shortening of stimulus the strength of measurable response 

decrease. With a greater number of repetitions even very short impulses can be 

detected, as shown in following works (Blamire et al., 1992) - 2 sec (Bandettiny PA., 

1993): 0.5 sec. 

 

1.4 Sequences used in functional MRI evaluation 
 
In this section, I would like to look in detail on specific measurement technique we 

used in our clinical applications of fMRI and its basic parameters and limitations.  

  

In all our measurements we have used gradient echo sequence (GE) with data 

acquisition using the technique of echo-planar imaging (EPI). That is the most widely 

used sequence for BOLD fMRI. This technique, combined with the possibility 

of spiral acquisition of k-space data, belongs to the so-called "single shot" techniques, 

where a single excitation radio-frequency (RF) pulse determines the entire matrix 

of the image. K-space acquisition is taken by lines (rectangulary) in the case of EPI, 

while in the case of spiral acquisition (radial) is a k-space trajectory spiral. 

The principal advantage of these "single shot" techniques is the speed of data 

acquisition. These techniques, however, place substantial demands on the performance 

of tomography gradient system (gradient amplitude and switching velocity). 

 

If we compare the possibilities of a spiral and rectangular (EPI) data acquisition, then 

we must conclude that the spiral is faster. On the other hand, present gradient systems 

are capable of very fast EPI acquisitions. The speed is not limited by present technical 

possibilities, but rather is determined by physiological limitations - where it stimulates 
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the peripheral nerves. Table 1.1 compares the main advantages and disadvantages of 

both types of sequences (Hennig J., 2003). 

 

 EPI SPIRAL 
Acquisition speed FAST VERY FAST 
Inhomogeneity effect   IMAGE DISTORTION IMAGE BLUR 
Movements SIGNAL LOSS  AUTOCOMPENSATION 
T2 sensitivity  NATURAL T2 CONTRAST PRESERVATION NEEDED 
Image reconstruction FAST SLOW 
Acoustic noise VERY NOISY MODERATELY NOISY 
 
Table 1.1 Comparison of basic characteristics of EPI and spiral acquisition. 
 

For GE EPI is possible to obtain the MR image of one layer at less than 100 ms. 

In 1992 Kwong suggested ( Kwong KK., 1992) so-called "multi-slice EPI" as the 

optimal method to cover the entire brain swiftly. The individual layers are measured 

sequentially after each other, so the minimum repetitive time (TR) is based on the 

number of layers. TR 3-4 seconds can be easily achieved for usually used number of 

30 to 40 layers. It presents acceptable time resolution in terms of the BOLD signal 

dynamics.  

 

From the perspective of physiological constraints, EPI sequence often reaches limit 

values for the stimulation of peripheral nerves. Extremely fast switching of gradients 

(change in the magnetic field to high values leads induction of electric current on 

surface and that causes nerve stimulation). This situation is modeled by MR system 

and monitored for each specific measurements. Only painless and physically harmless 

level of nerve stimulation is allowed. 

 

Another issue for such ultra-fast sequences is a noise. The noise is determined by the 

interaction of the basic static magnetic field with time-variable fields (switched 

gradients). It increases with increasing magnetic field. For the above mentioned 

sequences it is necessary to protect the patient, e.g. using a headset. 
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1.4.1 Signal/noise ratio (S/N) and the limitations of EPI sequences for 
BOLD fMRI  
 

EPI technique due to its "single shot" nature and therefore usually longer TR (more 

than 2 seconds) and higher flip  angle (90°) increases the MR signal and the S/N ratio. 

 

Images of EPI sequence suffers from several artifacts:  

- Chemical shift artifact (water and fat)  

- Ghosting artifacts  

- The loss of the signal due to local inhomogeneity of the magnetic field 

 

The different resonant frequencies of fat and water, in low bandwidth, lead to shift of 

the location a few pixels farther. The data are gathered in EPI sequence with extremely 

low bandwidth in the encoding direction phase (perpendicular to the lines). Therefore 

adipose tissue would be geometrically shifted in this direction. The issue can be 

corrected by suppression of the fat signal (most commonly used is frequency-selective 

RF pulse followed by a gradient "spoiler", so-called the Fat Sat technique). 

 

Ghosting in EPI image is caused by even the slightest error in the phase of the signal 

between the lines and can be related (and sometimes is) to a technical problem of MR 

tomograph (e.g., poor adjustment, or instability of the gradient system).  The biggest 

issue for EPI sequences is an extreme sensitivity to magnetic field homogeneity. Local 

inhomogeneities induced by differences in susceptibility of tissues on their borders 

causes signal losses and geometric distortion of the image. 

 
Despite these drawbacks the EPI sequence is very popular and is used with fMRI for 

its advantages such as acquisition speed, high S/N ratio and low sensitivity to 

movements. All practical and clinical fMRI evaluation in this work were performed 

using the EPI sequence. 
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1.5 Stimulation patterns in fMRI measurements 
 

Functional MR imaging is essentially a method of tracking two or more different states 

of brain activity. This fact already implies that it is always the evaluation of dynamic 

changes. These are by some of the above mentioned physiological mechanisms 

transferred to the time dependence of the MR signal. These signal changes are then 

detected by acquisition of time series of MR images, which captures brain activity in 

different states. Brain activity status varies according to a pre-selected stimulation 

scheme - the paradigm. In practice, there are two basic schemes: so-called "event-

related" and a block scheme. 

 

Blocks of active task (stimulation, different types) alternate with blocks of resting state 

(a point of reference) in the case of a block scheme. The duration of the individual 

units can be fixed or variable in length. This length is then adapted to the physiological 

process examined. 

 

If you want to monitor a brain activity triggered by autonomous physiological process 

(e.g. spontaneous brain activity related to bladder filling or voiding) we use an "event-

related" scheme. In this case we evaluate a signal response to each of the short stimuli 

which are repeated in time. 

 

1.5.1 Stimulation using a block scheme 
 

Block scheme is the most commonly used stimulation scheme especially for its 

simplicity, good feasibility and significance of changes in MR signal. The control and 

stimulation task alternation leads to natural variations in brain activity and then to 

the change of MR signal (with latency given by the physiological processes – 

4-7 seconds on average in BOLD). Duration of blocks is tailored to just mentioned 

physiological processes and usually takes several tens of seconds. Longer block 

duration leads to slow signal attenuation. This is probably cause by decrease of subject 

concentration and habitation process. 
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The number of individual blocks is usually matched to the size of MR signal changes 

measured. According to the MR system and equipment (the size of the basic magnetic 

field, scanning RF coil and acquisition technique used), it is also determined by the 

number of individual time samples (MR images) that we need to detect statistically 

relevant signal changes. In image series these individual images are repeated in 

repetitive time TR, which is almost always limited by number of layers covering the 

brain region of interest. The more layers you require, the longer the TR time and more 

blocks you need while respecting their pre-defined time length and maintaining the 

number of time samples (images). 

 

From this analysis it is clear that image acquisition speed plays a crucial role. Very 

positive role in image take may also have the application of parallel acquisition 

techniques (PAT). For their successful application it is very advantageous to have a 

strong magnetic field (3T), as the signal increase compensates for its loss caused by 

their use. MR system we used with a magnetic field of 3T allows measuring of 44 

layers (2 mm thickness, covering 88 mm) with a TR time 3 seconds. 

 

The actual stimulation block scheme we used in this work will be described in more 

detail in corresponding methodology section. 

 

1.6 Evaluation of fMRI data 
 
Given the relatively small changes in MR signal and low signal/noise ratio (S/N) 

it is essential to select the appropriate methodology in the evaluation of the time 

series/images. In the first approach a simple subtraction of images measured during 

stimulation and control tasks could suffice. However, in today's practice, such 

an approach is not acceptable thanks to many movement artifacts caused by brain 

pulsation, blood flow and cerebrospinal fluid pulsation. Nowadays, for the detection of 

relevant signal changes that truly represent observed neural activation, statistical 

methods are employed. Activity is displayed from a calculation of statistical maps of 
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time series on the acceptable level of significance. The most commonly used statistics 

based on the known model function include t -test, calculation of the correlation 

coefficient or general linear model (GLM). If the model function is not known 

or intentionally not used in the analysis, the analysis of principal components or the 

recently very popular independent component analysis (ICA) can be applied. 

 

1.6.1 Raw data preprocessing 
 

In this paragraph I am going to present methods applied to the fMRI data acquired 

before any statistical evaluation of image data series was made. The aim of this raw 

data preprocessing is to suppress before mentioned artifacts related to method of 

acquisition and in the same time to increase the S/N ratio. 

 
Movement correction (realignment)  
In the evaluation of time series, we assume that all signal changes are caused by brain 

activation. However, this may not be quite true in situation when the subject under 

study moves the head in time of scanning. This often-seen phenomenon then leads to 

changes in the MR signal, that are significantly stronger than any searched activation. 

Most notably, these artifacts are typically located at the edges of tissue with very 

different signal intensity (e.g. transition between liquor in cerebral ventricles and gray 

matter of the brain). For your idea, even shift at a fraction of the size of a voxel 

(submillimeter range) leads to change of the voxel intensity by tens of percent. 

 

Correction of these artifacts is practically always based on a comparison of the whole 

series to one (usually the first) image set. The comparison is performed for the entire 

volume (all the layers covered).  

 
If the correction is based on the similarity of the images, there is always a risk that the 

correction will tend to suppress the signal changes related to searched activation 

( because it also represent a signal change). A number of software products includes its 

own algorithm, implementing coregistration. Review of the effectiveness of several 

algorithms, whose complete list and description is presented in the Table 1.2 (taken 
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from  Oakes TR., 2005). Best results are achieved with both AFNI and SPM program. 

However, the other programs did not differ significantly and their use does not lead to 

loss of information in real fMRI data. The latest generation of MR scanners are 

already equipped with software that performs this correction "online" during the 

acquisition of images. 

 

 
 
Table 1.2 List of the basic properties of most commonly used coregistration algorithms (taken 
from Oakes 2005). 
 

Finally, there are two practical comments about the correction of head movements. 

Correction algorithms are able to compensate for adverse effects only to some extent 

(maximum shift in the order of 2-3 mm and 2-3° turn). Exceeding these limits leads to 

sudden drop of results relevance and credibility. Moreover, if the movements are 

correlated with the scheme of stimulation (for example head movement of the head 

coupled with limb motor stimulation), consequences are practically uncorrectable. 

 
Correction of timing („slice timing“) 
 
In sequential acquisition of individual layers, it is obvious that each of them is 

picked up at different time and therefore a single common model function cannot be 

used on the entire volume covered. The time point between acquisition of first and last 
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layers differ by few seconds (approximates TR). Variance is determined by the 

number of layers and duration of the acquisition time. It represents significant problem 

particularly in a case of short blocks. The solution may be to use an appropriately 

shifted model function for each layer or convert the time signal into a common point 

for all layers of each image (form of time interpolation). 

 

Very elegant time interpolation method also offers program SPM. (time-shift 

compensation is performed in the frequency domain after Fourier transformation of the 

time course by the simple addition of phase shift)  

 

 
Spatial smoothing 
 
fMRI images (time series) are almost always worse in terms of spatial resolution than 

conventional morphological images. This is related to speed and the way of data 

acquisition. Maximum dimension of the image matrix is limited to decrease in T2 

relaxation signal, when EPI sequence (or other fast technique) is used. The typical 

volume of a voxel in fMRI is 8 mm3 (2x2x2 mm3) and tends to rather larger 

dimensions. Despite a larger voxel size (compared to standard images), the S/N ratio is 

relatively low (it is in relation with acquisition time). 

 

Although, as just noted, the spatial resolution of fMRI is lower than the morphological 

MR images, spatial smoothing is commonly part of data preprocessing. This naturally 

leads both to a further deterioration of spatial resolution and also to increase of S/N. 

Gaussian filter with a width of 6-10 mm is frequently used.  

 

Despite a certain degradation of spatial resolution, fMRI still remains a method with 

the best resolution in comparison with other competing methods. Additionally, 

the actual spatial resolution is more significantly limited by physiological aspects, 

as discussed above. It may only cause issues in case of insensitive interpretation of 

'blurred' functional images (after spatial filtering) being coregistered with 

morphological images with high resolution. 
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Coregistration with morphological images  
 

The actual series of functional MR images are source of information about the state of 

the examined brain function. However, its spatial resolution (especially after spatial 

filtering), and the quality is not well suited to display anatomical and pathological 

brain structures. For this reason, the resulting functional maps are coregistered with 

common morphological images. The data obtained from 3D sequences are used as the 

morphological images, in recent years. We used 3D gradient echo sequence with T1 in 

this application. 

 
Spatial standardization 
 

Functional MRI (as well as PET) is often used in studies designed to compare brain 

activity in various groups of subjects (typically patients versus healthy volunteers). To 

allow equivalency of data gathered form different individuals we have to employ  

samples averaging effects or use other statistical methods. The goal is to display brains 

of all subjects into a kind of standard size. This objective is achieved by performing 

spatial standardization or normalization. Each individual brain is converted by this 

operation to a standard Talairach's space (Talairach J., Tournoux P., 1988) or area 

called MNI-125 (Montreal Neurological Institute, Evans AC. 1992) which is the 

average of a large number of healthy people scanned by MRI. This standard space 

enables localization of each anatomical structure using the coordinate system. 

 

Typically, normalization is performed by comparing the individual data with standard 

templates. The template selection is made according to the contrast of normalized 

images (in case of fMRI it is either standard EPI or T2-weighted images). 

 

From a practical point of view it should be noted that, as well as in a coregistration, we 

cannot expect matching at a fraction of a millimeter. We should rather allow for a 

tolerance of up to several millimeters. Even more complicated situation may be, if 

evaluated brain contains any pathology, which of course is not included in a standard 

template (method allows masking of such pathological structure and exclude it from 
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comparison).  Normalization is obviously not performed to clinical fMRI evaluation of 

individual subject as it has no particular importance.  

 

1.6.2 Statistical methods used 
 

Due to the small amplitude of signal changes that can be expected when comparing 

two neuro-physiological conditions, we need to apply appropriate statistical methods 

to allow any activity detection. These methods can be divided into two basic groups: 

 

a) univariate methods that are using knowledge of the model function 

b) multivariate methods that do not require any knowledge of model.  

 

The first group includes t-test, correlation analysis and analysis based on general linear 

model (GLM). The latter includes independent component analysis (ICA). With regard 

to the type of evaluated data either parametric or non-parametric statistics should be 

chosen.  

 

Excepting normal physiological and instrumental noise, fMRI data also include heart 

and blood periodic pulsation effects and movements related to breathing. Moreover 

these periodic signal changes are under sampled during normal time resolution 

measurements (about 2-4 seconds). In a detailed look on the data it shows that fMRI 

data are lacking normal distribution and therefore some non-parametric method should 

be used in their analysis. However this deviation from normality is generally 

considered as not significant and despite this known fact, parametric methods 

(e.g. t-test)  are frequently used  

 
T-test 
 
T-test is widely used in fMRI parametric statistics. Tested hypothesis is statistically 

significant disparity of images collected at control (resting) phase and during 

stimulation. The resulting images are referred to as t-maps. 
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When determining the effect significance either threshold t-value or more often 

p-value, which is independent of the number of samples (measured images) is selected. 

 
General linear model (GLM) 
 

T-test is actually a special case of statistical analysis known as the general linear 

model (GLM). General linear model is based on the assumption that the time 

dependence of fMRI signal in each voxel can be decomposed into a linear combination 

of model functions describing the theoretical relationship with used paradigm and 

random residual fluctuations in signal (generalized noise).  

The general linear model is basic statistical function in the SPM (Statistic parametric 

mapping), which is now one of the most widely used programs for the evaluation of 

fMRI. 

 
Thresholding of statistical maps 
 
The decision of individual voxel acceptance as active is determined by level of 

statistically significant threshold or acceptable type I error rate. Conventional 

significance levels of p = 0.001 are used for fMRI. p-value indicates the probability of 

false positive activation that you admit in statistical evaluation. It is therefore 

probability that inactive voxel is evaluated as active. 

 

A large number of voxels is evaluated in functional mapping of the brain (as an 

example, 100 x 100 x 44 = 440 000 voxels) and each of it is independently tested. 

If we accept the stated level of significance for each voxel, we admit that 440 random 

voxels are being classified as active, when in fact they are not. In this context it is 

necessary to avoid repeated looks at a data set in different ways, until something 

"statistically significant" emerges.  

 

For this reason analysis requires to enable a degree of p correction for thresholding of 

each voxel. There are a number of correction algorithms and theoretical reviews to 

justify use of different algorithms for specific conditions. In our statistical analysis is 

used so-called "family-wise error rate" (FWE). In this case, it is probability that at 
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least one voxel of the whole set is false positive active (in fact inactive is evaluated as 

active). 

 
Independent component analysis ( ICA) 
 
Previous statistical analyzes were based on a known model of activation (from the 

knowledge of the model hemodynamic response function (HRF). These are, therefore 

also referred to as "model-driven" methods (or univariate). However, there is also the 

possibility to evaluate data without assuming specific time dependence of the signal. 

These methods are collectively referred to as "data driven" (multivariate). 

The advantage of such an evaluation is that they are applicable even in the case where 

either no stimulation paradigm is used (e.g. "resting state" fMRI) or for some reason, 

the actual HRF model does not match the expected stimulation (low cooperation of 

subject or deviations from standard physiological responses). 

 

The above-described physiological processes and fMRI data evaluation techniques 

predetermine the nature of such data. It can be assumed that at the time of  brain 

activation certain areas make up spatially and timely correlating signals. Thus areas 

with very similar behavior in certain time (e.g. motor cortex in one hemisphere will be 

highly correlated with the same area in the opposite hemisphere). This basic fact is 

ground for "data driven" analysis. Analysis of principal components was initially used 

for fMRI evaluation. In recent years, independent component analysis (ICA) is mostly 

applied. Lange's work ( N. Lange , 1999) shows that multivariate methods may be 

more effective detectors than univariate ones. Another typical application for ICA is 

the search for essential brain activity in the default mode ( C. Liu , 2007). In presented 

work, ICA was applied to analysis of activation responses to urologic interventions 

that were difficult to predict (establish HRF model).  

1.7 The current functional model of lower urinary tract neural 
control 
 
The function of the lower urinary tract in adults is mainly storage of produced urine 

and process of voiding. The proper function of lower urinary tract is seen as filling 
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phase takes place without any unpleasant sensations and allow to store reasonable 

amount of produced urine.  Process of voiding is not imperative, but rather 

accommodates individuals needs with regard to social conventions. 

 

The nervous system coordinates the activity of lower urinary tract and ensures its 

appropriate function. Peripheral level of neural control is very well described in 

published literature.  

 

The lower urinary tract is innervated by three sets of peripheral nerves involving the 

parasympathetic, sympathetic, and somatic nervous systems. (Fig. 1.3) 

  

Fig 1.3 Sympathetic, parasympathetic, and somatic innervation of the urogenital tract. 
Sympathetic chain ganglia (SCG), inferior splanchnic nerve (ISN), inferior mesenteric 
ganglia (IMG), hypogastric nerve (HGN), ischiocavernosus (IC), bulbocavernosus (BC),and 
external urethral sphincter (EUS) muscles, prostate gland (PG), ureter (U); vas deferens(VD) 
(taken from Campbell-Walsh Urology, tenth edition) 
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"Sympathetic neurons of pelvic autonomous plexus are based in the lateral part of 

spinal segments Th10-L1/2. Sympathetic outflow from the rostral lumbar spinal cord 

provides a noradrenergic excitatory and inhibitory input to the bladder and urethra. 

Activation of sympathetic nerves induces relaxation of detrusor and contraction of 

bladder neck and urethra. This contributes to bladder storage function. The peripheral 

sympathetic pathways follow a complex route that passes through the sympathetic 

chain ganglia to the inferior mesenteric ganglia and then through the hypogastric 

nerves to the pelvic ganglia." (Campbell-Walsh Urology, tenth edition)  

 

"Parasympathetic preganglionic neurons innervating the lower urinary tract are located 

in the lateral part of the sacral intermediate gray matter in a region termed the sacral 

parasympathetic nucleus. Parasympathetic preganglionic neurons send axons through 

the ventral roots to peripheral ganglia, where they release the excitatory transmitter 

acetylcholine. Parasympathetic postganglionic neurons in humans are located in the 

detrusor wall layer as well as in the pelvic plexus. This is an important fact to 

remember because patients with cauda equina or pelvic plexus injury are 

neurologically decentralized but may not be completely denervated. Cauda equina 

injury allows possible afferent and efferent neuron interconnection at the level of the 

intramural ganglia." (Campbell-Walsh Urology, tenth edition) 

 

The coordination between the urinary bladder and the urethra is mediated by reflex 

pathways organized. Some reflexes promote urine storage, whereas others facilitate 

voiding. It is also possible that individual reflexes might be linked together in a serial 

manner to create complex feedback mechanisms. For example, the bladder to external 

urethral sphincter guarding reflex that triggers sphincter contractions during bladder 

filling could, in turn, activate sphincter muscle afferents that initiate an inhibition of 

the parasympathetic excitatory pathway to the bladder. Thus a bladder to sphincter to 

bladder reflex pathway could, in theory, contribute to the suppression of bladder 

activity during urine storage. Direct activation of these reflexes by electrical 

stimulation of the sacral spinal roots very likely contributes to therapeutic effects of 

sacral nerve root neuromodulation (Dijkema et al, 1993)  
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Fig 1.4 Sympathetic and parasympathetic component of pelvic plexus (taken from Campbell-
Walsh Urology, tenth edition) 
 

 

During the filling phase, the detrusor muscle is relaxed to accommodate increasing 

bladder volume while maintaining a low intravesical pressure. This is regulated 

on level of peripheral autonomic (sympathetic) reflex, triggered at a time of bladder 

filling. Activation of the sympathetic lumbar region (L1-L3) is suppressing 

parasympathetic excitatory inputs increasing detrusor activity. 
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In case of sudden increase of intra-abdominal pressure (i.e. when coughing, 

laughing, etc.) urine continence with is facilitated by somatic reflex, so-called 

'guarding reflex'. 

 

Afferent axons in the pelvic, hypogastric, and pudendal nerves transmit information 

from the lower urinary tract to the lumbosacral spinal cord. The primary afferent 

neurons of the pelvic and pudendal nerves are contained in sacral dorsal root ganglia 

(DRG), whereas afferent innervation in the hypogastric nerves arises in the rostral 

lumbar DRG. (Campbell-Walsh Urology, tenth edition). The central axons of the DRG 

neurons carry the sensory information from the lower urinary tract to second-order 

neurons in the spinal cord and then continuously referred into mesencefalic 

periaqeductal gray matter (PAG) and from there to pontine micturition center (PMC) 

(Holstege G., 2005).  Efferents from PMC terminate the spino-bulbo-spinal reflex 

loop. The external urethral sphincter motoneurons are located along the lateral border 

of the ventral horn, commonly referred as the Onuf nucleus. 

 

On the other hand, the regulation of lower urinary tract function at central level is not 

understood in detail, yet. Current functional model is based on theoretical assumptions 

and animal models (reference animal is a cat). 

 

Spinal interneurons may play very important role in regulation of the micturition 

reflex. Since all afferents from lower urinary tract are di- or polysynaptic 

(de Groat WC., 1981). Interneurons are activated both via visceral and somatic input. 

Any stimulation of afferents from various areas (e.g., anus, rectum, vagina, penis, 

perineum) inhibit actual activity of sacral interneurons evoked by bladder distension. 

Suppression of detrusor activity by stimulation of the sacral roots corresponds to the 

activation of inhibitory afferent somatic and visceral reflexes. Suppression of detrusor 

activity by sacral roots stimulation corresponds with inhibitory activity of somatic and 

visceral reflexes. 
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Micturition reflex is mediated by spino-bulbo-spinal reflex. It is derived from animal 

models that brainstem structures at the level of inferior coliculus play a key role in the 

regulation of  parasympathetic component of micturition (micturition reflex). 

Decerebration at intercolicular level usually supports voiding by removal of inhibitory 

input from higher brain centers. Conversely interruption at any level below leads to 

urinary retention. (de Groat WC. 1993) 

 

We assume that control of micturition cycle is realized by inhibition/activation of 

PMC by superior brain centers. Micturition control at central level is complex and 

certainly will not reside in a single center. There are direct cortical projections of 

prefrontal cortex and insula to PMC described as well as pathways guided through 

hypothalamus and extrapyramidal system (de Groat WC., 1993). 

 

Research carried out on healthy volunteers suggests that voluntary control of 

micturition is dependent on the connections between the frontal cortex and the septal-

preoptic area of hypothalamus and also on interconnection of paracentral area with 

brainstem. Damage to the aforementioned areas of the brain led to a direct increase in 

detrusor activity by removing inhibitory cortical control. Functional studies localized 

control of micturition in frontal cortex and in anterior cingulum and also pointed on 

the dominance of right hemisphere. (Blok BF., 1997) 

 

In Figure 1.5 we can see interconnection of several brain areas that play role in 

regulation of urinary bladder function. Fowler's review completes all previously 

published work in this area of research, both using PET and fMRI. (Fowler CJ., 2010). 

Activity clusters identified in these few studies correlate with fig.1.6 model 

assumptions.    
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Figure 1.6a Scheme of interconnected areas that may participate in the management of 
bladder function.  
Periaqeductal gray matter (PAG), pontine micturition center (PMC).  
Figure 1.6b The complex interconnection of all areas shown  
(taken from Fowler CJ, 2010). 
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2. Aims of the work 
 
Brain structures associated with the central control of the lower urinary tract (LUT) in 

humans have been identified recently using functional imaging techniques (PET and 

fMRI). It is in particular brainstem periaqeductal gray matter (PAG), pontine 

micturition center (PMC), lobus insularis (LI), anterior cingulate gyrus (ACG) and 

prefrontal cortex (PFC). Based on these findings, a hypothetical model of cerebral 

LUT management was developed. Schematically shown in Figure 1.6 (Fowler CJ., 

2010). However, our knowledge regarding the neuroregulation of LUT is certainly not 

complete. 

 

In the last decade, several works were devoted to experimental investigation of neural 

control in the filling phase of the micturition cycle using functional magnetic 

resonance. Any work related to functional imaging of brain during process of 

micturition have not yet been published, also work in the context of lower urinary tract 

dysfunction are exceptional. 

 

The aim of this thesis was to contribute to a more detailed understanding of the 

mechanism of neural control of the lower urinary tract. In the first phase, the issues 

related to the methodology of neural activity detection were addressed: 

 

- Adjusting the urodynamic instrumentation and settings to comply with MR work 

environment in a permanent magnet field. Developing of methodology to allow 

synchronous urodynamic recording during functional measurement. To eventually 

assess contribution to the interpretation of results. And evaluate a feasibility of this 

extended methodology in terms of synchronous use of fMRI and urodynamics. 

 

- Define a block scheme and relevant "trigger events" simulating the progress of 

miction cycle, able to induce a detectable neural response. 
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The next stage was aimed to replicate and possibly supplement yet published results 

and in this way to verify the accuracy of our extended methodology. We dealt with 

following issues: 

 

1) Accurate localization of brain structures involved in motor control of pelvic floor 

muscles. To evaluate their significance when interpreting results of functional 

measurements at the filling stage of micturition cycle. 

 

2) Detection and mapping of brain activity during bladder filling in healthy volunteers. 

 

3) Development of safe methodology for the implementation of voiding in the MRI 

environment. Detection and mapping of brain activity during urination in healthy 

volunteers. 

 

In the next phase, we decided to apply this methodology on evaluation of patients with 

complete spinal cord lesions. The goal was to try to explain the empirically observed 

phenomena in which patients with complete spinal cord lesions, to a certain extent, 

retain sensory perceptions associated with the activity of the lower urinary tract, such 

as a feeling of fullness of urinary bladder. 

 

4) Mapping of brain activity during bladder filling using fMRI in patients with 

complete spinal cord lesions. 
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3. The hypothesis to be verified 
 

3.1 Methodology for synchronous urodynamic recording during 
functional measurements of neural activity 
 

Urodynamic examination is a functional evaluation of the lower urinary tract. It allows 

evaluation of lower urinary tract during the filling and emptying phases. Current 

urodynamic instruments are relatively robust and beyond the standard tests such as 

measuring flow rate (uroflowmetry) or cystometry it involves sophisticated 

electrophysiological or videourodynamic methods. 

 

Schäfer have defined the correct urodynamic practice in context of clinical 

examination. Emphasis is placed on clear indications for this invasive testing, 

an accurate measurement with regard to the quality of implementation and complete 

documentation and analysis of results. (Schäfer W., 2002) 

 

We consider a quality control of task observed, such as filling of urinary bladder as 

well as pelvic floor contractions absolutely crucial for the interpretation of functional 

data. 

 

For this reason, part of this work is methodology that allows synchronous urodynamic 

evaluation. In this context, urodynamic measurement is not applied as a diagnostic tool 

to assess lower urinary tract dysfunction. It is just used as a technical device which 

enables controlled bladder filling and to record intra-abdominal pressure (pressure 

sensor located in rectum) as well as intravesical pressure ( pressure sensor inserted into 

urinary bladder) . 

A record of urodynamic measurement then allows documentation of changes in 

detrusor activity in relation to filling and emptying phase. Thanks to technical 

possibility to chronologically correlate functional MR data with recorded detrusor 

activity we expect more reliable identification of significant activity related to function 

of lower urinary tract. Urodynamic evaluation also allows detection of uninhibited 
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detrusor activity. This gives us a unique opportunity to specifically investigate the 

possible activation of central nervous system (CNS) associated with detrusor 

hyperactivity, which can not be excluded. 

 

3.2 The influence of pelvic floor on function of lower urinary tract 
 
The pelvic floor plays an important role in ensuring the continence of urine and faeces. 

Furthermore, it significantly affects the axial stabilization system, which is important 

for the postural stabilization of body. The contraction of the pelvic floor is a complex 

process involving all muscle structures of all three functional layers of the pelvic floor. 

Faultless and coordinated function of the pelvic floor is absolutely necessary to ensure 

the proper function of the pelvic organs and particularly of the lower urinary tract. 

 

During the filling phase of micturition cycle the pelvic floor provides required resting 

tonus of lower urinary tract closing mechanism. Along with increased filling of urinary 

bladder the tone of pelvic floor increases reflexively. Pelvic floor significantly 

contributes to continence mechanism by an increase of closuring pressure. Moreover, 

it is demonstrated that pelvic floor contraction, in case it is sufficiently strong and 

lasting, has an inhibitory effect on detrusor (Shafik A., 2003). In addition, the muscles 

of the pelvic floor provide reflex increase in closuring pressure during a sudden rise in 

intra-abdominal pressure, such as coughing, movement, etc. The pelvic floor thus 

helps to ensure stress continence (Petros PE., 1993). 

 

On the other hand, during the voiding phase,  adequate pelvic floor relaxation is the 

main prerequisite for complete urinary bladder emptying. In case of inability to 

effectively relax pelvic floor muscles subvesical obstruction may occur with all its 

consequences - increased voiding pressures, post-void residue, remodeling and 

secondary detrusor hyperactivity. 

 

Understanding the innervation of pelvic floor has its importance in the study of neural 

control of lower urinary tract. It is known that supplementary motor area (SMA) is 
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associated in voluntary contraction of pelvic floor muscles. However, its exact cortical 

localization involved in this task is not available. Results of a few works that 

addressed this objective  are inconsistent, in many respects. 

 

The results of works that studied the neural regulation of pelvic floor contraction are 

significantly limited by the lack of control of motor task execution. Unlike as seen in 

limb movements we are unable evaluate pelvic floor contraction visually. However we 

are confident that control, how precisely subject performs evaluated task, is crucial for 

results review. 

 

Furthermore, we are convinced that it is necessary to perform functional measurements 

with an empty bladder. Seseke carried out an evaluation of cortical activity during 

contraction of the pelvic floor with filled bladder. He described the activation of 

primary and supplementary motor area without hemispheric predominance. In 

addition, he described activation of multiple subcortical structures (hypothalamus, 

thalamus, periaqeductal gray) and a cerebellum. (Seseke S., 2006). These results rather 

suggest activity correlated with sensations related to bladder filling. This corresponds 

with results published by Zhang, who compared the activation of pelvic floor 

contraction with both full and empty bladder. (Zhang et al., 2005). 

 

The assessment of activity related with pelvic floor contraction is included in this 

thesis, that is otherwise focused primarily on neural control of lower urinary tract, 

thanks to well-known reflex activation of pelvic floor muscles during the filling of 

urinary bladder. Exact placement of pelvic floor motor control is essential as long as 

our aim is to distinguish stimulation associated with bladder filling from activity 

caused by pelvic floor contractions. 
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3.3 Evaluation of neural activity associated with urinary bladder 
filling 
 

Current knowledge of the regulation of lower urinary tract function at central level is 

not understood in detail, yet. Current functional model is based on theoretical 

assumptions and animal models. We assume that control of micturition cycle is 

realized by inhibition/activation of PMC by superior brain centers. Miction control at 

central level is complex and certainly will not reside in a single center. The basis of 

current functional model stands on theoretical assumptions, animal models data and 

recent work  on human volunteers using functional imaging. (Holstege G., 2005; 

Kuipers R., 2006). 

 

Functional magnetic resonance imaging allows us to see the activation of brain 

structures. The principle of this method , however, can not distinguish the very quality 

of activity. Thus in evaluation of LUT neural control to distinguish an inhibitory or 

excitatory effect on the pontine micturition center. We assume that prefrontal cortex 

affects voluntary control the micturition cycle. The decision to suppress or initiate 

voiding in a socially appropriate time is allowed by inhibitory/excitatory efferentation 

towards PMC. 

 

Bladder afferentation concentrates in PAG, insular and frontal cortex. The control role 

is given by a direct inhibitory efferentation of pontine micturition center. Anterior 

cingulate gyrus plays a role in transit and switching of both afferents and efferents 

from/to PAG and PMC. Insular cortex is likely responsible for monitoring of visceral 

signals and mediation of these sensations to frontal cortex. We assume control of 

pelvic floor muscles as well as control of a continence mechanism in somatomotor 

area. 

 

We consider a functional magnetic resonance imaging (fMRI) as appropriate method 

to evaluate the activity of central nervous system associated with function of lower 

urinary tract. The function of lower urinary tract, and its control is a dynamic process 
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and functional magnetic resonance unlike positron emission tomography (PET) allows 

the acquisition of dynamic view. PET methodology allows static comparison of two 

states, such as full/empty bladder only. Technical limitations of fMRI is given mainly 

by low signal-to-noise ratio and various physiological artifacts (brain pulsation, 

susceptible artifacts, etc.) especially in brainstem areas and cranial base. 

 

We aim to carry out functional measurements of neural activity during the filling of 

urinary bladder in parallel with modified urodynamic study to obtain additional 

information about the quality of observed task - the documentation of bladder filling 

and detrusor activity changes.  

 

3.4 Evaluation of neural activity during micturition 
 
The same theoretical assumptions we use also at evaluation of cortical activity 

associated with micturition. 

 

Substantial, relatively practical difference is developing a methodology allowing 

micturition during a functional measurement in the MRI environment. There is no 

other work published yet that would evaluate miction in this context. 

 

Functional measurements of neural activity during micturition will be carried out in 

parallel with extended urodynamic study. For purpose of chronological correlation 

with obtained functional data we will use recorded information about urinary bladder 

filling before voiding, detrusor activity and changes of intravesical pressure during 

urination. 

 

3.5 Evaluation of neural activity in patients with complete spinal 
cord lesions during urinary bladder filling 
 
It is commonly known fact that patients with complete spinal cord injury (SCI) may 

maintain perception of bladder fullness and, therefore, exert to some extent neural 
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control of lower urinary tract. In the intact spinal cord, afferent sensory signals from 

the lower urinary tract ascend in the anterolateral and posterior white columns of the 

spinal cord. These spinal pathways are laesioned in SCI patients and there is limited 

information about extraspinal sensory afferents in humans. There are mere suggestions 

in published literature that vagal nerve may convey this information. The aim of this 

study was to evaluate brain activation in context of anticipated extraspinal sensory 

pathways. Using functional magnetic resonance (fMRI) we evaluated brain activity 

associated with urinary bladder filling in SCI patients. We hypothesized that bladder 

filling until maximal capacity results in activation of brainstem and forebrain areas 

receiving information from the vagal nerves. 
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4. The methodology 
 

All participants were carefully instructed prior to inclusion about planned procedure 

and possible risks. Volunteers expressed their voluntary consent to participate in this 

experiment by signing of informed consent form, that was reviewed by the Ethical 

Committee established at Thomayer hospital. 

 

4.1 Synchronous urodynamic study during functional evaluation of 
neural activity using magnetic resonance  
 

Urodynamic examination performed in daily urological clinical practice is functional 

diagnostic test, whose main purpose is to simulate the patient's difficulties and to 

register information about detrusor and external sphincter function. For the purposes of 

this work urodynamic study was used in slightly different way. Using this method, we 

at first gained precise control of bladder filling. System allows continuous monitoring 

of filling rate. It continuously records intravesical and intra-abdominal pressures. 

Having this information, we have direct control over actions we plan to evaluate by 

fMRI. From our perspective, we receive important information to facilitate the fMRI 

data interpretation. In published literature so far, this approach is not used. Study 

teams simply relied that observed action actually takes place according to their 

assumptions. 

 

For the purposes of this study, we used urodynamic apparatus (MMS, Netherlands), 

which was placed outside the examination room of MR tomograph. Sterile tubes in the 

length of 6.5 meters were used to connect equipment with  catheters. Before the start 

of examination two-channel 6CH catheter was introduced into urinary bladder 

enabling repeated bladder filling and measurement of intravesical pressure. The 

catheter enabling measurement of intra-abdominal pressure was introduced into 

rectum. After the start of examinations adjusted filling cystometry was performed. 

As a filling medium physiological saline warmed to 37oC was used. The urinary 

bladder was filled at 50 ml/min rate. Communication with the study participants was 

limited by a mechanical barrier between  control room and examination rooms. 
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The volunteer was able to communicate with the investigating team only through 

lights signal control. In this way, we recorded subjective parameters such as first urge 

to urinate, normal desire to void and finally strong urge. See Figure 4.1.  

 

 

Fig. 4.1 Location scheme of a participant and apparatus for urodynamic study in the MR 
environment. 
 

4.2 Functional magnetic resonance imaging 
 
All measurements were performed with the use of 3T MR system (Siemens Trio Tim 

3T) using the gradient-echo EPI sequence (FOV=192x192mm, voxel 3x3x3 mm, flip 

angle 70°, TR/TE=2000/30ms, bandwidth 2790 Hz/pixel, PAT factor 2). 

 

Head of volunteers was fixed into the head RF coil in order to minimize unwanted 

movements. 

 

Statistical processing was performed in the SPM8 software. In terms of preprocessing 

raw data were coregistered and realigned (for head movements), corrected for slice 

timing and smoothed with use of Gaussian spatial 6x6x6 mm and  normalized into 

standard MNI-152 space.  

 

We used the general linear model (GLM) with canonical hemodynamic response 

function (HRF). Taking into account unpredictable shape of HRF of possible 

activations induced with sensation of changes during the course of cyclic filling and 
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emptying of urinary bladder, functional data were processed with the use of 

independent component analysis (ICA, GIFT v1,3i software). ICA evaluation was 

performed independently for every measurement, with identical number of 20 

components and the basic initial setup of the GIFT software (default values of 

processing parameters). One representative component was selected for each of the 

measurements with respect to chronological correlation with records of simultaneously 

performed urodynamic study.  

 

4.3 Neural activity associated with contractions of the pelvic floor 
muscles 
 
Our study focused on the precise localization of brain activity during pelvic floor 

contraction.  

 

A total of 17 right-handed healthy female volunteers age 20–68 years were enrolled in 

the study. All patients were carefully instructed before the test  how to perform pelvic 

floor contraction. Quality of contraction was manually verified before functional MR 

evaluation and then at the time of functional evaluation perineometrically monitored.  

 

Subjects with the following conditions were excluded from participation in the study: 

urinary infections, any LUT symptoms, significant prolapse of the pelvic organs, 

dementia, urolithiasis, history of previous malignant disease in the pelvic area, 

previous irradiation therapy of the pelvis, claustrophobia, use of medications that 

could influence functions of the brain or the LUT, metallic or electronic implants, or 

positive pregnancy test. Prior to enrollment, all subjects were examined by a 

physiotherapist and trained in the use of a perineometer to ensure isolated contraction 

of the PF muscles. 

 

All data was acquired with a 3T MR scanner (Siemens Trio Tim 3T) using a gradient-

echo EPI sequence. Parameters for MR measurement sequence were as follows: TE 30 

ms, TR 3 s, BW 1502 Hz/px, PAT 2, 44 slices, voxel 2 x 2 x 2 mm, MA 104 x 104. 

In total 120 dynamics and acquisition time 6:11 min.   
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As a stimulation trigger for functional magnetic resonance imaging evaluation, 

we used following scheme. Subjects were asked to perform three to four PF 

contractions lasting approximately 6 seconds, followed by a resting phase of 30 

seconds. This procedure was repeated 10 times with 120 simultaneously performed 

functional scans. This data was used in the final analysis to differentiate between brain 

activity that resulted from bladder sensations and activity resulting from voluntary 

contractions of the PF muscles.    

 

We assumed activation in the cortical center located near the center responsible for the 

motor function of the lower limbs. For this reason, we have extended the examination 

independently of the chart below: Repeated flexion of right thumb in fifteen seconds, 

followed by a fifteen-second relaxation, repeated flexion of the left thumb over fifteen 

seconds, followed by a fifteen-second relaxation. This block was repeated five times 

and the whole fMRI measurements was covered by 100 dynamics. 

 

Statistical evaluation was performed using SPM8 software. Functional MRI data 

preprocessing consisted of motion correction (realignment), slice timing, and 

smoothing with a Gauss filter (FWHM = 6 x 6 x 6 mm). Data was then normalized to 

standard MNI-152 space. Brain activity due to PF contractions was statistically 

evaluated using general linear model (GLM) with a canonical hemodynamic response 

function convolved with a block scheme describing periods of contractions and rests 

(6 seconds of repeated contractions and 30 seconds of rest). Group level statistical 

maps were thresholded with an uncorrected p-value of 0.0001.  

 

4.4 Evaluation of neural activity associated with bladder filling 
 
In this study we evaluated neural activity triggered by repeated filling and emptying of 

urinary bladder through indwelling catheter. A total of 23 right-handed healthy female 

volunteers age 20–68 years were enrolled in the study. All patients were informed 

prior to the enrolment about the performance of the study and possible associated 
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risks. All patients expressed their consent with participation in the study by signing the 

informed consent form. The study protocol was reviewed by appropriate Ethics 

Committee. We performed uroflowmetry in all volunteers, together with the evaluation 

of post-void residual volume. Patients with a pathological uroflowmetry result and/or 

significant post-void residual volume (more than ten per cent of  volume voided) were 

excluded from the study. Further exclusion criteria for enrolment into the study were 

urinary infections, neurogenic dysfunctions of the LUT, significant pelvic organ 

prolapse, dementia, history of previous malignant disease in the pelvic area, previous 

radiation therapy of pelvis, claustrophobia, use of medicaments, which could influence 

neural functions or LUT and positive pregnancy test. 

 

The examination was performed in all volunteers under antibiotic prophylaxis 

(ofloxacinum 200 mg).  A dual-channel catheter Ch6 was inserted into the urinary 

bladder before the start of the examination; this catheter enabled a repeated filling of 

the bladder and continuous evaluation of intravesical pressure. Another catheter was 

also inserted into the rectal ampulla, enabling the measurement of intraabdominal 

pressure. Both catheters were zeroed against atmospheric pressure in the area of 

symphysis, according to the rules of Good Urodynamic Practices. (Schäfer W., 2002) 

The measuring catheters were connected with a urodynamic apparatus placed outside 

the examination room. Prior to initial filling, a 10-minute rest period was observed to 

allow catheter-induced irritation to subside. 

 

We initiated filling of the bladder with sterile saline infusion, at 50 ml/min rate. 

The patient indicated subjective parameters (first filling sensation, first desire to void, 

normal desire to void, strong desire to void) using a signaling device. Having filled the 

bladder with 100 ml of the solution, we continued with fMRI measurement, together 

with simultaneous rapid filling and emptying of 25 ml of the infusion solution. In 

order to strengthen the sensory activation, we performed two blocks of rapid filling 

and emptying of urinary bladder, according to the scheme presented by Griffiths. 

(Griffiths D., 2008) The filling/emptying cycle was performed according to the 

following design: resting phase (12s); filling (25 ml/12s); resting phase (12s); 
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emptying (25ml/12s). This design was further followed, without fMRI measurements, 

with filling of the bladder until the feeling of strong desire to void. Next, four more 

stages of cyclic filling/emptying of the bladder were performed, under continuous 

fMRI measurement. Diagram of the stimulation is presented in Figure 4.2 The whole 

procedure was repeated after the period of four to six weeks, in order to assess the 

inter- and intra- individual differences. 

 

 

 

 
Fig. 4.2 Scheme of stimulation during cyclic filling/emptying of urinary bladder with two 
levels of filling. 
 
 

All measurements were performed with the use of the MR system (Siemens Trio Tim 

3T), using the gradient-echo EPI sequence. Parameters for MR measurement sequence 

were as follows: TE 30 ms, TR 2 s, BW 1502 Hz/px, PAT 2, 35 slices, voxel 3x3x3 

mm, flip angle 70°. In total 146+66+56 dynamics and acquisition time 9:20 min.   

 

Statistical evaluation was performed using SPM8 software. Functional MRI data 

preprocessing consisted of motion correction (realignment), slice timing, and 

smoothing with a Gauss filter (FWHM = 6 x 6 x 6 mm). Data was then normalized to 

standard MNI-152 space.  

 

GLM  was used to evaluate brain activity during bladder filling using the following 

two protocols: (1) step function comparing empty versus full bladder (subject 

reporting strong desire to void) – model A, and (2) cyclic filling and withdrawal of 

FFiilllliinngg  ((FF)),,  ppaauussee  ((PP))  aanndd  wwiitthhddrraawwiinngg  ((VV))::  
77  ddyynnaammiiccss  ––  77  ddyynnaammiiccss  ––  77  ddyynnaammiiccss  
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vvoolluummee::  110000  volume: maximal cystometric 
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25 ml of saline solution – model B. The procedure used for bladder filling during 

fMRI is shown in Figure 4.3. This figure also demonstrates how the estimated brain 

activity was split into 2 models for statistical evaluation using GLM. Individual 

statistical maps were evaluated with a threshold of p ≤ 0.001 (uncorrected) or p ≤ 0.05 

(adjusted for multiple observations FWE). The resulting statistical maps were included 

in group statistics (random effect) using a one-sample t-test with an uncorrected 

threshold of p = 0.001.  

 

 

Fig. 4.3 A schematic stimulation and representation of model activity. 
 

Parallel evaluations used independent component analysis (ICA) for every 

measurement, with an identical number (n = 20) of components and the basic initial 

setup of the GIFT program (version 1.3i, default values of processing parameters, 

Infomax algorithm). This ICA analysis allowed for a comparison at the individual 

level of components obtained with simultaneously performed urodynamic recording. 

The threshold of Z-score (Z = 1.0) was used for all components. Example of selected 

component in one subject with activation map and time series in Figure 4.4 

 

In addition to assign anatomical brain regions to coordinates of activation cluster 

(position of maximum t-value within the cluster) software package Marina (B. Walter, 

University of Giessen, Germany) was used. 
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Fig 4.4 Cortical activity during cyclic filling and emptying of the urinary bladder, individual 
statistics using ICA: selected components and time course of the MR signal, with a good 
correlation with urodynamic record. The first 56 scans (shown at x-axis) represent the course 
of the signal during the first cycle of filling/emptying, while filling the bladder with 100 ml, 
scans 56-164 represent the course of the signal during the filling/emptying of the urinary 
bladder during a strong desire to void. 
 

4.5 Evaluation of neural activity associated with micturition 
 

Another relationship studied was a brain activity during voiding phase. The selection 

of subjects and their number is the same as in the previous protocol of bladder filling. 

In this case, the empty bladder was filled with physiological saline of 37°C at filling 

rate of 50 ml/min. The filling was finished when volunteers indicated strong urge to 

urinate. Before issuing an order to void (into absorbent diapers) functional 

measurement using fMRI was initiated. This sequence of urination and refilling was 

carried out in 3-4 cycles. Restriction for more repetitions (that could further refine 

data) was mainly due to study participants discomfort and the time limit for 

examination. (Especially in volunteers with higher bladder capacity). 
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Throughout urination and urinary bladder refill functional  MR measurement was 

running (210 dynamics, duration 7 minutes). During functional MR measurements 

synchronous urodynamic study monitoring detrusor pressure changes was made. This 

record then helped us chronological correlation of data.  

 

The data evaluation was carried out as in previous stimulation by filling. In this case it 

was even more difficult to estimate the correct HRF. The SPM8 software was used and 

evaluation was made by independent component analysis (ICA), t-maps were 

thresholded on the uncorrected p = 0.001. We used a chronological correlation of 

urodynamic record, which documented reference task, thus corresponding to detrusor 

activity during voiding.  

 

Figure. 4.5 presents selected component corresponding with voiding phase. The time 

series shown in this example nicely correlates with 3 episodes of urination. 

 

4.6 Evaluation of neural activity in patients with complete spinal 
cord lesions during filling of urinary bladder 
 

A total of 12 right-handed men (age 24–54 years) were enrolled. All patients 

experienced, at least 12 months before entering the study, complete SCI (ASIA A) at 

level C7 to Th 5. Urodynamic equipment was used for repeated bladder filling and 

evaluation of detrusor activity. The bladder was filled with 37oC saline at an infusion 

rate of 25 mL/min up to 50 and 100 mL. 

 

After the initial bladder filling, rapid filling and emptying of the bladder with 25 mL of 

the infusion solution was initiated in order to increase the strength of a sensory 

stimulus. Then the bladder was filled up until an uninhibited detrusor contraction 

occurred. In the end we emptied the bladder. This protocol was repeated 3 times in 

every subject. See Figure 4.6.  
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Fig. 4.5  Selected independent component and time series associated with the voiding phase 
(3 episodes urination). 
 
 
All fMRI measurements were performed on Siemens Trio 3T scanner using GRE- EPI 

sequence (voxel 3x3x3mm, TR/TE=3000/30ms, 45 slices).  Total of 900 dynamical 

scans were acquired and the duration of complete assessment was 45 min.  
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Statistical analysis was done in SPM8 using general linear model. Single subject as 

well as final group statistics using t-test were thresholded at p=0.001.  

 

 
 
Fig.4.6 Stimulation  activity scheme of bladder filling in patients with complete spinal cord 
lesion. 
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5. Intended use and benefit of the results 
 
Our experiments are evaluated positively and accepted at international meetings and 

by reviewers in terms of methodology development as well as a significant 

contribution to the understanding of mechanisms of lower urinary tract neural control. 

 

Understanding of the role of individual structures in central neural control of 

micturition cycle has not just its theoretical but also practical importance. Lower 

urinary tract dysfunction is a common and very troublesome condition with significant 

health, social and economic impacts. Abnormal activity at central neural level of LUT 

control is expected in some patients with functional dysfunction. That is why current 

pharmacological treatment, with influence just on peripheral level, fails and is not 

effective. Following results also help with identification of new treatment targets at 

central neural level and give to this large group of patients for adequate treatment in 

future.  

 

Moreover the main objective of  results listed below  as well as results of upcoming 

experiments is development of a decision algorithm for risk stratification and 

treatment recommendations of LUT dysfunctions. (One of intended inputs would be 

functional MR evaluation of patient). 

 

5.1 Results of cortical activity detection associated with contraction 
of pelvic floor muscles 
 
Reproducible brain activation during PF contraction was observed in nine of all the 

17 examined patients. The remaining female volunteers were not under given 

conditions able to perform isolated contraction of pelvic floor muscles without 

contraction of gluteal muscles or involvement of the abdominal wall muscles. 

 

The main clusters of brain activation during PF contractions were observed in the 

following areas: medial surface of the frontal lobe (primary motor area), bilaterally 
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[±4, -27, 65]; supplementary motor area (SMA), bilaterally [±2, 2, 50]; and left gyrus 

precentralis [-43, -13, 63].  

 

Other, less significant, clusters of activation were observed on the left side of the 

medial frontal gyrus [-38, 36, 32], the right side of the medial frontal gyrus [42, 36, 

32], and the right superior temporal gyrus [62, -34, 22]  As demonstrated on Table 5.1 

and Figures 5.1. and 5.2. 

 

Standard MNI-125  region T Z x y z 

Frontal lobe, medial surface (PMA) 10.12 4.47 ±4 -27 65 

Frontal lobe, medial surface (SMA) 12.47 4.88 ±2 2 50 

Central region, left precentral gyrus 8.22 3.62 -43 -13 63 

PMA, primary motor area; SMA, supplementary motor area. 

Table 5.1 Brain regions activated during pelvic floor contractions  

(uncorrected p = 0.0001, t-test; data for nine subjects in group statistic using GLM) 

 

Our work presents an exact topization of the cerebral activity during contraction of the 

pelvic floor muscles. Contraction of the pelvic floor muscles is associated with 

a massive activation in the supplementary motor area; apart from that we also 

observed activity in the area of gyrus frontalis medius and left gyrus precentralis.  



Petr Holý  Univerzita Karlova v Praze 3. Lékařská fakulta 
 

- 52 - 

  
 

Fig 5.1 Activations during PF contraction. 
(p = 0.0001, t-test [n = 9]; group statistic, uncorrected)  
Multi-planar reconstruction (MPR) in SMA localization [±2, 2, 50]and primary motor cortex 
for the pelvic region [±4, -27, 65]. 
 
 

 

 

Fig 5.2 Brain activation during pelvic floor contraction shown on: 
a) sagital, coronal and transversal projections and on b) 3D brain surface reconstruction 
 
A) bilateral M1 for pelvic floor – medial part of gyrus frontalis, B) supplementary motor area 
bilaterally, C) gyrus frontalis medius bilaterally and D) in the right gyrus temporalis 
superior. Some activation was also observed in the left gyrus precentralis E). 

L 

L 

group statistics:
9 subjects 
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5.2 Results of cortical activity detection associated with filling of 
urinary bladder 
 
Twenty three subjects were evaluated. Meaningful data (evidence of brain activity) 

was obtained from 19 subjects (this means data where any activation could be detected 

at all). We assume that movement artifacts were responsible for degradation of 

acquired data in case of 4 subjects with no activity detected.  

 

5.2.1 fMRI results  
 

Using bladder-filling model A, we detected activations in the frontal lobe, left parietal 

gyrus, and left central area as shown in Table 5.2 and Figure 5.3.  

 

 

Standard MNI-125  region T Z x y z 

Orbital surface of the inferior frontal lobe, 

olfactory cortex, bordering the frontal cingulum 
5.02 3.38 -5 20 -10 

Left gyrus parietalis superior 11.27 4.84 -25 -60 52 

Left central area, gyrus postcentralis 6.97 3.99 -5 -35 60 

 

Table 5.2 Brain regions activated during filling of the urinary bladder, model A  

(p = 0.001, t-test; uncorrected) 

 

Bladder-filling model B triggered activation mainly in the brainstem [7, -10, -10] and 

the subcortical gray matter nuclei of the thalamus [10, -15, 0] as shown on Figure 5.5.  
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Fig.5.3 Final activations stimulated by differences between empty and full bladder, calculated 
by GLM (model A).  
a) Maximal intensity projection (frontal, sagital, transversal) of group statistical map 
thresholded with p = 0.001 (uncorrected). b) Multi-planar reconstruction (MPR) in 3 
orthogonal orientations centered in position [-5, 20, -10]: orbital surface of the inferior 
frontal lobe, olfactory cortex, bordering the frontal cingulum. c) MPR in 3 orthogonal 
orientations centered in position [-25, -60, 52]: left gyrus parietalis superior.  
d) MPR in 3 orthogonal orientations centered in position [-5, -35, 60]: left central area, 
gyrus postcentralis.  
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Changes in brain activation during repeated filling and emptying of the bladder were 

also analyzed using ICA, which was performed for each of the 23 measurements. One 

representative component for each of the measurements, which correlated with the 

simultaneously obtained urodynamic data, was identified by visual comparison (Fig. 

5.6). Four measurements failed to identify a component associated with the change in 

volume of the urinary bladder. The most frequently identified areas of activation were 

localized to the right portion of the posterior cingulate gyrus [5, -47, 22], the left 

thalamus [-9, -10, 11], the middle left frontal gyrus [-36, 33, 45], and the left [-46, 20, 

-6] and right [47, 30, -14] orbital parts of the inferior frontal gyrus. The brain areas 

activated by changes in bladder volume and their relative frequencies of occurrence 

are presented in Table 5.3. 

 

Coordinates  Standard MNI-125  

region x y z 

Relative frequency of 

activations in the subject 

population 

Middle left frontal 

gyrus 
-36 33 45 47% (9/19) 

Inferior frontal gyrus, 

left orbital part 
-46 20 -6 42% (8/19) 

Inferior frontal gyrus, 

right orbital part 
47 30 -14 42% (8/19) 

Middle frontal gyrus, 

right orbital part 
21 62 -14 26% (5/19) 

Middle frontal gyrus, 

left orbital part 
-21 45 -16 26% (5/19) 

Left angular gyrus -41 -59 57 47% (9/19) 

Right posterior 

cingulate gyrus  
5 -47 22 58% (11/19) 
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Anterior cingulate, left 

paracingulate gyri 
-2 46 14 26% (5/19) 

Subcortical grey nuclei, 

left thalamus 
-9 -10 11 53% (10/19) 

 

Table 5.3 Relative frequency of brain activity in nine selected brain regions during bladder 
volume changes (individual statistics using ICA) 
 

 

Final group statistic maps for ICA analysis during bladder filling are  presented on 

Figure 5.4. 

  

  
filling_19_-21-45--16

  
 
Fig.5.4 Activations in the brain during changes in the bladder volume recorded using  group 
ICA. 
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Fig.5.5 Final activations stimulated by cyclic bladder filling and withdrawal (model B).  
 
a) Maximal intensity projection (coronal, sagital, transversal) of group statistical map 
thresholded with p = 0.001 (uncorrected).   
b) MPR in 3 orthogonal orientations centered in position [7, -10, -10]: brainstem.   
c) MPR in 3 orthogonal orientations centered in position [10, -15, 0]: thalamus with 
subcortical gray matter nuclei.   
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5.2.2 Urodynamic study results 
 

In all patients participating in functional MR evaluation we performed adjusted filling 

cystometry synchronously with fMRI measurement. The average cystometric capacity 

was 201ml (87-400ml). The average maximal detrusor pressure at the end of the filling 

process was 7,77 cm H2O (3-25 cm H2O), with an average compliance of 21,54 ml/cm 

H2O (8,1-44,1 ml/cm H2O).  

 

In seven cases, we noted an uninhibited phasic detrusor contraction. However, we did 

not observe a terminal contraction with a transition into the micturition phase in any of 

the subjects during the examination. 

 

As already mentioned in the methodological section, the main importance of 

simultaneous urodynamic study was to control pressure conditions in the bladder and 

thus the detrusor activity. Changes in brain activation during repeated filling and 

emptying of the bladder were analyzed using ICA. One representative component for 

each of the measurements, which correlated with the simultaneously obtained 

urodynamic data, was identified by visual comparison. Figure 5.6 demonstrates the use 

of urodynamic record for chronological correlation with detected neural activity for 

the selection of representative component. 
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Fig. 5.6  Demonstrates the use of urodynamic record for chronological correlation with 
detected neural activity for the selection of representative component. 
a- coronal, b- transversal and c- sagital projections 
d- selected ICA component correlating chronologically with detrusor activity 
e- urodynamic record documenting changes of intravesical pressure in time  

 

5.3 Results of cortical activity detection associated with micturition 
 
Fourteen healthy female volunteers (age 20–68) were included in the analysis. To 

ensure the reproducibility of results the examination has been repeated in all subjects 

in 4-8 weeks after first examination. In nine cases (64,3%)  we acquired reproducible 

data from at least one measurement. For both measurements, we were able to detect 

the activity in 5 (35.7%) volunteers. In other cases, participant was not able to urinate 

under existing conditions. 
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The main clusters of activity detected during micturition documents table 5.4. Each of 

the activation timely correlates with increased detrusor activity associated with 

micturition. 

 

Standard MNI-125 region X Y Z 

Limbic lobe / Anterior cingulate and paracingulate gyri -1 45 1 

Frontal lobe / Orbital surface – Left -19 10 -12 

Frontal lobe / Orbital surface – Right 15 12 -18 

Frontal lobe / Orbital surface / Inferior frontal gyrus, orbital 
part-Right 

32 32 -18 

Frontal lobe / Orbital surface 5 0 -15 

Temporal lobe / Lateral surface / Inferior temporal gyrus-Left -57 -53 -11 

 
Table 5.4  The main clusters of activity detected during miction using independent component 

analysis (ICA).  

 

Group analysis including 9 data sets was evaluated by one-sample T-test thresholded 

at corrected p=0.05 as shown in Figure 5.7.  

 

  
 

Fig 5.7 Results of group analysis. The greatest activation region located in anterior cingulum 
and at the base of frontal lobe. 
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The use of urodynamic record for selection of representative component demonstrates 

Figure 5.8.  

 

 
 
Fig 5.8 Continuous fMRI acquisition of brain activity during voiding. Example of selection of 
representative component.  
a) Maximum intensity projection (left coronal, sagital, transverse), group statistical maps 
thresholded on the p = 0.001.  
d) fMRI time series acquired during urination  
e) Urodynamic record documenting changes of intravesical pressure in time 
All images shown at neurological convention (i.e. left hemisphere is shown on the left). 
 

5.4 Results of cortical activity detected in patients with complete 
spinal cord lesions during filling of urinary bladder 
 
In 9 of 12 patients significant brain activity was observed during urinary bladder 

filling. We excluded results from 2 patients due to activation artifacts related to very 

strong vegetative response (autonomic dysreflexia).  

 

We found significant activation clusters at nucleus of the solitary tract (NTS) (57%), 

thalamus (57%), amygdala (28%), insular lobe (57%), anterior cingulate gyrus (57%) 

and prefrontal cortex (85%) as presented in Tab.5.5 
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Brain regions activated 

Subject 

Le
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rt
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x  Vegetative 

response 

1  C 6  +  +  +  ‐  ‐  +  +  ‐ 

2  Th 5  ‐  +  +  +  +  +  +  ‐ 

3  Th 3  +  +  +  +  +  +  +  + 

4  Th 4  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

5  Th5  ‐  ‐  ‐  ‐  +  +  +  ‐ 

6  Th 5  ‐  ‐  ‐  ‐  +  ‐  ‐  ‐ 

7  Th 5  +  +  +  ‐  +  +  +  ‐ 

8  Th 5  +  +  ‐  ‐  ‐  ‐  +  ‐ 

9  Th 4  ‐  ‐  ‐  ‐  ‐  ‐  +  ‐ 

10  Th 5  ‐  ‐  ‐  ‐  ‐  ‐  ‐  + 

11  C 5  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 

12  Th 4  ‐  ‐  ‐  ‐  ‐  ‐  ‐  ‐ 
 
Table 5.5  Brain activity associated with urinary bladder filling in patients with a complete 
spinal cord injury. 
 
 

This study provides strong evidence that extraspinal sensory pathways are involved in 

the neural control of the lower urinary tract in complete SCI patients. The main 

activity clusters we detected strongly suggest association with vagal nerve afferents. 
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6. Conclusions 
 
In the first phase of presented work we refined the methodology of functional MR data 

interpretation. Synchronously performed adjusted urodynamic study allows for the 

first time the possibility of chronological correlation with fMRI time series. This 

methodology of evaluation has not been published or described yet and represents 

original contribution of our team on this research field. Synchronously performed 

urodynamic study provides additional data input as well as independent control 

element. In other words it allows to describe the process or control task  that actually 

occurred. The urodynamic record documenting detrusor activity changes serves as 

necessary evidence.  

 

To compare with previously published papers neural activity in context of lower 

urinary tract function was described on level of individual analysis. It was a great 

success to even detect interpretable signal at all thanks to all the aforementioned 

technical and physiological limitations. We consider our results supplemented with 

information from urodynamic study more reliable. We can actually demonstrate 

chronological correlation of detrusor activity changes with functional MR time series.  

 

Moreover urodynamic study allows detection of incidental uninhibited detrusor 

hyperactivity during the filling phase. Without this measurement it would have 

completely escaped our attention. Thus, we could specifically search for any 

associated neural activity chronologically associated with this phenomenon. In this 

context we have not detected any activations. Therefore, we conclude that uninhibited 

detrusor hyperactivity we observed was a process ongoing at level of autonomic reflex 

without regulatory input from central nervous system. 

 

In the next step, we aimed to replicate as well as complement results already published 

in healthy volunteers. In accordance with other authors, we observed a bilateral 

activation of the supplementary motor area (SMA), as well as activation of the primary 

motor cortex for the pelvic floor (PF) muscles (Kuhtz-Buschbeck et al. 2007, DiGangi 
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Herms et al. 2006). Contrary to the Di Gangi-Herms observations, who located 

activation in the area of right precentral gyrus, we observed activation in the area of 

gyrus frontalis medius. 

 

We expected to localize cortical motor centre for lower extremities in a close 

proximity to the centre responsible for pelvic floor muscles control. Thus we slightly 

extended the paradigm of our work. We used alternating flexion of plantar part of the 

lower extremities, which enabled a more precise topization of cortex projection of the 

PF muscles. 

 

Our study was the first one from the so far published works, which monitored the 

effectiveness of PF muscles contraction with perineometer during the fMRI 

examinations. Kuhtz-Buschbeck describes the use of surface electrodes positioned in 

the proximity of the anal sphincter, however only during the training stage of PF 

contractions, not in the course of the examination itself (Kuhtz-Buschbeck et al. 2007).   

 

Based upon our experience, we consider the monitoring of exact performance of the 

PF muscles contractions to be very important. Large percentage of the patients, even if 

thoroughly instructed regarding the way of PF muscles contraction, were not able to 

perform contractions appropriately during functional MR evaluation. Having been 

asked to perform the PF contraction, the patients had a tendency to contract auxiliary 

muscles (gluteal muscles and muscles of the abdominal wall), rather than the muscles 

of the PF. These patients had to be excluded from the final analysis. 

 

In our study, the examination was performed with an empty urinary bladder. Seseke 

examined the cortex activation during the contraction of PF muscles with a full 

bladder. Similarly to our results, he observed the activation of primary and 

supplementary motor areas without hemispheric predominance. Furthermore, he 

describes an activation of numerous subcortex structures (hypothalamus, thalamus, 

periaqeductal grey) and the cerebellum (Seseke et al. 2006). However, this activation 

presents more likely a correlate to the increased sensory input at the filling of the 
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bladder. This also corresponds with the outcomes described by Zhang, who compared 

the brain activation during PF contractions with a filled and emptied urinary bladder 

(Zhang et al. 2005). 

 

Our work presents an exact topization of the cerebral activity during contraction of the 

PF muscles. This enables a precise discrimination between the brain activity linked to 

the PF contraction and the brain activity linked to the bladder filling.  

 

Our understanding of the central neural mechanisms controlling the LUT is incomplete 

and the reproducibility of previously published data is inconsistent (Holstege G., 2005).  

Our study confirmed the reproducibility of an infusion/withdrawal protocol and 

provided further data in support of the feasibility of recording brain activity during 

bladder filling using fMRI (Griffiths D., 2005). Adding comprehensive urodynamics 

and direct recording of the PF muscle contractions to the fMRI scanning protocol 

allowed for better correlation between the detrusor, PF muscle function and brain 

activity. Cystometry performed synchronously with the fMRI scanning, enabled 

detailed visual comparison between brain activation and filling of the bladder which 

allowed for selection of relevant components for ICA statistical analysis.   Adding PF 

muscle contraction monitoring to the experimental protocol allowed for separation of 

brain activity caused by voluntary or reflex PF contractions at the terminal phase of the 

bladder filling from the activation caused by afferent signaling from mechanoreceptors 

in the bladder wall. PF contraction is known to cause inhibition of the micturition 

reflex. Patients suffering from urgency use this maneuver to suppress onset of the 

micturition phase. It is therefore possible that at least some components of the brain 

activity, recorded by fMRI during fast bladder filling, which others attributed to a 

strong urge to urinate, could be caused by contraction of the PF muscles. In order to 

precisely localize brain activity associated with PF contraction and distinguish it from 

activation related to bladder filling, we used a series of PF contractions at the 

beginning of the examination protocol. 
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Our assessment of the brain response to bladder filling revealed that the most 

significant activation clusters were located in the area of the inferior frontal gyrus, 

medial surface of the frontal lobe, and the parietal lobe. Activity in the cingulate gyrus 

and thalamus, although observed in some instances, was not significantly associated in 

group-level statistics. These findings were in accordance with the initial works of 

Griffiths et al. (Griffiths D., 2007; Griffiths D., 2008) and earlier studies using PET, 

which describe activation in the area of the insula, cingulum, PAG, cerebellum, and 

occipito-parietal area with sensory stimulation during bladder filling in healthy 

volunteers (Athwal BS., 2001; Matsuura S., 2002) We did not observed any brain 

activation in the regions related to PF muscle contractions during the filling phase. In 

all protocols with repeated examinations we planned for the assessment of potential 

inter and intra-individual differences. For the statistically small number of 

examinations it was not possible to draw a conclusion on that point. 

 

The goal of the most recent experiment was to describe the neural activation 

associated with filling of urinary bladder in patients with complete spinal cord lesions 

above the Th5. (Above the level of detachment of autonomous peripherals innervating 

pelvic organs.) Our results provide strong evidence that extraspinal sensory pathways 

do exist. These afferents are involved in the neural control of the lower urinary tract in 

patients with complete spinal cord injury. The activity clusters detected strongly 

suggest association with vagal nerve afferents. 

 

In the final evaluation of investigations listed here so far it should be noted that 

applications of urological interventions in functional MR evaluation is very 

complicated and the success rate of experiments is relatively low. So in terms of 

successful detection of searched activity. Success rate to obtain evaluable data from 

single experiment in the overall evaluation ranges from 28-55%.  

 

For future work we plan to implement adjustment of methodology that allows 

to determine the time sequence of activation and networking using diffusion MRI 

(dMRI). The diffusion-sensitized MRI signal can be converted into the expanse of a 
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slow diffusion cortical water phase and quantified. Interestingly, the observed changes 

in water diffusion likely reflect biophysical events that actually take place in the 

activated cells and might physiologically contribute to the activation mechanisms. 

Therefore, one might expect that this approach would provide new opportunities to 

understand the elementary processes underlying cortical activation or the existence of 

“nonsynaptic” mechanisms. Further improvements, such as event-related paradigms 

with a stimulus onset jitter, would provide opportunities to fully exploit the potential 

temporal resolution of diffusion fMRI. (Le Bihan D., 2006) A prerequisite is the 

knowledge of the area of interest, where assumed neural activation would take place. 

Connectivity analysis is made between these areas (nodes) based on functional MR 

data, which already take into account times of activation. This analysis leads to 

knowledge of CNS functional dynamics.  
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8. List of symbols and abbreviations 
 
 
3T Strength of the magnetic field in Tesla 
ACG Gyrus cinguli anterior 
BOLD Blood Oxygenation Level Dependent 
CBF Cerebral Blood Flow 
CBV Cerebral Blood Volume 
CNS Central Nervous System 
dHb Deoxyhemoglobine 
LUT Lower urinary tract 
EPI Echo-planar imaging 
fMRI Functional magnetic resonance imaging 
FWE Family wise error rate 
GE Gradient echo sequence 
GFm Gyrus frontalis medius 
GLM General linear model 
GPrC Gyrus precentralis 
Hb Hemoglobin 
HRF Hemodynamic response model function 
ICA Independent component analysis 
L* Lumbar 
LI Lobus insularis 
MNI-125 Standard space (Montreal Neurological Institute) 
NTS Nucleus of the solitary tract 
PAG Mesencefalic periaqeductal gray matter 
PET Positron emission tomography 
PF Pelvic floor 
PMC Pontine micturition centre 
RF Radio-frequency 
S* Sacral  
S/N Signal / Noise ratio 
SCI Spinal Cord Injury 
SMA Supplementary motor area 
SPM Statistic parametric mapping software 
T1 Relaxation time  
T2 Relaxation time 
Th* Thoracic 
TR Minimal repetitive time 
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Figure 4.6 Stimulation  activity scheme of bladder filling in patients 

with complete spinal cord lesion. 
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Figure 5.1 Activations during PF contraction. 

Figure 5.2 Brain activation during pelvic floor contraction. 

Figure 5.3 Final activations stimulated by differences between empty 

and full bladder, calculated by GLM (model A).  

Figure 5.4 Activations in the brain during changes in the bladder 

volume recorded using  group ICA. 

Figure 5.5 Final activations stimulated by cyclic bladder filling and 

withdrawal (model B). 

Figure 5.6 Demonstrates the use of urodynamic record for chronological 

correlation with detected neural activity for the selection of 

representative component. 

Figure 5.7 Results of group analysis. The greatest activation region 

located in anterior cingulum and at the base of frontal lobe. 

Figure 5.8 Continuous fMRI acquisition of brain activity during 

voiding. Example of selection of representative component. 
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12. Appendix 

12.1 Krhut J, Tintera J, Holý P, Zachoval R, Zvara P. A preliminary report 
on the use of functional magnetic resonance imaging with simultaneous 
urodynamics to record brain activity during micturition.  
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