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PURPOSE: Pathological states occur when cerebrospinal fluid (CSF) and cerebral blood flow
(CBF) dynamics become dysregulated in the brain. PC-MRI is a non-invasive imaging technique
that enables quantitative measurements of CSF and CBF flow. While studies have validated PCMRI as an imaging technique for flow, few studies have evaluated its reliability for CSF and CBF
flow parameters commonly associated with neurological disease. The purpose of this study was to
evaluate test-retest reliability at the cerebral aqueduct (CA) and C2-C3 area using PC-MRI to
assess the feasibility of investigating CSF and CBF flow dynamics.
METHODS: This study was performed on 27 cognitively normal young adults (ages 20–35).
Flow data was acquired on a 3T Siemens Prisma using a 2D cine-PC pulse sequence. Three
consecutive flow measurements were acquired at the CA and C2-C3 area. Intraclass correlation
(ICC) and coefficient of variance (CV) were used to evaluate intra-rater, inter-rater, and test-retest
reliability.
RESULTS: Among the 26 flow parameters analyzed, 22 had excellent reliability (ICC>0.80),
including measurements of CSF stroke volume, flush peak, and fill peak, and 4 parameters had
good reliability (ICC 0.60–0.79). 16 flow parameters had a mean CV≤10%, 7 had a CV≤15%, and
3 had a CV≤30%. All CSF and CBF flow measurements had excellent inter-rater and intra-rater
reliability (ICC>0.80).
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CONCLUSION: This study shows that CSF and CBF flow can be reliably measured at the CA
and C2-C3 area using PC-MRI, making it a promising tool for studying flow dynamics in the
central nervous system.
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INTRODUCTION
The continuous circulation of cerebrospinal fluid (CSF) and cerebral blood flow (CBF) is
key to the health of our central nervous system. CBF provides oxygen and glucose to
support the high metabolic demands of the brain and plays a key role in sustaining localized
neuronal activity through neurovascular coupling.1 CSF provides buoyancy to cushion the
brain from injury, distributes neurotrophic factors, and stabilizes pH and chemical gradients.
2 CSF and CBF also support waste removal from the CNS through the blood brain barrier,
glymphatic, and perivascular clearance pathways.3
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Indeed, when CSF and CBF dynamics in the brain become dysregulated, pathophysiological
states occur that have been associated with communicating and normal pressure
hydrocephalus4,5,6,7,8, syringomyelia9,10, and Chiari malformations11,12,13,14. For example,
individuals with Chiari malformations have decreased CSF velocity and shorter periods of
caudal CSF flow at the cranio-cervical junction compared to normal controls.15 Other
diseases have recently shown evidence of CSF and CBF dysregulation, such that mild
cognitive impairment (MCI) patients have shown higher arterial pulsatility, pulse volume,
and CBF flow17, and Alzheimer’s disease (AD) patients have shown lower arterio-venous
delays17 when compared to age-matched normal controls. Taken together, these studies
suggest that brain flow dynamics may be an important biomarker for identifying meaningful
alterations in neurological diseases.
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Using phase-contrast MRI (PC-MRI), a validated, non-invasive imaging technique, rapid
measurements of CSF and CBF flow in the brain can be quantitatively assessed.18,19,20
Furthermore, by coupling the measurement with a peripheral pulse transducer, CSF and CBF
flow acquisition can be synchronized to the cardiac cycle, allowing for more accurate
physiological interpretations.4 However, while PC-MRI has shown a lot of utility in
measuring flow, there are several potential sources of error that can significantly affect the
accuracy and precision of this technique, including slice orientation, the velocity encoding
value, complexity of the ROI, partial volume effects, and intra-voxel dephasing.21,22,23,24,25
Gradient non-linearities, concomitant gradients (Maxwell terms), and eddy-current field
errors are also major sources of inaccuracies in flow measurements.23,24,25,26,27
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Gradient non-linearities are caused by geometric limitations in the gradient coils, which
result in unwanted higher order, nonlinear encoding gradients.30 Concomitant gradients are
nonlinear, spatially-dependent magnetic fields that are generated when a linear magnetic
field gradient is activated.28,29,30 Gradient non-linearities and concomitant gradients both
cause phase errors but can be corrected for and eliminated during image reconstruction
without user intervention.28,31 Eddy currents are created from rapidly switching the velocity
encoding gradient during acquisition. This switching causes a change in the magnetic flux at
the gradient coils, leading to spatially varying phase errors on the image.29,32 The magnitude
of these eddy currents are based on the flow velocity at the region of interest, as regions with
slow flow require stronger encoding gradients resulting in larger field distortions.29 Eddy
currents that cannot be compensated for by the pre-emphasis system will result in a velocity
offset in the background (stationary tissue) pixels on the image.33 Regions with CSF flow
are most susceptible to these effects as peak velocities are usually less than 20 cm/s, and
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often on the order of 1–2 cm/s, while blood flow velocities are typically between 50–300
cm/s.34
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Previous studies evaluating PC-MRI flow measurement accuracy and precision on phantoms
have shown variable results based on vessel diameter and flow rate. In one study, phantom
flow velocities between 0.8 cm/s and 25.4 cm/s resulted in an average measurement error for
accuracy of 21% and CV of 3%. However, at the low end of this velocity range (<12 cm/s),
PC-MRI significantly overestimated flow velocities and had reduced reproducibility.34 In
another study, it was shown that PC-MRI had good reproducibility but overestimated peak
systolic and diastolic flow by approximately 35% when the phantom vessel diameter was 2
mm, a physiologically normal size for the CA.35 This was attributed to partial volume
effects at the boundaries.35 At larger diameters of 4 mm and 6 mm, such as those often seen
in individuals with NPH, the measured flow rates were similar to the true phantom flow
rates.35 In the same study, it was also shown that flow could reliably be measured in vivo at
the CA with CVs < 9%.35 Overall, this suggests that accuracy, and to a lesser extent
precision, is significantly affected by vessel diameter and flow rate, likely due to a
combination of the sources of error described above.
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Several of the studies described above have validated PC-MRI as a reliable imaging
technique for flow in phantoms25 as well as CSF and CBF flow in the human brain.27,36,37
However, many of these studies have not comprehensively evaluated test-retest, intra-rater,
and inter-rater reliability for biologically-relevant parameters related to CSF and CBF time,
flow rate, pulsatility, and volume, which have been measured in research studies of
neurological diseases.16,17,38,39 Therefore, in this study, we evaluated test-retest, intra-rater,
and inter-rater reliability for 26 comprehensive measurements of flow at the cerebral
aqueduct and cervical C2-C3 area using PC-MRI in a cohort of cognitively normal young
adults, to determine the feasibility of investigating CSF and CBF flow dynamics.

METHODS
Participants
Twenty-seven healthy, cognitively normal young adults (age 24.8±3.9 years; range 20–35
years of age; 14 females) provided written consent to participate in this study, which was
approved by the institutional review board and performed in accordance with the 1964
Declaration of Helsinki. Participants were selected from a convenience sample of local
students and staff. Subjects with MRI contraindications, psychiatric illness, and neurological
disorders were excluded from the study.
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Image Acquisition
Flow measurements were acquired on a 3T Siemens Prisma MRI machine using a 2D cinePC pulse sequence with flow compensation. MRI parameters, derived from previous studies
assessing CSF and CBF flow17, were optimized and set as follows: 32 frames per cardiac
cycle; 140×140 mm2 field of view; 25° flip angle; 60% phase oversampling; 336×336 matrix
with interpolation and fractional echo readout; 5 mm slice thickness; 201 Hz/Px receiver
bandwidth; 1 NEX; TR/TE – 27.06/8.55 ms (cerebral aqueduct, C2-C3 vascular vessels),
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28.02/9.03 ms (C2-C3 subarachnoid space). The TR duration represented a combination of
flow compensation + flow encoding. All gradients were played at full strength (40 mT/m).
For each segment, a single k-space line was collected. The encoding velocity was set to 10
cm/s for the cerebral aqueduct, 5 cm/s for the C2-C3 subarachnoid space, and 80 cm/s for
the C2-C3 vascular vessels. A sagittal scout image was used as a localizer, and a T1 MPRAGE image was acquired to select anatomical views for flow quantification. Acquisition
planes were perpendicular to the direction of flow, with the cerebral aqueduct and C2-C3
area each being acquired in separate orthogonal planes. A peripheral pulse transducer was
placed on the participant’s finger for retrospective cardiac gating during acquisition. For
every participant, three consecutive measurements were acquired at each region of interest to
be included in the test-retest reliability assessment. PC-MRI data was acquired when the
participant was at rest with a steady-state heart rate.
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Regions of Interest
Two regions of interest were assessed for test-retest reliability (Figure 1): the cerebral
aqueduct (CA) and C2-C3 area. Within the C2-C3 area, flow was measured at the left and
right internal carotid arteries (ICA), vertebral arteries (VA), internal jugular veins (IJV), and
subarachnoid space (SS). These ROIs were selected due to their utilization in several prior
studies of CSF and CBF flow dynamics17,38,40,41, suggesting these areas are potentially
sensitive to the pathological changes that occur in neurological disease.
ROI Segmentation
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All post-processing for test-retest reliability was performed by a biomedical engineering
PhD student with 18 months of experience in PC-MRI and ROI segmentation. For evaluating
inter-rater reliability, an MD / PhD student was trained for 2 hours over the course of one
day on segmenting the ROIs at the CA and C2-C3 area. Segmentation for analysis of testretest reliability was performed on a rolling basis as participants were imaged over the
course of 18 months. Segmentation for intra-rater and inter-rater reliability analysis was
performed over the course of 2 weeks. Post-processing took approximately 1.5 hours per
participant and included ROI segmentation, generation of flow curves, extraction of flow
parameters, and statistical analysis of reliability.
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Flow curves were generated for the CA, SS, ICA, VA, and IJV regions using BioFlow
v3.1.2, a free medical imaging analysis software with semi-automated segmentation
capabilities.42 However for this study, each region of interest was identified and manually
traced as it was quicker and yielded similar ROI masks to the semi-automated segmentation
routine, which often required altering the thresholding settings to avoid inclusion of pixels
outside the practical boundaries of the ROI. A single ROI mask was applied across each of
the 32 timeframes. The type of image used for segmentation varied based on the ROI and
was set as follows: CA – complex difference (Figure 2), C2-C3 SS – phase (Figure 3), C2C3 vascular vessels – magnitude (Figure 4). The image types for each ROI were chosen
based on which provided the best pixel intensity contrast between flow and zero-flow pixels
upon visual inspection.
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To account for null background offsets due to imperfect suppression of eddy currents during
acquisition, a background correction was applied to all flow curves generated at the CA and
C2-C3 area. For the CA, a C-shaped mask with an inner radius twice the ROI diameter and
an outer radius three times the ROI diameter was applied at the midbrain just above the ROI
(Figure 2).35,43 A C-shaped mask located above the ROI was chosen instead of a circular
mask as this method has been shown in previous studies to be more reproducible.43 Once the
mask was applied, a background flow curve was generated and a point-by-point subtraction
was performed on the CA flow curve. This was done to account for any time-based changes
in background noise, as the mask was applied proximal to the ROI in an area with tissue and
non-zero flow. For the C2-C3 area, a circular mask with a diameter approximately equivalent
to that of the IJV ROI was applied at the center of the C2 posterior spinous process (Figure
3, Figure 4). As this is a known region of zero-flow, the resulting background flow curve
was averaged, and the mean value was subtracted from each of the SS, ICA, VA, and IJV
flow curves.
Calculation of Flow Parameters
The flow parameters analyzed in this study were derived from previous studies of CSF and
CBF flow dynamics. All temporal delay parameters were calculated in %CC, a measure
indicating the time in the cardiac cycle in which the flow measurement occurred relative to
the total time of the heartbeat. For each flow curve, there were 32 flow measurements
representing one cardiac cycle.
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The ICA and VA flow curves were summed to create an arterial flow curve, while the
venous flow curve was represented as the IJV flow curve. While the IJV is the primary
pathway for venous outflow in the supine position, there are also contributions from the
vertebral, epidural, and deep cervical veins.44 As such, the IJV is only responsible for a
percentage of the total venous outflow. To ensure that the arterial and venous flow curves
were of the same scale, a correction factor was applied in which the ratio of average arterial
flow to average venous flow was multiplied by each of the 32 flow values in the venous flow
curve17. The arterio-venous flow curve (Figure 5E) was constructed as the summation of the
arterial (Figure 5C) and corrected venous (Figure 5D) flow curves.
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The zero-time reference for each flow curve represented the time in which the cardiac cycle
was at peak systole as observed by the peripheral pulse transducer. However, due to transit
time differences for blood between the heart, finger, and carotid artery, the arterial flow
curve’s zero-time point did not reflect the actual time in which cardiac peak systole
occurred.
The CA (Figure 5A) and SS (Figure 5B) flow curves were integrated to yield stroke volume
(mm3), which represents the total displacement of CSF in the rostral and caudal direction
over the cardiac cycle.5,8,42,45,46 The maximum and minimum points on the flow curve
were used to represent the flush and fill peak (mm3/s), respectively.41,45,47,48 The delay
between the beginning of the flow curve and the maximum and minimum points were
represented as the time-to-flush and time-to-fill peak (%CC), respectively.42,47,48
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Arterial pulsatility (mm3/s2) was calculated as the slope of the arterial flow curve during
systole.17 Pulsatility index was calculated as the difference in systolic and diastolic peak
flow over the mean flow rate.32,49,50 Resistivity index was calculated as the difference in
systolic and diastolic peak flow over systolic peak flow.32,50 Pulse volume (mm3) was
calculated as the integration of the arterial flow curve over the period in which systole
occurred.17 The minimal and maximal points along the arterial and venous flow curve were
represented as the systolic and diastolic peak (mm3/s), respectively.41,51 The delay between
the beginning of the flow curves and the minimum and maximum points were represented as
the time-to-systolic and time-to-diastolic peak (%CC), respectively.41 Finally, the average of
all 32 flow values on the arterial and venous flow curves was used to represent the average
arterial flow and average venous flow, respectively.38
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The arterio-venous flow curve was integrated to yield stroke volume (mm3), which
represents the total amount of blood displaced in the caudal direction of the cardiac cycle.
5,17 The time difference between the minimum arterial and maximum venous flow curve
values was used to represent the arterio-venous delay (ms).5,17
Reliability Measurements
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Test-retest reliability for each flow parameter was evaluated using the intraclass correlation
coefficient (ICC) and coefficient of variance.52,53 The ICC (3,1) two-way mixed ANOVA
model in SPSS (IBM v24, 2016)54 was used in this analysis to estimate the correlation
between measurements for each flow parameter.52 The participants and PC-MRI were both
treated as fixed effects when assessing reliability. The reliability of each flow parameter was
characterized as excellent (ICC ≥ 0.80), good (ICC 0.60 – 0.79), moderate (ICC 0.40 –
0.59), fair (ICC 0.20 – 0.39), or poor (ICC < 0.20).55 Test-retest reliability was also assessed
using coefficient of variation (CV), defined as the standard deviation of a group of
measurements normalized to the mean of the group. The CVs for all participants were
averaged for each flow parameter.
Intra-rater and inter-rater reliability of ROI segmentation during post-processing was also
assessed for both CSF and CBF flow in a subset of 10 randomly selected participants. The
cerebral aqueduct and all C2-C3 vascular ROIs were selected and manually traced three
times for each participant in a randomized manner over multiple sessions. ICC was used to
evaluate the intra-rater and inter-rater reliability for the 5 aqueductal and 14 vascular flow
parameters.

RESULTS
Author Manuscript

Mean, standard deviation and test-retest reliability (ICC, CV%) values for all parameters
analyzed at the CA and C2-C3 ROIs are shown in Table 1. Intra-rater and inter-rater
reliability (ICC) values for the CA and C2-C3 vascular parameters analyzed are shown in
Table 2.
Cerebral Aqueduct
Test-retest reliability for the CSF flow parameters analyzed in the CA ROI are shown in
Figure 6A. All CSF flow parameters in this region reported an ICC>0.93, which is
Magn Reson Med. Author manuscript; available in PMC 2020 August 01.
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considered excellent reliability, as well as a CV≤10%, except for flush peak (CV=11%).
Intra-rater reliability and inter-rater reliability were excellent with an ICC=0.99 for all CSF
flow parameters.
C2-C3 Area
Test-retest reliability for the CSF flow parameters analyzed in the C2-C3 SS ROI are shown
in Figure 6B. Time-to-fill peak had an ICC=0.75, which is considered good reliability, and a
CV=16%. The remaining CSF flow parameters in this region reported an ICC>0.94 and a
CV≤10%, except for fill peak, with a CV=12%.
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Figures 6C and 6D show the CBF flow parameters analyzed in the C2-C3 vascular ROI.
Diastolic peak had good reliability with an ICC=0.70 and a CV=12%. Average arterial flow
also had good reliability with an ICC=.79, but with a lower CV=9%. Pulsatility, pulsatility
index, and pulse volume each had excellent reliability with an ICC=0.80, ICC=0.85, and
ICC=0.88, respectively. However, the CVs for these parameters were moderate at 22%, 14%,
and 14%, respectively. All remaining arterial flow parameters had excellent reliability and a
CV≤10%. All venous flow parameters had excellent reliability with an ICC≥0.80 and a
corresponding CV≤10%, except for systolic peak which had good reliability at an ICC=0.78.
Intra-rater reliability and Inter-rater reliability was excellent with ICC>0.93 for all arterial
and venous CBF flow parameters, except for pulsatility with an intra-rater ICC=0.87.
Figure 6E shows the arterio-venous flow parameters analyzed in the C2-C3 vascular ROI.
From this flow curve, both stroke volume and arterio-venous delay had excellent reliability
with an ICC=0.89. However, arterio-venous delay had a much higher CV=27% compared to
stroke volume with a CV=14%.
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DISCUSSION
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The CSF and CBF flow parameters analyzed in this study generally had excellent test-retest
reliability. The CSF flow parameters that measured flow rate (flush peak, fill peak), temporal
delays (time-to-flush peak, time-to-fill peak), and volume (stroke volume) all had excellent
reliability (ICC≥0.93). The single exception was time-to-fill peak for the SS which had good
reliability (ICC=0.75). Similarly, CBF flow rate (systolic peak, diastolic peak, average
venous flow, average arterial flow), temporal delays (time-to-systolic peak, time-to-diastolic
peak), pulsatility (pulsatility index, resistivity index, pulsatility), and volume (arterio-venous
stroke volume, pulse volume) generally had excellent reliability. The exceptions were
arterial diastolic peak, average arterial flow, and venous systolic peak, which all had good
reliability (ICC 0.70–0.79). Overall, the flow rate, temporal, pulsatility, and volume
parameters all showed low variability.
Test-retest reliability, on a subset of the CSF and CBF flow parameters analyzed in our
study, has been reported in other studies. One such study used PC-MRI to evaluate test-retest
reliability of stroke volume and mean flow rate at the CA and C2-C3 region and reported
excellent reliability similar to our study, but did not analyze temporal parameters, which are
important measures for understanding the dynamic interplay between CSF and CBF flow in
the brain.27 In a similar study, good reliability was found for CSF flow rate and temporal
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parameters, but were only evaluated for the CA.36 In a study of CBF dynamics, short-term,
long-term, and post-processing reliability of total cerebral blood flow measurements showed
excellent reliability.37
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The flow parameters described in our study have been used to evaluate the effects of
pathological changes in the brain’s drainage pathways and circulatory system. The brain is
contained within a rigid skull and composed of tissue, CSF, and blood. According to the
Monro-Kellie doctrine, any volume change in one intracranial component requires a
compensatory change in another.39 During systole, there is arterial inflow into the brain
which initiates a cascade of outflow through the subarachnoid space, veins, and ventricles to
maintain homeostatic pressure in the cranium.56 The first step in the cascade is craniocaudal CSF flush through the cervical subarachnoid space, followed by venous outflow, and
finally cranio-caudal CSF flush through the cerebral aqueduct.39 The temporal parameters
described in this study can be used to measure the time-course of flow through the brain and
potentially detect any abnormalities in the relationship between CSF and CBF flow in this
cascade. Many studies have utilized these temporal flow parameters to study CSF and CBF
flow dynamics in conditions of hydrocephalus40,57 and normal aging41.
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Flow rate and volume parameters have also shown great utility in past studies. In one such
study, significantly higher arterial pulsatility, pulse volume, and arterio-venous stroke
volume were found in individuals with MCI when compared to normal older adults.17 The
study posited that the hyperdynamic arterial flow in MCI was due to degeneration of the
arterial walls leading to changes in the regulation of arterial input.17 In another study,
decreased stroke volumes were reported in healthy older adults at the CA and cervical SS
when compared to healthy young adults.41 The study theorized that the lower flow volumes
were due to abnormal changes in the resistance and compliance of the cervical and
aqueductal compartments.41 Aqueductal stroke volume has also been shown to have
prognostic value in symptom progression and responsiveness to shunting in normal pressure
hydrocephalus.8,58 One related study proposed the ratio of aqueductal to subarachnoid
stroke volume, measuring the distribution of flow between the CA and C2-C3 spaces, to be a
strong indicator of flow dysfunction in patients with hydrocephalus.59
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While our study and many of the previous studies described above utilized a 2D cine-PC
pulse sequence to measure flow dynamics, PC-MRI has recently been expanded to measure
flow in 3D as well. This technique, known as 4D flow MRI, encodes velocity along the 3orthogonal spatial axis (x, y, z) allowing for a volumetric reconstruction of flow within a
vessel.60 Though 4D flow MRI is a relatively new technique, it has been utilized in several
studies to evaluate flow dynamics in patients with clinical pathologies. In one such study, 4D
flow MRI was used to evaluate group differences in mean blood flow, pulsatility, and mean
transit time at the internal carotid artery, middle cerebral artery, superior sagittal sinus, and
transverse sinus among individuals with AD, MCI, and those who were cognitively normal.
61 In another study, this technique was used to measure peak CSF flow at the cranio-cervical
junction and cervical spinal canal in healthy individuals and those with Chiari
malformations.47 However, while 4D flow MRI has shown great promise in understanding
flow dynamics, long scan times (5–20 minutes) and poor spatial resolution need to be
addressed before it can be used as a routine clinical tool.62
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Our study reports a comprehensive evaluation of the test-retest reliability of the different
types of flow parameters which have been shown to be biologically relevant for
understanding health and disease. However, our study does have a few notable limitations.
First, the participants in this study are all healthy, young adults. It is possible that a similar
study in older individuals with pathological conditions would yield greater variability in the
flow parameters analyzed at the CA and C2-C3 area. Second, while we visually ensured that
the acquisition plane was perpendicular to the presumed direction of flow at the cerebral
aqueduct and C2-C3 area, physiological variations in positioning of the vessels through
these regions make it impossible to capture all flow directions. However, while this could
lead to reduced accuracy of the flow measurements, the precision should remain relatively
unaffected. Third, using a peripheral pulse transducer to synchronize data acquisition to the
cardiac cycle is known to be less reliable than ECG, as the ECG’s sharp R-wave peak can be
more reliably identified than the broad peak from an O2 saturation signal. It is possible this
could result in lower reliability in temporal-based flow parameters. However, this did not
affect our temporal parameters, which generally had excellent test-retest reliability.
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An additional limitation is that our study only assessed test-retest reliability during a single
session with each repeat scan utilizing the same localizer. Additional variability could be
introduced if repeat measurements are taken after acquiring a new localizer scan following
repositioning of participants on the scanner. This variability could also increase if the
measurements are taken across multiple days. However, in one study on PC-MRI
reproducibility, total cerebral blood flow measurements reported a CV ≤ 11% regardless of
whether the repeat scan was acquired after subject repositioning or on a different day.37 In
another study by Luetmer et al.35, mean flow rate at the CA reported a CV < 9% for three
repeated measurements taken on different scanners over 2 weeks. Since the goal of our study
was to evaluate reliability over time within a single session, additional studies are needed to
investigate the effects of day-to-day variability and subject repositioning on the flow
parameters described in this study.
While the limitations described above can affect test-retest reliability, accurate and
consistent ROI segmentation during post-processing is also a significant factor. In our study,
manually tracing the ROIs required visual inspection and subjective determinations of the
lumen boundaries which were sometimes blurred by motion artifacts and partial volume
effects. The aqueduct was particularly challenging, as any inaccuracies in boundary
identification can significantly affect the flow measurements due to its relatively small size.
However, inter-rater and intra-rater reliability was excellent at this region, suggesting that
these sources of error did not substantially affect the reliability of boundary identification.
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While segmentation of the CA was challenging due to its small size, the C2-C3 SS was also
challenging because of its complex ring shape and low intensity contrast between flow and
zero-flow pixels. However, because of its large surface area, small errors in boundary
identification likely had a minimal effect on the results. This is further confirmed by the
excellent inter-rater and intra-rater reliability in this region.
The C2-C3 vascular vessels were the most challenging region to segment due to the vessel’s
movement throughout the cardiac cycle. This required the ROI mask to be applied such that
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it encapsulated the entire boundary of the vessel across all image slices. However, the
proximity of the ICA and IJV vessels made it difficult to ensure that the mask for one ROI
did not overlap onto another. Due to these challenges, the flow parameters in this region had
the lowest test-retest, intra-rater and inter-rater reliability. Moreover, since the flow
parameters in this region were based on summed arterial and venous flow curves, boundary
identification errors at each vessel accumulated.
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Another approach to the post-processing analysis is using time-resolved segmentation
instead of applying a single ROI mask across all slices. Time-resolved segmentation is a
technique in which a separate ROI mask is applied across each image slice, reducing the
probability of including pixels outside the vessel boundary, such as those within an adjacent
ROI or stationary tissue. This could improve accuracy and reliability in the CBF flow
measurements but will also result in significantly higher post-processing times which might
not be practical in many settings such as the clinic. It may also not be as necessary with the
vessels in the brain, which have a smaller amount of displacement over the cardiac cycle
than the larger cardiovascular vessels proximal to the heart.
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Despite the post-processing challenges described above, all parameters analyzed in our study
showed excellent intra-rater and inter-rater reliability. These findings are supported by
previous studies looking at intra-rater and inter-rater reliability in a subset of CSF and CBF
flow parameters. In one study looking at repeatability of aqueductal CSF flow
measurements, both intra-rater and inter-rater variability were shown to be lower than intertrial variability.35 This was confirmed in another study on CSF flow, where aqueductal
stroke volume, peak mean velocity, and peak systolic velocity, parameters commonly used in
the literature, all had high intra-rater and inter-rater reliability (ICC > .88).45 In a similar
study looking at CBF flow measurement reliability at the carotid and vertebral arteries, interrater variability was again shown to be lower than inter-trial variability.63 In another study
looking at repeatability of CSF and CBF flow at the C2 cervical level, high intra-rater and
inter-rater reliability was reported and it was also shown that experience level of the rater
had a negligible influence on variability.64 Overall, this suggests that inter-rater and intrarater variance are not significant contributors to the overall variance between trials.
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In addition to ROI segmentation during post-processing, there are also other physiological
factors that can influence CSF and CBF flow dynamics and subsequently, test-retest
reliability. These include physiological factors such as heart rate15, respiration65,66, and
diurnal variations due to the body’s circadian system.67 Dietary intake of caffeine has also
been shown to influence cerebral blood flow.68 In a study on test-retest reliability of CBF
flow, it was shown that venous flow at the internal jugular veins had greater variability than
carotid arterial flow due to its sensitivity to body position, head position, hydration levels,
and respiratory rate.69 This variability can also be attributed to the higher flexibility and
collapsibility of the internal jugular veins relative to the internal carotid artery.44
Furthermore, when the participant is in a supine position, the left brachiocephalic vein can
undergo severe narrowing resulting in temporary retrograde flow of the left jugular vein.70,71
Taken together, these physiological effects can often result in the appearance of partial or
missing jugular vein lumens, as well as bi-directional flow on an image acquired with PC-
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MRI.44 These possibilities need to be taken into consideration when evaluating flow at the
internal jugular vein in healthy individuals and those with pathological conditions.
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In this study we have shown that flow rate, volume, pulsatility, and temporal parameters can
be measured and calculated with good repeatability at the CA and cervical C2-C3 area,
regions commonly studied in health and disease, using PC-MRI. However, despite
technological advances in the suppression of eddy currents, concomitant gradients, and
gradient non-linearities, as well as improvements in the post-processing pipeline, there are
still systematic sources of error that cannot be accounted for which can affect the accuracy
of these flow measurements. Moreover, since accuracy has also shown to be dependent on
vessel size and flow rate, these systematic errors can affect each flow region of the brain
differently.34 Furthermore, as there is no non-invasive gold standard for measuring
cerebrovascular flow, it is difficult to evaluate the magnitude of the flow bias relative to the
true physiological flow rates.
These accuracy issues need to be addressed to establish PC-MRI as a clinically useful tool
for measuring CSF and CBF flow dynamics. One option is to establish normative values for
the CSF and CBF flow parameters based on criteria such as age, ethnicity, gender, and
pathology, to be used as a standard for comparison. In a clinical setting, a patient’s flow
measurements can then be compared to normative values to assist in diagnosis. Another
option is to establish a baseline measurement of flow dynamics in a patient which can then
be used to evaluate treatment effects or disease progression over time.

Author Manuscript

Overall, identifying a non-invasive biomarker of flow dynamics has broad implications
across several diseases that are associated with CSF and CBF dysfunction, such as
Alzheimer’s disease, MCI, and communicating hydrocephalus. Future steps in establishing
flow dynamics as a non-invasive biomarker include standardizing post-processing analysis to
reduce complexity and processing time, educating practitioners on the clinical utility of
measuring CSF and CBF flow dynamics, and continuing to identify the appropriate clinical
populations who may benefit.
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Figure 1:

Representative set of acquired images for a participant. (A) Structural T1 MPRAGE. The
yellow dashed lines represent the acquisition planes, which were perpendicular to the
direction of flow. (B) PC-MRI flow phase image at the cerebral aqueduct (CA), (C)
subarachnoid space (SS), and (D) internal carotid artery (ICA), internal jugular vein (IJV),
and vertebral artery (VA).
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Figure 2:

(Left) Complex-difference image at the CA. (Right) Background correction (BG) and
cerebral aqueduct (CA) masks applied to a complex difference image.
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Figure 3:

(Left) Phase image with an applied mask at the C2-C3 SS. (Right) Circular background
correction (BG) mask applied at the C2 posterior spinous process.
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Figure 4:

(A) Example of a circular mask applied at the C2-C3 vascular ROIs, specifically at the right
ICA. (B) Circular background correction (BG) mask applied at the C2 posterior spinous
process. (C) Magnitude image of the C2-C3 vascular area containing the ICA, IJV, and VA
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Figure 5:

Representative flow curves from one participant. (A) CA flow curve – 1. fill peak, 2. flush
peak, 3. time-to-flush peak, 4. stroke volume, 5. time-to-fill peak; (B) SS flow curve – same
flows parameters as CA flow curve; (C) arterial flow curve – 1. arterial pulsatility, 2. arterial
pulse volume, 3. systolic peak, 4. time-to-systolic peak, 5. diastolic peak, 6. time-to-diastolic
peak, 7. average flow, (D) venous flow curve – same flow parameters as arterial flow curve
excluding arterial pulsatility and pulse volume, (E) arterio-venous flow curve – 1. stroke
volume, 2. arterio-venous delay
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Figure 6:

Author Manuscript

(A-E) ICC and mean CV for the flow parameters calculated from the CA, SS, arterial,
venous, and arterio-venous flow curves, respectively. Among the CSF flow parameters, CA
stroke volume and time-to-fill peak had the highest ICC. Arterial time-to-systolic peak and
time-to-diastolic peak had the highest ICC of the CBF flow parameters.
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Table 1:

Author Manuscript

Test-retest reliability mean, standard deviation, ICC, and mean CV values for all flow parameters.
Region

Flow Parameter

Author Manuscript

Arteries

CV%

17

0.97

10%

42

0.95

11%

Time Flush Peak (%CC)

87%

9%

0.93

3%

133

55

0.96

10%

Time Fill Peak (%CC)

55%

15%

0.98

5%

Stroke Volume (mm3)

649

222

0.96

9%

Flush Peak (mm3/s)

2799

981

0.97

9%

(mm3/s)

Time Flush Peak (%CC)

76%

9%

0.94

4%

Fill Peak (mm3/s)

1803

599

0.95

12%

Time Fill Peak (%CC)

48%

14%

0.75

16%

Pulsatility Index

1.09

0.23

0.85

14%

Resistivity Index

0.62

0.07

0.86

7%

Pulsatility (mm3/s2)

106032

37815

0.80

22%

Pulse Volume (mm3)

758

259

0.88

14%

19650

2902

0.91

7%

68%

9%

0.97

3%

7333

1369

0.70

12%

Systolic Peak

Diastolic Peak

Author Manuscript

Arterio-Venous

ICC

38

(mm3/s)

Time Systolic Peak (%CC)

Veins

SD

129

Fill Peak

Subarachnoid Space

Mean

Flush Peak (mm3/s)

Stroke Volume

Cerebral Aqueduct

(mm3)

(mm3/s)

Time Diastolic Peak (%CC)

52%

11%

0.96

7%

Average Arterial Flow (mm3/s)

10339

2135

0.79

9%

Systolic Peak (mm3/s)

16101

2591

0.78

10%

Time Systolic Peak (%CC)

80%

10%

0.91

4%

(mm3/s)

7696

2002

0.94

9%

Time Diastolic Peak (%CC)

49%

12%

0.90

9%

Average Venous Flow (mm3/s)

10456

2147

0.80

9%

Stroke Volume (mm3)

811

223

0.89

14%

Delay (%CC)

12%

6%

0.89

27%

Diastolic Peak
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Table 2:

Author Manuscript

Intra-rater and inter-rater reliability ICC values for CA, arterial, and venous flow parameters.
Region

Flow Parameter

0.99

0.99

0.99

Time Flush Peak (%CC)

0.99

0.99

0.99

0.99

Time Fill Peak (%CC)

0.99

0.99

Pulsatility Index

0.96

0.98

Resistivity Index

(mm3/s)

0.93

0.98

(mm3/s2)

0.87

0.93

Pulse Volume (mm3)

0.94

0.97

(mm3/s)

Pulsatility

0.98

0.99

Time Systolic Peak (%CC)

0.99

0.99

Diastolic Peak (mm3/s)

0.97

0.98

Author Manuscript

Systolic Peak

Veins

Inter-Rater ICC

0.99

Fill Peak

Arteries

Intra-Rater ICC

Flush Peak (mm3/s)

Stroke Volume

Cerebral Aqueduct

(mm3)

Time Diastolic Peak (%CC)

0.99

0.99

Average Arterial Flow (mm3/s)

0.98

0.99

Systolic Peak (mm3/s)

0.96

0.98

Time Systolic Peak (%CC)

0.98

0.99

0.99

0.99

Time Diastolic Peak (%CC)

0.99

0.99

Average Venous Flow (mm3/s)

0.99

0.99

Diastolic Peak

(mm3/s)
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