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Abstract
Migraine is a disabling disease that is highly complex
and incompletely understood. Cerebrovascular reactivity
(CVR) measurements have the potential to detect cere-
brovascular impairment and have been shown to be al-
tered in migraine. Given this, the objective of this work
was to to clarify neurovascular mechanisms by investi-
gating CVR changes during pain (ictal) and pain-free (in-
terictal) phases in migraine. Patients with menstrually-
related migraine were selected in order to facilitate the
study of the two phases. To control for the effects of
hormonal variations associated with the menstrual cycle,
healthy controls were studied in the premenstrual and
midcycle phases. Blood-oxygenation Level Dependent-
functional Magnetic Resonance Imaging (BOLD-fMRI)
data were acquired during a breath-holding (BH) task
and analysed using 3 methods (one PETCO2-based
and two paradigm-based) to obtain maps characterizing
CVR. In the control group, increased CVR and reduced
delays were detected in the premenstrual vs midcycle
session (not significant). Additionally, the group delay
maps showed alterations in the posterior area that in-
cluded the occipital lobe region and the CVR in the oc-
cipital lobe was increased in the premenstrual vs the
midcycle sessions (not significant). This suggests that
alterations in the occipital region in migraineurs during
the ictal phase described in previous studies are associ-
ated with alterations related to the menstrual cycle and
not with the migraine. These findings contribute with new
evidence to the limited literature, being the first work in-
vestigating CVR in both migraineurs and hormonal con-
trols in a longitudinal approach.
Keywords: Cerebrovascular Reactivity; Functional
Magnetic Resonance Imaging; Breath-holding;
Menstrually-related Migraine; Hormonal Controls.

1. Introduction
1.1. Motivation
Migraine is one of the most prevalent and disabling dis-
eases on a global scale [1–6], predominantly affect-
ing young women in their most productive life years
[3, 4, 7, 8]. Moreover, it is a cyclic disorder composed
of headache attacks with other associated symptoms
(ictal) and attack-free (interictal) periods that is thought
to result from a combination of genetic, environmental
and other factors, which makes it highly complex and in-
completely understood [7,9–11]. Currently, there are no
biomarkers used in the clinical practice to help the di-
agnosis process or effective treatment to end or prevent

attacks [7,10,11].

Migraine has been associated with cerebrovascular
[12–15] and cardiovascular diseases [16–18]. In re-
cent years, it has been suggested that this vasculopa-
thy may be related with a dysfunction in the cerebral en-
dothelium [17]. Furthermore, in the case of menstrual
and menstrually-related migraine, perimenstrual attacks
seem to be triggered by the estradiol decrease prior to
menstruation [19–23]. Estradiol plays an important role
in the regulation of the vascular endothelium [22], which
means that the possible impairment of the cerebrovas-
cular endothelium and vasculopathy in migraine may be
intensified near menstruation [24]. Therefore, it seems
important to study and take into account the effect of
menstrual cycle hormonal alterations when assessing
cerebrovascular function in menstrual migraine. How-
ever, there are few studies evaluating cerebrovascular
changes through the menstrual cycle and the menstrual
migraine cycle.

Cerebrovascular reactivity (CVR) measurements have
great potential as a way to detect the suspected brain
vascular endothelium dysfunction. There are only few
studies assessing CVR in migraine and this was com-
monly done using Transcranial Doppler (TCD). Re-
cently, Blood-oxygenation Level Dependent-functional
Magnetic Resonance Imaging (BOLD-fMRI) has been
shown to be a more promising technique to measure
CVR than TCD. However, there were only two studies
assessing CVR in migraine using BOLD-fMRI [25, 26].
Additionally, most studies investigated CVR in a case-
control approach, assessing it in the interictal phase of
migraine. Being migraine a cyclic disorder, greater po-
tential could be achieved by performing a longitudinal
study, studying patients in both phases. This was done
in a previous dissertation analysing data from a study
that made use of BOLD-fMRI and a breath-holding (BH)
task. It was shown that there is increased CVR in the oc-
cipital area of migraineurs in the ictal phase, when com-
pared to the interictal phase [26]. However, this study
did not include controls. More significant results should
be achieved by taking into account the cerebrovascu-
lar alterations through the menstrual cycle. Additionally,
although a BH task has been done, the partial pres-
sure of end-tidal carbon dioxide (PetCO2), a surrogate
of the partial pressure of arterial CO2 (PaCO2), was
not recorded, which could take into account the varia-
tions in task performance and normalize CVR measure-
ments [27–30].
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1.2. Migraine
Migraine affects approximately 14% of the worldwide
population and is the second in years lived with disabil-
ity [1–5]. Migraine predominantly affects women, follow-
ing a 3:1 ratio [8]. Specifically, it is more prevalent among
young and middle-aged women between ages 15 and
49, which usually correspond to their most productive life
years. In this group, migraine assumes the first place in
years lived with disability [3,4,7].

Migraine is a cyclic disorder as it is composed of an
ictal state with unilateral throbbing headache and other
associated symptoms, alternated with an attack-free in-
terictal state. In the ictal state, 4 phases of the attack
can be defined: the premonitory, aura, headache and
postdrome [8, 11, 31]. The headache phase is the most
notorious phase in migraine episodes and all the phases
can appear in the mentioned sequential order or over-
lap [5,8].

The pathophysiology of migraine has shown to be
highly complex and still incompletely understood. Never-
theless, the consensus nowadays points towards a neu-
rovascular hypothesis [5,7,8,11,16]. In fact, the associ-
ation between migraine and cerebrovascular and cardio-
vascular diseases supports the idea of a dysfunctional
cerebral endothelium in migraine [13–18].

Throughout the reproductive years, menstruation is
one of the events that shows higher association with mi-
graine attacks [32]. Menstrual migraine (MM) is the mi-
graine that occurs between 2 days before and 3 days
after menstruation in at least two out of three menstrual
cycles, with no attacks at any other time of the menstrual
cycle. This is only reported by 10% to 20% of female mi-
graineurs. In turn, menstrually-related migraine (MRM)
is the one occurring in the previously mentioned condi-
tions and additionally at other times of the menstrual cy-
cle and this is prevalent in more than half of female mi-
graineurs [20, 32–34]. Perimenstrual attacks are usually
longer, more incapacitating, recurrent, painful and less
responsive to treatment compared to attacks at other
times of the cycle or to non-menstrual migraineurs’ at-
tacks [6, 20, 21, 23, 32]. In patients suffering from men-
strual or menstrually-related migraine, perimenstrual at-
tacks seem to be triggered by the premenstrual de-
crease of the ovarian hormone estradiol (E2). E2, in turn,
is thought to be involved in the regulation of the vascular
endothelium and is associated with reduced stroke risk
and favorable stroke outcomes. This supports the theory
of a dysfuntional cerebral endothelium in migraine and
suggests that this impairment is intensified near men-
struation. Furthermore, it seems important to study and
take into account the effects of the hormonal alterations
through the menstrual cycle when studying cerebrovas-
cular function in migraine.

1.3. Cerebrovascular reactivity
Cerebrovascular reactivity (CVR) is an intrinsic regula-
tory brain mechanism that reflects the capability of its
vessels to alter their calibre in response to a vasoac-
tive stimulus, whether by dilating or constricting, with
the objective to increase or decrease cerebral blood flow
(CBF). If CVR is impaired, then CBF cannot increase
when brain activity increases. Thus, CVR can be thought

of as an indicator of brain’s vascular health. CVR mea-
surements have the potential to detect cerebrovascular
impairment and have been shown to be altered in mi-
graine.

To determine CVR, the CBF changes are measured
simultaneously to the application of a vasoactive stimu-
lus. BOLD-fMRI has shown to be an appropriate mea-
surement technique, enabling non-invasive whole-brain
scannings with high spatial resolution. As concerns the
vasoactive stimulus, the BH task seems to be appropri-
ate it has been shown to be non-invasive and simple in
terms of execution and experimental setup.

1.4. State of the art
A literature review was handled regarding CVR in mi-
graine, menstrual cycle and menstrual and menstrually-
related migraine. Most studies used BH as vasoactive
stimulus and TCD as CBF measurement technique. The
BOLD-fMRI technique has been shown to be a more
promising technique to measure CVR than TCD, but
only 2 studies have used fMRI to study CVR in migraine
[25,26].

Most studies investigated CVR in migraine in a case-
control approach, assessing it in the interictal phase of
migraine and comparing it with healthy controls. From
these, CVR was suggested to be impaired in the poste-
rior circulation of migraineurs [12,35,36]. Being migraine
a cyclic disorder, greater potential could be achieved by
performing a longitudinal study. This was done in some
studies, in which the CVR in the ictal phase showed to
be lower than in the interictal phase of migraine [37–40].
Furthermore, in a study done in the same lab as this
work, LaSEEB of ISR-Lisbon, Cotrim et al. [26] anal-
ysed BH BOLD-fMRI data and showed increased CVR in
the occipital area of migraineurs in the ictal phase, when
compared to the interictal phase. However, this study did
not include controls.

There were only 2 studies evaluating cerebrovascu-
lar changes throughout the natural menstrual cycle of
healthy women. One [41] measured CBF during the
early follicular, late follicular and late luteal phases and
suggested that the CVR of the brain parts supplied by
the right internal carotid artery (ICA) varied significantly
during the menstrual cycle and that these variations
seemed to be associated with the levels of the ovar-
ian hormones estradiol and progesterone. The other
one [22] assessed CBF during the early and late follicu-
lar phases and no difference in CVR was verified.

Finally, no studies investigated CVR in menstrually-
related migraine and only 2 studies investigated CVR
in menstrual migraine without including hormonal con-
trols. One scanned patients without accounting for the
migraine cycle phase [34]. CVR of the middle cerebral
arteries (MCA) was found to be reduced during the men-
struation when compared to the period after menstrua-
tion and CVR of the MCA and posterior cerebral arteries
(PCA) was detected to be reduced when compared to
controls. The most recent one studied migraine interictal
phase [20] and no differences in the CVR were found.

As a way to overcome these bottlenecks, we propose
to investigate the CVR changes through the analysis
of BH BOLD-fMRI data from menstrual or menstrually-
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related migraine patiens in ictal and interictal phases;
and hormonal controls in premenstrual and midcycle
phases.

2. Material and methods
2.1. Breath-holding task
An illustration of the BH-task paradigm is illustrated in
figure 1. It comprised a 30s initial baseline of externally-
paced breathing and four 58.5s cycles (resulting in a to-
tal duration of 269s, approximately 4.5 minutes taking
into account a 5s fixation cross). Each cycle consisted
of a 15s end-expiration BH followed by a 1.5s exhala-
tion, a subsequent 12s recovery period with self-paced
natural breathing and finally a return to 30s baseline
of externally-paced breathing. Regarding the baseline
periods (both the initial baseline and each trial’s base-
line), these were externally-paced at a breathing period
that was the most similar to the subject’s spontaneous
breathing period (to avoid hypocapnia). These param-
eters were according to the literature and tests. Tests
were performed at LaSEEB with 7 female gender adults
aged from 20 to 55 years that were professors, investi-
gators or students. Additionally, a pilot study was per-
formed at Hospital da Luz (Lisbon, Portugal) with one of
these volunteers to test the BH task along with the fMRI
scan. During these tests, after the task was performed it
was asked if the volunteer had found it hard to perform in
general, e.g. had felt tired in general, had found the task
too long, had found hard to sustain the breath during the
BH period, to exhale after the BH, or to breath according
to the instructions during the baseline periods.

An illustration of the experimental setup for recording
of the PetCO2 during the BH BOLD-fMRI acquisition is
presented in figure 2. The written task instructions were
given to the subjects visually by being projected from a
computer (the Presentation computer) where they had
been programmed in the Neurobehavioral Systems Pre-
sentation software (https://www.neurobs.com/) to the
googles on the head radiofrequency coil. Measurement
of CO2 levels of expired air data was carried out using
the Medlab CAP10 capnograph (https://www.medlab.
eu/english/products/capnographs/cap10) and a tub-
ing system (composed of a nasal cannula and sam-
pling lines). The Presentation codes relative to
the instructions being displayed to the subject and
the CO2 data being acquired in the capnograph
and passing through the analog to digital converter
Arduino UNO (https://store.arduino.cc/products/
arduino-uno-rev3/) were both recorded in a computer
(the recording computer).

2.2. Participants and data acquisition
A longitudinal study was conducted in the Imagiology
Center of Hospital da Luz (Lisbon, Portugal) in the pe-
riod from May to October 2021. The cases comprised
3 female patients (mean age = 35.33±9.29 years old)
from the Hospital da Luz outpatient clinic with a diagno-
sis of menstrually-related episodic migraine without aura
and otherwise healthy. The control group was composed
of 6 healthy women (mean age = 25.50±3.08 years) re-
cruited among social media, migraine groups, academic
groups and internal mailing lists, who had no history of
migraine or headaches and had regular menstrual cy-

cles. Both cases and controls could be using hormonal
contraception during the study provided that they still had
menstruation and were able to track their menstrual cy-
cle.

Each patient was scanned in the ictal (headache) and
interictal phases of migraine. The ictal phase scanning
session was performed during an attack indicated by the
patient. Scanning of controls happened in in the premen-
strual and in the midcycle phase of the menstrual cycle.
The premenstrual phase was considered to be 1 to 4
days before menstruation onset and the midcycle phase
1 to 4 days after ovulation (ovulation being forecasted
by natural menstrual cycle monitoring through the cal-
endar method and sometimes basal temperature mea-
surement and in day 14 of the menstrual cycle for the
participants taking the pill). However, in some cases, it
was not possibly to acquire both sessions of a volunteer
due to the inherent unpredictability of the migraine and
to hospital logistics issues, the latter having been exac-
erbated by the pandemic. Therefore, only 2/3 patients
and 5/6 controls concluded the two sessions within the
duration of the work leading up to this dissertation.

Two types of data were acquired for each participant,
for each acquisition: brain imaging and expired CO2

data.
All images were acquired with a 3T Siemens MAGNE-

TOM Vida MRI scanner using a 64-channel receive ra-
diofrequency coil. Structural T1-weighted images were
collected using a MPRAGE sequence (1 mm isotropic
resolution). T2*-weighted 2D GE-EPI was acquired
(SMS = 3, GRAPPA = 2, TR=1260ms, TE=30ms, 213
volumes, effective EPI echo spacing 0.31ms and 2.2mm
isotropic resolution). Fieldmap images were collected
using GE-EPI (TE1/TE2 = 4.92/7.38 ms and otherwise
similar geometry to the functional images).

During the BOLD imaging of the BH task, the expired
CO2 was simultaneously acquired using the experimen-
tal setup (both described in section 2.1). To assure that
the BH task was well executed and that the CO2 was
properly measured inside the scanner, the participants’
preparation started outside the scanner. The task was
explained to the participants, enhancing the importance
of breathing through nose and not to inspire during the
BH. After this, each participant’s spontaneous breathing
period was measured and calculated and, according to
it, one or more practice runs were performed with live
visualization of the expired CO2 signal. Afterwards, the
participant was directed to the scanner room.

2.3. CO2 data processing and analysis
Processing and analysis of the CO2 signal acquired were
conducted using the MATLAB software (https://www.
mathworks.com/products/matlab.html).

First of all, the custom peak detection algorithm was
applied to the acquired breathing period CO2 data in or-
der to detect the end-tidal peaks - level of CO2 released
at the end of exhalations. The output was manually
checked for every dataset to ensure that each end-tidal
peak was detected and to remove incorrectly identified
ones

Each CO2 recording was longer at least 30s before
and after each fMRI acquisition. The time period af-
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Figure 1: Schematic illustration of the breath-holding task paradigm.

Figure 2: Schematic illustration of the breath-holding task ex-
perimental setup

ter makes it possible to correct for the recording delay
between CO2 exhalation inside the scanner and CO2

recording outside the scanner. In fact, a negative time
shift was applied to the CO2 data in order to align their
post-BH exhalations to the respective markers from Pre-
sentation. On the other hand, the time period added be-
fore was due the hemodynamic delay between the CO2

pressure change in the blood and the fMRI signal change
caused by the vascular transit delays and vasodilatory
dynamics, which will be used in further data processing.

The CO2 data corrected for the recording delay was
similarly processed to the breathing periods in order to
detect the end-tidal CO2 peaks. From these, the PetCO2

trace was produced by using a piecewise cubic interpo-
lation between the end-tidal peaks to the capnograph
sampling interval. For each subject and session, the
mean baseline PetCO2 and the mean ∆PetCO2 were
calculated. Finally, a PetCO2 regressor was created by
convolving the PetCO2 trace with the canonical hemody-
namic response function (HRF) [27,28,42].

2.4. BOLD-fMRI data processing and analysis
Processing and analysis of the BOLD-fMRI was con-
ducted using both the FMRIB Software Library (FSL,
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and the
MATLAB software.

It is crucial to perform some preprocessing to the fMRI
data to remove unwanted artifacts that may complicate
its interpretation. Moreover, the performance of BH tasks
typically adds task-correlated motion to the data [43].
Therefore, the preprocessing steps done in this work
were: (i) distortion correction (using FUGUE); (ii) mo-
tion correction (using MCFLIRT); (iii) spatial smoothing
(using SUSAN); (iv) high-pass temporal filtering (using
FEAT); (v) nuisance regression of motion parameters
(using MCFLIRT); and (vi) nuisance regression of motion
outliers (using fsl motion outliers). Nuisance regressors
of motion parameters and motion outliers were intro-
duced together with the regressors of interest during the
BH BOLD-fMRI analysis that will be further discussed in
section 2.5.

Registration of the subjects’ functional images to the
structural space (using FLIRT BBR) and normalization
to the standard space (using FNIRT) were also per-
formed. This is important to align the images of different
sessions and subjects with each other so that posterior
analysis steps are valid. Lastly, the two transformations
were combined, defining a single transformation from the
functional to the standard space.

When looking for CVR in migraine, an initial approach
may consist of a whole-brain voxelwise analysis. How-
ever, it may also be relevant to focus the analysis into
specific brain regions with the objective of identifying im-
paired areas. Bearing this in mind, three categories of
regions-of-interest (ROIs) were defined: cortical lobes
(frontal, temporal, parietal and occipital), arterial flow ter-
ritories (internal carotid arteries, ICA, and vertebrobasi-
lar arteries, VBA) and subcortical structures (brainstem,
thalamus, pallidum, putamen, hippocampus and cau-
date). For this, brain masks of these regions were
created. They were defined within gray matter (GM)
as this is a much more vascularized area [44] and ex-
hibits greater BOLD signal change when compared to
the white matter (WM) [30,45,46].

2.5. Breath-holding BOLD-fMRI data analysis
Concerning the BH BOLD-fMRI data analysis, this
is usually performed using the General Linear Model
(GLM) in FEAT ((https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FEAT)). Furthermore, CVR characterization
must be performed on a voxelwise basis, since the
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BOLD hemodynamic response may exhibit different tem-
poral dynamics in different brain regions that in turn af-
fect CVR estimation. Taking this into consideration, the
analysis was performed using a PetCO2-based method
(the iteratively shifted PetCO2 regressors GLM) and two
paradigm-based methods (the iteratively shifted block-
design regressors GLM and the sine-cosine GLM).

PetCO2-based models account for variability in task
performance and in the resulting PaCO2 levels, whether
across subjects, sessions or even trials. The iteratively
shifted PetCO2 regressors GLM started by performing
an initial global gross alignment by maximizing the cross-
correlation between the mean global GM BOLD time-
course linearly up-sampled to the capnograph sampling
frequency and the PetCO2 regressor that overlapped the
fMRI acquisition. From the resulting delay - the bulk shift
- 61 shifted PetCO2 regressors relatively to this value,
up to a maximum shift of ±9s, with an increment of
0.3s [43,47] and downsampled to TR were created. For
each of these regressors, a GLM was constructed (in-
cluding its temporal derivative). Motion parameters and
motion outliers were also included in the model as re-
gressors of no interest. CVR in percent signal change
(PSC) was calculated for each one of the 61 obtained
GLMs, following the formula:

CVR in PSC (%) =
PE1 ∗ 100
meanfunc

(1)

where PE1 is the parameter estimate image that informs
about how strongly the PetCO2 regressor fits the data at
each voxel and mean func is the mean data over time at
each voxel. In this case, as the regressors given to the
model were not normalized by FEAT, the PE1 maps are
per change in expired CO2 (mm Hg) and consequently,
vascular reactivity was defined as CO2-related BOLD
percent signal change/mm Hg change in CO2 (%/mm
Hg). The 61 PSC maps were then merged and on a vox-
elwise basis, the delay at which the CVR was highest in
that voxel (which corresponds to the highest PE1 value
and thus to the shifted regressor that better fits the data)
was chosen as the optimal delay, resulting in a map of
delays (s). The same was done to obtain a map of CVR
(%/mm Hg). This was done for all the sessions in which
a valid CO2 signal was acquired.

The models used in paradigm-based analysis are a
representation of what is expected to be observed in the
data: changes in BOLD hemodynamic response in re-
sponse to a certain stimulus. A perfect performance is
assumed, as well as similar BH effects on the PaCO2

within and between subjects. Thus, the regressors given
to the models were derived from the timings of BH-task
paradigm presented in each scanning session.

Similarly to iteratively shifted PetCO2 regressors GLM,
the iteratively shifted block regressors GLM starts by
maximizing the cross-correlation between the mean
global GM BOLD time-course linearly up-sampled to a
sampling interval of 0.02s (having this value been cho-
sen in order to maintain a good temporal resolution) and
the block regressor - a square box function with an am-
plitude of 1 during the four BH periods and 0 during
the baseline and recovery periods, convolved with the
canonical HRF - from which results a bulk shift value.

Once more, 61 shifted block regressors (downsampled
to TR) were created, from which 61 models were con-
structed (including its TD, motion parameters and motion
outliers). To create the CVR and the corresponding delay
maps, the same process that had been done in the itera-
tively shifted PetCO2 regressors GLM method was done.
However, the block regressor was automatically normal-
ized by FEAT and thus, the 61 resulting CVR maps and
the final CVR maps were presented in PSC.

The other paradigm-based method used was the sine-
cosine GLM consisting of a sine-cosine pair at the BH
task period (58.5s) and its first two harmonics based
on previous work optimising the number of harmonics
[48]. Motion parameters and motion outliers were also
included in the model as regressors of no interest. Fur-
thermore, as the task cycles only begin after 35s (5s of
fixation cross plus 30s of initial baseline) of task perfor-
mance, this model has an initial skip with this duration
(as it was concluded that this improved model fitting in
comparison to the sine-cosine model beginning at time
t=0s). As a single GLM resulted from this analysis and
it already accounts for voxelwise variations with its in-
herent phase flexibility, voxelwise CVR and delay maps
were constructed differently from the two previous meth-
ods. CVR (in BOLD PSC, %) was calculated as the
amplitude of the model’s maximum relative to the aver-
age initial baseline signal multiplied by 100 and the de-
lay time-to-peak (TTP) as the time of the model’s max-
imum relative to the beginning of the BH (in seconds).
To achieve this, the sine and cosine waves and their first
and second harmonics and respective parameter esti-
mates values were imported into MATLAB and used in
order to create an averaged model at each voxel and
from it compute the CVR and TTP.

In order to be able to compare the CVR maps resulting
from the paradigm-based methods (in %) with the ones
resulting from the PetCO2-based method (in %/mm Hg),
the latter were multiplied by the ∆PetCO2 (calculated by
subtracting, for each task cycle, the value of the post-
BH PetCO2 by the mean baseline PetCO2 of the previ-
ous baseline period and averaging across the four cy-
cles). On the other hand, as CVR in %/mm Hg accounts
for variability and allows to quantitatively compare CVR
between sessions and individuals, CVR maps obtained
through the paradigm-based methods were divided by
the corresponding ∆PetCO2 in order to obtain normal-
ized CVR measures (%/mm Hg) and be able to com-
pare them with the measures resulting from the PetCO2-
based model.

Firstly, CVR characterization was executed across
voxels in the whole-brain GM for each subject, ses-
sion and analysis method. On a second phase, CVR
characterization for the ROIs corresponding to cortical
lobes, arterial territories and subcortical structures within
GM was developed (whose masks’ construction was de-
scribed in 2.4).

3. Results & discussion
Both CO2 and BOLD-fMRI data acquired during a BH
task from 3 migraine patients and 6 hormonal controls
was processed and analyzed using three different meth-
ods. This resulted in CVR and delay maps. The analysis
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of these maps enabled to compare the different analysis
methods. A group analysis was also performed that al-
lowed for the detection of CVR differences between the
different phases, methods and ROIs, but only for controls
due to the reduced number of patients.

3.1. PetCO2, motion and cross-correlation anal-
ysis

All subjects successfully completed the respiratory pro-
tocol with no major difficulties reported, verified by the
increase in the mean GM BOLD-fMRI time course in
the periods after the BH. However, datasets C1-S2, P1-
S1 and P3-S1 (where C represents controls, P patients,
S1 the premenstrual/ictal session and S2 the midcy-
cle/interictal session, performed in a random order) re-
vealed low quality CO2 traces. This may have been
caused by periods of exhalation through the mouth, im-
pairing the measurement of the PetCO2 (especially the
increase after BH). In these cases, the PetCO2 method
of CVR analysis was not performed and PetCO2 nor-
malised CVR measurements were not obtained.

A mean PetCO2 baseline of 36.4±4.5 mm Hg across
participants was observed, which is in general agree-
ment with other BH CVR studies [42,49,50] and assures
that CVR is measured over the linear range of the CBF-
CO2 dose–response curve, avoiding hypocapnic condi-
tions [51]. Furthermore, a mean ∆PetCO2 of 5.4±1.9
mm Hg across participants was calculated, which is in
general agreement with other similar BH CVR studies
[42, 47, 49, 50]. However, one of the four BH trials were
excluded for the calculation of the ∆PetCO2 in acquisi-
tions C1-S1 and P2-S2, due to automatic calibration of
the capnograph during that one BH, which interfered with
the correct signal acquisition.

The mean absolute displacements averaged across
sessions were 0.39±0.29 mm, while the mean relative
displacements across sessions was 0.11±0.06 mm. The
highest values of displacements were verified to be re-
lated with task performance.

The delay introduced by the tubing system was of
around 10s in all the acquisitions except in C1-S1 and
P1-S1, in which the delay was different because the
used tubing system was different.

Regarding the bulk shifts obtained by maximizing the
cross-correlation between the unshifted PetCO2 regres-
sors and the mean GM BOLD signal time course for each
acquisition, this was 5±1 s on average across subjects,
which is according to the range of from 5s to 10s for
average delay times found in literature [42, 52]. As con-
cerns the bulk shift corresponding to the block regres-
sor calculated following the same procedure, the aver-
age across subjects was 10±2 s. This was expected
since the block model is created using the timings of the
presentation of the stimuli through visual instructions and
the PetCO2 changes occur as a consequence of the per-
formance of these instructions, that naturally happens
afterwards. Nevertheless, besides the acquisitions with
low quality PetCO2, the bulk shifts for both the PetCO2

and the block regressors were also not calculated for the
datasets C4-S2 and P3-S2 due to logistics’ issues during
the acquisitions that impeded the synchronous presenta-
tion of the stimuli with the fMRI scanning, thus interfering

with the hemodynamic delay estimation. In these cases,
the shifted regressors were calculated from the other ac-
quisitions’ mean bulk shift.

Cross-correlation analysis between the mean sine-
cosine model time-course and the mean GM BOLD-fMRI
signal time course was also performed for each session.
From this, it could be seen that the sine-cosine model
did not present a good fit of the mean GM time course.

3.2. Cerebrovascular reactivity and delay maps
Regarding the CVR and delay maps, average maps
across controls are shown in figure 3, respectively. Maps
presented the expected contrast between GM and WM:
GM presented increased CVR values and decreased de-
lay values when compared to the WM. These results
were not surprising since GM is a highly vascularized
area and presents a large signal change in most CVR
studies [30, 44, 45, 48]. Due to these observations, fur-
ther CVR characterization focused on the GM. In addi-
tion, for the PetCO2 and block methods, the posterior
area of the brain presented increased delays when com-
pared to the anterior one, which is according to litera-
ture [28, 43, 48]. On the other hand, the sine-cosine
method did not present this delay pattern and resulted
in a noisier map.

3.3. Whole-brain analysis
3.3.1 Subject-level analysis

The number of voxels with detected CVR (CVR in %
¿ 0.3) (in %) and the median CVR (in % %/mm Hg)
and delay (in s) across brain in GM were calculated for
each subject, session and voxelwise analysis method
(PetCO2, block and sine-cosine), such as the group
mean for controls and patients for each method.

The iteratively shifted block-design regressors GLM
method showed to be the most effective of the 3 methods
in modelling BH BOLD-fMRI data as, besides producing
the highest percentage of voxels with detected CVR, re-
sulted in the highest CVR amplitude estimates.

As regards the PetCO2 model, this produced per-
centages of voxels with detected CVR and CVR am-
plitude estimates higher than the sine-cosine model,
which is according to Murphy et al. [42], that concluded
that the PetCO2 model leads to a better model fit the
sine–cosine, but not in all brain regions. However, it pro-
duced lower estimates than the block model. This was
not expected since the PetCO2-based models account
for variability across and within subjects [29]. This result
seems to be due to incorrect CO2 acquisition caused by
experimental setup issues, namely to the use of an ex-
clusively nasal cannula that did not get the expired CO2

from mouth (that seemed to have frequently occurred al-
though subjects were instructed to breath through their
noses).

Finally, the second order sine-cosine model produced
the lowest percentage of voxels with detected CVR and
estimates of CVR. The second order sine-cosine model
that was used in this work had shown to explain signif-
icantly more variance, produce a greater number of re-
sponsive voxels, not underestimate CVR amplitude and
show a better test-retest reproducibility than lower order
methods [48]. However, this was proven for a BH task
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Figure 3: Controls’ group average: CVR (%), CVR (%/mm Hg) and delay (s) maps (top to bottom) obtained through PetCO2,
block and sine-cosine methods (left to right). The maps are represented in the standard MNI152 space.

with cycles’ duration of 75s. In our case, with a task
with cycles with 58.5s, the second order model may not
be the most appropriate, e.g. the use of more harmon-
ics would perhaps improve the sine-cosine model fitting.
The optimal number of harmonics would have to be es-
timated specifically for our protocol (which was not done
in this dissertation).

The normalization of CVR units is crucial as it al-
lows to make an accurate comparison of CVR values
between different subjects and sessions. Furthermore,
CVR in %/mm Hg had shown to result in more statisti-
cally active voxels in task-related analyses at the group
level [42]. However, the ∆PetCO2 used for the nor-
malization is inherently an unstable measure that can
easily be skewed by outliers in the PetCO2 trace such
as erroneous readings and partial breaths, which may
introduce some errors in the results presented in nor-
malized CVR units [42]. Moreover, the normalization
may be an oversimplification of the true interrelation be-
tween CVR and PetCO2, that also depends on the base-
line PetCO2 with nonlinear behavior at maximal vasodi-
lation [28, 50, 51, 53]. Thus, the normalized results ob-
tained may not be completely trustworthy. Nevertheless,
the mean median CVR in GM obtained from the PetCO2

and block models, 0.18±0.04 %/mm Hg and 0.20±0.10
%/mm Hg, respectively, were according to the literature
(reporting a range from 0.15 to 0.40 %/mm Hg). As con-
cerns the sine-cosine model, the median CVR values ob-
tained through its use were lower than the ones reported
in literature [27,29,43,47–49,54].

The delays were generally higher for the block model
in comparison to the ones obtained through the PetCO2

model. This was expected due to their origin (timing of
the presentation of the stimuli in the block model and
timing of the reaction towards the stimuli in the PetCO2

model). Furthermore, they were similar to the previously
estimated bulk shifts for the two methods. In respect
to the TTP obtained through the sine-cosine model, this
metric is intrinsically higher than the previous two. How-
ever, TTP has been reported to be 31s for 15s end-
expiration BH and between 30s and 40s for 20s end-
expiration BH [26, 48]. Therefore, TTP seems to have
been underestimated in the present study.

3.3.2 Control group-level analysis

In order to compare controls C2 to C5 (for whom the
PetCO2 method of CVR analysis was performed for both
the scanning sessions) between the two sessions (pre-
menstrual and midcycle), boxplots representing the dis-
tributions of the number of voxels with detected CVR
and median CVR and delays for all the analysis methods
are presented in figure 4. The distribution of the mean
∆PetCO2 that is used for the conversion of CVR from %
units to %/mm Hg units is also represented.

The block model presents the highest percentage of
voxels with detected CVR, the highest estimates of CVR
and the least variability across the group, thus seeming
once more to be the best model in fitting our BH BOLD-
fMRI data. On the other hand, the sine-cosine model
seems once more to be the worst.

The number of voxels with detected CVR and the CVR
(in %) was found out to be increased in the premenstrual
vs midcycle session. However, with CVR normalization,
CVR became decreased in the premenstrual session
when compared to the midcycle sessions. This can be
explained by the increased mean ∆PetCO2 measures in
the premenstrual sessions. The reason for this increase
in ∆PetCO2 is not clear. It is not likely that it is a hor-
monal effect, so it may have been caused by the inherent
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unstable measure of PetCO2, as referred in section 3.1.
Finally, lower delays were noticed in the premenstrual
sessions (through the PetCO2 and block methods). A
repeated measures ANOVA test using the statistics pro-
gram JASP (https://jasp-stats.org/) was performed
over the number of voxels with detected CVR, the me-
dian CVR values and the median delay values, that re-
vealed a significant main effect of methods in the CVR
and delays (p=0.003 and p=0.001, respectively), but not
of the menstrual cycle phases. However, the fact that the
differences did not achieve statistical significance may
be due to the reduced number of controls.

3.4. Region-specific analysis
Following the whole-brain GM control group analysis (for
C2 to C5) of CVR and delay maps, a region-specific vox-
elwise analysis was performed in these maps in order to
assess voxelwise differences of particular brain regions
between premenstrual and midcycle sessions. There-
fore, the ROIs referred in 2.4 within GM for each subject
and session were analysed.

The median of the median CVR (in %) across controls
was shown to be increased in the premenstrual session
in the the occipital lobe, putamen and caudate. In these
regions, the CVR in the premenstrual session was in-
creased when compared to the CVR in the global GM
(1.2-1.4% in these ROIs vs 1.1-1.2% in the global GM).
The visual cortex in the occipital lobe and the putamen
had already shown to have increased CVR when com-
pared to the global GM resulting from a BH fMRI [43,49].
In order to further investigate these differences between
the premenstrual and midcycle phases, a repeated mea-
sures ANOVA test was performed over the within ROI
median CVR values, for each ROI, which revealed a
significant main effect of ROIs and analysis methods
(p<0.001), but not of the menstrual cycle phases. Nev-
ertheless, the fact that the differences did not achieve
statistical significance may be due to the small sample
of controls. As concerns the normalized CVR and the
delays among the different ROIs, no differences were
verified between the premenstrual and midcycle phases.

4. Conclusions & future work
In the present study, CVR was studied using a BH-task
and BOLD-fMRI in a group of patients which was stud-
ied during the ictal and interictal phases of migraine and
a group of hormonal controls which was studied during
the premenstrual and midcycle phases of the menstrual
cycle. In the control group, increased CVR (in %) and re-
duced delays in GM were detected in the premenstrual
phase when compared to the midcycle phase, although
not significant. In previous studies, the PCA had been re-
ported to be reduced in migraineurs when compared to
controls [12, 35, 36]. Furthermore, in a study from Sofia
et al. [26], CVR and TTP were found out to be increased
in the occipital lobe during the ictal compared with the in-
terictal phase in migraine patients. In the present work,
the group delay maps showed alterations in the posterior
area that included the occipital lobe region and the CVR
of controls in the occipital lobe was increased in the pre-
menstrual vs the midcycle session. This may imply that
the alterations in the occipital region in migraineurs dur-
ing the ictal phase described in previous studies [26] may

in fact be associated with (possibly hormonal) alterations
related to the menstrual cycle and not characteristic of
the migraine disorder (that had been associated with an
endothelial dysfunction of the posterior cerebral circula-
tion [26,35]). This enhances the importance of including
appropriate controls in studies, even when following a
longitudinal approach.

Three different methods were implemented to analyse
CVR: the iteratively shifted PetCO2 regressors GLM, the
iteratively shifted block regressors GLM and the sine-
cosine GLM methods. The results showed that the it-
eratively shifted block regressors GLM method was the
most effective in modelling the BH BOLD-fMRI data as
it produced the highest percentage of voxels with de-
tected CVR and highest CVR amplitude estimates. On
the other hand, the relative underestimation of the itera-
tively shifted PetCO2 regressors GLM methods seems to
be due to incorrect CO2 recording caused by the use of
an exclusively nasal cannula that did not account for the
CO2 signal expired through the mouth. Nevertheless,
both of these methods produced maps with expected
contrast between GM and WM and showed higher de-
lays in the posterior region of the brain, according to
the existing literature [28, 30, 43–45, 48]. In turn, the
sine-cosine GLM model showed to be the worst in fitting
the data, which can be justified by the incorrect num-
ber of harmonics. Additionally, the delay maps obtained
through this method were the noisiest. As concerns
the normalized CVR, this accounts for the variability in
the task performance and allows to make a more ac-
curate comparison between different subjects and ses-
sions. However, the ∆PetCO2 in our case is prone to
have misleading values due to experimental setup is-
sues, which may have introduced some errors and alter
the results, so they must be dealt with caution.

This dissertation was, as far as we know, the first
work investigating CVR in both migraineurs and hor-
monal controls in a longitudinal approach (studying pa-
tients’ ictal and interictal phases and controls’ premen-
strual and midcycle phases). In fact, only two studies
have assessed CVR in menstrual migraine and did not
include hormonal controls [20,34]. Additionally, only two
studies were found in literature that have evaluated CVR
in the menstrual cycle following a longitudinal approach
[22, 41]. All these used TCD and not fMRI, lacking spa-
tial resolution. This study also contributes for the scarce
information about the BH paradigm design parameters,
experimental setup, and analysis methods that can be
used to model this type of data.

4.1. Limitations and future work
The BH performed by the subjects in this study was
preceded by an expiration and followed by periods of
externally-paced breathing according to the subjects’
natural breathing rate [27–30, 42]. However, end-
inspiration protocols are easier to perform and therefore
could lead to better results when dealing with less coop-
erative patients (in ictal phase). Using computer-paced
breathing according to the subjects’ breathing rate re-
duces possible inter- and intra-subjects CBF differences
arising from CO2 variations caused by subjects’ ventila-
tion and lung function [28, 30]. However, it may induce
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Figure 4: Boxplots representing the distributions of number of voxels with detected CVR, the median CVR in %, mean ∆PetCO2

in mm Hg and median CVR in %/mm Hg and delays in seconds (from left to right) in GM across controls C2-C5 for both sessions
and the 3 analysis methods (PetCO2 in gray, block in cyan and sine-cosine in blue).

hypocapnia and the natural breathing rate calculation
might be affected by experimental setup issues.

Using the PetCO2 trace as regressor in the GLM pro-
vides a complete model of the hypercapnia stimulus that
accounts for inter- and intrasubject variability caused by
BH-task performance differences. In addition, it is possi-
ble to obtain a quantitative measure of CVR [28]. How-
ever, a nasal cannula does not get the expired CO2 from
the mouth that frequently occurs during the task. Thus,
a breathing mask seems to be necessary and would
probably improve the results obtained using the itera-
tively shifted PetCO2 GLM analysis method, although
it is more uncomfortable and thus can lead to motion.
As concerns the sine-cosine GLM method, an analysis
should be made assessing the appropriate number of
harmonics that better fits the BH BOLD-fMRI consider-
ing the task trials duration.

Finally, the number of participants was small (namely
patients), which limits the statistical power of the findings
and the generalization of the results. Moreover, control-
ling for the menstrual cycle phase in both groups was
done using the calendar method (sometimes together
with basal temperature method), which is not completely
reliable. Moreover, participants taking hormonal con-
traception were not excluded, which may have affected
cerebrovascular function [20].
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