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Abstract: EEG correlated functional MRI (EEG-fMRI) allows the delineation of the areas corresponding
to spontaneous brain activity, such as epileptiform spikes or alpha rhythm. A major problem of fMRI
analysis in general is that spurious correlations may occur because fMRI signals are not only correlated
with the phenomena of interest, but also with physiological processes, like cardiac and respiratory
functions. The aim of this study was to reduce the number of falsely detected activated areas by taking
the variation in physiological functioning into account in the general linear model (GLM). We used the
photoplethysmogram (PPG), since this signal is based on a linear combination of oxy- and deoxyhemo-
globin in the arterial blood, which is also the basis of fMRI. We derived a regressor from the variation
in pulse height (VIPH) of PPG and added this regressor to the GLM. When this regressor was used as
predictor it appeared that VIPH explained a large part of the variance of fMRI signals acquired from
five epilepsy patients and thirteen healthy volunteers. As a confounder VIPH reduced the number of
activated voxels by 30% for the healthy volunteers, when studying the generators of the alpha rhythm.
Although for the patients the number of activated voxels either decreased or increased, the identifica-
tion of the epileptogenic zone was substantially enhanced in one out of five patients, whereas for the
other patients the effects were smaller. In conclusion, applying VIPH as a confounder diminishes phys-
iological noise and allows a more reliable interpretation of fMRI results. Hum Brain Mapp 31:311-325,
2010.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Functional MRI (fMRI) has become an established
method for the localization of human brain activity. fMRI
is based on changes in blood oxygenation because of
altered local neural activity during an experimental condi-
tion relative to a control condition. In most fMRI studies,
the experimental condition is defined by a specific task or
stimulus paradigm. The main challenge in fMRI studies is
to determine those brain regions in which the BOLD signal
changes in relation to a particular neuronal event. When
studying spontaneous brain activity, changes in neural ac-
tivity are unpredictable. In these studies, the occurrence of
events in the scalp electroencephalogram (EEG) can be
used to determine and quantify neural activity relative to
a resting condition. Several studies have shown that the
coregistration of EEG and fMRI (EEG-fMRI) is applicable
for the identification of the epileptic focus [e.g. Benar
et al., 2002; Gotman et al., 2004; Krakow 2008; Salek-Had-
dadi et al., 2006; Zijlmans et al., 2007]. From the EEG a ref-
erence function is extracted, representing the occurrence of
the interictal epileptiform discharges (IED). Through an
event-related approach this regressor is correlated with the
fMRI signals in the general linear model (GLM). Apart
from its application in epilepsy research, EEG-fMRI has
also proven its value in studies of normal spontaneous
neural activity during rest in order to improve our under-
standing of the brain’s resting state [Gongalves et al., 2007;
Laufs et al.,, 2007; Mantini et al., 2007; Salek-Haddadi
et al., 2003; Schabus et al., 2007], where special interest has
been paid to the sources of the alpha band (8-13 Hz) activ-
ity [e.g., de Munck et al., 2007; Goldman et al., 2002; Gon-
calves et al.,, 2006; Laufs et al., 2003; Moosmann et al.,
2003]. However, it is well known that both fMRI signals
and the neural events of interest are correlated with other
physiological processes as well, such as cardiac activity
and respiration [Windischberger et al., 2002]. The brain
pulsates with every heart beat introducing motion of the
vessels and cerebrospinal fluid [Glover et al., 2000]. Respi-
ration causes changes in field homogeneity in the brain
due to movement of thorax and abdomen during breath-
ing. In addition, respiration affects the oxygenation level
and the arterial level of CO,, which is a potent vasodilator
[Birn et al., 2006]. If these sources are not taken into
account during fMRI analysis, falsely detected activations
can be obtained or the detection of neural activity is
impeded, especially during abnormal physiological func-
tioning. In the past 15 years several methods for the
reduction of artifacts time-locked to the physiological
functions have been developed by e.g. Noll [1994], Glover

et al. [2000], Lund et al. [2006], and Shmueli et al. [2007].
Glover et al. [2000] accounted for the instantaneous car-
diac and respiratory influences by modeling the physio-
logical noise as a set of sines and cosines representing
the phase of the respiratory or cardiac cycle (RETROI-
COR) used as a preprocessing filter before fMRI regres-
sion analysis. Lund et al. [2006] used the same
RETROICOR method, but instead of filtering the fMRI
signals, the sines and cosines were applied as confound-
ers to the GLM. Recently, it has been shown that not
only the phase of the cardiac cycle, but also the heart
rate itself [de Munck et al., 2008; Shmueli et al., 2007] as
well as heart rate variability [Nadapow et al., 2008] affect
the fMRI signals. Additionally, in the study of Birn et al.
[2006] the influence of changes in respiratory depth and
rate on fMRI analyses was examined, showing that the
reduction in false detections is maximal near large
vessels. Chang et al. [2009] combined both heart rate and
respiratory depth in one model, showing that this
combination explained a larger part of the variance of
the fMRI signals than one of these aspects alone.

In this study, it is assumed that the BOLD signals are not
only the result of local changes in oxy- and deoxyhemoglo-
bin in blood of the capillary bed of the brain, which are
directly related to changes in neural brain activity [Logothe-
tis et al., 2001], but that part of the variance of the fMRI
signals is related to physiological fluctuations. However,
the exact mechanism of the physiological processes in rela-
tion to the BOLD response is not completely understood
yet. It is hypothesized that the photoplethysmogram (PPG)
can be used to explain the variation in fMRI signals due to
physiological fluctuations, because both PPG and fMRI are
based on variations in the ratio of oxy- and deoxyhemoglo-
bin in the blood. PPG is measured with an optically based
pulse oximeter and its pulsatile component mainly results
from changes in light absorption of a linear combination of
oxy- and deoxyhemoglobin present in the arterial blood at
the sensor site [Rusch et al.,, 1996]. Changes in the peak-
to-peak amplitude (pulse height) of this signal are related
to e.g. changes in cardiac output [Murray et al., 1996] or
respiratory variations [Shamir et al., 1999; Shelley, 2007].
For that purpose, we investigated the correlation between
the variation in pulse height (VIPH) and fMRI signals.
Anticipating on the possibility that the effect of VIPH on
fMRI is delayed in time, the effect of VIPH on fMRI was
modeled with an impulse response function with unknown
coefficients [de Munck et al., 2007].

In this article, the effect of VIPH correction on the inter-
pretation of EEG-fMRI correlation patterns was explored
for the data of patients with lesional epilepsy, for whom
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TABLE |I. Summary of patient characteristics and EEG-fMRI findings for the epilepsy patients

1 2 3 4 5 6 7 8 9
Epileptogenic Location
Subject lesion # IED fracyPH fracltD fraciEBy, diffiR san EED: OB, con: Briby max. BOLD
1 Resection, RF 12 0.384 0.048 0.072 +51.7 0.37 : 0.63 : 0.00 RF
2 Dysplasia, RF 92 0.138 0.116 0.102 —11.6 0.02:0.85:0.13 RF
3 DNET, RT 26 0.887 0.613 0.089 —85.5 0.00 : 0.15 : 0.85 RT
4 DNET, LT 15 0.729 0.001 0.002 +133.4 0.60 : 0.41 : 0.00 RT
5 Dysplasia, RT 33 0.001 0.017 0.016 —5.0 0.04: 0.88 : 0.08 RT

The second and third column describe respectively the location of the epileptogenic region and the number of interictal epileptiform
discharges (IED) that were identified in the EEG recorded during fMRI scanning. Presented in the fourth till sixth column are the frac-
tions of activated brain voxels resulting from the analysis when VIPH was a predictor (fracy'™), when the IED were correlated to

BOLD (fractD) and when VIPH was added as confounder (fraciiB;;) to the GLM. Column 7 shows the difference between the results of
the correlation analyses with and without VIPH taken into account. Column 8 depicts the overlapping ratios as specified in Eq. (4). The

last column indicates the localization of the maximal BOLD response present in the overlapping area of these two models. DNET, Dys-

embryoplastic neuroepithelial tumor; RF, right frontal lobe; RT, right temporal lobe; LT, left temporal lobe.

an accurate delineation of the epileptogenic zone is of
great importance. In addition, the impact of VIPH correc-
tion was investigated in an EEG-fMRI resting-state fMRI
study of healthy volunteers. For that purpose, the EEG-
correlated fMRI data obtained in the study of the genera-
tors of the alpha rhythm of de Munck et al. [2007] were
re-examined, but this time with VIPH taken into account.
The results of VIPH correction were compared with the
use of respiratory RETROICOR regressors modeling the
instantaneous effect of breathing [Lund et al., 2006] and
RVT regressors [Birn et al., 2006] taking into account varia-
tion in respiratory depth and rate. These regressors were
combined with the cardiac RETROICOR and heart beat
regressors in a single general linear model.

MATERIALS AND METHODS
Subjects

Simultaneous recording of EEG and fMRI was success-
fully performed for five patients with localization related
partial epilepsy who had a mean age of 33 + 11 years.
Each of the patients underwent structural MRI for diag-
nostic purposes, showing the lesions as listed in Table I
The patients also underwent long-term video-EEG moni-
toring, indicating a neocortical origin of the seizures in
each of them. The electroclinical studies confirmed for
each patient that their habitual seizures were related to the
lesions. All patients were candidates for epilepsy surgery,
guided by either pre- or intraoperative electrocorticogra-
phy. The patients were notified that the EEG-fMRI study
was not part of the standard presurgical evaluation and
did not influence any of the clinical decisions, such as the
surgical resection. The patients were treated at Epilepsy
Centre Kempenhaeghe or they were referred via the Dutch
collaborative epilepsy surgery program. They were on
maintenance doses of their habitual antiepileptic drugs.

The methods used in this study for VIPH correction of the
fMRI were also applied to the EEG-fMRI data of 16 healthy
volunteers who participated in the study of de Munck et al.
[2007, 2008]. Four healthy volunteers were excluded from
this analysis because of an insufficient quality of the PPG.
Both studies had the approval of the Medical Ethics Com-
mittee of VU University Medical Center and all subjects
gave informed consent for the EEG-fMRI study.

Data Acquisition

EEG-fMRI recording was performed at VU University
Medical Center and data acquisition was the same for both
epilepsy patients and healthy volunteers. All subjects
underwent an fMRI session of maximally 40 min for the epi-
lepsy patients and 30 min for the healthy volunteers during
which they were instructed to relax with their eyes closed.
Functional images were acquired on a 1.5 T MR scanner
(Magnetom Sonata, Siemens, Erlangen, Germany) using a
T2*-weighted EPI sequence: TR/TE = 3000/60 ms, in-plane
resolution 3.3 mm x 3.3 mm, number of slices 24 with a slice
thickness of 3 mm and a 10% gap. Slices were recorded
from bottom to top covering the complete occipital, parietal,
temporal, and frontal lobes. In addition to the functional
scans a T1-weighted anatomical scan (MPRAGE, TR/TE =
2700/5 ms, inversion time TI = 950 ms) was made consist-
ing of 160 coronal slices of 1.5 mm thickness. Simultane-
ously, EEG data were acquired with an MR compatible EEG
amplifier (SD MRI 64, MicroMed, Treviso, Italy) and a cap
providing 64 Ag/AgCl electrodes positioned according to
an extended 10/20 system (sampling rate = 2,048 Hz). Fur-
thermore, physiological functioning of the subjects was
recorded using sensors compatible with the MR scanner.
Respiration was measured using a belt positioned at the
level of the abdomen measuring abdominal expansions dur-
ing breathing. Cardiac activity was measured with electro-
cardiography (ECG). Furthermore a pulse oximeter was
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(a) shows 40 s of the recorded photoplethysmogram (PPG) of a healthy volunteer (Subject 9)
measured in arbitrary units (au) and divided into downward and upward half waves (red and green
lines). The normalized variation in pulse height (VIPH) is depicted by the black line. (b) shows the
corresponding part of the respiratory signal, also divided into upward and downward half waves.
The black line represents the normalized RVT regressor.

positioned on one of the subject’s fingers in order to record
PPG. Both PPG and the respiratory signal were recorded at
a sampling rate of 50 Hz, while ECG was sampled at
400 Hz. Most MR scanners apply an auto gain function for a
clear display of the heart beat and respiratory cycles during
scanning. For our application where variations in pulse
height are needed careful attention was paid to ensure that
the raw physiological signals were used in the analysis,
instead of their “auto gained” versions.

EEG Regressors

EEG data were offline corrected for gradient and ballis-
tocardiographic artifacts according to the methods
presented by Gongalves et al. [2007]. In summary, the gra-
dient artifacts were removed by first estimating the slice
time and the dead time before the acquisition of the first
slice. These values were used to determine the template of
the slice artifact for each EEG-channel, which was sub-
tracted from the data followed by the subtraction of the
average volume artifact. The ballistocardiographic artifacts
were removed by first applying a clustering algorithm to
the individually detected pulse artifacts in order to group
the differences in spatio-temporal patterns of the artifact.
Thereafter, an average template for each cluster was
derived which was subtracted from the data as proposed
by Allen et al. [1998]. In the EEG after artifact correction,
isolated spikes and isolated spike-and-wave discharges or
interictal epileptiform discharges were identified by an
experienced EEG specialist as epileptiform and specific for
the epilepsy of the patient under study. For each type of

IED a regressor was created which indicated the number
of IED present per volume scan. In the group of healthy
volunteers, the EEG was used to compute the amount of
alpha activity. For each epoch corresponding to a volume
a power spectrum was calculated using an FFT algorithm
(for details see de Munck et al.,, 2007]. The power was
averaged over a 2-Hz wide alpha band centered around
the subject’s alpha peak frequency.

Physiological Regressors

The physiological recordings were aligned with EEG
and fMRI data through a marker that was automatically
placed in the data files at the onset of each volume. The
software of the MR scanner automatically detects the R-
tops in the ECG and the maxima in PPG. These automatic
detections were visually inspected and in case of false
detections removed, added or realigned using in home
written software. From these markers regressors of the
first three harmonics of the cardiac phase according to the
RETROICOR method [Glover et al. 2000] and heart beat
intervals [de Munck et al. 2008] were derived. Further-
more, both the respiratory signal and PPG were analyzed
on a beat-to-beat basis using period amplitude analysis
(PAA) [van Houdt et al., 2007], which divided each signal
into the upward and downward components of the signals
(Fig. 1a,b). The first and last point of a half wave represent
either the start of a beat or the maximum point of a beat.
From this information the height of each pulsation in
PPG was calculated as the difference between the first
and last point of the upward half waves detected in that
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signal. These values were resampled to one value per vol-
ume by taking the average of the amplitudes of the pulsa-
tions within that volume resulting in a regressor called
VIPH (Fig. 1a). The maxima determined in the respiratory
signal (Fig. 1b) were used to derive regressors of the first
three harmonics of the respiratory phase as described by
Lund et al. [2006]. However, instead of taking the phase
at the time of the acquisition of the first slice, we deter-
mined the phase at the time of the middle slice. Further-
more, the volume inspired during each breath (V;) was
defined as the difference between the first and the last
point of the upward half waves detected in the respira-
tory signal. The duration of each breath (t) was defined
as the difference in time between the start points of two
successive upward half waves. As presented in the study
of Birn et al. [2006] the respiratory volume per time
(RVT) was calculated by dividing V; through ti. These
values were interpolated to multiples of TR in order to
obtain an RVT regressor (Fig. 1b). Because of occasional
clipping of the respiratory signal, respiratory depth could
not always be accurately determined. To estimate the
amount of distortion of the respiratory signal the relative
clipping ratio (CR = #?;gfef; e -100%) and relative clipping
duration (CT =

tc“}’ -100%) were determined. The number
of breaths was determmed by the number of upward half
waves detected, whereas tchp is the average duration of all
clippings and t,,, is the average breath duration. The influ-
ence of clipping was considered to be unacceptable when
CR - CT > 100, indicating that either the number of clip-
pings and/or the duration of clipping was relatively large.
This criterion resulted in the exclusion of the respiratory
signals of three patients and three healthy volunteers.

fMRI Analysis

fMRI data were motion corrected, matched to the anatomi-
cal scan, and spatially smoothed with a Gaussian kernel with
a standard deviation of 5 mm. The correlation of fMRI signals
with the parameter of interest, which is either the interictal
activity or the alpha power, was defined by a single GLM.
Similar to the analysis presented in de Munck et al. [2007,
2008] the impulse response function on the regressor of inter-
est was estimated from the data instead of assuming a stand-
ard canonical hemodynamic response function. The fMRI
data d with N data points can be modeled as shown in (1)

d=Ph+C¢+n (1)

where h are the coefficients of the impulse response func-
tion, @ is the vector of nuisance coefficients with as many
values as confounders are added to the model, and 7 is the
vector of assumed uncorrelated measurement noise. P con-
tains the regressors of interest with each column represent-
ing a shifted version of the predictor. Each column in C
represents a regressor of noninterest. The coefficients of
interest and noninterest were estimated per voxel with ordi-
nary least squares. The coefficients of the impulse response

function were interpolated afterwards according to the slice
time. At each voxel the level of correlation between the data
and the regressors of interest was calculated using an
F-test, accounting for the number of estimated parameters,
the number of nuisance effects and the number of data
points. Mathematical details can be found in Appendix A
of de Munck et al. [2007]. The resulting P-values were con-
verted to a false discovery rate (FDR), which was used to
threshold the statistical maps [Genovese et al., 2002]. These
maps were overlaid on the anatomical scan.

The regression model was applied in several different
ways and the resulting statistical maps were compared. In
all analyses the standard confounders were the same: six
motion regressors resulting from the motion correction of
the fMRI time series, a constant, linear, and quadratic
trend, six RETROICOR regressors of the heart beat [Glover
et al., 2000] and 10 shifted versions of the heart beat inter-
vals [de Munck et al., 2008]. Data points where the fMRI
was disturbed by motion (more than 0.5 mm or 0.5
degrees) or related to a low quality of EEG epochs or
where artifacts in the PPG signal were present because of
movement were omitted from the analysis. In the study of
patients with epilepsy, the regressor of the interictal epi-
leptiform activity was used as a predictor in the model.
Since more than one type of IED could be present during
the recording, in this study the type with the highest prev-
alence was chosen as a predictor. The other regressors
were combined to one regressor and added as a parameter
of noninterest to the model. Both regressors were shifted
in time over multiples of TR in order to account for possi-
ble delayed responses in the fMRI. In this study shifts of
—2 to +7 times TR, i.e. from —6 to +21 seconds, were
applied, resulting in 10 shifted regressors. The negative
shifts may account for noncausal effects caused by neural
activity preceding the event which is visible in the EEG
[Hawco et al.,, 2007]. In the study of the healthy volun-
teers, the amount of alpha activity was added as a predic-
tor to the GLM. Similar to the IED regressors, shifts of —6
to +21 s were applied to the alpha power regressor.

For all subjects, 10 lagged versions were derived from
VIPH with shifts similar to the other regressors, which were
added either as predictors or as confounders to the GLM.
The shifts were applied in order to account for delayed
responses between VIPH measured at the subject’s finger
and the fMRI signals. For the healthy volunteers, the effect
of VIPH was compared with the results of the GLM where
respiration was taken into account, modeled with six RET-
ROICOR regressors of the respiratory signal and with 10
shifted RVT regressors. In distinction to the method pre-
sented in the study of Birn et al. [2006] where different time
shifts were analyzed with separate models, in this study the
time shifted versions of RVT were analyzed in a single GLM.

Model Comparisons

In this study the statistical maps of different models
were compared quantitatively by computing the number
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of activated voxels and the amount of overlap between the
activated areas of different models. Each model is charac-
terized by the type of predictor (alpha, IED, VIPH, etc.)
and the type of confounder (standard (stan), standard plus
VIPH, standard plus RVT, etc). First, we computed the
fraction of activated voxels for each model as shown in (2)

p
frac? = Nf% )
rain

where the superscript p indicates which predictor is used
in the model and where the subscript ¢ represents the
additional confounders. Npy,in represents the total number
of brain voxels. The number of significantly activated vox-
els was determined at an FDR of 1%. Next, the differences
of the correlation patterns of models with the same predic-
tors, but with distinct confounders were compared by
computing the differences in activated areas using

(fract, — frach))

P

diff?, | =
cl,c2
frac,,

-100% 3)

For example, the difference in the number of activated
voxels as a result of the correlation of IEDs and the fMRI
signals with and without VIPH taken into account is
defined by diff{ijpy; gian-

When confounders are added to a certain model, part of
the correlation pattern will remain unaffected, some of the
voxels may become nonsignificant and others significant,
resulting possibly in newly activated areas. To quantify
these possible results, we computed

o N(Overlapf, ,) EP — N(Exclsy) and
cl,c2 N(Unionfl ,c2) ? e N(Union& ,C2) ’
N(ExclE
- T @
N(Uniong, )

where N(Overlapflﬂcz) is the number of activated voxels
detected with both of the two models, N(Exclfl) and
N(Excllcjz) are the number of activated voxels exclusively
detected by the model with ¢l or the model with c2 con-
founders, respectively (Fig. 2a). Finally, the denominator
indicates the number of activated voxels that are signifi-
cant in either of these two models. Note that by definition
the sum of Ofl,cz, Efl, and Efz is equal to one. Furthermore,
when e.g. the VIPH regressors would act as a pure noise
reducer, EXEB,; would be close to zero (Fig. 2b).

Clustering of Impulse Response Functions

To describe the variety in the estimated impulse response
curves of VIPH, a hierarchical cluster analysis was per-
formed on basis of similarity in morphology of the esti-
mated impulse response functions of each significantly

(@) (b) (c)
Brain Brain
*"1, v ED IIJ -
Excl® | Excr®,  E%R, =0 E -0
Overlap S s Qe o <1 OO . <1

Figure 2.
A graphical representation of the comparison of two models. In
this example the correlation between |IED and fMRI signals with-
out (frac®P ) and with VIPH (fracliD,) correction is schemati-
cally shown. (a) shows the definitions of the areas which were
calculated. (b) shows the situation in which the model with
VIPH correction is a subset of the model without VIPH correc-
tion. (c) shows the reverse situation in which the model without
VIPH correction is a subset of the model with VIPH correction.

activated brain voxel [de Munck et al. 2007]. A distance
table was computed consisting of the distances between esti-
mated response curves at different significantly activated
voxels. For each cluster, the average impulse response func-
tion was determined to be representative for that cluster.

RESULTS

To determine to what extent VIPH could be associ-
ated with the variance of fMRI signals, VIPH was used
as a predictor in the GLM. In Figure 3 the statistical
maps resulting from the correlation between VIPH and
fMRI signals are shown in a sagittal and axial MR scan
for all subjects included in this study, both for patients
(Subjects 1-5) and healthy volunteers (Subjects 6-18).
The statistical maps show a widespread correlation pat-
tern which is bilaterally symmetric for most of the sub-
jects. The fraction of activated voxels ranged for these
subjects from 0.000 to 0.887 (fracy’™ in Tables I and II)
with an average fraction of 0.33. Note that strong corre-
lations were found for both patients (e.g. Subjects 3 and
4) and healthy volunteers (e.g. Subjects 7, 9, and 14)
although the number of activated voxels was quite
small for other subjects, (e.g. Subjects 5, 13, and 18).
Cluster analysis of the estimated impulse response func-
tion was performed for three of the healthy volunteers
with a strong correlation between VIPH and the fMRI
signals (Subjects 7, 9, and 14). Cluster analysis was
truncated at three clusters, because visual inspection
indicated that further clustering did not yield more var-
iation in the response curves. The spatial distributions
of these clusters are depicted in the left column of Fig-
ure 4, whereas the averaged response functions corre-
sponding to these clusters are shown in the right
column of Figure 4. The spatial distributions show that
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Figure 3.
Statistical maps representing the significant BOLD changes which correlate with the variations in
pulse height (VIPH) for all subjects (mid sagittal and axial views) at an FDR <1%. The statistical
maps of Subject | till 5 represent the correlation patterns of the patients with epilepsy, whereas
the statistical maps of Subject 6 till 18 represent the activated voxels of the healthy volunteers.

distinct brain regions correspond to different impulse
response functions. Furthermore, it appeared that the
impulse response curves varied over the subjects. How-
ever, in all three subjects the averaged impulse
response functions show a negative correlation followed
by a positive deflection, suggesting that there was a
delayed response between the peak height measured at
the subject’s finger and the BOLD response.

Delineation of the Epileptogenic Zone

For the five epilepsy patients studied, the result of cor-
rection for VIPH by applying this regressor as an addi-
tional confounder to the GLM was greatest for Subject 3.
This was a patient with a right temporal lobe lesion, who
had an abnormal breathing pattern during fMRI recording
showing very deep breaths alternating with superficial
breaths. When VIPH was not taken into account, a diffuse
correlation pattern was obtained from which the epilepto-
genic zone could not be distinguished (Fig. 5a—c). After
VIPH correction, the number of activated voxels was
strongly diminished (85.5% at an FDR of 1%) resulting in
a maximal BOLD response in the right temporal lobe (Fig.
5d—f). Thus, for this patient VIPH correction enabled the
interpretation of the EEG-fMRI results in relation to the
clinical diagnosis. Note, furthermore, that the area of maxi-
mal BOLD response was almost completely located within
the resected area, which is delineated by the white contour
line (Fig. 5d). After surgery the patient was seizure free
according to the Engel Classification (Engel 1A one year
after surgery). The results of VIPH correction of the five
patients studied are summarized in Table I. In four out of
five patients the maximal BOLD response (Column 9), was
located in the same lobe as the epileptogenic lesion. In

three out of five patients a reduction in the number of acti-
vated voxels was found when VIPH correction was
applied (Column 7). Comparison of the activated areas
detected with the two models showed that for these
patients the model with VIPH correction was a subset of
the model without VIPH correction (EE£BR,; < 0.05; Column
8), as is represented in Figure 2b. These results suggest
that the number of activated voxels was reduced and that
no newly activated areas were obtained. Thus, applying
VIPH as a confounder to the GLM resulted in noise reduc-
tion for three out of the five patients studied. On the other
hand, in two patients (Subjects 1 and 4) an increase in acti-
vated voxels was found. It appeared that in these patients
the model without VIPH correction was a subset of the
model with VIPH correction (EEP < 0.01; Column 8), as is
represented in Figure 2c. Further inspection of these
results showed that for both patients no newly activated
areas were found, but that the already activated areas
were extended. The results of Subject 1 are illustrated in
Figure 6, showing that the additionally activated voxels
were mostly related to the areas surrounding the previous
resection indicated with the white arrows. This result is
consistent with other studies [e.g., Ossenblok et al., 2007],
who showed that the epileptogenic zone is often located at
the margins of the lesion.

Generators of the Alpha Rhythm

The results of alpha correlated BOLD changes obtained
in the study of healthy volunteers are shown in Table II.
The fractions of activated brain volume when VIPH was
added either as a predictor or as a confounder are shown
respectively in Columns 2 and 6. When VIPH was added
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Figure 4.
The impulse responses obtained when VIPH was used as a predictor, were clustered for the
8000 most significant voxels of Subjects 7, 9, and 14. The figures in the left column show the
spatial distribution of the three obtained clusters, whereas in the right column the corresponding
impulse response functions are shown as a function of time.

as a confounder (fracy,,), it appeared that the number of

activated voxels decreased compared to the results with-
out VIPH correction (frac, ; Column 5) for all subjects
except one (Column 9). An average reduction in the frac-
tion of activated voxels of 30.4% was obtained. Compari-
son of the models with and without VIPH correction
shows that the model with VIPH correction is a subset of
the model without VIPH correction (Column 12, E¥py =
0.04 & 0.06), as illustrated in Figure 2b. Therefore, in most
cases no newly activated areas were found and the differ-
ence in activated voxels essentially reflects a reduction of
activated areas. To gain more insight in the relation
between alpha and VIPH regressors the correlation coeffi-
cients between both regressors for each subject were calcu-

lated (RYpy; Column 13). Comparison of these coefficients
with diff{py ., shows that a larger negative correlation
resulted in a larger reduction of activated brain voxels
when VIPH was added as an additional confounder. The
correlation coefficient between those two parameters,
RYpy and diffpy i, is 0.63.

Table II also depicts the fractions of the activated brain
voxels when the RETROICOR (RETRO) and RVT regres-
sors were added either as a predictor (Columns 3 and 4)
or as confounders (Columns 7 and 8). The average fraction
of activated brain voxels was 0.35 for both the respiratory
RETROICOR and RVT predictors, which is in accordance
to the average fraction of VIPH as predictor. Nevertheless,
large differences between subjects were found. Subjects for
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Figure 5.
The correlation between fMRI signals and interictal epileptiform activity for Subject 3 shown in
an axial (a),coronal (b), and sagittal (c) view at an FDR <1%. The figures (d, e, f) in the bottom
row show the same slices but now VIPH was applied as an additional confounder, showing that
the maximal BOLD response was located mainly within the resected area (white contour line).

Figure 6.
The correlation of IED with BOLD represented as a surface
rendering for Subject | without VIPH correction (a) and with
VIPH correction (b) relative to the brain area resected during
previous epilepsy surgery, indicated by the white arrow.

whom the correlation between VIPH and the fMRI signals
was strong, do not necessarily show strong correlations for
the respiratory RETROICOR or RVT regressors (e.g. Sub-
ject 9). When the respiratory RETROICOR regressors were
added as additional confounders in the analysis of the
alpha rhythm, in some subjects a decrease in activated
voxels was found, while there was a slight increase in frac-
tion in other subjects, ranging from —50.1 to +3.8% (Col-
umn 10). When the RVT regressors were used as
confounders a decrease in activated voxels was found for
eight out of 10 subjects, ranging from —56.2 to +86.4%
(Column 11). For most subjects VIPH correction resulted
in a larger reduction of activated voxels than the RVT or
respiratory RETROICOR regressors (e.g. Subjects 9, 11, 14,
and 15), except for three of them for whom RVT yielded a
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Figure 7.
This figure shows the normalized time courses of VIPH and RVT for the healthy volunteers for
whom both regressors could be accurately estimated. VIPH regressors are depicted in black as a
function of scan number, whereas RVT regressors are depicted in grey.

larger reduction in the number of activated voxels (e.g.
Subject 7, 10, and 13). Figure 7 shows the normalized
VIPH and RVT regressors of the healthy volunteers and
also presents the correlations between VIPH and RVT for
the individual subjects, which appear to be very small
(—0.08 + 0.09). This figure demonstrates that the variabili-
ty in physiological functioning differs among subjects and
that VIPH and RVT act differently within subjects.

Figure 8 shows for one of the subjects studied (Subject
9) the correlation patterns of the different regression analy-
ses used. In Figure 8a the alpha correlated BOLD
responses with the standard confounders are shown. In
Figure 8b, d and f VIPH, respiratory RETROICOR regres-
sors and RVT were used as predictors in the model. From
Figure 8b and d it appears that the use of VIPH and respi-
ratory RETROICOR as predictor resulted in distinct acti-
vated brain areas, while the result of RVT as predictor
(Fig. 8f) is in good agreement to the activated areas when
VIPH was used as predictor, though the correlation is less
strong. The color-coded map in Figure 8c shows the alpha
power correlation with VIPH taken into account, whereas
the maps in Figure 8e and g represent the alpha power

correlation with the respiratory RETROICOR regressors or
RVT regressors added as additional confounders. The
white contour line in these figures represents the alpha
power correlation without any additional confounders as
represented in Figure 8a. For this subject, VIPH yielded
the largest reduction in activated voxels. Figure 8c shows
that mainly spurious correlations were removed because
the areas where on physiological grounds the generators
of the alpha rhythm are expected, i.e., occipital cortex, left,
and right parietal cortex and thalamus, still remained acti-
vated (yellow arrows).

DISCUSSION

The results obtained in this study show that fMRI of
spontaneous brain activity does not only correlate with the
event of interest, but also with VIPH, which reflects both
changes in respiration and cardiac activity. When VIPH
was applied as a predictor to the GLM a correlation was
found between this regressor and the fMRI signals, show-
ing that it explains a large part of the variance of the fMRI
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The results for one of the healthy volunteers (Subject 9) where
VIPH, respiratory RETROICOR regressors (RETRO) or RVT
regressors were taken into account in the regression analyses.
These regressors were used as predictors (b, d, f) or as con-
founders while the alpha power was the predictor (c, e, g). For
comparison, (a) shows the correlation of the alpha power with-
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Figure 8.

out any of these additional regressors taken into account. The
same correlation is represented in (c), (e), and (g) with a white
contour line. The yellow arrows in (c) point toward the signifi-
cantly activated left and right parietal cortex, occipital cortex,
and thalamus.
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signals because of non-neural physiological processes. The
correlations were largest in the patient who had an abnor-
mal breathing pattern during the recording. However, also
in healthy volunteers a substantial correlation was found.
This suggests that the variance of fMRI signals due to
physiological functioning is not only present during abnor-
mal functioning but is also part of the regular variability
in respiratory and cardiac functions.

When VIPH was added as a confounder to the GLM,
the interpretation of the fMRI results of the patients was
enhanced in terms of the identification of the epileptogenic
zone in at least one of the patients (Subject 3); without
VIPH correction it was not even possible to distinguish
any plausible epileptogenic region in this patient. In the
other patients the effect of VIPH as an additional regressor
was smaller: either a decrease or an increase in activated
voxels was obtained, but in neither of these cases newly
activated areas were found. Therefore, adding VIPH as an
additional confounder to the model influenced the inter-
pretation of the results either positively or comparable, but
never negatively. In the study of healthy volunteers, the
alpha correlated BOLD changes were reduced when VIPH
was added as a confounder to the GLM. In most cases no
newly activated areas were found and the areas which
were reported as responsible for a subject’s alpha rhythm,
i.e. thalamus, occipital, and parietal areas [de Munck et al.,
2007; Gongalves et al., 2006; Laufs et al., 2003; Moosmann
et al., 2003], remained significantly activated. Moreover,
the alpha response curves (not shown) were hardly
affected when VIPH was added as a confounder. Thus, in
general applying VIPH as an additional confounder
yielded a reduction of physiological noise, but did not
change our understanding or perception of the alpha cor-
related BOLD changes.

A practical advantage of using PPG for correction of
physiological functioning is that it requires a relatively
simple measurement with a sensor which is available as
standard equipment for most MR scanners. The same sig-
nal can also be used for the determination of heart beat
intervals [de Munck et al., 2008] and cardiac RETROICOR
regressors as well as for the correction of ballistocardio-
graphic artifacts in the EEG [Gongalves et al., 2006]. For
our application of PPG one has to assure that the raw sig-
nal is recorded, i.e. with auto gain function switched off.

Although it has been reported that PPG variations are
partly caused by changes in the position of the sensor due
to movements [Linder et al.,, 2006, Murray et al., 1996;
Rusch et al., 1996] or by changes in temperature at the
measuring position (e.g. cold fingers) [Lindberg et al.,
1991]. It seems unlikely to us that these effects explain the
observed large correlation between VIPH and fMRI sig-
nals. Moreover, it has been reported that PPG is related to
respiratory functioning [Shelley, 2007]. Therefore, the ques-
tion arises what the exact relation is between VIPH and
earlier reported regressors that have a more direct rela-
tionship with respiratory function, e.g. respiratory RETRO-
ICOR and RVT regressors. From the results in Table IT it

appeared that the fraction of activated voxels substantially
varies over subjects and the choice of predictor. It is
known, furthermore, that the respiratory RETROICOR
regressors yield correlation patterns with activated areas at
the boundaries between brain and cerebrospinal fluid (e.g.
Fig. 8d) whereas RVT yield activations at true brain areas
(e.g. Fig. 8f) [Birn et al., 2006]. In that sense, VIPH behaves
more like RVT than respiratory RETROICOR (Fig. 8b).
Note, however, that the correlation of VIPH and RVT is
small (—0.08 £ 0.09), thus indicating that our proposed
VIPH is not a direct substitute of RVT. Instead, it describes
a new aspect of the mechanism by which respiration
affects the fMRI signals.

Our results also showed a large intersubject variability
in terms of activated voxels e.g. when VIPH or alpha
power were used as predictors in the GLM. In this study
we have shown that there were large differences in the
modulation of the physiological regressors across subjects
(see Fig. 7), which could partly explain the differences in
fMRI results. This variability was already reported for the
correlation of alpha and fMRI [Gongalves et al., 2006,
2008], suggesting that the large intersubject variability is
related to the individual variations in the EEG.

Chang et al. [2009] already showed that it was important
to combine both heart rate and respiratory depth in a sin-
gle model. To correct for all physiological influences,
including VIPH, the most straightforward solution is to
include all proposed physiological regressors, i.e. cardiac
and respiratory RETROICOR regressors, heart beat inter-
vals, RVT, and VIPH, as confounders to the GLM for fMRI
analysis. However, the more confounders are added to the
GLM, the smaller the statistical power of the fMRI analy-
sis. Furthermore, if the regressors are not independent,
multicollinearity of regressors will appear, resulting in
overfitting of the GLM. New mathematical models will
have to be derived, that systematically describe the physi-
cal mechanisms by which variations in heart rate, respira-
tion and oxygenation affect the BOLD signal. Combined
with extensive simulations, in which oxygen saturation is
directly measured, this will hopefully result in a minimum
set of regressors with a firm mathematical physical basis
that removes the influence of physiological noise on fMRI
signals.

CONCLUSION

In this study we described a new regressor, VIPH,
which is based on a linear combination of oxy- and deoxy-
hemoglobin resulting from cardiac and respiratory fluctua-
tions. This regressor explains a large part of the variance
of fMRI signals due to physiological functions and is not
correlated to earlier reported RETROICOR, RVT, and heart
beat regressors. The interpretation of EEG-fMRI results can
be substantially enhanced when VIPH is regressed out as
is shown for the delineation of the epileptogenic zone and
the generators of the alpha rhythm. Our method does not
require additional hardware, because the pulse oximeter is
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usually used for clinical monitoring or to estimate heart
rate confounders in fMRI analysis.
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