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1. Introduction and aims of the
work

This study examines the flow rate signals of
cerebrospinal fluid (CSF) and arterial and ve-
nous blood (specifically internal carotid arteries,
ICAs, internal jugular veins, 1JVs and superior
sagittal sinus, SSS). These signals are measured
with Real-Time (RT) Phase-Contrast (PC)
Magnetic Resonance Imaging (MRI) (Yildiz et
al., 2017). Data were acquired thanks to the
collaboration with CADiteR lab at Fondazione
Don Gnocchi (MI). The interest in this analysis
lies in the fact that anomalies in brain circula-
tion are often observed in neurodegenerative dis-
eases such as Multiple Sclerosis, Alzheimer and
hydrocephaly. These changes were noticed using
standard phase contrast MRI (PC-MRI) which
can evaluate fluid velocity in a tomographic slice
however with a long scan time requiring car-
diac gating to reconstruct a median cardiac cy-
cle of flow rate in the addressed vessels. Re-
cently, thanks to the adoption of new MRI se-
quences, it has become possible to examine the
real-time (RT-PC-MRI) evolution of brain flow
rates observing the flow pulsation cycle by cycle
with sufficient sampling resolution (more than

10 samples/s). This allowed not only to evalu-
ate flow rate periodic oscillation caused by heart
beating (Tain et al., 2009), but also modulation
due to respiration. The latter had been previ-
ously analyzed only with ultrasound (Lagana et
al., 2017) and classical MRI (Kollmeier et al.,
2022).

Aims The aims of this study are mainly five,
reported hereafter:

e Detecting and quantifying the presence of
oscillations driven by the respiratory cycle
or by the cardiac pulse both in the intracra-
nial and in extracranial compartments;

e Verify how different breathing modes (i.e.
Free, Paced normal and Paced deep) affect
the (A) mean, systolic and diastolic peaks
of the flow rate, and the (B) respiratory and
cardiac modulations;

e Validate the image processing procedure
based on ROI propagation in cervical slices
and on the intracranial SSS vessel;

e Propose new ROI segmentation methods
based on the whole dynamics of PC veloc-
ity, either by pixel-wise spectral analyses or
by the cross-correlation with nearby pixels;

e Comparison of the standard PC cardiac cy-



cles synthetized by cardiac gating with the
RT-PC cardiac cycles.

2. Methods and materials

MRI acquisitions The acquisitions of 30
healthy volunteers (age range: 19-58 years; 21
females) were performed on a 3T clinical scanner
(MAGNETOM Prisma,Siemens Healthcare, Er-
langen, Germany) equipped with a 64-channels
head-neck coil. The entire sample (30 sub-
jects) was used for ICAs, IJVs and CSF anal-
ysis, while only 16 out 30 subjects had the
further SSS acquisition. Consequently, all the
calculations done on the SSS will be referred
to this subgroup. For blood acquisitions, the
tomographic slice for ICAs and 1JVs was po-
sitioned at C1 level, perpendicular to them,
while for SSS it was positioned orthogonally
to the mid-sagittal plane containing the SSS.
The slice crossed the SSS in the parietal re-
gion. Conversely, for CSF the slice was placed
perpendicular to the cervical rachis. The RT-
PC-MRI scanning protocol consisted of three
separate PC sequences: one with VENC=70
cm/s for IJVs and ICAs, one with VENC=40
cm/s for SSS and one with VENC=6 cm/s for
liquor. Sequence spatial resolution is 2,179 mm?
(Field Of View [FOV]=153x175 mm?, matrix
size= 96x128, interpolated resolution=0.7x0.7
mm?) with slice thickness=8,6 mm and acqui-
sition time=60s. For blood: temporal resolu-
tion=58.5 ms (1021 time points), GRAPPA=3,
TR/TE=14.6/8ms, flip angle=15°. For CSF:
temporal resolution=94 ms (637 time points),
GRAPPA=2, TR/TE=15.7/9ms, flip angle=>5°.
RT-PC-MRI output is a series of 2D frames in
time. Each of these frames is divided in a magni-
tude image, useful for the detection of anatomi-
cal details, and a phase image, essential to quan-
tify image point-by-point velocity. Regarding
the finger pulse-oximeter and the thoracic belt,
the former recorded the heart beat, whereas the
latter register the respiratory activity thanks to
a pad inserted between the thorax and a belt.
The subjects are asked to breath to place the
sensor over the point with greater displacement
during the act.
As this study examines three different breathing
patterns, a respiratory protocol was needed:

e Free breathing (F), i.e. the subject breaths

at his/her spontaneous breathing rate

e Paced normal breathing (PN), i.e. the sub-
ject is asked to follow the rate imposed by
a visual stimulus. This is made by a circle
with enlarging/decreasing diameter guide
the inhale/exhale phase.

e Paced deep breathing (PD), i.e. as the
above condition but with forced inspiration
and expiration.

In PN, the mean breathing rate measured during
the condition of free breathing was imposed as
fixed breathing rate. Conversely, in PD the sub-
ject performed few forced acts and then the stim-
ulus was adapted to this new breathing rate. Ac-
quisition lasted 60 s during each modality start-
ing after a short adaptation period.

MRI image processing One trained opera-
tor uses the SPIN software program (SpinTech
Inc, Bingham Farms, MI) to analyze RT-PC-
MRI frames. Regions of interest (ROIs) cor-
responding to the ICAs, IJVs, CSF and SSS
areas are drawn using a semi-automated tech-
nique employing time frames with the highest
flow. For backdrop phase correction, at least two
patches of static tissue (no-flow areas) are man-
ually created close to the ROIs. As a conven-
tion, upward-directed velocities were considered
as positive while downward-directed as negative.

Signal analysis Ad-hoc Matlab scripts were
used to accomplish the signal analysis (version
2021a, Mathworks, Natick, WA, USA). The
starting time recorded in the acquisition log files
and the acquisition time recorded in the DICOM
headers were used to temporally synchronize the
physiologic signals with the RT-PC images. The
average heart rate (HR) and breathing rate (BR)
over each RT-PC acquisition were then calcu-
lated. Breath and pulse signals were plotted
along with the flow rate and superimposed the
latter’s band pass (0.15-0.35 Hz) filtered signal
on it in order to better visualize the main flow
rate drivers, namely the cardiac and thoracic
pumps. Each vessel’s temporal average flow rate
and each breathing mode were calculated. Then,
spectrum analysis was carried out and involved
the following steps: The flow rates were first
detrended using a fourth-grade polynomial sig-
nal, and then the power spectral density was
calculated. Signal detrending made it possible
to prevent excessive peaks at zero-frequency. A



high-frequency peak in the BR range, about 0.2
Hz; a very high-frequency peak in the HR range,
around 1.2 Hz; and finally, two additional peaks
over 2 Hz, corresponding to the second and third
harmonics of the very high-frequency peak, were
seen for each spectrum. Following the identifi-
cation of the first two peaks, the following fre-
quency bands were derived: a cardiac frequency
range (i.e., cardiac band), centered at the very
high-frequency peak with a range of 0.5Hz, and
a respiratory frequency range (i.e., respiratory
band), centered at the high-frequency peak and
ranging from 0.15 Hz to 0.35 Hz. The area un-
der the curve was used to calculate the power
in the respiratory and cardiac bands (AUC) and
then to compute the normalized power (NP).

Statistical analysis The statistical tests were
performed using Jamovi version 2.2. As for the
fact that the analysis was carried out on the one
hand on the entire sample (30 subjects) and on
the other hand on the subgroup (16 subjects)
two different statistical tests were used. For the
entire sample, a parametric statistical test was
used and consisted in Repeated-Measures Anal-
ysis of Variance tests (RM-ANOVA). The values
obtained were later corrected using Bonferroni
correction. Regarding the subgroup (16 sub-
jects) Friedman test was used, since it is a non
parametric one. In this case the correction of
the p-values was done using the False Discovery
Rate (FDR).

Further preliminary analyses For semi-
automated segmentation methods and the com-
parison of conventional PC MRI with real-time
sequences we did not perform statistical tests,
as the number of subjects included in these
analysis was too small even for non-parametric
tests. Semi-automated segmentation methods
were differentiated in two: on one side we cre-
ated a method based on the frequency analysis
of the image. This applyed the Fourier trans-
form (fft) pixel-wise to the time axis extracting
and image of the respiratory and cardiac peaks.
Then a set of thresholds was created using per-
centages of the value of the cardiac peak. A
final stage of region growing was applied to the
segmented image before comparing it with the
gold standard (image manually segmented) and
calculate the dice. On the other side, for the

method based on correlation, using the Mat-
lab function ’corrcoef’ is possible to obtain the
matrix of correlation coefficients and the ma-
trix of p-values for testing the hypothesis among
the pixels inserted in the ROI during the region
growing process. A pixel is added when the null
hypothesis of no relationship with the other ROI
elements is rejected. If an off-diagonal element
of P is smaller 0.05 then the corresponding cor-
relation in R is considered significant. Here, a
new set of thresholds is defined in order to have
a series of segmented images. The pixel values
of correlation image are compared with the new
threshold: this is the step that will segment our
correlation map. Immediately after, each image
obtained by the segmentation process is com-
pared with the golden standard and dice coeffi-
cient is computed. As for the comparison of real
time and conventional phase contrast sequences
firstly it was necessary to divide each heart beat
present in the real time sequence. In this way
it was possible to obtain a median cardiac cycle
which is the one compared to conventional PC
MRI. The time axis of both sequences was nor-
malized to have a representation of what hap-
pens from 0 to 100 percent of the cardiac cycle.
As a last step, the median flow rate of real-time
sequences was plotted and superimposed to flow
rate obtained with the conventional sequence.
The plot included also the 5th and 95th per-
centiles. The same passages were followed and
repeated with mean values of flow rate.

3. Results

Firstly, an interesting result regards the com-
parison of what obtained with the external sen-
sors (i.e. thoracic belt and pulse-oxymeter) and
the high frequency (HF, i.e. respiratory) and
very-high frequency (VHF, i.e. cardiac) peaks.
For the entire sample (30 subjects) in F breath-
ing, the 2nd HF peak harmonic of the ICA and
CSF spectra was significantly different from the
2*BR. All further comparisons between the mul-
tiple of BR measured with the thoracic belt
and the HF peak harmonics obtained from the
spectra did not reveal any appreciable differ-
ence. There was no discernible difference be-
tween the primary VHF peak from the spectra
and the HR determined by the pulse oximeter.
The 3* HR obtained with the pulse oximeter and
the 3rd VHF peak harmonic of the ICA spec-



trum in PN breathing were significantly differ-
ent. For the subgroup (16 subjects) multiple
comparison tests, with FDR correction (pFDR)
did not show significant differences between HF
and VHF with respect to external sensors. Fur-
thermore, comparing the two veins it was seen
that respiratory and the cardiac oscillations ob-
served in the SSS were the same as those in the
[JVs.

Secondly, analyzing how flow rate is influ-
enced by the kind of breathing, it was seen
that the flow rate decreases while moving from
free breathing to paced deep and in particular
F>PN>PD, both for the entire sample and the
subgroup. The only exception is the CSF’s flow
rate, which is not affected by breathing changes,
even though it followed the same trend. Thirdly,
cardiac and respiratory contribute were mea-
sured and compared using the normalized power
associated to their peaks. Visual inspection re-
veals that spectra indicate an increase in the HF
peak and a drop in the VHF peak with pacing.
According to the statistics for the entire group
of subjects, pacing greatly raised the respiratory
normalized power, with the PD condition show-
ing the highest values. In contrast, the cardiac
normalized power, which is the sum of the car-
diac AUCs beneath the three cardiac harmonic
peaks normalized by the flow rate variance, de-
creased from F to PN to PD respiration. Its
normalized power during PD was always consid-
erably different from that associated with other
breathing types, and it followed the same signif-
icant trend (F>PN>PD) as the entire cardiac
component. This cardiac contribution reduc-
tion was primarily driven by the 1st harmonic
for all the fluids. For IJVs and CSF alone, the
normalized power associated with the 2nd VHF
peak harmonic dropped from F to PD breath-
ing. When the NP(HF)/NP(VHF) index was
determined for ICA, IJV, and CSF under var-
ious breathing situations, significant differences
were found at paired comparisons. The cardiac
contribution outweighed the respiratory contri-
bution. The majority of paired comparisons re-
vealed a significant difference, whereas only the
IJV during PD breathing showed a non signifi-
cant difference.

For the subgroup, looking at spectral features
of the SSS it can be seen that the respira-
tory normalized power NP(HF') was significantly

greater in the PD condition compared to the F
breathing, while we have no significant difference
in for VHF. Concerning the ratio between HF
and VHF normalized power, it increased signif-
icantly from F to PD breathing. In this context
the comparison of intracranial and extracranial
veins (i.e., SSS and IJVs respectively) revealed
no significant difference.

As for semi-automated segmentation the best
results were obtained for CSF, both for cor-
relation map and frequency analysis, and for
SSS, but in this case only for correlation algo-
rithm. Considering cervical blood (i.e. ICAs
and [JVs) promising preliminary results were
obtained with correlation. Conversely, the fre-
quency analysis approach returned the had a
poor performance. Lastly, the comparison be-
tween conventional phase-contrast and real-time
phase-contrast MRI was based on the fact that
conventional PC MRI was expected to under-
estimate the flow rate with respect to real-time
phase contrast. However, while analyzing the
subjects, it was seen that a small portion of the
group did not follow what expected, in particu-
lar in the case of 1JVs.

4. Discussion

Starting from the spectral analysis, our signals
were highly informative given our temporal
resolution and image quality. This allowed us
to confirm the second respiratory harmonic’s
presence as well as the second and third cardiac
harmonics. The reduced HF peak amplitude in
the F breathing, in the entire sample of sub-
jects, is most likely the cause of the disparities
we observed between the 2nd harmonic of the
HF peak and the 2*BR for the ICA and CSF in
the F condition. The same explanation could
be used to explain differences between the 3rd
VHF peak harmonic of the ICA spectrum in
the PN and 3*HR.

Another interesting aspect, considering the
entire group, is that the decrease in arterial
flow rate occurred simultaneously with the
ICA’s cross-sectional area decrease, indicating
that vasoconstriction was the cause. Vasocon-
striction was most likely related to chemoreflex
mechanisms (decrease in CO2, increase in 02)
due to the increase in respiratory strength,
which eventually causes a compensation in the



the cerebrovascular bed that lowers the arterial
flow rate. Because of the arterial flow rate
reduction brought on by paced breathing, it was
noticed a contemporaneous decline in I1JV flow
rate even though there was no corresponding
decrease in cross-sectional area. In contrast to
Kollmeier (Kollmeier et al., 2022), we did not
discover that breathing pattern affects average
CSF. In fact, the venous decrement nicely
reflected the average arterial flow reduction in
the PD breathing compared to the F breathing,
although the average CSF flow rate did not
alter.

Furthermore, moving to sagittal sinus, to the
best of our knowledge, only Zamboni (Zam-
boni et al., 2012), with an ultrasonography
investigation, examined the Rosenthal vein and
Straight Sinus, but no prior investigation has
used RT-PC MRI to examine the SSS venous
flow in the intracranial compartment. As seen
for the entire sample of 30 subjects, once again
we had a flow rate decrease from free to paced
deep breathing. In this context, we speculate
that lower CO2 blood concentrations may be
the cause of the flow rate reduction during
forced breathing.

As seen in the results, and considering now the
group of 30 subjects, the sum of the powers of
the three cardiac peaks decreased with paced
breathing when compared to free breathing,
with an opposite and complementary trend
compared to the respiratory power. In contrast
to free breathing, paced breathing has stronger
flow rate oscillations at the respiratory fre-
quency, or breathing modulations, while smaller
flow rate oscillations at the cardiac frequency.
All the different breathing patterns for ICAs
and CSF flow rates continued to be primarily
driven by the cardiac component, where the
normalized cardiac power was invariably greater
than the respiratory one. For the IJVs in the
PD breathing mode, however, there were no
statistically significant differences between the
cardiac and respiratory components. By deep-
ening our frequency analysis and evaluating the
three VHF peak harmonics specifically, it was
found that the cardiac contribution decrement
was caused by a decrease in the power of the
first and second harmonics for 1JVs and CSF,
but only the first harmonic for ICAs.

Additionally, this research demonstrated that
PD respiration significantly increased the
respiratory modulation, with the normalized
power of respiration being comparable to the
normalized power in the first (highest) and
second (second highest) cardiac harmonics for
IJVs and CSF, respectively. In the case of
ICAs, the normalized power of breathing in the
PD breathing grew only until the normalized
power of the third cardiac harmonic, which
is the smallest one. The NP(HF)/NP(VHF)
index, which measures the ratio of the respira-
tory and first cardiac powers, demonstrates a
similar finding. Similar results were found by
Kollmeier (Kollmeier et al., 2022). Considering
the spectral analyses for the subgroup, our
results supported recent research (Zamboni et
al., 2012) utilizing ultrasound that found that
respiration had a significant impact on the
extracranial venous return through the I1JVs
and that respiratory modulations increased
with hard breathing. On the other hand, for the
intracranial arteries, our findings were different
from those of the prior study (Zamboni et al.,
2012) as we discovered that breathing has an
effect on intracranial venous flow rate as well.

As observed for the entire sample (30 subjects)
the respiratory modulation increased from free
to forced breathing, while cardiac modulation,
on the other hand, decreased from F to PD
breathing. Since the variance was consistent
across all breathing modes, a decrease in the car-
diac contribution is predicted as the respiratory
contribution rises. Interestingly, the cardiac
contribution was greater during free breathing
than it was during forced breathing, meaning
that the cardiac contribution was reduced until
it was equal to the respiratory contribution
in forced breathing. We found that the two
components were comparable for the IJVs but
not for the SSS, indicating that a constant rate
breath enhances respiratory regulation. The
thoracic pump was anticipated to have a higher
impact on the IJVs than the SSS since the
former are the primary neck veins that drain
into the chest, whilst the latter are intracranial
veins. Therefore, it is not surprising that the
cardiac modulation for the SSS outweighs the
respiratory one during normal-paced breathing.
However, using our technology, we were able
to demonstrate that breathing and breathing



patterns can have an impact on the intracranial
compartment as well. Given that the SSS
are linked to the IJVs by the transverse and
sigmoid sinuses, this outcome is not unexpected.

As to the preliminary study for improved semi-
automated segmentation of ROIs the promising
results shown by the correlation method demon-
strated the validity of including the whole time-
course of the RT-PC frames and that this di-
rection deserves further developments. Moving
to the comparison of conventional PC MRI with
real-time sequences we have found that few sub-
jects did not follow the expected trend where
the conventional sequence should have undere-
sitmated the flow rate with respect to real-time
PC MRI. In particular in the case of 1JVs, many
oscillations of the signal were observed and this
caused difficulties during the signals (i.e. flow
rate from real-time PC MRI and flow rate from
conventional PC MRI) superimposition phase.
We hypothesize that the primary cause of this
unexpected behaviour may be given by various
causes. On might be the long phase delay be-
tween the observed neck flows and the finger
pulse-oxymeter cardiac gating. A second one
could be related to the reach content in respi-
ratory modulation, which may interfer with the
cardiac gating in umpredictable ways.

5. Conclusions

We were able to measure the oscillatory CSF
flow, pulsatile arterial and venous blood flow,
and their relative amplitudes in relation to var-
ious breathing modes using RT-PC MRI. We
further confirmed that forced breathing reduced
blood flow as compared to free breathing in
a sample of healthy individuals. Due to the
increased thoracic pump influence on the flow
rates, the spectral studies showed that PD
breathing had higher respiratory modulations
than F and PN breathing. These results may
be useful in a possible future evaluation of neu-
rodegenerative diseases.

Moreover, future studies may focus not only on
breathing regime conditions but also on tran-
sient dynamics while changing kind of breath:
this is seen as an important step towards the cre-
ation of rehabilitation protocols based on phys-
ical exercise and respiration techniques to slow
down the degeneration of the pathology. Ad-

ditionaly, results on semi-automated segmenta-
tion, frequency analysis based on image and the
comparison between conventional and real-time
phase contrast MRI show that still huge im-
provements can be brought in this field. Espe-
cially, semi-automated segmentation leads to fu-
ture perspectives where the human intervention
is reduced more and more.
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