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Velocity Pulsatility and Arterial Distensibility
Along the Internal Carotid Artery
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Irene C. van der Schaaf, MD, PhD; Gabriél J. E. Rinkel, MD, PhD; Jaco J. M. Zwanenburg
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BACKGROUND: Attenuation of velocity pulsatility along the internal carotid artery (ICA) is deemed necessary to protect the mi-
crovasculature of the brain. The role of the carotid siphon within the whole ICA trajectory in pulsatility attenuation is still poorly
understood. This study aims to assess arterial variances in velocity pulsatility and distensibility over the whole ICA trajectory,
including effects of age and sex.

METHODS AND RESULTS: We assessed arterial velocity pulsatility and distensibility using flow-sensitized 2-dimensional phase-
contrast 3.0 Tesla magnetic resonance imaging in 118 healthy participants. Velocity pulsatility index (VPI=(V,.=Vmin/ Vinean)
and arterial distensibility defined as area pulsatility index (A, ,—Amin/Anear) Were calculated at C1, C3, and C7 segments of
the ICA. VPl increased between C1 and C3 (0.85+0.13 versus 0.93+0.13, P<0.001 for averaged right+left ICA) and decreased
between C3 and C7 (0.93+0.13 versus 0.84+0.13, P<0.001) with overall no effect (C1—-C7). Conversely, the area pulsatility
index decreased between C1 and C3 (0.18+0.06 versus 0.14+0.04, P<0.001) and increased between C3 and C7 (0.14+0.04
versus 0.31+0.09, P<0.001). vPI in men is higher than in women and increases with age (P<0.015). vPI over the carotid siphon

declined with age but remained stable over the whole ICA trajectory.

CONCLUSIONS: Along the whole ICA trajectory, vPI increased from extracranial C1 up to the carotid siphon C3 with overall no
effect on vPI between extracranial C1 and intracranial C7 segments. This suggests that the bony carotid canal locally limits
the arterial distensibility of the ICA, increasing the vPI at C3 which is consequently decreased again over the carotid siphon.
In addition, vPI in men is higher and increases with age.
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carotid artery (ICA) is deemed necessary to pro-
tect the microvasculature of the brain against
excessive pulse pressures.! The ability of arteries to
decrease pulsatility can be hindered by different con-
ditions, such as stiffening of the arterial wall, athero-
sclerosis, and hypertension.2™ Increased pulsatility is
associated with cardiovascular disease, stroke, and
vascular dementia because of damage to the micro-
circulation,® and may also be associated with the pres-
ence of intracranial aneurysms.®
Several studies have characterized arterial flow
waveforms of the ICA in health and disease.”"® Most of

Decrease in velocity pulsatility along the internal

these studies provided detailed qualitative and quan-
titative analysis of the normal arterial flow waveform.
The siphon of the ICA is known to attenuate arterial
flow pulsation. However, our understanding of the
role of the carotid siphon in decreasing velocity pulsa-
tility over the ICA is still limited, as little is known about
the relationship between velocity pulsatility and arterial
distensibility along the whole ICA trajectory, including
its extracranial—and intracranial parts. In addition, the
influence of age and sex on pulsatility variation and ar-
terial distensibility over the entire ICA is not known.
This study aims to (1) assess velocity pulsatility and
arterial distensibility of the ICA by measuring the lumen
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CLINICAL PERSPECTIVE
What Is New?

e |Internal carotid artery velocity pulsatility is vari-
able along the internal carotid artery and is
inversely related to the area pulsatility (wall
distensibility).

¢ Distensibility is constrained by the bony carotid
canal segment of the internal carotid artery,
thus increasing the pulsatility.

e Velocity pulsatility increases with age, and is
higher in men than in women.

What Are the Clinical Implications?

e |f velocity pulsatility is used as a metric for
vascular health, care should be taken to relate
measurements to location, subject sex, and
age.

e Velocity pulsatility is not only affected by up-
stream arterial elasticity or downstream (micro)
vascular resistance, but also by local con-
straints to arterial vessel distensibility, such as
the bony carotid canal and possibly (calcified)
atherosclerotic lesions.

Nonstandard Abbreviations and Acronyms

aPI area pulsatility index

BA basilar artery

ERASE Early Recognition of Persons at High
Risk of Aneurysmal Subarachnoid
Hemorrhage

fPI flow pulsatility index

ICA internal carotid artery

PCA phase contrast angiography

PC-MRI phase contrast (velocity) magnetic
resonance imaging

ROI region of interest

vPI velocity pulsatility index

area pulsatility at 3 segments of the ICA, covering both
extracranial—and intracranial parts, and (2) test the in-
fluence of age and sex on variation in velocity pulsatility
and arterial distensibility over the ICA.

MATERIALS AND METHODS

Data Availability

Anonymized data will be shared upon reasonable re-
quest to the corresponding author.
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Subjects

Data were obtained from subjects from the ongoing
ERASE (Early Recognition of Persons at High Risk
of Aneurysmal Subarachnoid Hemorrhage) study
using 3.0 Tesla magnetic resonance imaging (MRI)
at the University Medical Center Utrecht from June
2017 until October 2019. The objective of the ERASE
study is to determine the prevalence of unruptured
intracranial aneurysms in people with >1 first-degree
relative(s) with an unruptured intracranial aneurysm.
The local ethics review committee approved the
study and written informed consent was obtained
from all subjects.

MRI Acquisition

As part of the ERASE study protocol, subjects were
scanned on a 3.0 Tesla MRI with a 32-channel head
coil (Philips, Best, The Netherlands). Coronal and
sagittal phase-contrast angiography (PCA) sur-
veys were made first to plan a time-of-flight mag-
netic resonance angiography. The PCA localizers
and time-of-flight magnetic resonance angiography
were used to identify the 3 vessels; right ICA, left
ICA, and basilar artery (BA). Subsequently, 2-di-
mensional (2D) phase-contrast magnetic resonance
imaging (PC-MRI) acquisitions were used to acquire
time-resolved measurements of blood velocities
and volumetric flow rates at 3 different segments
planned on both the PCA and time-of-flight mag-
netic resonance angiography images. The classi-
fication of Bouthillier'? was used for slice planning
of C1 (extracranial ICA), C3 (ICA in the bony carotid
canal proximal to the carotid siphon), and C7 (ter-
minal intracranial part of the ICA). The planning is
illustrated in Figure 1. The first 144 patients were
scanned with a single 2D PC-MRI acquisition plane
to include both ICAs at the C7 segment, conform C1
and C3 segment. As the ICAs were found to diverge
slightly at C7 segment, the last 58 patients under-
went separate 2D PC-MRI acquisitions for each C7
segment. The 2D PC acquisitions were performed
with a 2D radiofrequency-spoiled gradient-echo
sequence with retrospective cardiac gating (using
a pulse pressure unit on the tip of the finger) and
unidirectional through-plane velocity encoding with
the following imaging parameters (ranges: depend-
ing on slice angulation): 250x250 mm field of view,
acquired spatial resolution 0.5x0.5x3.0 mm?, recon-
structed resolution 0.25x0.25x3.0 mm?3, TR/TE=6.6
to 7.2/3.3 to 3.5 ms, flip angle=50°, bandwidth=467
to 522 Hz/pixel and acquired temporal resolution
of 66 to 71.9 ms. Velocity encoding sensitivity was
90 cm/s for C1 and C8, and 150 cm/s for C7 seg-
ments. The acquisition time was =51 seconds for a
heart rate of 60 bpm, and 100% scan efficiency (no
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Figure 1.
internal carotid artery.

Planning of the 2D phase contrast velocity measurements on different segments of the

A and B, Coronal and sagittal oriented phase contrast angiography surveys used to plan the 2D phase
contrast velocity measurements at C1 (blue line) and C3 (red) segments. The planning of the C7 (yellow)
segment is also illustrated in the phase contrast angiography surveys. Planning of the C7 segment was
fine-tuned using a maximum intensity projection of the 3D time-of-flight angiogram (C and D). C, Until
February 2019, a single 2D phase-contrast measurement was used for simultaneous assessment of both
right and left internal carotid artery. D, From February 2019 until October 2019, the phase-contrast velocity
measurements of the right and left internal carotid artery at C7 segments were planned separately to
compensate for the slightly diverging angle at C7 level.

detected arrhythmias). The 2D PC-flow acquisitions
resulted in a series of 2D images, representing the
blood-flow velocity and arterial distensibility can be
measured in consecutive timeframes of the cardiac
cycle as shown in Figure 2 for a representative sub-
ject. Subjects included until February 2019 received
a single 2D PCA acquisition at the C7 segment,
which, upon analysis, appeared suboptimal as often
only 1 ICA C7 segments was perpendicular to the
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acquisition plane. Subjects scanned after February
2019 received separate acquisitions for the left and
right ICA at C7.

Subjects were excluded if they had undergone
carotid or vertebrobasilar surgical or endovascu-
lar treatment. The remaining subjects were eligi-
ble if they had complete 3.0 Tesla MRI data sets
containing flow measurements for all 3 segments
of the ICA. Flow measurements were evaluated per
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Figure 2. Magnitude and phase contrast images shown for 3 different segments for the first

heart phase within 1 representative subject.

For every segment the contour (region of interest) was automatically drawn and propagated. All regions
of interest were included for this representative subject. A, segment C1. B, segment C3. C, segment C7
right. D, segment C7 left. E, All mean velocity curves (in cm/s) of this subject are combined and shown
over trigger delay (in milliseconds) for the 3 segments, C1 (blue), C3 (red) and C7 (yellow) of the internal

carotid artery.

segment (C1, C3, and C7) and per vessel (right ICA,
left ICA and BA). The BA was included as reference
for variation in velocity pulsatility and arterial disten-
sibility along a straight vessel segment. The mea-
surements of a subject were included if all of the
following quality criteria were met for all segments
of at least 1 vessel: (1) the image slice is planned
perpendicular to the vessel, meaning that the con-
tour is circular and regular for all 3 segments over
all heart phases. (2) The contour is stable with only
minor region of interest (ROI) variation between
heart phases for every segment, and (3) the contour
of the region of interest follows the vessel contour
for every segment.
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Data Processing

Semi-automated analysis of the 2D PC acquisitions
was performed by 1 researcher (RvI) on a standalone
workstation using the software of the scanner console
(Philips, software release R5.1.7). Contours were auto-
matically created and propagated for the entire cardiac
cycle after a single mouse click in the respective vessel
for every segment. This propagation (with “active con-
tours”) over cardiac cycles enabled extraction of varia-
tion in blood flow, velocity, and vessel area, as well as the
stroke volume. The results, consisting of velocity curves,
area curves, and volume flow curves (all time resolved),
were exported as comma-separated values files.
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The minimum, maximum, and mean blood volume
velocities (Vi Vinax @Nd Vo, in (cm/s), were used to
calculate the velocity pulsatility index (vPl) from each
velocity curve's:

Vv,

vpi= Ymax Y

min (1)
Vmean
Similarly, area pulsatility index (aPl) was calculated

from the minimum, maximum, and mean areas (ROI
ROI . and ROI____ ) from each area curve:

min?

max mean:

O,y — ROI

min (2)
RO mean

R
aPl=

Finally, the flow pulsatility index (fPl),was calculated
from the minimum, maximum, and mean blood volume

flow rates (F ., Frax @nd F...) in (mL/s) from each vol-
ume flow curve:
Pl = Fmax B Fmin (3)
F

mean

The pulsatility indices vPI, aPl, and fPI were directly
calculated in Excel (Microsoft) from the exported text
files, and the results of all subjects were combined
and transferred to IBM Statistics Package for Social
Sciences (SPSS) Version 25 (Chicago, IL, USA) for sta-
tistical analysis.

Statistical Analysis

We assessed differences in vPI, aPl, and fPI in all sub-
jects between the extracranial C1 and carotid canal
C8, carotid canal C3 and intracranial C7, and extrac-
ranial C1 and intracranial C7 for both the right ICA and
left ICA and between C3 and C7 segment for the BA
(used as reference for the behavior of a straight vessel
without the constraints of a bony canal) using paired
t tests. All statistical analyses were performed for vPI,
aPl, and fPI, although vPI was used as the primary out-
come because fPI is directly dependent on aPl and
VPl (flow=velocityxarea). A paired t test was also used
to compare differences in velocity (Ve and V,,,,) be-
tween all segments. To assess the influence of age
and sex on VPl and aPI between the 3 segments, we
used a linear mixed-effects model with the segment
as mixed-effect for vPI and aPl. The linear mixed-ef-
fects model was chosen since intra-subject values are
not independent from one another. The significance
threshold was set at P<0.05.

RESULTS

Data Set

A total of 202 subjects were enrolled in the ERASE
study between June 2017 and October 2019. Two
subjects were excluded (1 had undergone carotid or
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vertebrobasilar intervention and another was claustro-
phobic and did not undergo MRI) yielding 200 subjects
with MRI to be included in our study. Nine of these 200
subjects were excluded because of incomplete MRI
data sets, partly because of claustrophobia. Of the 144
subjects with MRI scanned until February 2019 (with
single C7 acquisition for both sides) 67 subjects were
excluded as none of the carotid and basilar arteries
met all quality criteria formulated in the Methods for the
2D PC acquisitions. Of the 56 subjects included after
February 2019 only 6 subjects were excluded for not
meeting all quality criteria. Thus 118 subjects were in-
cluded, of whom 205 vessels were analyzed: 100 right
ICA, 71 left ICA, and 34 BA. The baseline characteris-
tics of the participants are shown in Table 1. Mean age
was 46.2 years (SD+13; range, 20-70), 50 (42%) were
men, 29 (25%) were current smokers, and 22 (19%)
had hypertension.

Hemodynamic Measurements

Table 2 shows the hemodynamic parameters (blood-
flow velocity, mean flow, and lumen area). The mean
velocity and mean lumen area showed no difference
from extracranial C1 to carotid canal C3. From carotid
canal C8 to intracranial C7, across the carotid siphon,
both mean and maximum velocities increased and
mean lumen area decreased (all P<0.001). The mean
flow decreased by 0.12+0.07 mL/s between C3 and
C7. In contrast, a slight but significant area increase
was seen from the C3 to C7 segment for the BA
(P<0.026).

Pulsatility and Distensibility Along the ICA
The vPlIs (pulsatility) and aPls (distensibility) for extrac-
ranial—intracranial segments of the ICA are shown in
Table 2 and visualized in Figure 3. An increase was
found in vPI for both ICAs from the extracranial C1 up
to the C3 segment in the carotid canal (P<0.001), which

Table 1. Baseline Characteristics of the 118 Subjects

Clinical Features N=118 (114 White)

Age, y (range) 46.2+13 (20-70)
Men (%)/women (%) 50 (42)/68 (58)
BMI, kg/m? 26.2+4.1
Current smoker (%) 29 (25)

Systolic BP/diastolic BP, mm Hg 134£19/82.2+11

Ischemic stroke or TIA (%) 43
Myocardial infarction/intervention (%) 5(4)
Diabetes mellitus (%) 7(6)
Hypertension (men [%]/women [%)]) 22 (11 (9)/11 (9)
Hypercholesterolemia (%) 17 (14)

BMI indicates body mass index; BP, blood pressure; and TIA, transient
ischemic attack.
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Table 2. Schematic Overview of Hemodynamic Parameters and Velocity Pulsatility Index, Area Pulsatility Index and Flow

Pulsatility Index for Every Vessel Per Segment

Mean Velocity Mean Lumen Area

Vessel Segment (cm/s) (mm?) Mean Flow (mL/s) Velocity Pl Area Pl

Right ICA C1 25+5.2 14.9+3.87 3.57+0.98 0.84+0.13 0.18+0.07
Right ICA C3 25+6.9 14.9+4.38 3.50+0.96 0.93+0.13 0.11+£0.03
Right ICA C7 35+10 9.6+3.43 3.30+0.92 0.83+0.12 0.30+0.09
Left ICA C1 26+5.9 14.9+3.69 3.69+0.86 0.85+0.13 0.18+0.06
Left ICA C3 25+7.7 14.8+4.48 3.56+0.83 0.94+0.14 0.11+£0.04
Left ICA c7 35+10 9.3+3.58 3.29+0.84 0.85+0.13 0.32+0.09
BA C3 32+7.1 7.2£1.79 2.26+0.54 0.82+0.14 0.18+0.10
BA c7 31x7.2 81+2.48 2.20+0.55 0.83+0.14 0.27+0.11

BA indicates basilar artery; ICA, internal carotid artery; and PI, pulsatility index.

was followed by a decrease in vPI from the C3 segment
up to the intracranial C7 segment (P<0.001). There was
no net difference in vPI between the extracranial C1
and intracranial C7 segment in either right (P=0.237) or
left ICA (P=0.296). In the BA no change was found in
VvPI between segment C3 and C7 (P=0.539), while an
increase was seen in aPl (P<0.001). All results for the
fPI measurements were similar to the vPI results and
can be found in Table S1.

The trends across segments were inverse for aPl
indices: where VPl increases between C1 and C3 and
decreases again at C7; aPl decreases between C1 and
C8, and subsequently increases again to C7. The ob-
servations were consistent for both ICAs: 168 out of
171 individual ICA vPI measurements (98%) and 162
out of 171 aPl measurements (95%) showed the same
trend.

The vPIs and aPls per segment and vessel catego-
rized by sex are shown in Table 3. Significantly higher

vPIs were found with increasing age (P<0.015) as well
as in men compared with women for both ICAs at all
3 ICA segments (all P<0.001). This sex difference re-
mained unchanged with increasing age. Although the
attenuation of vPI over the carotid siphon decreased
with increasing age (P=0.038) and the increase of VPl
was the highest at C7 level, no significant change was
seen over the whole ICA trajectory with increasing age
(P=0.519) (Figure 4). In addition, no changes in disten-
sibility were observed along the whole ICA trajectory
for age (Figure 4). The vPI and aP! did not change with
age for the BA.

DISCUSSION

In this study, we described variation in vPI and aPlI
over the whole ICA considering effects of age and
sex. Overall there was no significant attenuation in

Segment
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Figure 3. Velocity pulsatility index (left) and area pulsatility index (right) per vessel for each segment showing inverse
trends across segments for the velocity pulsatility and area pulsatility indices.

The area pulsatility decreases between C1 and C3, and subsequently increases again to C7, the velocity pulsatility increases between
C1 and C3 and decreases again at C7. aPl indicates area pulsatility index; BA, basilar artery; ICA, internal carotid artery; and vPlI,

velocity pulsatility index.
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Table 3. Velocity Pulsatility Index and Area Pulsatility Index (Mean Values+SD) Per Vessel and Segment for Both Men and

Women
Vessel Segment Men vPI Women vPI P Value Men aPI Women aPI P Value
Right ICA Ct 0.89+0.13 0.80+0.11 <0.001 0.18+0.07 0.18+0.06 0.37
Right ICA C3 1.00+0.13 0.89+0.11 <0.001 0.11+£0.04 0.12+0.03 0.69
Right ICA c7 0.87+0.13 0.80+0.11 0.02 0.31+0.11 0.29+0.08 0.23
Left ICA C1 0.90+0.13 0.81+0.11 0.005 0.16+0.05 0.19+0.05 0.06
Left ICA C3 0.99+0.14 0.89+0.11 0.005 0.12+0.04 0.11+£0.04 0.20
Left ICA c7 0.89+0.15 0.79+0.09 0.01 0.34+0.10 0.31+0.08 0.13
BA C3 0.84+0.17 0.81+0.13 0.31 0.22+0.12 0.17+0.09 0.06
BA c7 0.84+0.18 0.82+0.11 0.58 0.28+0.12 0.26+0.10 0.75

aPl indicates area pulsatility index; BA, basilar artery; ICA, internal carotid artery; and vPI, velocity pulsatility index.

velocity pulsatility from extracranial C1 to intracranial
C7, although we found an increase of velocity pulsatil-
ity between the extracranial (C1) part of the ICA and
the carotid canal (C3) with a subsequent decrease

Segment

vPI

20 30 40 50 60 70

Segment
&c
8 NG
c7

aPI

20 30 40 50 60 70
Age

Figure 4. The effect of age on both velocity pulsatility index
(upper) and area pulsatility index (lower) across segments
are illustrated using trend lines.

Velocity pulsatility index C1: y=0.0028x+0.7167, velocity
pulsatility index C3: y=0.0033x+0.7824 and velocity pulsatility
index C7=0.0036x+0.6671. For area pulsatility index Cf1:
y=0.0004x+0.1623, area pulsatility index C3: y=0.0003x+0.0979
and area pulsatility index C7: y=—0.0003x+0.3218. aPI indicates
area pulsatility index; and vPI, velocity pulsatility index.
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between C3 and the intracranial (C7) part of the ICA.
Conversely, where vPI increases between C1 and C3
and decreases again at C7, aPl decreases between C1
and C3, and subsequently increases again to C7. Men
and women showed similar trends along the ICA, but
the vPIl in men was significantly higher compared with
women at every segment. The lack of attenuation in
velocity pulsatility between C1 and C7 did not change
with age. At the same time, there was significantly less
attenuation of vPI over the carotid siphon with increas-
ing age.

The characteristic tortuous shape of the carotid
siphon may be an explanation of attenuation of vPI
and fPl. We confirmed previous studies showing at-
tenuation of vPI over the carotid siphon (C3-C7 seg-
ment).""'* Although the BA is not an ideal control,
the stability of vPI over the straight BA suggests that
both the bony carotid canal and the tortuous shape
of the carotid siphon may contribute to changes in
pulsatility. The decrease over the siphon may be in-
terpreted as a local restoring function rather than an
effective decrease for the entire ICA, as we found an
increase in the vPI and fPI between the extracranial
C1 and the C3 segments. The limited ability for the
ICA to expand at C3 segment, constrained by the
rigid boundaries of the bony carotid canal, is prob-
ably the cause of the significant increase of vPI and
fPl and decreased distensibility (aPl) compared with
extracranial C1, surrounded by soft tissue, and intra-
cranial C7, surrounded by cerebral spinal fluid.

We observed a positive association with vPl and age
that was strongest at the C7 segment. Consequently
we observed a decrease in vPI attenuation over the
carotid siphon with increasing age as well. This is in
line with progressive stiffening of the carotid siphon as
a result of increasing calcification that is common with
increasing age.'® This stiffening process is probably in-
fluenced by hypertension which was present in 19%
of our participants.'®'” This study supports earlier ob-
servations that age is an important factor for increased
arterial pulsatility.'®°
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It is known that blood-flow velocities are higher in
men than women at rest and that sex differences may
contribute to lower incidence of cardiovascular disease
in premenopausal women.?° Distinct sex differences
in the incidence and severity of hypertension are also
well established, with men having a higher incidence
of hypertension compared with women of the same
age.?'~23 Our study confirms that hypertension is more
frequent in the men (22% versus 16%) with a compa-
rable mean age (men 47.4 years; women 45.3 years).
The higher vPI values in men are in accordance with
the higher blood pressure values at the same age.?+?°
We found a significant sex difference in vPI for every
segment of the ICA. This observation is in accordance
with a previous study, which showed higher pulsatility
in men in 8 out of 11 different vessels, although this
was not statistically significantly different for the indi-
vidual vessels." A difference with our study is that the
ROIs were manually drawn and were of fixed size for
the entire cardiac cycle, therefore no distensibility of
the artery was considered. Active contour detection
adapts the contours over the cardiac cycle, to capture
the arterial distensibility. The thus additionally included
low velocity values at the edge, may influence the ve-
locity pulsatility and flow pulsatility. Based on the he-
modynamic differences between sexes, a significant
VP! difference is not unlikely, but needs to be studied in
a larger population to further highlight the influence of
sex differences on pulsatility.

Strengths of our study is that we used a larger and
more representative population with a wide age range
as compared with previous studies.""* Moreover, we
included the BA as a reference to ICA for variation in
velocity pulsatility and arterial distensibility along a
straight vessel segment. Besides, we separately as-
sessed velocity and area pulsatilities rather than the
flow pulsatility in which velocity and area effects join
and potentially cancel out. The inclusion of an extracra-
nial segment added new insights to the pulsatility along
the ICA as well. The main limitation of our study is that
many subjects had to be excluded as their flow mea-
surements were inaccurate. Both right and left ICA flow
measurements and the BA flow measurements were
initially all performed simultaneously with a single 2D
PC-MRI scan at 3 segments. Because of the diverg-
ing anatomy of intracranial ICA, this planning resulted
in planes that were often not perfectly perpendicular to
the vessels at C7 segment. The right and left ICA C7
segments should ideally have been planned separately,
which was adapted in the protocol from February 2019
onwards, and greatly reduced the exclusion rates. The
BA on C7 segment was no longer visible because of
the angulation of the separate planned C7 segments,
and therefore the number of included BA is limited. The
strictly set inclusion and exclusion criteria resulted in a
large drop out of included subjects, but enforced at the
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same time inclusion of only perpendicularly planned
flow measurements. Two-dimensional PCA is a verified
technique, and all ROIs were automatically created upon
a single mouse click by the Philips scanner software
without any manual correction that could influence the
drawn region of interest. The automated region of in-
terest selection was performed twice in 5 subjects and
this did not change any measurements. The results also
indicate repeatability of the results, as both right and left
ICA, and the 2 BA levels showed similar vPl and aPl
within the same patient. Moreover, the reported char-
acteristic pattern along the ICA for both vPI and aPl was
present in >95% of the individual subjects, indicating
that we report a robust phenomenon that can be de-
tected on an individual basis. A possible limitation is the
relatively low temporal resolution of MRI compared with
ultrasound, which could lead to underestimation of ve-
locities. The underestimation of the velocities with MR
is expected to be independent of the location along the
ICA, and does not affect the main findings of our study.
Conversely, an important part of the ICA where it trav-
els though the skull base is inaccessible for ultrasound.
A further potential limitation is that the 2D PC-flow
method we used may be less accurate than 4D PC-
flow, which performs flow measurements in 3 directions
over time.?® However, 2D PC-MRI is a short acquisition
with a high level of repeatability of volume flow changes
in larger vessels such as the ICA.?"2® Both methods
have been shown to have similar measurement variabil-
ity and equal measurement consistency.?® The advan-
tage of 4D flow measurements is that segments that
are difficult to plan such as the diverging C7 segment
can be reconstructed after scanning. However, 4D PC
flow sequences acquired with submillimeter isotropic
resolution often exceed 10 minutes scan time and have
a relatively low temporal resolution.° The use of 4D PC-
MRI in future studies could be beneficial for describing
flow pulsatility and distensibility in the entire arterial tree
simultaneously instead of separate slices and create a
detailed vascular road map along the ICA.

CONCLUSIONS

We found similar decrease of pulsatility (vPI and fPI)
over the carotid siphon as previous studies. However,
the addition of distensibility and measurements at
the extracranial and carotid canal segment of the
ICA showed a more complex behavior than just de-
crease of pulsatility by the carotid siphon. The carotid
siphon also has a restoring function for the pulsatil-
ity increase observed between the extracranial and
carotid canal segment of the ICA. The bony carotid
canal seems to constrain the distensibility of the ICA,
thus increasing the pulsatility at carotid canal seg-
ment C3. Men have significantly higher vPl compared
with women for all measured segments. Attenuation
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of velocity pulsatility over the carotid siphon signifi-
cantly decreases with aging, which is probably influ-
enced by age and hypertension related stiffening of
the carotid siphon. Future studies should focus on
the influence of pathological processes, such as hy-
pertension and vessel wall calcification, and on pul-
satility and distensibility of the ICA.
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Table S1. Flow pulsatility index (mean values + SD) per vessel and segment for men and women combined and separate, whereby
the p-value illustrates the sex influence on fPI.

Vessel Segment Men fPI Women fPI p-value Combined
fPI

Right ICA C1 0.96 +0.13 0.84 +0.11 <0.001 0.89+0.13
Right ICA C3 1.04 £0.13 0.92+0.11 <0.001 0.97+0.14
Right ICA C7 0.92+0.11 0.82+0.11 0.001 0.87 £ 0.13
Left ICA C1 0.90 +0.13 0.81+0.12 <0.001 0.87+0.14
Left ICA C3 1.04 £0.17 0.89+0.11 0.001 0.96 +0.16
Left ICA C7 0.92+0.16 0.78+0.11 0.003 0.85+0.15
BA C3 0.94 +0.14 0.90 +0.15 0.31 0.92+0.15
BA C7 0.93+0.12 0.82+0.11 0.17 0.89+0.14

fPI: flow Pulsatility Index; ICA: Internal Carotid Artery; BA: Basilar Artery.
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