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Abstract

This paper presents a theoretical elaboration aimed to explain the correlation
found between a new rs-fMRI modality and electrophysiology and nuclear
medicine neuroimaging, performed to localize epileptogenic brain areas. We
present in detail the clinical history, and electrophysiological and neuroi-
maging results of one child with intractable epilepsy, who was submitted for
Phase-1 work-up as candidate for epilepsy surgery. The patient underwent a
thorough workup including video-telemetry, ictal and interictal nuclear med-
icine imaging, resting-state fMRI, EEG-fMRI, intracranial electroencephalo-
graphy (ECoG), deep electrode implantation, and resective surgery. Electro-
physiology and neuroimaging findings were concordant with findings pro-
vided by the resting-state mean signal. The patient became seizure-free after
the resection of the target area. A theoretical discussion is provided that con-
siders the presence of a stable BOLD effect explaining the findings of the ob-
served resting-state mean signal. This stable BOLD is linked to low regional
metabolism usually present in the epileptogenic area during interictal periods,
coupled with low oxygen extraction. Low oxygen extraction leaves more oxygen
for the draining venule and consequently increases the BOLD signal.
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1. Background

The blood-oxygenation-level-dependent (BOLD) effect was initially described by
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Ogawa and co-workers in 1992 [1]. This physiological response of the brain tis-
sue to external and endogenous stimuli has been the foundation for the
MRI-based functional neuroimaging, which has led to the most fruitful period
in modern neuroscience. Before the discovery of the BOLD effect, functional
neuroimaging was limited to positron emission tomography (PET) and single
photon emission computed tomography (SPECT), two techniques requiring ra-
dioactive tracers and characterized by poor spatial resolution. The discovery and
posterior development of BOLD-sensitive sequences in MRI signified the advent
of functional MRI, functional connectivity, regional homogeneity, and more re-
cently, the discovery of the spontaneous brain fluctuations and the resting state
networks. All of these functional assessment techniques are non-invasive as they
do not require administration of contrast or radioactive agent.

The BOLD signal is generated due to local magnetic changes occurring in the
oxyhemoglobin/deoxyhemoglobin ratio. Deoxyhemoglobin is a paramagnetic
molecule, and its presence increases the de-phasing of the transversal magneti-
zation by a local field inhomogeneity interaction reducing the T, signal. There-
fore, those areas with less deoxyhemoglobin (that is, with the highest tissue oxy-
gen pressure) will have longer-lasting T, signal. From this description, two main
factors suffice to explain the deoxyhemoglobin changes at the venule level re-
sponsible for the BOLD signal: oxygen supply and oxygen extraction (See series
of Equations). Oxygen supply is a function of hemoglobin availability (by far the
main carrier) and cerebral blood flow (CBF); oxygen extraction depends mostly
on the metabolic rate of the neuron. Since the hemoglobin level of a given sub-
ject depends on the hematocrit which should be assumed constant between dis-
tinct brain regions, and within the same session, we may assume that the BOLD
effect rely on the interrelation between two main factors: CBF and regional me-
tabolism. These two factors may be combined into a concept that explains the

signal variation in BOLD sensitive series.

The Concept of Vascular/Metabolic Ratio

It is currently established that most of the variability of the BOLD effect is ex-
plained by the vascular factor; stated as follows: A stimulated brain area increas-
es adenosine triphosphate (ATP) consumption. In neurons, ATP is mainly pro-
duced in the mitochondria through a phosphorylation process requiring oxygen
[2]. As a consequence, cerebral metabolic rates of oxygen (CMRO,) increases
and partial oxygen pressure in brain tissue drops. Simultaneously, a diversity of
neural and glial mechanisms trigger locally the release of vasoactive substances
in the activated brain area [3] [4]; resulting in an increase in regional cerebral
blood flow (CBF). However, vascular and metabolic increases are not propor-
tional. CBF increases 2 to 4 times more than CMRO, ratio [5]. Increases in this
ratio above the level of the background average yields the source of the function-
al MRI activation signal. The following equation characterizes the MRI T,*-

weighted signal strength causing the BOLD.
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So = Mo * ! %) (1)

where, So is the signal strength, Mo is the initial magnetic field strength, eis the
base of the natural logarithm (Euler’s number), 7} is the echo time, and R, is a
dynamic parameter that reflects relaxation properties affected by local magnetic
field inhomogeneities (that is, proportional to the concentration of deoxyhe-
moglobin). It is worth noting that the strength of the MRI signal S is inversely
correlated with R, in an exponential manner, that is, the lower R, the higher
MRI signal S.

In this paper, we will describe a case with neuroimaging findings suggesting a
BOLD effect depending mostly upon a regional pathological sustained metabolic
change, and how it eventually affects the venular oxygen, and consequently the
MRI signal strength. Our aim is not to prove our hypothesis but to provide solid
basis to elicit further research on the study of this stable BOLD effect allegedly
related to a brain pathology.

2. Exemplary Case
2.1. The Observation

Patients with drug-resistant (intractable) epilepsy should be assessed for candidacy
of surgical treatment. The usual work-up in those cases includes eloquent brain
areas mapping. As expected, many of these candidates are children, as it has
been proven that surgical interventions for intractable epilepsy are of better
prognosis when performed at early ages [6]. However, children younger than 8
years of age show limited cooperation.

The lack of cooperation of small children and patients with cognitive deficits
to cope with task-related fMRI poses a pragmatic problem in the attempt to map
their critical functions. For these reasons, the Independent Component Analysis
(ICA) of the rs-fMRI has been utilized in different clinical centers to localize
sensory-motor [7], visual [8], and language functions [9] [10].

One intermediate file obtained during the rs-fMRI processing with FSL
MELODIC is the “mean” file; plainly, a signal average across the time points of
the rs-fMRI sequence. An incidental finding observed in these images was the
lack of homogeneity between different cortical areas and the asymmetry between
homotopic areas when the image was given a color look-up table (Figure 1).

Further observations of the same type encouraged our team to conduct a more
systematic observation. In 2015, we published the results of a study comparing
two groups: 29 epilepsy patients and 22 control subjects [11]. Inter-group com-
parisons showed that the mean intensity between the “means”-normalized to the
invariant intensity of the CSF-differed significantly (p < 0.001). Patient group
showed also significant greater intra volume variance (p < 0.001) as compared to
normal subjects. In a further analysis, we compared the Euclidean distance (ED)
between the isocenter of the “mean” hyperintensity to the isocenter of the suspi-
cious epileptogenic area as demonstrated by a Standard Reference, that for the
sake of that study was either an Ictal SPECT or an interictal PET. An overlap was
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Figure 1. Resting-state “Mean” series. Intensity signal from the source image has been
color coded utilizing a “spectrum” lookup table. Comparison of interhemispheric homotopic
brain areas reveal overt signal asymmetries.

accepted as a match if the ED was less than 5 cm. 72.4% of them had matching
overlap.

In the same report, we speculated about the origin of this finding suggesting 3
hypotheses:

1) The effect of a localized neural oscillation with higher point of inflection.

2) A transient BOLD effect related to the inter-ictal epileptic discharges.

3) A plain T, local effect.

The hypotheses were discussed in the paper, and were rejected based on the
following facts.

The effect of a localized neural oscillation would have a representation in a
“neural component” on the ICA with the same localization. These matching
networks only appeared in a very small number of cases. Moreover, a localized
interictal higher base-line oscillation would necessarily be coupled with hyper-
metabolism in PET studies. However, the vast majority of our cases (allegedly
performed within the inter-ictal phase) showed also hypo-metabolism in the in-
terictal PET study as it was expected to occur in the epileptogenic zone. The ef-
fect of a transient BOLD related to the interictal epileptic discharges was also
ruled out because these transients are of small duration and signal variation is
tiny. To extract the BOLD effect in these cases, it is necessary to convolve the
data with time-locked regressors derived from the interictal epileptic events. In
order for the interictal discharges to become hyper intense per se, they require to

be quite frequent, in which case the PET should become hypermetabolic.
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The hypothesis that the “mean” is due to a mere T, effect that may be related
to high intensity of focal cortical dysplasia, cysts, CSF and parenchymal edema
seemed tempting. However, the high intensity signal of the “mean” was clear
even in non-lesional cases, in which by definition the T, sequences are normal.
In addition, several observations have shown a lack of relationship between the
multiple T,-FLAIR hyperintensities seen in cases of tuberous sclerosis and the
hyperintensities shown by the “mean”. Still, one can argue that there are minute
tissular changes not detectable when the image is plain in grey scale and that
they become overt thanks to the color code spread given by the look-up table
applied to the image. Isolated exemplary cases have shown us this is not the case.
Figure 2 shows a T,-FLAIR image of another patient depicting areas of hyperin-
tensity, related to tuberous sclerosis, which are not all concordant with those
shown in the “mean”. In fact, the left frontal tuber that exhibits a lower intensity
peak than the right parietal in the T,-FLAIR image shows a reverse pattern in the
“mean” image. Moreover, we have found cases in which the “mean” changes
between sessions reflecting functional dynamics that cannot be explained by

structural changes (Figure 3).
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Figure 2. FLAIR vs “Mean” comparison of intensities in an exemplary case with Tuber-
ous Sclerosis. Two radiological-oriented axial corregistered planes are shown: T,-FLAIR
(a), and “mean” (b). A line crossing the hemispheres intersecting two tubers have been
placed symmetrically in each hemisphere. In the lower row, the depiction of the intensi-
ties belonging to voxels in the line is shown. The comparison shows similar but not iden-
tical profiles. In the FLAIR image the maxima value is located in the right hemisphere
(left half of the curve); in the “mean” the maxima value is located in the left hemisphere
(right half of the curve). Peaks and valleys within the profiles are non-concordant. This
strongly suggests that “mean” intensities do not represent a mere T, effect.

DOI: 10.4236/0jrad.2019.93015

167 Open Journal of Radiology


https://doi.org/10.4236/ojrad.2019.93015

B. Bernal et al.

Figure 3. Comparison of “Mean” axial cuts of the same patient acquired in two different
times the same day. Note the changes of intensity observed in the right parietal region.

A new hypothesis

Most recently, we have arrived to a new hypothesis that harmonizes theory
and empirical observations between neuroimaging and neurophysiology studies.
In the following part, we will utilize the presentation of one exemplary case that
will provide the logical path to elaborate our hypothesis on the foundations of

the signal origin of the “mean” BOLD.

2.2. Case Presentation

Written informed consent was obtained from the patient’s legal guardian for this
publication. A 16-year-old right-handed girl, began having seizures at age 14.
Seizures consisted of behavioral arrest and upward rolling eyes. She also had
some generalized tonic-clonic seizures without conscious aura. The first type of
seizures is daily, frequent enough that “she had to go into the hospital home-
bound school program”.

The patient’s interictal wakeful EEG showed a background consisting of me-
dium amplitude symmetric and synchronous 8 - 9 Hz rhythms with posterior
dominance. There were “bilateral independent frontal and bi-frontal synchron-
ous spike, polyspikes and slow wave discharges noted in awake and sleep”. The
ictal EEG showed “multiple abrupt onset of bi-frontal regular 3 - 4 Hz spike-
and-slow-wave discharges with abrupt offset resembling a typical absence”
(Figure 4, inset (d) “Interictal EEG”).

EEG-source localization showed a right medial and central dipole in its earli-
est phase, then a rotating dipole localized in the right post-central areas.

The patient’s MRI studies were performed in a Philips 1.5 T magnet, equipped
with a 16 SENSE Rx channel coil. The standard MRI showed nonspecific hazi-
ness of the gray-white interface in the right middle frontal gyrus and right
temporo-occipital region (Figure 4, inset (a) “Axial T, and FLAIR”).

The patient’s fMRI showed left lateralization of language for both receptive
and expressive areas in two distinct paradigms (Auditory description task and
Antonyms/Synonyms discrimination task). Sensory/motor representation for

hands and visual fMRI were normal.
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Figure 4. Neuroimaging work-up. (a) Axial T1 and FLAIR: Non lesional; (b) Interictal
PET: right parietal hypometabolism; (c) Ictal SPECT: Right frontal hypermerabolism; (d)
Interictal EEG: right > left frontal IED; (e) EEG source localization: right temp > frontal;
(f) Mean-BOLD: Right parietal high BOLD signal; (g) Intensity profile of inline voxels in
mean-bold; (h) Implantation: Positive findings in right parietal strip and depth electrode
(arrow). Of note: All insets, except last one, show transversal cuts of the brain oriented in
radiological convention (left hemisphere on the right side). The voxel intensities within
the transversal line placed in inset (f) “Mean” are graphically represented in the curve
shown in adjacent inset (g). Note the difference in signal intensity of two point equidis-
tant from the sagittal midline. The number under the curve is the maximum value. Left
side of the curve corresponds to right hemisphere. The last inset shows a parietal trans-
versal cut in a 3D volume rendering of the brain. In this case, the right hemisphere ap-
pears where it should be.

The “mean” showed an area of well-defined local hyperintensity in the right
parietal area, affecting both the convexital and paracentral aspects (Figure 4, in-
set (f) “Mean-Bold”).

The interictal PET showed a subtle “area of decreased metabolism in the right
high central and post-central region” (Figure 4, inset (b) “Interictal PET”). The
ictal SPECT showed increased uptake in the right frontal lobe, laterally. In-
creased uptake was also seen in the left cerebellar hemisphere (Figure 4, inset (c)
“Ictal SPECT”).

In addition to this information, the patient jointed a research protocol for si-
multaneous EEG-FMRI in the same Philips scanner. Four 10-minute trials ses-
sions of 300 TR = 2 s timepoints were acquired utilizing the same protocol used
for her prior rs-FMRI. In order to detect the interictal epileptic discharges (IED),
EEG was recorded using a 10 - 10 system 32-channel EasyCap (Brain Amp MR,
Brain Product GmbH). In order to synchronize the EEG with the fMRI scans, a

trigger signal marking the beginning of the scans was sent to the EEG recording
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laptop. This laptop was placed in the operator’s room, and it was connected to
the amplifiers via fiber-optics. The following EEG preprocessing was performed
using BrainVision Analyzer 2 (Brain Products GmbH). To remove the MR-related
artifact, the EEG data was first subsampled to 50 kHz using sync interpolation to
virtually increase its resolution and correct the random phase jittering—of no
less than 0.2 ms resolution determined by the 5 kHz sampling rate—that is
present in the scan markers. This phase jittering has significant negative effects
in the estimation of the MR gradient artifacts since the latter can change as fast
as 0.2 ms. Subsequently, we applied a method for removing the MRI gradient ar-
tifacts, based on the estimation of an average artifact template. The resultant
EEG data was bandpass filtered within 0.5 - 125 Hz. After marking the
R-waves using a semiautomatic tool, we applied a method to detect and re-
move the effects of the balistocardiogram [12]. Finally, we applied ICA based
on the infomax method [13] [14]; to remove further artifacts. Additionally,
motion correction parameters were included as nuisance regressors. We then
attempted to classify them into NBR mechanisms using the machine learning
classifier. Finally, we estimated the parameters of the corresponding particular
sub-model. (Figure 4, inset (e) “EEG source localization”, see black arrow).

All the intra-session IED were identified and its time annotated. A regressor
was built representing the time-location of the discharges. The data was processed
utilizing a General Linear Model with SPM [15]. The voxels with significant
correlation with the interictal epileptic discharges were color coded and overlaid
on the Axial T, MRI. Main areas of correlations were found in the right precen-
tral region.

All in all three possible IED sources were considered: Right parietal in keeping
with the PET and EEG findings; the cingulate gyrus (either side) due to the long
duration of absences and bifrontalictal onset; and right superior frontal gyrus in
keeping with a suggestive signal increase in the SPECT.

With these results, the patient was implanted (Phase I) in the right parietal
area. Two deep electrodes, 2 four-contact strips and one eight-contact strip
were implanted targeting the right parietal convexity and both cingulate gyrus
through burr holes. Stereo EEG and intraoperative electrocorticography was
performed using a 64-channel digital system. Frequent monomorphic sharps
were found in mid electrodes of one depth parietal electrode; there were also
spike and slow wave in electrodes of the parieto-lateral strip and depth electrode.
Several seizures episodes were recorded. Correlates of these seizures were
buildup of spike and slow waves over the same electrodes followed by simulta-
neous involvement of neighbor electrodes (Figure 4, inset (h) “Implantation”,
see black arrow).

The patient underwent ECoG guided resective surgery with parietal and post-
erior cingulate gyrus resection. Since then (6 months and 15 days she has re-
mained seizure free); an initial numbness experienced in the left hemibody has

improved. There is no cognitive sequelae.
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3. Discussion

In a previous publication, we have showed that patients with epilepsy have rest-
ing-state “mean” images that differ from normal subjects [11]. In addition, local
high regional intensities result concordant with the localization of PET or
SPECT studies in 72% of epilepsy patients. The case presented here strongly
suggests the relationship between interictal hypometabolism and an increase in
the intensity of the area in the “mean” image provided by the rs-fMRI.

The reasons to rule out a BOLD effect given by the epileptic discharges acting
as endogenous stimuli, and the effect of a localized spontaneous oscillation with
higher point of inflection, have been explained above. The effect of T, tissular
properties was also briefly analyzed but still is an important confound. The
rs-fMRI mean will show as bright any structure with long T,. This obviously re-
fers to water (protons), present in the CSF filling the ventricles and sub-
arachnoideal spaces. All cystic cavities and areas with edema will also appear
with high intensity. However, the sequences weighted with T,* reflect earlier
stages of the transversal magnetization due to local-field-inhomogeneity interac-
tions. Throughout the entire brain, local field inhomogeneities may be explained
as differences in neuron, axon, glia, vessel and interstitial fluid-changes which
can occur qualitatively or quantitatively accordingly with the anatomy and the
function of the area. However, we can assume that tissular variability is similar
between homotopic areas, which will be expressed in neuroimaging as symme-
trical findings. Much larger changes are expected from a moving tissue: blood.
Venule blood shows changes depending upon two variables: blood flow and
oxygen extraction.

In our exemplary case, the region with the highest resting state “mean” signal
shows co-localized low interictal-PET signal (a negative correlation that was also
found in the majority of our reported cases). As it was proved with the intra-
cranial EEG, the area was the source of the interictal epileptic discharges. The
negative correlation between the “mean” and PET has been confirmed in a case
in whom a left frontal epileptic focus exhibited very frequent interictal dis-
charges. As expected, the interictal PET showed hypermetabolism of the epilep-
tic zone, while the “mean” showed an area of local low signal in the same region.
Given the fact that the “mean” was obtained during resting state conditions, that
is, in the absence of any stimulus for the patient, it seems logical to infer that the
observation could be explained only as a consequence of regional metabolic
changes. In summary, the hypothesis would be: Areas with low metabolism have
increased “mean” (BOLD) signal.

To explain the underlying physiology of our hypothesis, we remit to equation
1, from which it can be observed that the strength of the MRI signal S'is inverse-
ly correlated with R, in an exponential manner; Ze, the lower R, the higher the
S. Equation (2) explains the relationship between R, and deoxyhemoglobin. The
sequence of equations that follows demonstrate the effect of the venular oxygen
level and CBF in the MRI signal strength.
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R, = Area * CBV *[dHB] (2)

where Area is the area of the blood vessel associated to the transversal section of
the vessel (a measure of vasodilation), CBV is the cerebral blood volume, and
[dHB] is the concentration of deoxyhemoglobin.

As a consequence of combining Equations (1) and (2), brain areas with more
oxyhemoglobin (that is less deoxyhemoglobin) will have higher signal (and ap-
pear brighter) than those containing more deoxyhemoglobin as this molecule
creates more magnetic inhomogeneity. Since the concentration of deoxyhemog-
lobin at the venule level ([dHB],.,) can be expressed in terms of net oxygen

availability in the arteriole (oxygen supply), and oxygen extraction then follows:

[dHB] _ =OEF*O, (3)

ven

where OEF the oxygen extraction fraction and O, represents the oxygen supply.
The OEF, CBF and oxygen supply are factors of the Cerebral Metabolic Rate
of the Oxygen (CMRO,) expressed in Equation (4):

CMRO, = CBF* 4 = 77> %O, (4)

Replacing Equation (3) in Equation (4) we obtain:
_ CMRO,

- [dHB]Ven = (5)

CMRO, = CBF *[dHB] CBE

ven

It can be observed that the concentration of deoxyhemoglobin at the venule
level is directly proportional to the cerebral metabolic rate and inverse propor-
tional to the CBF (Equation (5)).

Replacing factors of Equation (4) in (2):

(6)

MR
R2 = Area * CBV * (&j

CBF

Replacing factors of Equation (6) in Equation (1), it is clear the inverse corre-
lation between signal strength of T,* sequences (S) with CMRO, (oxygen extrac-
tion) and the direct correlation to CBF.

Therefore, we think this non-stimulus-related BOLD effect is due to a func-
tional change in blood oxygenation at the venule level which depends on the
mismatch between the vascular (CBF) and neuronal metabolism (CMRO,)
changes, assuming a constant hematocrit [16].

The chain of events we hypothesize is: low metabolic areas (epileptogenic zone
during interictal periods) have reduced CMRO,, leaving more oxyhemoglobin
for the venule, reducing deoxyhemoglobin ratio and therefore increasing the
BOLD signal. Of importance is to note here that in contrast to the transient
BOLD effect of the standard neuro-vascular coupling, the “mean” is a sustained
change. In other words, the standard BOLD differs in time and region; the dif-
ferences of the “mean” rely only on sustained regional changes.

The effect may be small but can be made overt with the help of spectrum look
up tables that spread the intensity values into different hues. That is we think the

“mean” is representing. In that sense our “mean” map is a “mean-BOLD”, and
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the regional signal changes reflect not only the T, differences explained by the
presence of water but, most importantly the regional changes due to variations
of regional metabolism, that has been well described associated with epilepsy.

Metabolic regional changes are not exclusive of focal epilepsy. Any type of re-
gional parenchymal pathology that affects the metabolism should also be re-
flected in the “mean-BOLD”.

Certainly, the field of fMRI is vastly dominated by task-related fMRI. Not-
withstanding, fMRI has evolved into a task-free type of functional brain map-
ping. rs-fMRI has demonstrated the presence of spontaneous low-frequency
brain oscillations (of the T,* signal) in the absence of external stimulus. The
contribution of metabolic and vascular factors in the generation of the
spontaneous brain oscillations is still a matter of research. Crucial questions are
still pending to be resolved: are the spontaneous brain oscillations related to
spontaneous regional vascular neuro coupling? Or, are they related to akin me-
tabolic tides? The current view of this conundrum is that there is a direct pro-
portionality between the resting-state BOLD signal and CBF responses. That
means that neuro-vascular coupling maintains a spontaneous dynamic state un-
der rest conditions.

More research is needed to understand completely the mean-BOLD effect.
Some of our studies have shown that the hyperintensities are adjacent to areas
where the epileptic discharges are demonstrated. We do not know the trajecto-
ries of the “mean-BOLD” in the immediate post-ical, the pre-ictal, and even the
ictal periods. We do not know either if the effect is also present in adults. The
outcome predictive value of the “mean-BOLD” is currently evaluated. Sixty per
cent of subjects with brain resections that overlap the “mean-BOLD” hyperin-
tense areas have remained seizure free for up to two years (report in prepara-
tion). This suggests that the “mean-BOLD” may reflect not only the epilepto-
genic areas but the symptomatogenic areas as well. Then it usefulness may be
improved when its results are analyzed in combination with the EEG results and

other modalities of epilepsy assessment.

4. Conclusion

Years of experience with rs-fMRI in children with intractable epilepsy have
shown us that, in a significant group of patients, there is a correlation between
localized changes in an image derived from this technique and the area that is
eventually signaled as the epilepsy origin. The image is an average of the
time-points of the rs-fMRI. We have called it the “mean-BOLD”. In this paper,
we present a physiological, mathematical and observational line of thought to
propose that it is the result of a nonvascular dependent BOLD phenomenon that
may be explained as a consequence of discrete and sustained regional changes of
neuronal metabolism. Low metabolism, usually seen in the epileptogenic zone, is
coupled with diminished oxygen extraction. As a direct result, more oxyhemog-

lobin is left in the draining venous side, explaining the regional Bold effect. It
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seems to us that because of its simplicity, lack of invasiveness, and availability, it

may help clinicians to orient to localize epileptic origin of seizures.
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