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Assessment of Cerebral Blood Flow
Pulsatility and Cerebral Arterial Compliance

With 4D Flow MRI
Madelene Holmgren, MS,1* Anders Wåhlin, PhD,1,2 Tora Dunås, PhD,1,2,3

Jan Malm, MD, PhD,4 and Anders Eklund, PhD1,2

Background: Four-dimensional flow magnetic resonance imaging (4D flow MRI) enables efficient investigation of cerebral
blood flow pulsatility in the cerebral arteries. This is important for exploring hemodynamic mechanisms behind vascular
diseases associated with arterial pulsations.
Purpose: To investigate the feasibility of pulsatility assessments with 4D flow MRI, its agreement with reference two-
dimensional phase-contrast MRI (2D PC-MRI) measurements, and to demonstrate how 4D flow MRI can be used to assess
cerebral arterial compliance and cerebrovascular resistance in major cerebral arteries.
Study Type: Prospective.
Subjects: Thirty-five subjects (20 women, 79 � 5 years, range 70–91 years).
Field Strength/Sequence: 4D flow MRI (PC-VIPR) and 2D PC-MRI acquired with a 3T scanner.
Assessment: Time-resolved flow was assessed in nine cerebral arteries. From the pulsatile flow waveform in each artery,
amplitude (ΔQ), volume load (ΔV), and pulsatility index (PI) were calculated. To reduce high-frequency noise in the 4D flow
MRI data, the flow waveforms were low-pass filtered. From the total cerebral blood flow, total PI (PItot), total volume load
(ΔVtot), cerebral arterial compliance (C), and cerebrovascular resistance (R) were calculated.
Statistical Tests: Two-tailed paired t-test, intraclass correlation (ICC).
Results: There was no difference in ΔQ between 4D flow MRI and the reference (0.00 � 0.022 ml/s, mean � SEM, P = 0.97,
ICC = 0.95, n = 310) with a cutoff frequency of 1.9 Hz and 15 cut plane long arterial segments. For ΔV, the difference was –
0.006 � 0.003 ml (mean � SEM, P = 0.07, ICC = 0.93, n = 310) without filtering. Total R was 11.4 � 2.41 mmHg/(ml/s)
(mean � SD) and C was 0.021 � 0.009 ml/mmHg (mean � SD). ΔVtot was 1.21 � 0.29 ml (mean � SD) with an ICC of 0.82
compared with the reference. PItot was 1.08 � 0.21 (mean � SD).
Data Conclusion: We successfully assessed 4D flow MRI cerebral arterial pulsatility, cerebral arterial compliance, and cere-
brovascular resistance. Averaging of multiple cut planes and low-pass filtering was necessary to assess accurate peak-to-
peak features in the flow rate waveforms.
Level of Evidence: 2
Technical Efficacy Stage: 2
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CARDIAC CONTRACTIONS generate pulsatile blood flow
from the heart throughout the arterial tree. With age, stiffen-

ing of the elastic aortic wall causes a decrease in arterial compli-
ance, resulting in increased pressure oscillations along the arterial
tree.1 Pulsatile load is suggested to increase the transmission of
pulsations to the distal cerebral microcirculation2,3 and hasten the

progress of diseases such as cognitive impairment4 and stroke.5 An
understanding of the interplay between arterial pulsatility and the
development of vascular diseases is therefore important. For this
purpose, three main circulatory mechanisms must be considered:
First, the central aortic stiffening, which dictates the pulsatile load
to the cerebral system; Second, the cerebral arterial compliance,
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which further dampen the pulsatility before it reaches the capil-
laries; and finally the cerebral vascular resistance, which affects the
amount of pulsatile flow through the capillaries. Ideally, one
would like to measure compliance and resistance directly, but this
is difficult since suitable measurement techniques have been lac-
king and indirect pulsatility biomarkers, such as pulsatility index,
are used as surrogates.

Cerebral blood flow and pulsations are traditionally
measured with transcranial Doppler (TCD) ultrasonography6

or two-dimensional phase-contrast magnetic resonance imag-
ing (2D PC-MRI).7,8 The TCD technique is limited by its
need of a cranial window, and it does not provide flow rates
in ml/s. 2D PC-MRI does not share that limitation but is
time-consuming, since each artery is assessed separately.
These limitations are resolved with the emerging technique of
time-resolved 3D PC-MRI (4D flow MRI),9 which provides
a full coverage of the arterial tree in less than 10 minutes.
Pulsatility measurements in cerebral arteries have previously
been described with 4D flow MRI,10,11 but remaining ques-
tions are how flow rate quantifications (beyond velocity) may
unlock novel diagnostic measures and to what accuracy such
measurements can be achieved.

Cerebral arterial pulsatility has been assessed using arte-
rial pulsatile volume load (ΔV)12–14 and pulsatility index
(PI).15,16 Additionally, cerebral arterial compliance (C) and
cerebrovascular resistance (R), the two basic components in
the two-element Windkessel model,17 describe the functional-
ity of the arterial system to dampen the pulsations.

In this study, the aim was to investigate the feasibility
of pulsatility assessments with 4D flow MRI in cerebral arter-
ies and its agreements with reference 2D PC-MRI measure-
ments for flow waveform amplitudes (ΔQ), ΔV and PI. The
aim was also to demonstrate how 4D flow MRI can be uti-
lized for the analysis of cerebral arterial compliance and cere-
brovascular resistance.

Materials and Methods
Subjects
Forty-one participants from a previously studied cohort, with sub-
jects recruited in 2007,18 were invited for a new physical examina-
tion and MRI in the fall of 2017. Of the invited participants,
37 underwent the MRI. Of these, two subjects were not included in
the analysis due to incomplete image acquisitions. The final study
population was 35 elderly subjects (20 women, 79 � 5 years, range
70–91 years). At a physical examination, carried out on a separate
occasion from the MRI, blood pressure was noninvasively measured
in the left arm, risk factors and diseases were noted, and the current
health status was examined by a neurologist. These characteristics are
presented in Table 1, along with heart rate during the MRI. Noted
risk factors were hypertension (n = 23), hyperlipidemia (n = 14),
current smoking (n = 1), and previous smoking (n = 6). Diseases
were atrial fibrillation (n = 3), diabetes mellitus (n = 2), ischemic
heart disease (n = 2), and cerebrovascular disease (n = 2). Addition-
ally, two subjects had Alzheimer’s disease.

To calculate cerebrovascular resistance and cerebral arterial
compliance, each subject’s specific intracranial pressure (ICP)
recorded at the previous study of this cohort18 was used. In four
subjects, no ICP was obtained, and in these cases, the median refer-
ence value from the original cohort was used. The median ICP for
this study was 11.6 mmHg. No new measurements or age adjust-
ments of the ICP values were performed. Except from the use of
ICP values, there was no relationship with respect to the purpose
between the previous and the current study.

The study was approved by the local Ethical Review Board.
Written informed consent was obtained from all participants.

MRI
The scan protocol was previously described.19 It included 4D flow MRI
followed by multiple 2D PC-MRI acquisitions, without any contrast
agent, performed on a 3T scanner (GE Discovery MR 750, Milwaukee,
WI) with a 32-channel head coil. The 4D flow MRI sequence was a
balanced 5-point20 phase contrast vastly undersampled isotropic projec-
tion reconstruction (PC-VIPR)9 sequence with full brain coverage (repe-
tition time / echo time [TR/TE] 6.5/2.7 msec, Venc 110 cm/s, flip
angle 8�, 16,000 radial projections, acquisition resolution
300 × 300 × 300, imaging volume 22 × 22 × 22 cm3, reconstructed
resolution 320 × 320 × 320, zero padded interpolation, isotropic voxel
size 0.7 × 0.7 × 0.7 mm3, 20 reconstructed cardiac time-frames). The
Venc was a three-directional velocity encoding scheme that utilizes five
encoding points.20 The scan time was about 9 minutes. A T1-weighted
magnitude image, an angiographic complex difference image
(CD) (Fig. 1), and velocity images in three directions were reconstructed.
Eddy current correction of the 4D flow MRI data was performed in the
reconstruction.

Measurement planes perpendicular to nine cerebral arteries
(Fig. 1) were covered in eight 2D PC-MRI acquisitions (TR/TE
7.6–10.7/4.1–4.7 msec, Venc 60–100 cm/s, flip angle 15�, in-plane
resolution 0.35 × 0.35 mm2, slice thickness 3 mm, matrix size
512 × 512 voxels, 32 time-resolved images reconstructed). The scan
time for each acquisition was about 3 minutes. The measured arteries
were the left (L) and right (R) internal carotid arteries (ICA), covered
in one plane just below the skull base, the basilar artery (BA), the L

TABLE 1. Blood Pressure Characteristics of the
Included Subjects

(N = 35) Mean � SD

SBP (mmHg) 144 � 17

DBP (mmHg) 87 � 10

PP (mmHg) 57 � 15

MAP (mmHg) 106 � 11

HR (bpm) 66 � 10

N, number of subjects; SD, standard deviation; SBP, systolic
blood pressure; DBP, diastolic blood pressure; PP, pulse pres-
sure (SBP-DBP); MAP, mean arterial pressure approximated as
DBP + (1/3) PP; HR, heart rate (during the magnetic resonance
imaging).
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and R middle cerebral arteries (MCA) at the M1 level, the L and R
anterior cerebral arteries (ACA) at A1 level, and the L and R posterior
cerebral arteries (PCA) at P2 level. When the first branch of the
MCA bifurcated immediately, as it did for two arteries, the two distal
branches were covered in one plane and the flow in them was
summed in the postprocessing.

2D PC-MRI Segmentation
Segmentation and eddy current correction of the 2D PC-MRI data
were processed using the software Segment v2.1 R5960 (http://
medviso.com).21 A region of interest (ROI) covering each artery was
manually outlined, considering both the magnitude and the phase
image. The ROI was kept constant through all time frames. Inter-
rater reliability for these segmentations has previously been shown to
be excellent.19

Processing of 4D Flow MRI Data
A centerline representation of the vascular tree was used to locate the
correct arterial branch in the brain volume.11,22 The centerline
representation was based on a binary image, created by thresholding
the CD volume to remove background signals.11 This image was
gradually thinned to a one-voxel-thick centerline.23,24 To avoid a
mismatch in spatial location between the 4D flow MRI and 2D
PC-MRI datasets, the center coordinate of each segmented ROI in
the 2D PC-MRI plane was transformed to the corresponding loca-
tion in the 4D flow MRI data.19 The centerline voxel closest to the
located coordinate was used as the seed point in the segmentation
method. All seed points were visually inspected, and manually
adjusted in case of mismatch.19

Segmentation Method for 4D Flow MRI
In this study, a previously introduced methodology19 for segmenta-
tion, based on local thresholding, was used for quantification of blood
flow rates in cerebral arteries. Cut planes were extracted from the CD
volume and resampled in the direction of the arteries, perpendicular
to the velocity direction of the arterial flow, using the centerline

representation of the branches. Fifteen cut planes, if possible, around
each seed point were extracted, compared to one cut plane in the pre-
vious study. Each cut plane had a thickness of one voxel, and a size of
17 × 17 voxels in the plane, extracted from the region around the
centerline voxel. Before vessel segmentation, the voxels in the planes
were linearly interpolated by a factor of four. Thresholding was per-
formed on each cut plane separately, where the threshold was chosen
as 16% of the maximum intensity in the plane. The 16% threshold
used for time-resolved reconstructed 4D flow MRI data was selected
since it produced a mean flow corresponding to the reference 2D PC-
MRI data. The threshold was slightly lower than the 20% threshold
established for mean flow reconstruction.19 A binary ROI of the seg-
mented artery was thus generated, from which the flow within the
ROI was summed, keeping the same ROI size for each of the 20 car-
diac phases. Each segmentation was visually inspected and manually
corrected if necessary. Manual correction was necessary in 22% of the
cut planes, almost exclusively in ACA and PCA.

Multiple Cut Planes and Low-Pass Filtering
Different noise levels were found in the flow waveforms when com-
paring 2D PC-MRI with 4D flow MRI. Due to the largely under-
sampled 4D flow MRI sequence, a lower signal-to-noise ratio
(SNR), compared to the 2D PC-MRI reference, was expected. To
account for this potential problem, we investigated how averaging
of multiple cut planes and low-pass filtering of the 4D flow MRI
waveforms could reduce the high-frequency noise. Flow waveforms
from one to 15 consecutive cut planes along the centerline, each
with a thickness of 0.7 mm, were averaged to evaluate the potential
noise reduction of the blood flow waveforms. The 15 cut planes
could be acquired in almost all arteries, where the length of the
unbranched MCA was the primary limitation. In these cases, the
available cut planes where used instead. Each waveform was low-
pass filtered with cutoff frequencies ranging from 1–4 Hz, in steps
of 0.1 Hz. Before filtering, each waveform was repeated 30 times to
elongate the signal. Only the center filtered waveform was used for
analysis.

FIGURE 1: Angiographic maximum intensity projections of a complex difference image (CD) for one subject from the coronal view
(left) and the axial view (right). The coronal projection is from a subset of the image. The numbers indicate approximate center
points of the measurement sites at (1, 2) the ICAs, (3) the BA, (4, 5) the MCAs, (6, 7) the ACAs, and (8, 9) the PCAs.
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Pulsatility Measures

MEAN, SYSTOLIC, AND DIASTOLIC BLOOD FLOW. The
mean flow rate (Qmean), the systolic (Qsyst), and the diastolic (Qdias)
peaks of the flow waveforms were determined. The flow peak-to-
peak pulsatility amplitude ΔQ was calculated as the difference
between the systolic and the diastolic flow, ΔQ = Qsyst – Qdias.

ARTERIAL PULSATILE VOLUME LOAD. Due to compliance,
the arterial walls distend in response to cardiac-induced pressure vari-
ations. The blood volume accumulated in the artery will therefore
vary over the cardiac cycle. In addition, there is a pulsatile flow
through the capillaries. These two pulsatile components form the
flow waveform and will represent the accumulated pulsatile volume
load (ΔV) to the arterial tree distal to a measurement point. ΔV is
assessed by subtracting Qmean from the flow waveform (Q) and
cumulatively integrate:

ΔV =
ð

Systole

Q tð Þ−Qmeanð Þ dt ð1Þ

where systole is defined as the part where Q(t) – Qmean > 0.13 An
approximation of the total pulsatile volume load (ΔVtot) of the cere-
bral arterial system during one cardiac cycle was obtained by sum-
ming the waveforms for the left and right ICA and BA.12,25 Arterial-
specific ΔV calculated for MCA, ACA, or PCA also gives a possibil-
ity to analyze the regional contribution to the cerebral arterial com-
pliance from the different cerebral arterial territories.

RELATIONSHIP BETWEEN ΔQ AND ΔV. By approximating
the flow waveforms to be represented as sinusoidal functions, it can
be shown that ΔQ and ΔV are related by:

ΔQ =ωΔV ð2Þ

where ω expresses the heart rate (HR) as ω = 2πHR/60 (HR in
bpm). Thus, peak-to-peak waveform ΔQ and the integrated wave-
form ΔV are closely related by heart rate.

CEREBRAL ARTERIAL COMPLIANCE AND
CEREBROVASCULAR RESISTANCE. Compared to cerebrovas-
cular pulsatility measurements (ΔQ and ΔV), the resistance and
compliance of the arteries indicate how the pulsations are managed
in the arteries. It will be shown how ΔQ (or ωΔV) can be used as
input to assess the compliance. The cerebral arterial tree can be
modeled as a two-element Windkessel model,17 where a resistance
term (R) represents the total cerebrovascular resistance and a compli-
ance term (CWK) represents the capacity of the arteries to accumu-
late blood.

The total impedance (Z) of the Windkessel model can, with
the electrical analogy, be expressed as:

Zj j = Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 +ω2R2CWK

2
p ð3Þ

and shows the dependency of R and C. The cerebrovascular imped-
ance at frequency equal to heart rate can be approximated as:

Z =
PP
ΔQ

ð4Þ

where PP is the pulse pressure amplitude of the blood pressure.26

The cerebrovascular resistance is:

R =
MAP − ICP

Qmean
ð5Þ

where MAP is the mean arterial pressure and ICP is the intracranial
pressure. Using Eqs. 4 and 5 in Eq. 3, and solving for CWK at heart
rate, the cerebral arterial compliance for the two-element Windkessel
model can be deduced as:

CWK =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MAP −ICPð Þ

PP
ΔQ
Qmean

� �2
−1

r

ω MAP −ICPð Þ
Qmean

� � ð6Þ

This two-element impedance-based approach, according to
Eq. 6, is the main compliance model in this study. However, we will
compare it to a simplified model where a nonpulsatile flow at the
terminal arteries is assumed, requiring the assumption of a
completely dampened pulse pressure, thus leaving all pulsations to
the compliant arteries. With that simplification, compliance is calcu-
lated as the ratio between the volume load and the pressure change25

(CVP) expressed as:

CVP =
ΔV
PP

ð7Þ

which thus is an approximation of the cerebral arterial compliance.

PULSATILITY INDEX. A popular way to describe pulsations in
arteries is by calculating Gosling’s pulsatility index (PI) from the
flow waveform of the arteries.15 The corresponding PI for blood
flow rates was calculated by dividing the amplitude of the flow wave-
form by the mean flow:

PI =
ΔQ
Qmean

ð8Þ

PI from flow rates should be the same as for velocity assess-
ments with ultrasound if a laminar parabolic blood flow velocity pro-
file in the measured artery is assumed. Using Eqs. 5 and 8 in Eq. 6,
and solving for PI, gives:

PI =
PP

MAP − ICP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ωRCð Þ2 + 1

q
ð9Þ

Revealing PI as a composite index including the product of C
and R.26
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Statistical Analysis
The 4D flow MRI pulsatility measurements were evaluated by com-
paring ΔQ and ΔV with the corresponding 2D PC-MRI values. All
differences were calculated as 2D – 4D. To evaluate the effects of fil-
tering, the chosen cutoff frequency was the one resulting in the low-
est absolute mean difference of ΔQ between 4D flow MRI and 2D
PC-MRI. PI and ΔV from 4D flow MRI were also evaluated against
2D PC-MRI for the separate arteries. The mean differences between
4D flow MRI and 2D PC-MRI are presented as mean � standard
error of mean (SEM). Other mean values are mean � standard devi-
ation (SD). Two-tailed paired t-tests were used to test for all differ-
ences between 4D flow MRI and 2D PC-MRI. For all tests, the
significance level was set at P < 0.05. Intraclass correlation, ICC(2,1),
was used to investigate correlations.27 Bland–Altman plots were used
to visualize the agreement between methods. MatLab R2019a
(MathWorks, Natick, MA) was used for all postprocessing and statis-
tical analysis.

Results
Pulsatile Amplitude and Volume Load
A total of 310 arteries were available for evaluation. There
was no difference in mean flow rate between 4D flow MRI
and 2D PC-MRI measurements (–0.009 � 0.014 ml/s,
P = 0.52). First, the need for noise reduction of the flow
pulsatility measurements, ΔQ and ΔV, was examined. For
ΔQ, the agreement between 4D flow MRI and the reference,
as a function of the number of cut planes and cutoff frequen-
cies of the low-pass filter, is illustrated in Fig. 2a,b. At all fre-
quencies, the highest ICC was consistently found for 15 cut
planes, with no difference at the cutoff frequency 1.9 Hz
(0.00 � 0.022 ml/s, P = 0.97), yielding an ICC of 0.95
(Fig. 3a,c). As a comparison, without filtering, the mean dif-
ference was –0.285 � 0.024 ml/s (P < 0.001) with an ICC of
0.92, revealing the need for filtering. Figure 4 shows the

effect of filtering on the right MCA waveforms, for each of
the 35 subjects, with the reference waveforms as a compari-
son. Regarding ΔV, 15 cut planes again showed the highest
ICC. Unfiltered data showed no difference between 4D flow
MRI and the reference (–0.006 � 0.003 ml, P = 0.07) and
an ICC of 0.93 (Fig. 3b,d). No correlation in the difference
between methods with respect to the age of the subjects was
found for ΔQ (r = –0.10, P = 0.07) or ΔV (r = –0.07,
P = 0.22). Accordingly, the subsequent analysis was based on
15 cut planes of 4D flow MRI data, and for ΔQ filtered with
a 1.9 Hz cutoff frequency, while ΔV was calculated from
unfiltered 4D flow MRI data.

For total cerebral pulsatile volume load, ΔVtot, there
was an ICC of 0.82 between 4D flow MRI and the reference
(Fig. 5a,b), with a 4D mean ΔVtot of 1.21 � 0.29 ml
(n = 34). Total cerebral arterial PI, calculated by Eq. 8 and
the summed flow in the two ICA and BA, was
PItot = 1.08 � 0.21 (n = 34). For all arteries, the ICC for PI
was 0.58 between 4D flow MRI and the reference.

Theoretically, ΔQ and ωΔV should be equal if sinusoi-
dal flow and pressure waveforms are assumed (Eq. 2).
Indeed, there was an excellent agreement (ICC of 0.97)
between ΔQ and ωΔV (n = 310) (Fig. 6), but ωΔV was
lower, with a mean difference of 0.175 � 0.211 ml/s
(P < 0.001), likely reflecting a deviation from a perfect sinu-
soidal waveform.

Cerebral Arterial Compliance and Resistance
Using ΔQ, Qmean and HR of 4D flow MRI waveforms
together with measured subject-specific PP, MAP, and
ICP, Eqs. 5 and 6 were used to assess cerebrovascular resis-
tance and cerebral arterial compliance, with all data avail-
able in 33 subjects. The total cerebrovascular resistance
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was R = 11.4 � 2.41 mmHg/(ml/s) (n = 33) and the total
cerebral arterial compliance was CWK = 0.021 � 0.009
ml/mmHg (n = 33).

The simplified model, assuming a nonpulsatile capillary
flow, CVP, according to Eq. 7 with ΔVtot as input, showed
an excellent agreement against CWK (ICC of 0.94) but with a
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higher estimated compliance (P < 0.001), with an average dif-
ference of 11% (Fig. 7).

Pulsatility in Separate Arteries
For studying the separate arteries, Table 2 shows the mean
for PI and ΔV, and the ICC between 4D flow MRI and the
reference. In general, they showed a good concordance for
the large arteries, ICA, BA, and MCA, while for the smaller
arteries, ACA and PCA, there was a limited agreement, par-
ticularly for PI.

Discussion
The feasibility of 4D flow MRI for quantifying cerebrovascu-
lar compliance, resistance, and pulsatility was investigated. An
excellent concordance with reference 2D PC-MRI was found
for ΔV and ΔQ. For ΔQ, the 4D flow MRI data first had to
be denoised. We show how cerebral arterial compliance and
cerebral vascular resistance can be assessed using the 4D flow
MRI and blood pressure data.

An elevated pulsatile load is suggested to impact the
progress of diseases such as cognitive impairment4 and
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FIGURE 7: Correlation between the two expressions for cerebral
arterial compliance (CWK and CVP) with a difference in assumption
about peripheral pulsatility (n = 33), based on the combined
waveforms of the left and right ICAs and the BA. The ICC
was 0.94. The solid line represents the line of equality. The
overestimation was most pronounced at low compliant arteries.
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stroke,5 where the pulsatile load is characterized by an ele-
vated pulsatile blood flow and pulse pressure.28 The effect
increases with the age-related stiffening of the arterial walls,29

where the decreased compliance increases the aortic pulse
pressure.30 All parts of the arterial tree contribute to the total
arterial compliance, but it is believed that the primary contri-
bution comes from the distension of the large central arteries,
like the aorta.3,29 Thus, from a cerebral perspective we have
to consider the pulsatile input that the central circulation pro-
vides to the cerebral circulation, which is mainly due to the
heart output and the central arterial compliance, but we also
have to consider the ability of the cerebral arterial compliance
to further dampen the pulsatility before it reaches the
capillaries.

This study shows that when cerebral artery flow rate
waveforms from MRI are available, the analysis of cerebral
pulsatility can be extended beyond the composite biomarkers
such as PI. The pulsatile input to the cerebral system is gener-
ated by PP, which produces a total volumetric pulsatile load
to the cerebral system, characterized by ΔQ and ΔV. These
are dependent and dampened by the patient-specific proper-
ties of the cerebral arterial compliance, C, and the cerebrovas-
cular resistance, R. All of these measures can be estimated
using 4D flow MRI combined with pressure data.

To quantify cerebral arterial compliance from ΔQ or
ΔV, we implemented the well-established two-element
Windkessel model of cerebrovascular hemodynamics and
deduced an expression (Eq. 6) which, in addition to ΔQ and
Qmean from 4D flow MRI, required MAP, PP, and an ICP.
Thus, we demonstrated a method for individual assessment of
the cerebral arterial tree’s contribution to vascular compliance,
and with that, an approximation of the dampening capacity
of the cerebral arteries. In this demonstration we utilized
10-year-old measurements of ICP. However, on a group

level, no change in mean ICP is expected over this time
period,31 and a sensitivity analysis revealed a variation of
about 1% in CWK when assuming an ICP variability within
1 SD. Based on that, we believe that the estimated CWK

should be representative for CWK of an elderly population.
Furthermore, if a pathological ICP disturbance is not
expected in an investigated subject, the assumption of an ICP
of about 11 mmHg is probably sufficient for a reliable assess-
ment of CWK, thus avoiding the need for ICP measurements.

The general concordance between the two approaches
of assessing compliance, CWK and CVP, was high, with a
small overestimation of the volume-pressure model for the
lower range of compliances. In the two-element Windkessel
model, a decreased compliance means that the relative pulsa-
tile flow in the resistance part increases, ie, pulsatile flow
through the capillaries, since the impedance of the compli-
ance element increases. Therefore, in the simplified model, an
overestimation is expected for lower compliances, in agree-
ment with our results. Thus, the two-element Windkessel
model better accounts for the relationship between the cere-
bral arterial compliance and the resistance.

When comparing 4D and 2D flow MRI sequences,
there is a trade-off between whole-brain coverage and tempo-
ral resolution with higher SNR levels. We found that den-
oising through multiple cut planes and low-pass filtering of
the flow rate waveform were necessary to obtain enough SNR
to detect the systolic and diastolic blood flow peaks, ie, ΔQ,
in concordance with the high-resolution 2D PC-MRI data.
With a sufficiently large number of voxels used to assess an
average arterial waveform, the signal gets more reliable. This
was accomplished by using the maximum of 15 cut planes.
For vessels with diameters on the size of ACA, PCA, or
smaller, we recommend using as many cut planes as possible
to reduce noise and improve flow assessment accuracy.

TABLE 2. Mean and ICC of 4D Flow MRI and Reference 2D PC-MRI for Different Arteries

PI (mean � SD) ΔV (ml) (mean � SD)

Artery N 4D (1.9 Hz) 2D ICC 4D 2D ICC

ICA 70 1.10 � 0.23 1.10 � 0.20 0.84 0.49 � 0.14 0.48 � 0.14 0.83

BA 34 1.03 � 0.24 1.04 � 0.20 0.59 0.24 � 0.08 0.24 � 0.08 0.76

MCA 70 1.02 � 0.25 1.00 � 0.20 0.63 0.28 � 0.08 0.27 � 0.08 0.62

ACA 67 0.93 � 0.26* 1.02 � 0.23 0.49 0.16 � 0.06 0.16 � 0.07 0.78

PCA 69 1.02 � 0.28* 0.94 � 0.15 0.37 0.11 � 0.03** 0.10 � 0.02 0.39

4D flow MRI, four-dimensional flow magnetic resonance imaging; 2D PC-MRI, two-dimensional phase-contrast magnetic resonance
imaging; ICC, intraclass correlation; PI, pulsatility index; ΔV, volume load (ml); SD, standard deviation; ICA, internal carotid artery;
BA, basilar artery; MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery.
*Significant difference (P < 0.05).
**Significant difference (P < 0.001).
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It should be noted that both C and R can be calculated
from 2D PC-MRI waveforms. The advantage of 4D flow
MRI is the simultaneous flow acquisition and avoidance of
the preselection of the measurement planes. For quantifica-
tion of total cerebral C and R, the methods are comparable,
since only one 2D PC-MRI plane is required to determine
total cerebral blood flow and pulsatility.

As a measure based on the entire waveform, rather that
peak-to-peak range, ΔV was less sensitive than ΔQ to high-
frequency noise and showed a good agreement on a group
level and for the separate arteries even without the low-pass
filtering. The total arterial pulsatile volume load was lower
than previously reported results.12,25,32 This difference may
be explained by the high age of this cohort, thus leading to a
lower expected inflow and a lower cerebral vascular compli-
ance. Besides an analysis of the total volume load from the
total cerebral inflow, 4D flow MRI acquisitions also offer a
unique possibility for regional analysis of arterial pulsatile vol-
ume load as input to the vascular territories of MCA, ACA,
and PCA. The correlation between methods in our study was
in agreement with a previously published pilot study from
our research group.13 These measurements of ΔV can then
be utilized in terms of regional compliance analysis by using
the approach of Eq. 6 for each arterial territory.

PI is an established parameter for analysis of pulsations
in the cerebrovascular arteries.33 Historically, this is because
the self-normalizing ratio design suits ultrasound velocity
measurements in MCA. The PI values found in this study,
both for 2D and 4D, were in the same range, or slightly
higher, as those determined in a previous 2D PC-MRI16 and
in a large TCD study.33 The difference is possibly explained
by the higher mean age, since there is a documented age
dependency.33 Since PI is directly based on the ΔQ measure-
ments (Eq. 8), 15 cut planes and low-pass filtered flow wave-
forms are recommended to obtain a reliable PI from 4D flow
MRI. Compared to a previous 4D study with PC-VIPR,10

our PI estimates were lower. This is natural, since we have
introduced low-pass filtering to improve the SNR, which
affects the PI estimation.

As shown in Eq. 9, PI is a composite measurement of
pulsatility,26 and therefore has limitations in the analysis of
the specific compensatory capacity (R and C) of the arterial
system. To fully understand the dynamics of pulsations in
relation to, for example, arterial stiffening, the R and C
should be analyzed in addition to PI.

In a previous study on these data, with the aim to
automize vessel segmentation and flow rate assessment, a
reduced concordance between methods for PCA measure-
ments was observed.19 A major change in the current study
was therefore to manually correct segmentations in cut planes
where the local thresholding method could not isolate the
artery of interest in the segmentation. This was to prioritize

the accuracy and quality of estimated blood flow rate wave-
forms, at the expense of the automatization of the workflow
for flow rate segmentation with 4D flow MRI. Additionally,
the 4D flow MRI data were reconstructed into time-resolved
frames, unlike the previous study. This caused a small but sig-
nificant change in the mean flow rates in the arteries. This
change forced us to decrease the threshold level in the seg-
mentation, to maintain a nonsignificant mean flow rate
difference.

A limitation of the present analysis is that the flow rates
and blood pressure were not simultaneously investigated. Fur-
ther, blood pressure was not measured at the same anatomical
site as the flow rate assessment. This limits our possibilities
for an accurate pressure and flow phase shift analysis, along
with a difference between the cerebral and the
brachiocephalic pulse pressure.34 We have presented a
method to estimate arterial compliance, and that accuracy can
be improved by noninvasive blood pressure measurements
performed simultaneously inside the MR scanner.35 The two-
element Windkessel model is a basic approximation, where
three- and four elements have extended the model to better
represent the full flow waveform. However, for pulsatility
measurements related to the heart cycle, the two-element still
provides a good approximation for a basic compliance estima-
tion with 4D flow MRI.17

In conclusion, time-resolved 4D flow MRI data were
accurate for pulsatility analysis in large cerebral arteries, but
the reduced SNR level required postprocessing, such as low-
pass filtering and multiple cut plane averaging, to reliably
detect peak-to-peak features in the waveforms. With the post-
processing requirement included, we demonstrate the feasibil-
ity of 4D flow MRI assessment of cerebral arterial pulsatility,
cerebral arterial compliance, and cerebrovascular resistance.
These measurements offer a comprehensive description of the
cerebral circulatory system, which has the potential to
advance our understanding of the interplay between arterial
pulsatility and the development of cerebral vascular diseases.
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