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Abstract
Cerebral blood flow, arterial pulsation, and vasomotion may be important indicators of cerebrovascular health in aging
and diseases of aging such as Alzheimer’s disease. Noninvasive markers that assess these characteristics may be helpful in
the study of co-occurrence of these diseases and potential additive and interacting effects. In this study, 4D flow MRI was
used to measure intra-cranial flow features with cardiac-gated phase contrast MRI in cranial arteries and veins.
Mean blood flow and pulsatility index as well as the transit time of the peak flow from the middle cerebral artery to
the superior sagittal sinus were measured in a total of 104 subjects comprising of four groups: (a) subjects with
Alzheimer’s disease, (b) age-matched controls, (c) subjects with mild cognitive impairment, and (d) a group of late
middle-aged with parental history of sporadic Alzheimer’s disease. The Alzheimer’s disease group exhibited: a significant
decrease in mean blood flow in the superior sagittal sinus, transverse sinus, middle cerebral artery, and internal carotid
arteries; a significant decrease of the peak and end diastolic blood flow in the middle cerebral artery and superior sagittal
sinus; a faster transmission of peak flow from the middle cerebral artery to the superior sagittal sinus and increased
pulsatility index along the carotid siphon.
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Introduction
Sporadic late onset Alzheimer’s disease (AD) is the most
common cause of dementia in the elderly population.1
The dementia syndrome of AD is clinically diagnosed by
a history of slowly progressive loss of cognitive function
in two or more cognitive domains that impairs day to
day functioning.1 Classic neuropathological ﬁndings on
post-mortem brain specimens consist of increased extracellular beta amyloid (Ab) deposits and the presence of
neuroﬁbrillary tangles within aﬀected neurons.2
Therefore, AD was for a long time regarded as a distinctive, non-vascular type of dementia.3
However, evidence is increasing that pathologic alterations of the vasculature may play a role in AD dementia. Initially only thought to be the underlying cause
for dementia related to stroke or leukoencephalopathy,
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it has been observed that altered and dysfunctional cerebral vasculature is also present in classical clinically diagnosed AD type dementia.4–9
To date, disagreement persists if alterations of the
cerebrovasculature are a contributing cause or result of
the neurodegenerative changes typically observed in
AD, or if vascular and neuronal changes appear simultaneously throughout the course of the disease.3,10,11
One proposed mechanism by which pathologic changes
of the cerebrovasculature might aﬀect the evolution of
the disease is an increase in pulsatility due to reduced
vascular compliance, as has been reported in AD
patients.12,13 The brain may be especially vulnerable
to increased arterial pulsatility due to the low resistive
abilities of the brain arterioles. The constant, high
demand of blood makes it impossible to employ strong
precapillary sphincters that would protect the brain from
increased pulsatility.14–16 This characteristic of the brain
is underlined by the ﬁnding that the large conducting
arteries seem to have speciﬁc properties to decrease
arterial pulsatility to the brain along their course.17–19
It has been suggested in recent work that reduction in
vascular elasticity and expansive and contractile forces
change the amplitude and length of the arterial pulse and
may aﬀect the perivascular clearance of interstitial ﬂuid,
diminishing the physiologic transport of metabolites out
of the brain including beta-amyloid (Ab).8,20–24
Consequently, there is interest in non-invasive methods to assess cerebrovascular hemodynamics as potential
systemic pathogenic or exacerbating factors in AD and
potential avenues for treatment.25
Transcranial Doppler (TCD) ultrasound and 2D
phase contrast (PC) MRI are two distinct common
approaches used to probe intracranial hemodynamic
parameters. TCD, however, has a limited ability to
detect distal branches of intracranial vessels and does
not assess vessel diameter while 2D PC MRI is time
consuming since each vessel segment requires the acquisition of an additional cardiac gated ﬂow sensitive
acquisition prescribed orthogonal to the local vessel
orientation. With these limitations, neither technique
is well suited for a comprehensive and reproducible
intracranial hemodynamic analysis.
Recent advances in MR hardware, data acquisition,
and reconstruction methodology have facilitated the
use of 4D ﬂow MRI in clinically feasible scan times.
This approach enables both volumetric angiographic
and quantitative assessment of blood ﬂow velocities in
a single acquisition.26 The velocity ﬂow ﬁeld is captured
at multiple phases of the cardiac cycle in a volumetric
acquisition with three-directional velocity encoding.
With adequate spatial and temporal resolution, such
4D ﬂow MRI approaches are well-suited for comprehensive cranial hemodynamic assessment. The complete
cerebral vasculature is included in the imaging volume
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and any vessel can be evaluated for geometry and
hemodynamic parameters after scan completion.
One particularly well suited approach for the high
resolution demands of intracranial 4D ﬂow MRI is PC
VIPR (Phase Contrast Vastly undersampled Isotropic
Projection), which utilizes radial undersampling for accelerated acquisitions with small voxel sizes.27 This technique
has been validated in various vascular territories, including the renal arteries, thorax, and cranial vasculature.28–30
Recently, it was shown that mean blood ﬂow decreases
and PI increases with age and AD symptoms in the major
cerebral arteries.9 However, less information is available
regarding changes in the venous system and the translation of pulsatile ﬂow from arteries to veins in AD and mild
cognitive impaired compared with healthy individuals.
Therefore, the purpose of this work was an integrated assessment of the cerebral vasculature. In this
study, we used PC VIPR to quantify blood ﬂow patterns in the proximal middle cerebral artery (MCA) and
internal carotid artery (ICA) as well as the sagittal,
straight, and transverse sinus in four diﬀerent patient
cohorts: (a) patients with dementia due to AD, (b) mild
cognitive impairment, and (c) age-matched controls as
well as a fourth group consisting of late middle-aged
healthy adults with a parental history of late onset
sporadic AD.

Materials and methods
Subjects and clinical classification
A total of 104 participants from the Wisconsin
Alzheimer’s Disease Research Center Clinical Core
underwent comprehensive MRI brain imaging as part
of studies on memory, aging, and risk for AD. Of these
recruited individuals, 26 were cognitively normal older
controls (age range ¼ 66–85 years, mean ¼ 73 years,
12 F), 26 AD patients (age range ¼ 57–89 years, mean ¼ 71
years, 11 F) and 26 mild cognitive impairment (MCI)
patients (age range ¼ 52–86 years, mean ¼ 73 years,
13 F). A cognitively healthy middle-aged group with
parental history of sporadic Alzheimer’s disease
(MAPHSA) included 26 adults (age range ¼ 45–64
years, mean ¼ 57 years, 22 F).31 The MAPHSA group
is enriched for risk factors that predispose to AD, but
they are not a pre-MCI group. All of these individuals
were diagnostically characterized as described in previous work.9,32 The present study consists of 85 subjects
that had been included in a prior manuscript and
19 new subjects.9 The analysis was expanded beyond
the prior study by introducing measures of venous
ﬂow and pulse wave transit time. All data (arterial
and venous) have been reprocessed with an improved
ﬂow data analysis tool that is based on automated
vessel segmentation and analysis that has shown to be
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less user dependent and thereby more reproducible especially when using larger sets of data. The University
of Wisconsin Institutional Review Board approved
all study procedures and protocols following the policies
and guidance established by the campus Human Research
Protection Program (HRPP) and each participant provided signed informed consent before participation.

Cognitive assessment
The population of the present study is part of the large
National Alzheimer’s Coordinating Center’s (NACC)
Uniform Dataset. Data collection was performed as
described in previous work.9 Subjects given a consensus
diagnosis of a non-Alzheimer’s variant of dementia, such
as Frontotemporal Dementia, Lewy Body Dementia, or
Vascular Dementia, were excluded from this study.

MR imaging protocol
Participants were scanned using a 3T clinical MRI
system (MR750, GE Healthcare, Waukesha, WI) with
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an eight-channel head coil (Excite HD Brain Coil,
GE Healthcare, Waukesha, WI). Volumetric, cardiac
time-resolved PC MRI data with three-directional
velocity encoding were acquired with a 3D radially
undersampled sequence (PC VIPR), with the following
imaging parameters: velocity encoding (venc) ¼ 80 cm/s,
imaging volume ¼ (22  22  16 cm3), acquired isotropic
spatial resolution ¼ (0.7 mm)3, repetition time (TR)/echo
time (TE) ¼ 7.4/2.7 ms, 14,000 projection angles, scan
time  7 min, ﬂip angle a ¼ 10 , bandwidth ¼
83.3 kHz.33,34 Time averaged magnitude and velocity
data were generated via an oﬄine reconstruction for
all subjects. For each subject, cardiac triggers were collected from a photoplethysmogram on a pulse oxymeter
worn on the subject’s ﬁnger during the exam. Utilizing
this trigger data, cardiac cycle resolved data were retrospectively reconstructed utilizing 20 cardiac phases with
a spatially adaptive temporal interpolation.35 Figure 1
shows an example of PC VIPR data as (a) sagittal, (b)
coronal, and (c) axial maximum intensity projection
(MIP) images of the PC angiogram, derived by combining the magnitude and the mean velocity data.

Figure 1. PC VIPR data shown as (a) sagittal, (b) coronal, (c) axial MIP image of the PC angiogram and the segmented 3D vessels with
centerline points labels for the (d) superior sagittal sinus (SSS), (e) straight sinus (STS), and (f) transverse sinus (TS) extracted from the
PC VIPR data. (g) Pulsatility index and (h) mean blood flow (mL/s) throughout the major venous segments shown as color maps for
one age-matched control and one AD subject.
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Processing: Flow analysis
Automatic vessel segmentation and ﬂow quantiﬁcation
were performed in a customized post-processing tool
(MATLAB, Mathworks, Natick, MA).36 Time maximum intensity projection (tMIP) images were reconstructed from dynamic PC MR angiograms derived
from the 4D ﬂow data. The vascular tree was extracted
using a centerline process, recording coordinates, and
labels for every branch. A centerline guided ﬂow tracking algorithm was used to visualize and select the vessel
segments for further analysis. Flow rates were calculated
for every selected branch by averaging ﬂow data
obtained in local cross-sectional cut-planes automatically placed in every centerline point perpendicular to
the axial direction of the vessel. For this purpose, four
venous segments were selected (Figure 1(d) to (f)): posteroinferior portion of the SSS, middle segment of the
straight sinus (STS), and the transverse sinus (TS) (left
and right) segment just before the sigmoid sinus.
Additionally, four arterial segments were included:
distal cervical ICA (left and right) and MCA (left and
right). Mean blood ﬂow (MBF) and pulsatility index
(PI ¼ (Qmax  Qmin)/Qmean; Q ¼ ﬂow) were calculated for all vessel segments and groups. The pulsatile
ﬂow waveform as a function of the cardiac cycle was
used to compute MBF and PI, as well to calculate the
peak ﬂow, end diastolic ﬂow, and transit time of the
waveform peak between the MCA and SSS. The pulsatility along the carotid siphon was investigated by computing the PI ratio from the MCA to ICA.
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Figure 2. Mean blood flow (mL/min) for 104 subjects including
AD (n ¼ 26), MCI (n ¼ 26), age-matched controls (n ¼ 26), and
MAPHSA (n ¼ 26). The four populations were compared with
each vessel segment using ANOVA followed by Tukey’s Honestly
Significant Difference Procedure.
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Statistical analysis
Values for mean blood ﬂow, and PI across the vessel
segments were compared between all four populations
(AD, MCI, age-matched controls, and MAPHSA). The
ﬁnal count of vessel segments was 208 ICAs, 208
MCAs, 104 SSS, 83 STS, and 208 TS. Twenty-one
STS vessel segments could not be analyzed because
the velocities were so slow that their signal was
undetectable since the venc of 80 cm/s was optimized
for the highest anticipated velocities in the arterial
system. The association between group and vessel segment was assessed using ANOVA followed by Tukey’s
Honestly Signiﬁcant Diﬀerence Procedure for pairwise
comparison for adjusted means. Statistical analysis was
conducted in MATLAB (The Mathworks, Natick,
MA).

Results
Hemodynamic parameters
Results for the hemodynamic analysis are summarized
for all vessel segments in Figures 2–6. Statistically
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Figure 3. Pulsatility Index for 104 subjects including AD
(n ¼ 26), MCI (n ¼ 26), age-matched controls (n ¼ 26), and
MAPHSA (n ¼ 26).

signiﬁcant diﬀerences were found for the PI (Figure 3)
between the AD, MCI, age-matched controls, and the
MAPHSA group in the ICA, MCA, SSS, STS, and
TS. This was also true for mean blood ﬂow except for
the STS segment where no signiﬁcant diﬀerences were
found. The box plots contain the median values and
standard deviation for the analyzed parameters. In addition, pairs that were found not to be statistically different are marked in the ﬁgures. Signiﬁcant diﬀerences
were found in the MCA/ICA PI ratio (Figure 4).
The transit time of the peak ﬂow from MCA to SSS
was signiﬁcantly diﬀerent between the AD group and
age-matched controls and between the MAPHSA and
age-matched controls. Peak and minimum blood ﬂow
in the MCA and the SSS was signiﬁcantly diﬀerent
between the AD group and age-matched controls
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(Table 1). No statistically signiﬁcant diﬀerences were
found in systolic and diastolic blood pressure measurements between the three age-matched groups (AD,
MCI, and age-matched controls; Supplementary
Material). ROC analysis, demographics, and health
characteristics of the subjects are available as supplementary material.
AD group
Pulsatility index. The AD group exhibited a signiﬁcant higher pulsatility index in all vessel segments
when compared with the MAPHSA group. When
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Figure 4. MCA/ICA PI ratios for 104 subjects including
patients with AD, MCI, age-matched controls, and a MAPHSA
group. Statistically significant differences were found between AD
and age-matched controls and are indicated with a ‘‘*’’
(*P < 0.001).

compared with the age-matched controls, the AD
group exhibited a signiﬁcant higher PI for all vessel
segments except the TS segment. No signiﬁcant diﬀerence was found between the PI of the AD and MCI
groups. The MCA/ICA PI ratio was statistically higher
in the AD group when compared with the age-matched
controls (P < 0.001) and was the highest among all
the groups.
Mean blood flow. The AD group exhibited a statistically signiﬁcant decrease of MBF in all the vessel segments when compared with the MAPHSA group,
except on the STS segment. When compared with the
age-matched control group, the AD group had a statistically signiﬁcant decrease of MBF in the cervical ICA
and MCA segments; no signiﬁcant diﬀerence was found
in the SSS, STS, and TS segments. The AD group
reported a lower MBF for most segments went compared with the MCI group, but no signiﬁcant diﬀerences were found.
Pulsatile cardiac waveform. The cardiac waveform of
the pulsatile ﬂow in the MCA and SSS are shown in
Figures 5 and 6. The AD group exhibited the smallest
amplitude in the pulsatile ﬂow when compared with the
other three groups. The AD group time to peak ﬂow in
the MCA and SSS were 385 ms and 484 ms, respectively, with a 99 ms transit time between the peaks.
The AD group exhibited the shortest transit time
of the peak ﬂow from the MCA to the SSS when compared with the other three groups. The AD group transit time of the peak ﬂow from MCA to SSS was
signiﬁcantly shorter than in the age-matched controls.
The peak ﬂow in the MCA and SSS was the lowest for
the AD group among the four groups, reaching

Figure 5. Pulsatile flow (mL/min) through the cardiac cycle (%) in the MCA (a) and SSS (b) for 104 subjects including patients with
AD, MCI, age-matched controls, and a MAPHSA group. Each curve represents the average pulsatile flow per each group.
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Figure 6. Superimposed pulsatile flow (mL/min) through the cardiac cycle (%) in the MCA and SSS for 104 subjects including patients
with AD (a), MCI (b), age-matched controls (c), and a MAPHSA group (d). The solid lines represent the average pulsatile flow per
group, while the shades describe the standard deviations.

Table 1. Transit time of the peak blood flow from the MCA to SSS and range of the flow rates.

Time (ms)
Time to peak in MCA
Time to peak in SSS
Time to peak (SSS-MCA)
Flow (mL/min)
Peak flow MCA
Minimum flow MCA
Peak flow SSS
Minimum flow SSS

AD
(n ¼ 26)

MCI
(n ¼ 26)

Age-matched
control (n ¼ 26)

MAPHSA
(n ¼ 26)

385  85
484  91
99  93

357  71
465  83
108  57

349  93
520  99
171  77

402  91
508  97
106  91

183  60
53  26
281  82
141  43

207  43
62  20
317  79
168  44

212  36
84  23
319  86
195  43

230  42
116  26
370  77
256  48

MCI: mild cognitive impairment; MCA: middle cerebral artery; SSS: superior sagittal sinus.

signiﬁcant diﬀerences with the MAPHSA group. The
minimum ﬂow in the MCA and SSS were the lowest for
the AD population and these diﬀerences were statistically signiﬁcant when compared with the age-matched
controls and the MAPHSA group.

MCI group
Pulsatility index. The MCI group exhibited a statistically signiﬁcant higher pulsatility index in all vessel
segments when compared with the MAPHSA group.
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When compared with the age-matched controls, the
MCI group exhibited a signiﬁcantly higher PI for
all vessel segments except in the TS segment. The
MCA/ICA PI ratio was higher in the MCI group
when compared with the age-matched controls but
not statistically diﬀerent. The mean value of the
MCA/ICA PI ratio was the same for the MCI and
MAPHSA groups.
Mean blood flow. The MCI group exhibited a statistically signiﬁcant decrease of MBF in all the vessel segments when compared with the MAPHSA group,
except on the STS segment. No signiﬁcant diﬀerences
in MBF were found between the MCI and age-matched
controls.
Pulsatile cardiac waveform. The MCI group time to
peak ﬂow in the MCA and SSS were 357 ms and
465 ms, respectively, with a 108 ms diﬀerence between
the peaks. The MCI group mean transit time of the
peak ﬂow was signiﬁcantly shorter than in the agematched controls, but similar to the MAPHSA group.
The peak blood ﬂow in the MCA and the SSS was
lower in the MCI group when compared with the agematched control and the MAPHSA groups. The minimum blood ﬂow in the MCA was statistically lower in
the MCI group when compared with the age-matched
control and MAPHSA groups. In the SSS, the minimum blood ﬂow was signiﬁcantly lower in the MCI
group when compared with the MAPHSA group.
Age-matched control group and MAPHSA
Pulsatility index. The age-matched control group
exhibited a higher pulsatility index in all vessel segments when compared with the MAPHSA group,
with diﬀerences in the MCA, ICA, and TS that reached
statistical signiﬁcance. Interestingly, the MCA/ICA PI
ratio was smaller in the age-matched controls than in
the MAPHSA group, but not signiﬁcantly diﬀerent.
Mean blood flow. The age-matched control group
had a statistically signiﬁcant decrease in MBF in all
vessel segments analyzed when compared with the
MAPHSA group, except on the STS segment.
Pulsatile cardiac waveform. Time to peak ﬂow in the
MCA and SSS were 385 ms and 484 ms, respectively,
for the age-matched control group, with a 171 ms difference between the peaks. The age-matched control
group exhibited the longest transit time of the peak
ﬂow from the MCA to the SSS when compared with
the other three groups. The MAPHSA group time to
peak ﬂow in the MCA and SSS were 402 ms and
508 ms, respectively, with a 106 ms diﬀerence between
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the peaks. This mean transit time is signiﬁcantly shorter
than in the (older) age-matched controls. The peak
blood ﬂow in the MCA and SSS was lower in the
age-matched control group when compared with
the MAPHSA group. The minimum blood ﬂow was
signiﬁcantly lower in the age-matched controls when
compared with the MAPHSA group.

Discussion
In this study, we investigated and compared cerebral
blood ﬂow patterns in a large cohort of individuals
including AD and MCI patients, healthy age-matched
controls and younger individuals with parental history
of AD. In all arterial and venous locations, we observed
a signiﬁcantly increased Pulsatility Index in patients
with AD and MCI compared with age-matched controls and individuals with parental history of sporadic
AD. The PI ratio MCA/ICA was signiﬁcantly higher in
AD patients compared with age-matched controls
(P < 0.001). Furthermore, total mean arterial blood
ﬂow was signiﬁcantly lower in subjects with AD compared with the other groups. The time delay from the
arterial peak in the MCA to the venous peak in the
SSS was signiﬁcantly longer in healthy age-matched
controls than in patients with AD, MCI, and, unexpectedly, longer than in the MAPHSA group.
Our results of increased PI in AD and MCI patients
compared with age-matched controls are in accordance
with other studies.15 With aging, stiﬀening of the vessel
wall leads to reduced dampening of the pressure pulse
wave while traveling through the arterial tree. Thus,
in old compared with young individuals, the peak amplitude of the pressure and resulting ﬂow wave will
be better maintained as the pulse propagates down
the vascular tree.37 To follow the Monroe-Kellie doctrine stating that an increase of one ﬂuid in a rigid
container must displace another, the arterial pulse
wave drives cerebrospinal ﬂuid (CSF) and venous
blood out of the cranial cavity. CSF ﬂow in and out
of the cranial cavity therefore helps to reduce the
net brain volume change. Increased arterial pulsatility
can be compensated by increased CSF pulsations up
to a certain degree.38 This compensation is reﬂected
by a lower venous pulsatility in healthy age-matched
controls compared with AD and MCI patients in our
study. In AD and MCI patients, however, CSF pulse
volume does not suﬃciently compensate for the further
increased arterial pulsatility and venous blood must
be pushed out of the cranial cavity accordingly. This
is reﬂected by a higher venous PI in the superior sagittal sinus, straight sinus, and transverse sinus in AD
and MCI compared with age-matched controls and
MAPHSA individuals. An increase in cerebral venous
pulsatility has been reported to associate with aging
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and, more pronounced, in senile dementia.13,39,40 These
changes could also indicate an increased vascular resistance on the capillary bed, thereby reducing the total
compliance and subsequently increasing the Pulsatility
Index in the whole system.
The reduced mean blood ﬂow in the SSS but similar
values in the ST in AD patients when compared with
age-matched controls might reﬂect a relative decrease in
cortical cerebral blood volume. However, recruitment
of alternative cortical drainage networks may also play
a role in this observation.
The signiﬁcantly faster translation of the peak of the
ﬂow waveform from the MCA to the SSS in the AD
and MCI groups when compared with the age-matched
controls is in line with the hypothesis of a generally
reduced cerebrovascular compliance. In the patient
groups, the peak ﬂow traveled from MCA to SSS
roughly in 60% the time it took to travel in agematched controls. To our knowledge, this ﬁnding has
not been reported previously.
Surprisingly, a signiﬁcantly faster translation of the
peak ﬂow waveform was found in the MAPHSA-group
compared with the (older) healthy age-matched control
group. In addition, the PI ratio MCA/ICA for the
MAPHSA group was larger than in the age-matched
control, but without reaching statistical signiﬁcance.
These diﬀerences resemble the ones found in AD and
MCI patients but in a less pronounced way. They could
reﬂect an early manifestation of the vascular deterioration in a group of middle-aged individuals with parental history of sporadic AD.
In our study, we evaluated the PI ratio between two
vessel segments as an additional parameter that reﬂects
the ability of the vessels to dampen the pulse wave. We
calculated the ratio of PI in the MCA over PI in the
ICA to evaluate changes in pulsatility along the intracranial conduit arteries. MCA/ICA PI ratios showed a
gradual increase from healthy aging over MCI to AD
subjects with a signiﬁcant diﬀerence between AD subjects and healthy age-matched individuals. This ﬁnding
is in accordance with a reduced dampening of the pulse
wave in AD and MCI patients. We also calculated the
PI ratio SSS/ICA and the groups’ trends are the same,
with signiﬁcant diﬀerences between the AD and agematched controls (Supplementary Material).
Diﬀerences in blood pressure that may lead to altered
pulsatility between the AD, MCI, and age-matched
groups can be excluded in our study (Supplementary
Material).
A relation between AD and the destructive impact
of the pulse on the cerebral vasculature has been suggested.11 Moreover, it has been proposed that insuﬃcient dampening of the pulse wave leads to damage
of the deep perforating arterioles.41 These vessels are
especially vulnerable to increased pulsatility as they
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cannot be suﬃciently protected by prearteriolar sphincters due to the constant high demand of blood of the
brain. Our results indicate that the pulse wave is least
dampened in AD patients, potentially resulting in
damage to the arterioles and subsequently the capillary
bed. Accordingly, a higher degree of arteriolar kinking
and looping has been reported in histopathological
analyses of AD patients, indicating exposure to higher
pulsatile stress.42 Further, histopathologic changes that
underline a vascular contribution to AD include the
appearance of string vessels (collapsed and acellular
membrane tubes), a reduction in capillary density,
a rise in endothelial pinocytosis, and a decrease in mitochondrial content, which result in breakdown of the
blood–brain barrier with leakage of blood-borne
molecules.43
There are some limitations to our study. The sample
size was limited to 26 subjects per group. Ideally, this
number would have been larger. Consequently, sample
size should be taken into account when interpreting
the ﬁndings here. Ideally, we would have acquired a
low venc and high venc PC VIPR acquisition to
broaden the range of velocities in the analysis, but
this acquisition would have taken 14 min and this
amount of time was not clinically feasible in the study
protocol. Although inherent errors exist in the calculation of ﬂow rates and PI, namely spatial resolution
variation due to the intrinsic averaging of MRI
and the inherent noise, the same methodology is
applied to each subject, and should result in group
wise diﬀerences when comparing this calculation over
large cohorts.
In summary, this study provides evidence regarding
a signiﬁcant vascular component to AD pathogenesis.
New characteristics of the hemodynamic parameters
of both arterial and venous vasculature as well as
the transit time of the pulse wave are presented.
The feasibility of hemodynamic analysis over a large
vascular territory in the context of AD with 4D ﬂow
MRI within a 7 min acquisition is demonstrated. With
the large volume coverage and high temporal and spatial resolution demonstrated here, 4D ﬂow MRI
enables angiographic and quantitative assessment, and
therefore can provide biomarkers of vascular health
that can contribute to increase understanding of
the pathogenesis of AD and help in the treatment of
AD patients.
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