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Respiratory-related brain pulsations are
increased in epilepsy—a two-centre
functional MRI study

®Janne Kananen,"z’3 Heta Helakari,"z’3 (®Vesa Korhonen,"z’3 Niko Huotar'i,"z’3
Matti jéirvelé,"z'3 (®Lauri Raitamaa,''? Ville Raatikainen,"'?* ®Zalan Rajna,"4
Timo Tuovinen,"z'3 Maiken Neder'gaard,s’6 juliajacobs,7’8’9"0 Pierre LeVan,8’9"°’I 1,12

Hanna Ansakorpi*'*'4 and Vesa Kiviniemi'*?

Resting-state functional MRI has shown potential for detecting changes in cerebral blood oxygen level-dependent signal in patients
with epilepsy, even in the absence of epileptiform activity. Furthermore, it has been suggested that coefficient of variation mapping
of fast functional MRI signal may provide a powerful tool for the identification of intrinsic brain pulsations in neurological diseases
such as dementia, stroke and epilepsy. In this study, we used fast functional MRI sequence (magnetic resonance encephalography)
to acquire ten whole-brain images per second. We used the functional MRI data to compare physiological brain pulsations between
healthy controls (7 =102) and patients with epilepsy (7 =33) and furthermore to drug-naive seizure patients (7 =9). Analyses were
performed by calculating coefficient of variation and spectral power in full band and filtered sub-bands. Brain pulsations in the re-
spiratory-related frequency sub-band (0.11-0.51Hz) were significantly (P < 0.05) increased in patients with epilepsy, with an in-
crease in both signal variance and power. At the individual level, over 80% of medicated and drug-naive seizure patients exhibited
areas of abnormal brain signal power that correlated well with the known clinical diagnosis, while none of the controls showed
signs of abnormality with the same threshold. The differences were most apparent in the basal brain structures, respiratory centres
of brain stem, midbrain and temporal lobes. Notably, full-band, very low frequency (0.01-0.1Hz) and cardiovascular (0.8—
1.76 Hz) brain pulses showed no differences between groups. This study extends and confirms our previous results of abnormal
fast functional MRI signal variance in epilepsy patients. Only respiratory-related brain pulsations were clearly increased with no
changes in either physiological cardiorespiratory rates or head motion between the subjects. The regional alterations in brain pulsa-
tions suggest that mechanisms driving the cerebrospinal fluid homeostasis may be altered in epilepsy. Magnetic resonance encephal-
ography has both increased sensitivity and high specificity for detecting the increased brain pulsations, particularly in times when
other tools for locating epileptogenic areas remain inconclusive.
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Respiratory related brain pulsations are
altered in epilepsy in group and patient
specific level against healthy controls
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Introduction

Epilepsy is one of the most common neurological diseases
and affects 50 million individuals worldwide annually
(Fiest et al., 2017). The most commonly used diagnostic
tool in epilepsy is non-invasive scalp EEG, which can
help to confirm the diagnosis and identify brain regions
involved in the epileptic network (Smith, 2005; Tsiptsios
et al., 2010; Rosenow et al., 2015). It is well established
that hyperventilation induces epileptiform activity and
thus is used as a provocation to increase the sensitivity
of interictal EEG. In focal epilepsies, however, a positive
EEG activation is obtained in only 6-30% of patients
(Gabor and Marsan, 1969; Morgan and Scott, 1970;
Guaranha et al,, 2005). The provocation of epileptic
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activity during hyperventilation results from a reduced
pCO, and subsequently cerebral blood flow (Immink
et al., 2014).

The previous clinical evidence of respiration having a dir-
ect effect on epileptic activity has recently been supported
by measurements of the effects of respiration on neuronal
activity using intracranial electrodes. Respiration entrains
electrophysiological brain rhythms in the mesiotemporal
structures of patients with intractable epilepsy (Zelano
et al., 2016). Moreover, evidence has emerged that the cor-
tical and limbic areas exhibit oscillations locked to the
breathing cycle (Herrero et al., 2018). In addition, it has
been hypothesized that respiration not only supplies oxygen
but also serves as a motor drive signal and a common
clock that paces brain functions (Kleinfeld ez al., 2014).
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Another non-invasive way of investigating neuronal ac-
tivity in the brain is functional MRI (fMRI) utilizing T,*
(effective spin-spin) weighted blood oxygen level-depend-
ent (BOLD) image contrast. The neurovascularly coupled
BOLD signal changes have previously been analysed in
people with epilepsy, to either map eloquent functional
brain areas or identify networks involved in generating
interictal and ictal epileptic activity (Chaudhary et al.,
2013; Constable et al., 2013; Proulx et al, 2014
Robinson et al., 2017); e.g. language fMRI has been used
in epilepsy surgical planning (Benjamin et al., 2018).
Resting-state fMRI studies aiming to identify epileptic ac-
tivity have yielded several major findings. First, BOLD
signal changes related to epileptic activity can be seen in
all types of epilepsies and remain largely unaffected by
brain pathologies (Laufs and Duncan, 2007; Gotman,
2008; van Graan et al., 2015; Pittau et al., 2017).
Second, in patients in whom other diagnostic tools like
interictal EEG, magnetoencephalography and PET remain
inconclusive, fMRI might have additional value in localiz-
ing epileptic brain regions (Mankinen et al., 2011, 2012;
Wurina et al., 2012; Constable et al., 2013; Lee et al.,
2013; Sarikaya, 2015; Erglin et al., 2016). Third, epilep-
tic networks often extend beyond one focal epileptic gen-
erator and involve larger network structures including
sub-cortical regions (Blumenfeld, 2014; Tracy and
Doucet, 2015).

fMRI studies in epilepsy using conventional sequences
often yield low sensitivity and have a limited ability to
analyse the effect of physiological fluctuations in epileptic
activity. A recent development in fast whole-brain fMRI
sequences is so-called magnetic resonance encephalog-
raphy (MREG), which allows fMRI measurement with
higher temporal resolution (Lee et al., 2013). In a direct
comparison to standard fMRI, an increased sensitivity
and both positive and negative BOLD effects were stron-
ger in MREG within the epileptic focus identified in peo-
ple with epilepsy (Jacobs et al., 2014).

In addition to the haemodynamic BOLD effect to neur-
onal activity, fast fMRI sequences enable the detection of
physiological oscillations as propagating cardiac and re-
spiratory pulsations within their respective frequency sub-
bands (Posse et al., 2013; Kiviniemi et al., 2016;
Raitamaa et al., 2019; Aslan et al., 2019; Rajna et al.,
2019). Previously, these physiological pulsations have
been regarded as artefacts with little relevance to the
underlying pathology. However, these fluctuations are the
driving forces of brain CSF pulsations and have been
linked to several neurological diseases including epilepsy
(Kananen et al., 2018; Sun et al., 2018; Rajna et al.,
2019). In particular, differences in the amplitude and
variance in physiological BOLD signal fluctuations, as
quantified by the coefficient of variation (CV), have been
reported in different conditions, e.g. in acute ischaemic
stroke (Khalil et al., 2017), Alzheimer’s disease
(Makedonov et al., 2016; Tuovinen et al., 2017), small
vessel disease (Makedonov et al., 2013) and epilepsy
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(Kananen et al., 2018). CV measures become more accur-
ate when calculated over large distributions including
thousands of samples and thus benefit from the high tem-
poral resolution of MREG in the characterization of
BOLD signal properties in frequency sub-bands of
interest.

Our group published a preliminary study measuring
physiological pulsations in patients with intractable epi-
lepsy suggesting that pulsations were altered in patients
compared to controls (Kananen et al., 2018). In this
study, we aim to replicate these findings in a larger
group of patients, additionally introducing patient data
with new onset epilepsy, thus allowing the exclusion of
the effect of antiepileptic drugs (AEDs) as a cause of the
observed change in brain pulsations. We hypothesize that
brain pulsations measured with CV using fast fMRI differ
between controls and patients both with chronic epilepsy
and in drug-naive seizures.

Materials and methods

Patients with epilepsy (PWE), drug-naive seizure patients
(DN) and healthy controls (HCs) were recruited to the
study. The PWE group had focal epilepsy diagnosis of
various aetiologies and AEDs. Majority of the PWE had
intractable epilepsy and were under evaluation for sur-
gery based on previous findings in the anatomical MRL
DN were imaged shortly after they had had a suspected
epileptic seizure and with no earlier epilepsy diagnosis or
AED. HC had no history of diagnosed neurological
disorders.

Written informed consent was obtained from all partici-
pants according to the Declaration of Helsinki. The
Ethics Committee of the Northern Ostrobothnia Hospital
District, Finland, and Research Ethics Committee of the
University of Freiburg, Germany, approved the research
protocol.

Subjects’ fMRIs were obtained in Oulu and in Freiburg.
The fMRI acquisition was performed using a three-di-
mensional single-shot stack of spirals sequence (MREG)
that under-samples k-space to reach a sampling rate of
10Hz (images per second), sufficient to image physio-
logical pulsations (Asslinder et al., 2013). The point
spread function of the stack of spirals sequence is 4.5 mm
with minimized off-resonance effects compared to other
k-space undersampling strategies like concentric shells
and spokes (Zahneisen et al, 2012; Asslinder et al.,
2013). Imaging parameters are listed in Table 1. These
specifications enabled imaging of the whole brain in
10Hz with the voxel size of 3 x 3 x 3 mm?®. The smaller
slab thickness in Freiburg resulted in exclusion off the
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Table | Scanning parameters in the different sites

Oulu Freiburg
Scanner Siemens 3T SKYRA Siemens 3T PRISMA
Coill 32-channel head coil 64-channel

head-neck coil
Specifications for fMRI imaging (MREG)

TR (ms) 100 100

TE (ms) 36 36

Flip angle (°) 25 25

3D matrix 64 x 64 x 64 64 x 64 x 50
Slab thickness (mm) 192 150

TE = echo time; TR = repetition time.

inferior parts of the brainstem in nine subjects divided
equally between groups.

The resting-state fMRI data acquisition lasted up to
20 min. Due to scheduling reasons and/or subject compli-
ance, some acquisitions had to be shortened to 5min. To
enable a consistent analysis, only the first 5min from
every dataset was used, similarly to previous work
(Kananen et al., 2018). Furthermore, the usage of the
first 5 min minimized the vigilance drops of the subjects
(Kiviniemi et al., 2016; Kananen et al., 2018). Study sub-
jects wore earplugs to reduce noise and soft pads were
fitted over the ears to minimize motion. During imaging,
all participants received instructions to simply rest, stay
awake and focus their gaze on a cross on a screen, which
was shown via a mirror mounted on the head coil. High-
resolution T;-weighted anatomical reference images were
obtained for co-registration of the MREG data to own
anatomy and Montreal Neurological Institute space simi-
larly to before (Kananen et al., 2018).

MREG data were preprocessed with a standard
Functional MRI of the Brain’s software library pipeline
and with the same procedures and steps as described in
our previous papers (Kiviniemi et al., 2016; Kananen
et al., 2018; Helakari et al., 2019). The FIX ICA
(Functional MRI of the Brain’s independent component
analysis-based Xnoiseifier) method was used for second-
ary artefact removal from the preprocesssd MREG data
(Griffanti et al., 2014; Salimi-Khorshidi et al., 2014). The
FIX classifier was trained on previously collected control
MREG data, imaged with identical parameters and was
used identically for all subject groups.

CV was used as a metric for the temporal variations in
brain pulsations from the BOLD signal. Similar methods
have been used in previous studies (Makedonov et al.,
2013, 2016; Jahanian et al., 2014; Tuovinen et al., 2017,
Kananen et al., 2018). For each preprocessed four-dimen-
sional fMRI dataset, the CV values were calculated
voxel-wise by CV= [a(X)/[u(X)] where X is the time
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series of voxel, ¢ is the standard deviation and p is the
mean. Temporal signal-to-noise ratio (tSNR) is an estab-
lished way to evaluate fMRI signal, and tSNR is calcu-
lated by tSNR = [(u(X)]/[6(X)], and thus tSNR=1/CV.
Here, in addition to voxel-wise CV, we calculated the
brain-only single voxel tSNR values and after that indi-
vidual whole head median tSNR (Griffanti et al., 2014).

The CV maps, i.e. voxel-wise CV values, were calcu-
lated from full-band signal and three sub-bands: very low
frequency 0.01-0.1Hz, respiratory frequency 0.11-
0.51Hz and cardiovascular frequency 0.8-1.76Hz by
bandpassing full-band MREG signal. The respiratory and
cardiac sub-bands were chosen based on the inspection of
individual MREG signal frequency spectra, ensuring that
the respiratory and cardiac peaks from all subjects were
included within their respective sub-bands. Evaluated
physiological mean cardiorespiratory frequencies were
compared statistically between groups.

For the bandpassed CV calculation, the voxel-wise u val-
ues were taken individually from unfiltered full-band sig-
nals. These full-band voxel-wise p values were added to
every timepoint of filtered signals for CV calculation in
sub-bands, as the bandpass filtering operation demeans the
signals. Sub-band CVs were calculated as described above.
In addition, spectral power (SP) of sub-bands was calcu-
lated in sub-bands with statistically significant differences in
the CV values between groups. Voxel-wise mean and stand-
ard deviation were calculated from HC group SP maps to
convert all subjects’ individual SP maps to Z-scores, yielding
individual mappings of abnormal areas in epilepsy patients.
For display purposes, all calculated maps were interpolated
to 0.5 mm Montreal Neurological Institute space.

In addition, one cubic region-of-interest from the pneu-
motaxic and apneustic centres in the brainstem was
chosen for signal calculation (Raitamaa et al., 2019).
Upper and lower smooth curves, i.e. envelopes outlining
extremes for this signal, were calculated by finding the
maximum and minimum peaks of the respiratory band-
passed signal and fitting a curve between peaks. These
two curves were subtracted (max—min) from each other,
to calculate the difference between envelopes, i.e. peak-to-
peak amplitude, in any given timepoint. Mean values of
amplitudes were compared statistically.

Functional MRI of the Brain’s software library’s motion
correction data were used to inspect for between-group dif-
ferences in the mean relative and absolute head motion.

All the procedures described were coded and calculated
with  MATLAB, Origin, Analysis of Functional
Neurolmages and Functional MRI of the Brain’s software
library and are available upon request. Fine-tuning of
images was performed with GNU Image Manipulation
Program software.

The contrasts between the calculated map values of each
group at each voxel were analysed with Functional
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Magnetic Resonance Imaging of the Brain’s software
library’s randomise with 50 000 Conditional Monte
Carlo random permutations implementing family-wise
error-corrected threshold-free cluster enhancement correc-
tion in both directions (HC > PWE/DN, HC < PWE/
DN) separately (Smith and Nichols, 2009) with age,
mean relative head motion and imaging site as a covari-
ate. T-statistic maps with corrected P-values (P <0.05)
were created to evaluate statistically significant differences
in the calculated average maps between the groups
(Nichols and Holmes, 2002; Winkler et al., 2014). In
addition, differences between PWE and DN groups were
analysed similarly. Statistical testing for the envelope and
physiological cardiorespiratory rate differences between
groups were performed using the unpaired two-way
Student’s t-test. Two-sample Kolmogorov-Smirnov test
was used to evaluate difference between two histograms.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Results

The study sample consisted of 33 PWE (age
34.6 +10.2years, 21 females, Table 2), 9 DN (age
34.3 = 15.3 years, two females, Table 3) who were add-
itionally analysed as a separate group and 102 HC (age
37.3+15.4years, 51 females). PWE were using 1-4
AEDs (c.f. Table 2). Seventeen PWE and 14 HC were
recruited and imaged in the University Medical Center
Freiburg. The remaining of the PWE (n=16), DN (n=09)
and HC (n=88) groups were recruited from the out-
patient clinic at Oulu University Hospital or from differ-
ent ongoing studies in the University of Oulu. All
subjects were imaged between the years 2012 and 2019.

CV was significantly increased in the PWE compared to
the HC when the fMRI signal was bandpass filtered to
the respiratory frequency (CV,ep, Fig. 1A). The most
prominent differences (P < 0.05) were located in the basal
structures of the brain, upper brain stem respiratory
pneumotaxic centre, midbrain and temporal lobes, includ-
ing amygdalae, hippocampi, pallida and putamina. In
addition, there are clusters of significant difference in vis-
ual cortex. Altogether, main areas affected are around
cavernous sinus that drains the mediobasal and temporal
brain structures including hippocampi and thalami.

No significant results were observed in the full band,
cardiovascular (0.8-1.76 Hz) or very low frequency sub-
bands (0.01-0.1Hz). There were no significant increases
in HC compared to PWE. Furthermore, there were no

BRAIN COMMUNICATIONS 2020: Page 50f 14 | 5

significant differences in any of the bands between neither
HC and DN groups nor PWE and DN groups. In add-
ition, median full-band tSNR values were compared with
the control and patient groups, and there was a signifi-
cant difference between the PWE and HC groups
(P=0.031, Supplementary Fig. 1). There were no other
significant differences in tSNR values.

For a more thorough analysis, the SP within the re-
spiratory sub-band (SP.,) was calculated; significant
increases in PWE sub-band power were even more prom-
inent than in CV,, (Fig. 1B). Between the statistical
maps, similar areas were affected (correlation coef-
ficient=0.85, Fig. 1). A single mean map of SP.,, was
calculated from HC and from PWE (Fig. 2A). A histo-
gram plot of these maps in logarithmic scale is shown in
Fig. 2B. These histograms show explicitly the significant
difference in group mean (P <0.001), while the distribu-
tion of values between groups remains alike (Fig. 2B).

In addition to the whole-brain analyses, a brainstem re-
gion-of-interest was analysed (Fig. 3A). In Fig. 3A, an ex-
ample signal from one patient and one control is presented,
and in Fig. 3B, amplitude difference is shown between these
two examples. The difference between example subjects’ re-
spiratory frequencies did not explain the difference observed
in later stages. The signal maximum and minimum smooth
curves, i.e. envelopes were calculated, and the minimum en-
velope was subtracted from the maximum envelope to re-
veal envelope differences (Fig. 3C) and to calculate a mean
over time. Statistical comparison of these mean values
revealed a significant between-group difference (P-val-
ue =0.00335, Fig. 3D).

As the epileptogenic areas may reside anywhere in the
brain, a more individual-level approach is preferable for
a more precise interpretation. The individual voxel-wise
Z-scoring, based on HC population (z=102) mean and
standard deviation values, presents an opportunity to
characterize patients more accurately in the individual
level. With Z-maps we were able to threshold CV differ-
ences over 10 SD from the HC mean, equalling P-value
close to 0 in one- and two-tailed statistical analyses.

Twenty-five out of the 23 PWE had clusters of brain
tissue over the Z-score >10 threshold. In contrast, none
of the 102 controls exhibited any variation above this
threshold. In Fig. 4A, six examples of these PWE subjects
and their corresponding focal changes in SP., maps are
presented. Moreover, the SP,., values in some of the
pathological pulsation clusters were very high. When the
threshold was reduced to Z-score 6, i.e. 6 SD above nor-
mal mean, all but three of the PWE subjects showed
areas of increased SP.,. In 20 subjects of PWE (60%),
the clusters correlated precisely with the known brain re-
gion affected (Fig. 4A, Table 2). Eight PWE had vivid
clusters, but the correlation with the known region was
less prominent.


https://academic.oup.com/braincommsarticle-lookup/doi/10.1093/braincomms/fcaa076#supplementary-data
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Table 2 Clinical characteristics of recruited PWE

J. Kananen et al.

PWE Age (years) Sex Duration from diagnosis Diagnosis MRI finding AED

| 21 M 3 years TLER MTSR LEV, LCM

2 32 F 13 years TLER Normal LEV, LTG

3 23 F 18 years TLEL Normal LCM, LEV

4 38 M 36 years TLEL FCDLT OXC, LEV, ZNS
5 23 F 18 years TLER FCD R insula LTG

6 37 M 10 years TLE bilateral MTS bilateral LTG, CBZ, PGB
7 45 F 14 years TLE bilateral EC T bilateral OXC, LTG, PB
8 34 M 4 years TLER Normal TPR

9 22 F 6 years TLE bilateral MTS bilateral BRY, LCM

10 59 M 38 years TLEL Cavernoma, FCDLT LCM, CBZ

Il 20 F 5 years TLER GliomaRT GBP, LCM

12 35 F 19 years TLER Normal LEV, PER

13 33 F 28 years TLE bilateral  NFI| suspected OXC, BRV

14 53 F 26 years TLER Normal OXC, LEV

15 29 M 9 years TLE bilateral MTSL LCM, BRV

16 43 F 9 years TLE bilateral ~ EC bilateral T ZNS, BRV

17 27 M 26 years FLER FCD FR LTG, LEV, ZNS, PER
18 41 M 3 months TLEL Normal OXC

19 40 M 4 months TLE Normal OXC

20 32 M 8 years TLE bilateral Hippocampal oedema R CBZ, PGB

21 38 F 10 years TLE HSR LTG, TPR

22 26 F 19 years FLE Normal CLB, LCM, LTG, VPA
23 52 F 4 years TLEL FCDLT LCM, ZNS

24 36 M 6 years TLEL Arachnoid cyst LEV, OXC, LCM
25 53 M 13 years TLER DVA/Telangiectasia R LTG, LCM, TPR
26 22 F 12 years TLER FCDRT VPA, LTG, CLB
27 25 F I'l years TLEL FCDL OXC, ZNS

28 35 F 12 years TLER Normal TPR, LCM, CLB
29 26 F 7 years TLER Arachnoid cyst RPituitary microadenoma RFCD R LEV, LCM, LTG
30 39 F 16 years TLE Normal LTG

31 35 F 17 years TLE Normal PGB, ZNS

32 26 F 4 years TLER Normal LCM, TPR, BRV
33 43 F 4 years TLER Normal LTG

BRV = brivaracetam; CBZ = carbamazepine; CLB = clonazepam; DVA = developmental venous anomaly; EC = encephalocele; F = female; FCD = focal cortical dysplasia; FLE =
frontal lobe epilepsy GBP = gabapentin; HS = hippocampal sclerosis; L = left; LCM = lacosamide; LEV = levetiracetam; LTG = lamotrigine; M = male; MTS = mesiotemporal scler-
osis; NF| = neurofibromatosis type |; OXC = oxcarbamazebine; PB = phenobarbital; PER = perampanel; PGB = pregabalin; R = right; T = temporal; TLE = temporal lobe epi-
lepsy; TPR = topiramate; VPA = valproic acid; ZNS = zonisamide.

Table 3 DN characteristics

DN Age Sex Duration of symptoms Diagnosis MRl finding

| 16 M 4 years TLE L Normal

2 41 M 10 years TLEL Normal

3 39 M | year TLE Normal

4 18 M 9 months JME, generalized Normal

5 17 M One seizure No diagnosis Normal

6 30 M 3 months Focal epilepsy Normal

7 39 F No information JME Normal

8 60 F One seizure No diagnosis DNET suspected

9 49 M 2 years TLE Temporal vascular degeneration L

DNET = dysembryoplastic neuroepithelial tumour; F = female; JME = juvenile myoclonus epilepsy; L = left; M = male; TLE = temporal lobe epilepsy.

When considering the DN population on an individual
level, there were voxels in every patient with the same Z-
score >10 as with the larger group of PWE subjects
(Fig. 4B). Changes were similar between PWE and DN
(Fig. 4). Affected areas were present, even though no

diagnosis was set.

No significant differences between HC and all patients
were observed in mean absolute (P-value =0.456) or rela-
tive (P=0.076) movement. Similarly, no significant differ-
ences were found in the cardiorespiratory frequencies
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Figure | Group-level differences in respiration-related
brain pulsation. (A) Variation in respiration-related brain
pulsation (CV,,) was significantly (P < 0.05) increased in PWE
compared to HC. (B) Power of respiration-related brain pulsation
(SPresp) Was significantly (P < 0.05) increased in PWE compared to
HC. In both A and B, significant increases are located in basal
structures of the brain, upper brain stems respiratory pneumotaxic
centre, midbrain and temporal lobes, including also amygdalae,
hippocampi, pallida and putamina.

between groups (cardiac: HC mean=65.9 +10.07 beats
per minute, patient mean=69.4 *10.19 beats per mi-
nute, P=0.068; respiratory: HC mean=15.0*3.85
breaths per minute, patient mean=16.3 =4.72 breaths
per minute, P=0.100). In HC, a mild bradycardia (<50
beats per minute) was present in three subjects.

Discussion

In this study, we analysed and provided evidence that re-
spiratory-related T,*-weighted fluctuations, i.e. brain pul-
sations are increased in epilepsy. Further analysis revealed
that the power of these pulsations was much higher in
patient-specific focal areas. The differences were not
related to breathing-induced motion as no significant dif-
ferences were observed in motion or in any of the
physiological cardiorespiratory frequencies. These findings
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Figure 2 Mean spectral power of brain pulsations between
HC and PWE groups. (A) Group mean maps in respiration-
related power, transformed into a logarithmic scale. PWE group
mean values are larger in the whole brain compared to HC. (B)
Distributions of mean power in the respiratory sub-band voxel
values in each group calculated from maps of section (A). Despite
an overlap between the two similar distributions (HC: red, PWE:
black), difference between the groups is highly significant
(P<0.001).

confirm our earlier preliminary results from a smaller
sample size (Kananen et al., 2018). Furthermore, we
found that even without AED the pulsation abnormality
is detected, since the individual DN subjects exhibited
similar suprathreshold changes as the PWE. However,
there were no significant group-level differences between
the HC and DN groups. This may arise due to the
smaller population and more heterogeneous composition
of the DN group, which included both patients with gen-
eralized epilepsy syndrome and subjects with one con-
firmed seizure without epilepsy diagnosis.

In this study, we show that respiratory-related brain pul-
sations are different in PWE compared to HC. However,
in contrast to our previous preliminary study (Kananen
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Figure 3 Differences in the respiratory bandpass filtered signal within the brainstem ROI. (A) The selected ROl in the upper
brainstem area and example individual bandpass filtered signals from the PWE (black) and HC (red) groups and their respective frequency
spectra. (B) Individual time-domain signals shown in A and corresponding individual lower and upper signal envelopes (control: red, patient:
black). (C) Difference of envelopes (max—min) i.e. amplitude of signal for the example subjects (control: red, patient: black). (D) Violin plot of
mean envelope differences between groups (HC: red, PWE: black). Groups differ significantly (P=0.0035). ROl = region-of-interest.

covariates in the statistical testing. There was a significant
difference in full-band median tSNR values between HC
and PWE groups. Keeping in mind the previous results
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Z-score 10

Figure 4 Individual changes in respiratory-related brain
pulsations power. (A) Six examples of individual findings after
thresholding (Z-score > 10) from PWE. All PWE show different
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and the connection between tSNR and CV, the result
was expected, especially because no covariates were used
in median tSNR value analysis. Furthermore, tSNR
results are well comparable to BOLD results reported by
Griffanti et al. (2014).

Previously, other researchers have shown that respir-
ation modulates electrical brain activity (Zelano et al.,
2016; Herrero et al., 2018). They further postulated that
the respiratory effects were applicable to the general
population. However, they could only investigate intract-
able epilepsy patients due to the need for intracranial
EEG recordings. Our results agree with the finding that
respiration modulates brain pulsations (Zelano et al.,
2016; Herrero et al., 2018).

In the sense of brain MRI physics and brain physiology,
the BOLD signal originates from transverse magnetization
signal from coherent para/intravascular water proton
spins. The spins’ coherence and subsequently the BOLD
signal increase as local paramagnetic deoxyhaemoglobin
concentration reduces 3-5s after neuronal activity triggers
regional vasodilation (Silvennoinen et al., 2003, Buxton,
2012, Kim and Ogawa, 2012). Envelopes of respiration
rate and end tidal carbon dioxide are known to induce
BOLD signal oscillations in the brain parenchyma over-
lapping but independent of underlying neuronally coupled
haemodynamic activity (Wise et al., 2004; Birn et al.,
2008).

It has been shown that the venous blood flow oscilla-
tions and the CSF flow pulsations are both driven by
intrathoracic  respiratory  pressure changes (Dreha-
Kulaczewski et al., 2015, Vinje et al., 2019). More pre-
cisely, one single inspirium induces venous outflow from
the brain, that is counterbalanced by CSF inflow (Dreha-
Kulaczewski et al., 2017). The previously detected T,*
signal increase in brain parenchyma during inspiration is
explained by reduced deoxyhaemoglobin in cortical veins
and increased CSF in surrounding paravascular spaces
(Kiviniemi et al., 2016). The detected respiratory MRI
signal in large CSF spaces that lacks (deoxy)haemoglobin

areas of increased spectral power that correlate with the clinical
diagnosis (yellow circles in coronal plane) in Table 2. PWE |9 has a
TLE, although our method found affected areas in the frontal parts
of the brain. First three PWE are from Freiburg and last three from
Oulu. (B) Three DN examples of individual findings after
thresholding (Z-score > 10). All DN have different areas influenced
similarly as in A and which correlate with the known clinical
diagnoses (yellow circles in coronal plane) in Table 3. DN 8 had a
clear affected area, even though no diagnosis could be set with
standard diagnostic tools. ROl = region-of-interest; TLE =
temporal lobe epilepsy.
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is flow related (Dreha-Kulaczewski et al., 2015, 2017;
Kiviniemi et al., 2016; Huotari et al., 2019).

In fast imaging, where repetition time < T;* (apparent
longitudinal relaxation time in the presence of inflow,
1.48s) of the tissue (Kim and Ogawa, 2012), the MRI
signal inflow effects need to be more thoroughly investi-
gated. In addition, the physiological brain pulsations may
induce local elastic brain fluctuation/motion that can be
addressed with fast scanning more thoroughly in the fu-
ture. Therefore, the interaction between the cardiac and
respiratory pulsations in brain parenchyma is gathering
increasing interest in fMRI (Chang er al., 2013; Raitamaa
et al., 2019).

Our study revealed significant differences depicted by the
elevated power of the PWE respiratory-related brain pul-
sations in amygdala, hippocampus, pallidum and puta-
men; brain structures known to be affected in multiple
epilepsy types (Margerison and Corsellis, 1966; Hudson
et al., 1993; Pitkidnen et al., 1998; Aroniadou-Anderjaska
et al., 2008; Kandratavicius et al., 2012; Kanner, 2012;
Kanner et al., 2012; Chatzikonstantinou, 2014; Wulsin
et al., 2016). Interestingly, these same areas are located
around cavernous sinus, which is the main area of ven-
ous return canal of the mediobasal brain structures
including the hippocampi and, additionally, an area
where the CSF return pulses from the spinal canal re-
enter the brain. In these areas, the respiratory tidal effects
in perivenous space on MREG signal may be particularly
strong.

The blood-brain barrier (BBB) is a neurovascular unit
that insulates brain tissue interstitium from external ions
in the blood and helps to maintain homeostasis for un-
hindered brain functionality. In epilepsy, the proper func-
tion of the BBB is altered, which results in abnormal
function and seizures (van Vliet et al., 2015; Riber et al.,
2018). Furthermore, sleep affects epileptiform activity
(Ellingson et al., 1984; Binnie and Stefan, 1999; Méndez
and Radtke, 2001; Klein et al., 2003; Baldin et al., 2017;
Giorgi et al., 2017) and BBB function (Jessen et al.,
2015; Cuddapah et al., 2019). Moreover, evidence has
emerged that improper function of the BBB may cause
epilepsy altogether (Marchi er al., 2016) and contribute
to drug resistance in epilepsy (Liu et al., 2012).

Furthermore, the outer edge of the BBB, namely the
Aquaporin-4 concentrated astrocyte lining, has recently
been described as an essential part of the glymphatic
brain clearance system (Nedergaard, 2013). The glym-
phatic system is driven by cardiorespiratory brain pulsa-
tions that push CSF from the limitans externa of the BBB
into the brain tissue and further drive soluble proteins
into the perivascular space and away from the brain
(Mestre et al., 2018b). While some opposing views exist
(Smith et al., 2017; Abbott et al., 2018; Faghih and
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Sharp, 2018), researchers have found increasing evidence
of a pulsation-driven glymphatic system (Iliff and
Nedergaard, 2013; Nedergaard, 2013; Xie et al., 2013;
1liff et al., 2015, Mestre et al., 2018a, b; Rasmussen
et al., 2018; Lilius et al., 2019; Mortensen et al., 2019).
Importantly, a recent human study using focused BBB
opening demonstrated a supra-diffusive glymphatic con-
vection of MRI contrast media from the brain paren-
chyma (Meng et al., 2019). Fast MRI findings suggest
that the respiration is a leading driving force of the CSF
convection (Dreha-Kulaczewski et al., 2015). Our group
has discovered evidence that, on a macroscopic scale, the
respiration may function as a driver of the glymphatic
pulsations in the brain (Kiviniemi et al., 2016; Kananen
et al., 2018; Raitamaa et al., 2019; Huotari et al., 2019).
Taken together, the mounting evidence of perivascular
Aquaporin-4 loss in the limitans externa along with the
failure of the BBB suggests that a failure of the glym-
phatic CSF clearance could predispose brain tissue to epi-
leptiform activity (Eid et al., 2005, 2018; van Vliet et al.,
2015; Marchi et al., 2016; Riiber et al., 2018).

Often only standard anatomical MRI is available for clin-
ical decision-making, and it fails to detect abnormalities
in 57% of the focal epileptogenic lesions (Von Oertzen
et al., 2002). PET findings are reported in 34-96% of
epilepsy cases (Sarikaya, 2015). Non-invasive magnetoen-
cephalography has limited value in identifying epileptic
activity in deep-seated areas such as mesial temporal
lobe. The method used in our study was able to detect
highly significant (over 10 SD) focal changes in over
80% of the patients, while no changes were observed in
any of the 102 controls. In our prior study, the CV g,
differences correlated well with described diagnostic find-
ings and symptoms (Kananen et al., 2018). In the current
study, the areas affected, and areas of known clinical
diagnoses were related in 60% of the PWE. In addition,
emerging evidence points to epileptogenic areas that are
distinct from, e.g. brain areas of epileptiformic activity
usually viable for surgery in temporal lobe epilepsy
(Wiebe et al., 2001; Andrews et al., 2019). Thus, these
results indicate that our method could become a potential
diagnostic tool in the future especially in situations where
other methods yield no result and more focal findings are
necessary.

In this study, all PWE subjects were diagnosed with focal
epilepsy and majority had a diagnosis for temporal lobe
epilepsy. Large group sizes and similar epilepsy type
enhanced statistical power ensuring reliable results. Prior
MRI studies have shown that some propagation path-
ways in the brain during seizures are similar in different
focal epilepsies (Loscher and Ebert, 1996; Steriade, 2005;
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Laufs et al., 2011; Centeno and Carmichael, 2014).
However, due to the great variety of aetiologies in epi-
lepsy, a homogeneous patient population with matching
diagnosis, involved brain area, AED and clinical charac-
teristics is extremely difficult to assemble.

Siemens 3 T scanners were used in Oulu and Freiburg.
However, scanners were of different models resulting in dif-
ferent scanner bore size and head coil. Therefore, the use
of imaging site as a covariate in the analysis minimized po-
tential confounding effects to ensure the reliability of the
results. In addition, due to short acquisition, the slowest
fluctuations appear only maximally three times, which may
lead to less precise results in very low frequency band.

As the pneumotaxic centre was one of the main affected
areas, and minding its physiological function, it would be
of interest to analyse possible other differences in respira-
tory-related pulsations in the brain, e.g. pattern, timing
or different effect of expirium/inspirium.

Earlier studies especially in mesial temporal sclerosis
have shown absent aquaporin-4 channels in perivascular
astrocytes. The absence of these channels may contribute
to the observed pulsations in the brain. Therefore, it
would be interesting to study the relationship between
aquaporin-4 channels and the pulsations observed in fast
fMRI more thoroughly.

Concerning diagnostic measures, even though our
results are robust, a more thorough analysis is warranted.
Cooperation with various clinics with adequate fast fMRI
sequence is needed as it would greatly help in standardiz-
ing the analysis process and in determining the decision
limits. In addition, simultaneous fast fMRI/EEG in con-
junction with hyperventilation and even sleep deprivation
analysis would yield more insight into the physiological
background of our findings.

Conclusion

Our analysis revealed compelling and highly significant evi-
dence for altered physiological signal variations, namely
brain pulsations at the respiratory frequencies, in epilepsy.
The observed changes were not explained by motion or
physiological cardiorespiratory rates and are therefore most
likely due to intrinsic brain pulsations. After calculating
maps of SP and thresholding those maps based on control
data, we identified highly focal increases in individual PWE
and DN data further implying that the changes may be
relevant as a diagnostic tool in epilepsy when focal findings
are necessary, e.g. in focal treatments.
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