N

N

Interrater and intrarater reliability of aqueduct CSF flow
parameters measured by phase-contrast MRI in healthy
adults
Pan Liu, Yann Attekeble, Jiachen Xie, Kimi Owashi, Heimiri Monnier, Serge

Metanbou, Cyrille Capel, Olivier Balédent

» To cite this version:

Pan Liu, Yann Attekeble, Jiachen Xie, Kimi Owashi, Heimiri Monnier, et al.. Interrater and intrarater reliability
of aqueduct CSF flow parameters measured by phase-contrast MRI in healthy adults. Quantitative Imaging
in Medicine and Surgery, 2025, 15 (7), pp.6399-6413. {10.21037/qims-24-1589). <hal-05184731)

HAL Id: hal-05184731
https://hal.science/hal-05184731v1

Submitted on 5 Nov 2025

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Qoo

Distributed under a Creative Commons CC BY-NC-ND 4.0 - Attribution - Non-commercial use - No
Derivative Works - International License


https://hal.science/hal-05184731v1
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

L))

Check for
updat

Original Article

Interrater and intrarater reliability of aqueduct CSF flow
parameters measured by phase-contrast MRI in healthy adults

Pan Liu"***, Yann Attekeble™, Jiachen Xie*, Kimi Owashi'?, Heimiri Monnier’, Serge Metanbou’,
Cyrille Capel*®, Olivier Balédent'*»

'Medical Image Processing Department, CHU Amiens-Picardy University Hospital, Amiens, France; "CHIMERE UR 7516, Jules Verne University
of Picardy, Amiens, France; 'University of Lille, Lille, France; *Oncology Department, CHU Amiens-Picardy University hospital, Amiens, France;
*Radiology Department, CHU Amiens-Picardy University hospital, Amiens, France; “Neurosurgery Department, CHU Amiens-Picardy University
hospital, Amiens, France

Contributions: (I) Conception and design: P Liu, Y Attekeble, J Xie, O Balédent; (II) Administrative support: O Balédent, C Capel; (III) Provision
of study materials or patients: O Balédent, C Capel, H Monnier, S Metanbou, K Owashi; (IV) Collection and assembly of data: P Liu, Y Attekeble,
J Xie, H Monnier; (V) Data analysis and interpretation: P Liu, Y Attekeble, J Xie; (VI) Manuscript writing: All authors; (VII) Final approval of

manuscript: All authors.
*These authors contributed equally to this work.

Correspondence to: Pan Liu, PhD; Olivier Balédent, PhD. Medical Image Processing Department, CHU Amiens-Picardy University Hospital, 1 Rue
du Professeur Christian Cabrol, Amiens, 80000, France; CHIMERE UR 7516, Jules Verne University of Picardy, Amiens, 80000, France. Email:

Liu.Pan@chu-amiens.fr; Olivier.Baledent@chu-amiens.fr.

Background: Cerebrospinal fluid (CSF) hydrodynamic parameters at the aqueduct of Sylvius are critical
for understanding and diagnosing neurodegenerative diseases. This study aims to assess both interrater
and intrarater reliability of aqueduct CSF flow parameters measured by phase-contrast magnetic resonance
imaging (PC-MRI) across different operators in healthy adults.

Methods: Thirty-eight healthy adult participants were included in the study. Three operators
independently quantified aqueduct CSF flow parameters using PC-MRI. Parameters measured included
surface (cross-sectional area of aqueduct), net flow per stroke, flow amplitude, peak mean velocity, and stroke
volume. Intraclass correlation coefficients [ICC (3,1) for interrater and ICC (1,1) for intrarater reliability]
were used to evaluate measurement consistency. Non-parametric tests assessed the impact of velocity
encoding (VENC), sex, age, and cardiac period on measurement variability.

Results: Most aqueduct parameters exhibited good to excellent reliability, with ICC (3,1) values ranging
from 0.75 to 0.99. Surface demonstrated poor reliability with an ICC (3,1) of 0.37 and ICC (1,1) 0 0.33, 0.54
and 0.84. Net flow rate demonstrated moderate consistency with an ICC (3,1) of 0.84 and ICC (1,1) of 0.78,
0.87 and 0.92. VENC significantly increased noise intensity and decreased net flow rate reliability (P<0.01).
Gender analysis showed that males had significantly higher surface area (P<0.01), stroke volume (P=0.04),
and net flow rate (P<0.01) compared to females.

Conclusions: The study confirmed that most aqueduct CSF flow parameters measured by PC-MRI are
reliable both across different operators and in repeated measurements. However, net flow rate and surface
area require careful consideration due to lower reliability. These findings provide a valuable reference for the
clinical application of CSF hydrodynamic measurements in diagnosing and monitoring neurodegenerative

diseases.

A ORCID: Pan Liu, 0000-0003-0559-6432; Olivier Balédent, 0000-0001-6028-6440.

© AME Publishing Company. Quant Imaging Med Surg 2025;15(7):6399-6413 | https://dx.doi.org/10.21037/qims-24-1589


https://crossmark.crossref.org/dialog/?doi=10.21037/qims-24-1589

6400

Liu et al. Reliability of aqueduct dynamic parameters via PC-MRI

Keywords: Cerebrospinal fluid hydrodynamics (CSF hydrodynamics); phase-contrast magnetic resonance imaging

(PC-MRI); aqueduct of Sylvius; inter-operator reliability; neurodegenerative diseases

Submitted Aug 04, 2024. Accepted for publication Nov 28, 2024. Published online Jun 30, 2025.

doi: 10.21037/qims-24-1589

View this article at: https://dx.doi.org/10.21037/qims-24-1589

Introduction

Cerebrospinal fluid (CSF) plays a crucial role in protecting the
brain, removing metabolic waste, and maintaining homeostasis
(1-6). Neurodegenerative diseases often exhibit changes
in CSF hydrodynamic parameters before morphological
abnormalities arise (7-14). A better understanding of CSF
hydrodynamics is essential for elucidating the pathogenesis
and diagnosis of these conditions.

The hydrodynamics of CSF are highly complex.
According to the Monro-Kellie doctrine, the intracranial
volume remains constant, with CSF dynamics compensating
for changes in blood and brain tissue volumes (15-18).
Besides the net flow rate related to production and
absorption rates, there are also various frequencies of
pulsatile flow driven by cardiac and respiratory cycles, as
well as cerebral autoregulation (19-23). The aqueduct of
Sylvius is a narrow channel connecting the third and fourth
ventricles. CSF oscillates through the aqueduct driven by
the pressure differential between the subarachnoid space and
the ventricles (24,25). Hydrodynamic parameters of CSF at
the aqueduct have been linked to various neurodegenerative
diseases and have numerous clinical applications, such
as diagnosing normal pressure hydrocephalus (9-12),
monitoring shunt function (26), Chiari malformation (8),
and assessing aqueduct stenosis (27,28).

Phase-contrast magnetic resonance imaging (PC-
MRYI) is widely used in clinical practice to observe CSF
flow curves over an average cardiac cycle (29). Commonly
used aqueduct parameters include net flow per stroke,
flow amplitude, peak mean velocity, and stroke volume.
However, due to the typically low flow velocities in the
aqueduct (often below 10 cm/s) compared to cerebral blood
flow, low velocity encoding (VENC) settings are required
for imaging, which can increase susceptibility to background
noise. Additionally, the small cross-sectional area of the
aqueduct necessitates precise segmentation during post-
processing. Consequently, whether these parameters
demonstrate good clinical reproducibility across different
operators is important and remains uncertain.

This study aims to address this gap by quantifying
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the reliability of aqueduct flow parameters measured by
3 different operators in healthy adults and analysing the
impact of various factors such as VENC, sex, age, and
cardiac period on measurement variability. By establishing
the consistency of these measurements, we can provide
a more robust reference for their clinical application in
diagnosing and monitoring neurodegenerative diseases. We
present this article in accordance with the GRRAS reporting
checklist (30) (available at https://qims.amegroups.com/
article/view/10.21037/qims-24-1589/rc).

Methods
Study conditions, participants and operators

The prospective study was conducted in accordance with
the Declaration of Helsinki and its subsequent amendments.
This study was approved by the local Ethics Review
Committee (CPP Nord Ouest II, Amiens, France; reference:
PI2019_843_0056). Informed consent was obtained from all
individual participants involved in the study.

Healthy young adult volunteers were recruited through
convenience sampling from the local community. Inclusion
criteria required participants to be generally healthy, with
no history of neurological, psychiatric, severe general
disease, or alcoholism.

Exclusion criteria included any contraindications for
MR, such as metal implants or severe claustrophobia, a
history of cerebrovascular or respiratory disease, and any
abnormalities detected during a preliminary clinical MRI
exam. Each MRI session lasted approximately 30 minutes.

Between February 2020 and November 2023, a total
of 40 participants were initially screened. During imaging
acquisition, two participants were excluded due to body
size limitations that prevented proper positioning within
the MRI scanner. Ultimately, 38 participants completed the
imaging process without any adverse events (Figure I).

Three fixed operators were responsible for post-
processing all participants. Operator 1 has seven years of
post-processing experience and possesses basic physiological
knowledge. Operator 2 has two months of post-processing
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Figure 1 The flowchart of the participants in this study. MRI, magnetic resonance imaging.
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Figure 2 Image acquisition and post-processing workflow. (A) 3D balanced gradient echo image with the green line indicating the PC-MRI

slice position. (B) Thirty-two phase-contrast and amplitude images from PC-MRI. (C) Aqueduct ROI within phase contrast images at four

cardiac phases. (D) Reference region defined using the fully automatic method (green area), used to extract the average velocity signal (D1)

and the velocity standard deviation signal (D2) within the reference ROL. (E) Corrected velocity signal obtained by subtracting the reference

velocity signal from the average velocity signal within the aqueduct ROL (F) Flow signal obtained by multiplying the corrected velocity

signal by the surface of the aqueduct. PC-MRI, phase contrast magnetic resonance imaging; ROI, region of interest; SD, standard deviation.

experience. Operator 3 underwent seven days of training
and practice. Both operator 2 and operator 3 were validated
for accurate use of the post-processing software.

Image acquisition

The acquisition planes, oriented perpendicular to the

© AME Publishing Company.

aqueduct, were localized using a sagittal 3D balanced
gradient echo sequence with parameters: TR =5.5 ms,
TE =2.2 ms, FOV =180x180 mm’, spatial resolution
=0.6x0.6x1.2 mm’, and flip angle =45°. This sequence
produced a high signal for CSF (Figure 2A4).

The aqueduct flow was quantified using conventional
cardiac-gated phase-contrast MRI (PC-MRI). After
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approximately one to two minutes of acquisition, 32 phase-
contrast and amplitude images corresponding to cardiac
phases were obtained. These images represent the flow
variations over an average cardiac cycle (Figure 2B).

The parameters were set as follows: FOV =90x90 mm”,
acquisition spatial resolution =0.5x0.5 mm’, thickness
=2 mm, sampling time =56-153 s, flip angle =30°, TR
=14.7 ms, TE =7.7 ms, and sensitivity encoding factor =1.5.
VENC was set to 10 or 20 cm/s based on individual flow
rates to avoid aliasing effects. The direction from the fourth
ventricle to the third ventricle was defined as the positive
direction.

Image post-processing

Image post-processing was performed using the specialized
PC-MRI software Flow-2.0 (31,32), which includes the
following steps:

Semi-automatic segmentation based on the velocity
frequency characteristics of each pixel in the phase-contrast
images, primarily focusing on the cardiac frequency
component. The region of interest (ROI) in the aqueduct
was fixed. Subsequently, the average velocity within the
ROI was calculated for each phase-contrast image to obtain
the mean flow velocity curve (Figure 2C).

All operators employed the fully automatic background
field correction algorithm to eliminate the variability
introduced by manual processing. The basic principles of
this algorithm are shown in Figure S1. The objective was to
select a region of stationary tissue around the aqueduct as
reference ROI (Figure 2D), and calculate the average velocity
within the reference ROI for each phase-contrast image,
establishing this as the new zero velocity (Figure 2D, 1).
The standard deviation of the velocity within the ROI
was recorded as the noise value of the velocity images for
subsequent comparisons (Figure 2D, 2). Subsequently, the
flow velocity curve was adjusted by subtracting the reference
velocity curve, thereby obtaining the corrected flow velocity
curve (Figure 2E).

In instances where the maximum flow velocity exceeded
the VENC, the software provided the functionality to
perform aliasing correction (section 4.6.2 in 32). The final
flow rate signal was obtained by multiplying the average
flow velocity signal within the aqueduct ROI by its surface
area, where surface is calculated as the product of the
number of pixels within the ROI and the pixel size, as
illustrated in Figure 2F.

© AME Publishing Company.
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Signal post-processing and parvameter extraction

The following signal parameters were extracted or calculated
for subsequent consistency quantification:

The pixel velocity curve represents the velocity curve of
the pixel with the maximum flow velocity amplitude within
the aqueduct ROI. The pixel velocity maximum indicates the
highest flow velocity of pixel velocity curve (Figure 34,3B).

Velocity maximum represents the average velocity at the
moment of maximum flow from the fourth ventricle to the
third ventricle. Similarly, velocity minimum represents the
average velocity at the moment of maximum flow from the
third ventricle to the fourth ventricle (Figure 3C).

Flow rate maximum and flow rate minimum indicate the
maximum flow rates in both directions. Stroke volume positive
is the volume of fluid flowing in the positive direction within
one cardiac cycle, obtained by integrating the flow rate curve
above the x-axis. Conversely, stroke volume negative represents
the volume of fluid pumped from the third to the fourth
ventricle, obtained by integrating the flow rate curve below the
x-axis. Stroke volume is calculated as the mean of the positive
and negative stroke volumes. The net flow rate is calculated as
the mean of the flow rate curve (Figure 3D).

The background field velocity error is represented by the
mean of the reference velocity curve (Figure 3E). The noise
intensity of the reference field (SD-V-Ref.) is indicated
by the mean of the standard deviation curve within the
reference ROI (Figure 3F).

The aforementioned parameters were quantified by each
operator. The mean value of the data provided by the three
operators was established as the final parameter value for
subsequent analysis. Furthermore, the mean percentage error
of each operator’s data was calculated in relation to the mean,
and this was used as a parameter to quantify consistency.

All operators performed a second set of repeated
measurements with a minimum interval of one week. These
data were ultimately used for interrater reliability analysis
and for assessing intrarater reliability in comparison to the
initial measurements.

All measurements were conducted independently, with
no communication between operators. During the second
measurement session, operators had no access to their initial
results.

Statistical analysis

Sample size determination was based on a significance level
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Figure 3 Flow parameter schematic. (A) Aqueduct ROI and pixel with the maximum velocity amplitude. (B) Extraction of velocity extrema

corresponding to the pixel with the maximum velocity. (C) Extraction of aqueduct velocity curve extrema, with the direction from the fourth

ventricle to the third ventricle defined as positive. (D) Extraction of flow rate extrema from the aqueduct flow rate curve, calculation of

stroke volume positive and stroke volume negative by integrating the area under the flow rate curve above and below the x-axis, respectively.

Stroke volume is the mean of these values. Net flow rate is calculated as the mean of the flow rate curve. (E) The mean of the reference

ROT’s average velocity curve represents the reference velocity error, and (F) the mean of the reference ROI’s standard deviation curve

indicates the background field noise intensity. ROI, region of interest; SD, standard deviation.

(o) of 0.05 and a target power of 0.8. With a sample size
of 38, this study was designed to detect a minimum effect
size of approximately 0.93. Statistical calculations were
performed using SPSS software (version 26.0; IBM Corp.,
Armonk, NY, USA), and necessary plots were generated
using Origin software. The consistency of measurements
among the three operators was assessed using the intraclass
correlation coefficient (ICC), specifically ICC (3,1),
which is a two-way mixed-effects model designed to assess
absolute agreement and provides ICC values for single
measurements. To quantify the intrarater reliability of each
operator’s repeated measurements across all parameters,
ICC (1,1) was calculated. A one-way random-effects model
was used to assess the absolute agreement between two
measurement sessions for each operator, with the single
measurement values being considered. ICC values were
interpreted as follows: values less than 0.5 indicate poor
reliability, values between 0.5 and 0.75 indicate moderate

© AME Publishing Company.

reliability, values between 0.75 and 0.9 indicate good
reliability, and values greater than 0.9 indicate excellent
reliability. In addition, intrarater reliability was further
quantified and visualized using Bland-Altman analysis. For
each parameter, the mean percentage difference and limits
of agreement (LOA) range were recorded for each operator
to provide a comprehensive assessment of measurement
variability. Data are presented as mean = SD and illustrated
using Q1-Q3 values to provide a comprehensive view of the
distribution. The Mann-Whitney U test was used to verify
differences in medians, and Spearman’s rank correlation
was employed to assess correlations. Significance was
determined with a two-tailed P value <0.05.

Results

Thirty-eight human participants were included in the study
[20 men and 18 women; mean + standard deviation (SD)

Quant Imaging Med Surg 2025;15(7):6399-6413 | https://dx.doi.org/10.21037/qims-24-1589



6404

Liu et al. Reliability of aqueduct dynamic parameters via PC-MRI

Table 1 Distribution of aqueduct flow parameters measured by three operators

Parameters Op-1 Op-2 Op-3 Mean Diff% ICC (3,1)
Surface (mm?) 2.82+0.70 1.83+0.67 2.66+0.68 2.44+0.58 19.5+£9.2 0.37
[2.39, 3.23] [1.41,2.39] [2.25, 2.95] [2.02, 2.95] [12.4, 25.9]
Stroke volume + (mm?®) 36+21 27+18 33+17 32+18 13.0+£7.8 0.89
[20, 47] [17, 38] [20, 44] [19, 43] [7.1,16.1]
Stroke volume — (mm®) 42+23 33+18 39+19 38+20 11.2+£7.1 0.90
[25, 49] [21, 36] [26, 49] [25, 46] [6.0, 16.4]
Stroke volume (mm®CC) 39+22 30+18 36+18 35+19 11.9+7.1 0.90
[22, 49] [20, 36] [24, 48] [22, 44] [6.1, 15.8]
Flow rate maximum (mm?/s) 139+62 106+54 131+53 125+55 13.2+7.9 0.85
[91, 170] [66, 136] [91, 167] [81, 157] [7.3,18.9]
Flow rate minimum (mm?®/s) 162167 123154 151+£58 146+58 11.9+£6.7 0.82
[113, 188] [81, 163] [105, 200] [100, 183] [7.9, 16.8]
Net flow rate (mm?/s) -10+8 -8+7 -10+8 -9+7 33.3+50.5 0.84
[-13, -6] [-12, -3] [-14, -5] [-13, -5] [11.3, 30.7]
Velocity maximum (mm/s) 49+16 57+20 49+17 52117 8.1+4.6 0.86
[38, 63] [43, 69] [39, 59] [40, 63] [4.9,10.8]
Velocity minimum (mm/s) 56+14 68+18 57+19 60+16 9.5+5.7 0.75
[45, 65] [55, 82] [44, 68] [49, 72] [6.4,12.2]
Pixel velocity maximum (mm/s) 85+29 83+30 82128 83128 5.1+7.6 0.90
[59, 105] [61, 105] [59, 105] [62, 103] [0.16, 7.1]
Pixel velocity minimum (mm/s) 96+26 92429 95+28 94127 4.4+4.6 0.93
[78, 116] [74,112] [74,114] [76, 110] [0.1,8.3]
Average velocity of Ref. (mm/s) -1.1+4.2 -1.1+4.2 -1.1+4.2 -1.1+4.2 3.9+9.2 0.99
[-2.0, 1.4] [-2.7,1.4] [-2.7,1.4] [-2.1,1.4] [0.7,3.9]
Standard deviation of Ref. 19.9+6.9 20.3+7.2 20.3+7.2 20.2+7.0 0.8+3.7 0.96
[14.3,25.7] [14.3, 26.3] [14.3, 26.2] [14.3, 26.2] [0.1,0.3]

Op-1 represents measurements from Operator 1. Op-2 denotes Operator 2. Op-3 denotes Operator 3. Data are presented as mean +
standard deviation and [Q1, Q3]. Ref. represent the reference. Diff% represents the average percentage difference of the three operators
relative to their mean value. ICC (3,1) indicates the intraclass correlation coefficient using a two-way mixed-effects model for absolute

agreement. ICC, intraclass correlation coefficient.

age: 25.3+3.8; age range: 19-35 years]. Data from all thirty-
eight participants were successfully acquired and quantified
by all three operators. Three participants exhibited
correctable aliasing under the condition of VENC =10.

Distribution of aqueduct parameters and interrater
reliability

As shown in Tuble 1, the surface area showed moderate

© AME Publishing Company.

consistency with an ICC of 0.37, indicating variability
among the operators. All other parameters exhibited good
reliability ICC between 0.75 and 0.9) or excellent reliability
(ICC greater than 0.9).

Due to the net flow rate (-9+7 mm’/s) and average
velocity of the reference region (-1.1+4.2 mm/s) being
close to zero, their percentage differences were relatively
large (33.3%+50.5% and 3.9%+9.2%, respectively).
Excluding these two values, the surface area had the

Quant Imaging Med Surg 2025;15(7):6399-6413 | https://dx.doi.org/10.21037/qims-24-1589
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largest percentage difference (19.5%+9.2%), while the
Pixel velocity maximum (5.1%=7.6%) and Pixel velocity
minimum (4.4%=+4.6%) had the smaller percentage
differences.

Analysis of physiological parameters using the mean
values from the three operators revealed that the net flow
was significantly less than zero (-9+7 mm’/s, P<0.001). The
stroke volume, flow rate extrema, and flow velocity extrema
in the negative direction (from the third ventricle to the
fourth ventricle) were significantly greater than those in the
positive direction (all P<0.01).

Visualization of interrater reliability of aqueduct
parameters

Figure 4 presents ternary scatter plots for several
parameters. The three coordinates for each point are
obtained by dividing each operator’s measured value by the
sum of the three operators’ values, thus ensuring the sum
of the coordinates for each point equals 1 or 100%. Points
indicating higher measurement reliability are observed to
cluster near (0.33, 0.33, 0.33).

© AME Publishing Company.

The data indicates that the surface area exhibits a lower
degree of reliability in comparison to the flow rate, flow
velocity, and stroke volume. It is noteworthy that the net
flow parameter exhibits the lowest reliability, with the most
dispersed scatter plot distribution.

Figure 5 presents 3D scatter plots for three parameters,
with the three axes representing the three operators. The
95% confidence ellipsoid is shown for each parameter. The
long axis of the confidence ellipsoid indicates the main
direction of parameter distribution, while the two short
axes represent the variability among the measurements by
the different operators. The ratio of the short axes to the
long axis (b/a and c¢/a) can indirectly quantify measurement
reliability, with smaller ratios indicating higher reliability,
as the points are more closely aligned along a straight line.
Stroke volume shows higher reliability (b/a =13% and c/a
=9%) compared to net flow rate (b/a =26% and c¢/a =19%).

Intrarater reliability of aqueduct parameters

Table 2 presents the intrarater reliability distribution for
the three operators, alongside the mean differences and

Quant Imaging Med Surg 2025;15(7):6399-6413 | https://dx.doi.org/10.21037/qims-24-1589
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95% confidence ellipsoids. Red, blue, and green 2D scatter points indicate pairwise distributions between operators. CC, cardiac cycle.

Table 2 Intrarater reliability quantification of aqueduct flow parameters measured by operators

Parameters Surface, mm® SV, mm*/CC FIow_AampIi., net_flow, mm%s V_Ampli., mm/s averV_Ref, SD_Ref., mm/s
mm®/s mm/s
Op-1
Mean + SD 2.8+0.75 39+21 301127 -9.4+7.4 106+28 -1.0+4.1 19.8+6.6
ICC (1,1) 0.84 0.99 0.97 0.92 0.97 0.99 0.97
Difference (unit) -0.04 -0.13 -1.83 0.76 0.98 0.06 -0.26
LOA range (unit) 1.71 14.6 131 11.3 27.0 1.22 6.34
Op-2
Mean 2.0+0.62 3117 238+105 -7.9+7.0 119+34 -1.1+41 20.0+7.0
ICC (1,1) 0.33 0.92 0.85 0.78 0.82 0.99 0.94
Difference 0.32 1.56 17.4 -0.01 -11.4 0.07 -0.58
LOA range 2.61 27.8 218 18.6 68.0 1.78 9.89
Op-3
Mean 2.8+0.87 37+19 289+117 -10.1+8.9 106+33 -1.0+4.1 20.0+7.0
ICC (1,1) 0.54 0.95 0.91 0.87 0.88 0.97 0.92
Difference 0.21 2.02 13.0 -0.70 -1.30 0.25 -0.59
LOA range 3.25 23.8 188 18.0 64.2 4.22 1.1

Op-1 denotes Operator 1. Op-2 denotes Operator 2. Op-3 denotes Operator 3. ‘Mean’ represents the average of the two acquisitions. ICC
(1,1) quantifies the intrarater reliability of each operator’s measurements for each parameter. ‘Difference’ and ‘LOA range’ are derived from
Bland-Altman analysis, indicating the mean difference and the range of the 95% limits of agreement (LOA = mean + 1.96 x SD) between
the first and second acquisitions, respectively (LOA range = upper LOA - lower LOA). Flow_Ampli. indicates the amplitude of the flow
curve, net_flow represents the average value of the mean cardiac cycle flow curve and V_Ampli. represents the amplitude of the mean
velocity curve. AverV_Ref. denotes the average velocity within the background reference ROI, while SD_Ref. represents the standard

deviation of velocity within the background reference ROIl. ICC, intraclass correlation coefficient; SD, standard deviation; SV, stroke
volume; CC, cardiac cycle; LOA, limits of agreement.

© AME Publishing Company.
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Figure 6 Bland-Altman plots for surface, stroke volume, and net flow rate, based on two measurements across the three operators. The X-axis
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and absolute differences for net flow rate. The mean difference and limits of agreement (LOA: mean = 1.96 x SD) are indicated. CC, cardiac

cycle; LOA, limits of agreement, SD, standard deviation.

LOA ranges for each parameter as quantified by the Bland-
Altman analysis.

Operator 1 demonstrated relatively higher intrarater
reliability. Excluding averV_Ref. and SD_Ref., the surface
parameter exhibited the lowest intrarater reliability (ICC
~0.84, 0.33, 0.54), followed by net flow (ICC =0.92, 0.78,
0.87), while stroke volume showed the highest reliability
(ICC =0.99, 0.92, 0.95).

Figure 6 shows the Bland-Altman plots for surface, stroke
volume, and net flow across the three operators. The plots
indicate that Operator 1 exhibits higher intrarater reliability.
Moreover, stroke volume demonstrates greater intrarater
reliability compared to surface.

Effect of gender, VENC, age, and cardiac period

As shown in Figure 7, gender, age, and cardiac period did

© AME Publishing Company.

not significantly impact the percentage measurement errors
of the various parameters. However, VENC affected the
measurement reliability of net flow rate. As VENC increased,
the percentage difference in flow rate measurements also
increased, while the percentage difference in pixel velocity
minimum decreased.

Through Figure 84, VENC significantly increases the
variability of the average velocity within the reference
region and the noise intensity (i.e., the standard deviation of
velocity within the reference region). It also decreases the
reliability of net flow rate measurements.

Additionally, the surface area and stroke volume in males
are significantly greater than in females, and the net flow
rate in the negative direction is also significantly greater in
males compared to females (Figure §B). The cardiac period
is significantly positively correlated with stroke volume
(Figure 8C).
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Discussion

This study quantified the intrarater and interrater
reliability of aqueduct flow parameters measured by
different operators. Through various analytical methods,
we confirmed that most aqueduct flow parameters exhibit
high reliability. However, we highlighted some noteworthy
parameters, such as surface area and net flow rate, which
showed lower reliability. Additionally, we analysed the
impact of different parameters on measurement reliability.
These results provide valuable references for the clinical
application of aqueduct flow data.

Reliability of aqueduct CSF flow parameters: critical
importance

The reliability of aqueduct CSF flow parameters is
crucial for clinical applications, including diagnosing and
monitoring conditions like normal pressure hydrocephalus
and aqueduct stenosis. Previous studies have shown that
reliable measurements of parameters such as net flow per
stroke, flow amplitude, peak mean velocity, and stroke
volume are essential for accurate clinical diagnostics (33,34).

Pixel velocity extremes, velocity extremes, and flow rate
extremes selection

Among the three parameters, pixel velocity extremes
exhibit the highest interrater reliability (Tzble 1),
consistent with a previous study (35). Notably, when
using a standardized background correction algorithm,
the reliability errors primarily stem from the selection
of the correct pixel, which may be influenced by aliasing
(Table S1). Utilizing an automated pixel selection function
could further enhance its quantification reliability.
However, it is important to note that pixel velocity
extremes contain limited information, making it difficult
to derive flow or volume curves.

The velocity extreme represents the average velocity at the
time of maximum flow rate, and is more sensitive to Surface
parameter compared to Pixel velocity extreme. Previous
research has demonstrated that lowering the resolution of
PC-MRI also results in a significant underestimation of the
velocity extreme. This underestimation is primarily due to
an overestimation of the segmentation area (36-38).

However, the impact of an overestimated segmentation
area on flow measurements is relatively smaller. Larger
pixel sizes reduce the maximum velocity within the ROI,

© AME Publishing Company.
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and the additional surrounding areas typically have low
flow velocities. As a result, while the mean velocity is
significantly reduced, the overestimated area helps maintain
the overall accuracy of the flow measurement. As shown in
Figures S2-54, the stroke volume has the highest correlation
with flow rate extreme (r=0.90, 0.90, 0.86) and the lowest
correlation with average velocity extremes (r=0.61, 0.49,
0.63). It should be noted, though, that spatial resolution
only ensures accurate flow rate quantification within
certain limits. When spatial resolution decreases beyond a
threshold, partial volume effects become dominant, leading
to an overestimation of the flow rate.

Given these characteristics, flow rate extremes appear
to be more suitable as clinical indicators. The relative
insensitivity of flow measurements to segmentation
errors makes them a more robust parameter for clinical
applications.

Background field correction is necessary

Background field correction is particularly necessary
when measuring low-velocity flows, such as quantifying
CSF oscillations. Some studies use software algorithms,
like velocity standard deviation thresholding, to exclude
stationary tissues or empty spaces, which can interfere
with background field correction. Therefore, it is advisable
to use the original phase-contrast images for CSF flow
quantification. In this study, it was observed that the average
velocity within the reference region was not constant
(Figure 3E), indicating the need for dynamic correction of
each frame’s velocity rather than using a fixed value.

Additionally, background field correction requires a
high level of physiological knowledge. The fully automatic
algorithm effectively reduces the training time for operators
and improves the consistency and accuracy of background
field correction (39). After applying background field
correction, we observed gender differences in net flow rate
(Figure 8B).

Surface not suitable for measurement by PC-MRI

In this study, surface area demonstrated the lowest
consistency among the measured parameters (Table 1),
indicating it is not suitable for measurement by PC-MRIL.
The primary reasons are as follows: Firstly, low VENC
phase-contrast images inherently have a low velocity noise
ratio, with SD-V-Ref. being 1.5 cm/s at VENC =10 cm/s.
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This low velocity noise ratio complicates segmentation,
particularly manual segmentation. Secondly, the small size
of the aqueduct and the generally low spatial resolution
of PC-MRI result in significant percentage differences in
measurements.

To accurately quantify the morphological parameters
of the aqueduct, it is better to use morphological images
with higher spatial resolution. Although the measurement
consistency of surface area is low, it does not significantly
affect the consistency of flow rate and stroke volume. This
is because segmentation differences in surface area typically
occur at the boundaries, where the velocity is low.

Net flow exists, but is not suitable for measurement by PC-
MRI

This study found that all three operators consistently
measured a net flow rate significantly less than zero,
indicating a net outflow from the third ventricle to the
fourth ventricle. This finding aligns with the current
predominant CSF production theories (40,41).

However, it is important to note that the study also
revealed that the interrater percentage difference for
net flow rate reached 33% (Tuble 1), and its intrarater
reliability, as indicated by ICC(1,1), was the lowest among
all flow parameters (ZTable 2). Both the ternary scatter plots
and the 3D scatter plots demonstrated poor consistency
(Figures 4,5). The net flow rate is particularly susceptible to
external factors, such as increased VENC, which amplifies
noise and further reduces consistency (Figures 7,8A4).

Accurately measuring net flow rate using PC-MRI is
challenging for several reasons. Firstly, the net flow rate
itself is very small (approximately 5 mm’/s) and close to the
average velocity of the background field (42). Furthermore,
CSF oscillations are influenced not only by cardiac activity
but also by respiratory cycles, occurring at a frequency of
4-6 seconds (17,20,43-47), and by larger-period brain
regulatory oscillations, occurring at a frequency of
10-30 seconds (19). These can significantly affect the net
flow rate observed in PC-MRI. While long-term acquisition
using real-time phase-contrast sequences might capture
the net flow rate more accurately, these applications are
currently limited by the duration of data collection.

Therefore, we recommend that the net flow rate be used
more as an indicator of trends rather than as a parameter for
quantifying individual differences. Special caution should
be exercised in clinical applications to account for these
limitations.

© AME Publishing Company.
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Limitations and prospects

This study focused on the reliability of both inter-operator
measurements and repeated measurements but did not
consider the consistency across different software or the
reproducibility of parameters with repeated acquisitions in
participants. Lagana et /. (35) have previously studied the
consistency of aqueduct flow parameters across different
software, highlighting the need for further research
into the reproducibility of parameters with repeated
participant acquisitions. Previous studies also have shown
that variations in cardiac cycles between acquisitions can
significantly affect stroke volume quantification, with
a 10% chance of heart rate cycle differences exceeding
10% (20).

Moreover, our study’s age distribution was relatively
narrow, focusing on participants aged 19-35 years.
Therefore, the finding that age does not affect parameter
consistency should be interpreted cautiously and is only
applicable to this specific age range. Future research should
include a broader age range to validate whether these
findings hold true across different age groups.

Conclusions

This study assessed the interrater and intrarater reliability
of aqueduct CSF flow parameters measured by PC-MRI
across different operators in healthy adults. By evaluating
key parameters such as net flow per stroke, flow rate
extremes, peak mean velocity, and stroke volume, we found
that most parameters exhibited good to excellent reliability.
However, net flow rate and surface area showed moderate
consistency, highlighting the need for careful consideration
when using these measures clinically. The impact of VENC,
sex, age, and cardiac period on measurement variability was
also analysed, revealing that higher VENC can decrease
the reliability of net flow rate, and that males exhibited
higher surface area, stroke volume, and net flow rate (third
to fourth ventricles) compared to females. These findings
underscore the importance of validating CSF hydrodynamic
parameters for robust clinical application in diagnosing
and monitoring neurodegenerative diseases, providing a
valuable reference for future research and clinical practices.
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Figure S1 Flowchart for selecting stationary tissues in the background field correction algorithm. CSEF, cerebrospinal fluid; ROI, region of

interest. The process has the following steps:

1. Subsequent computation is reduced by removing air based on pixel intensity in amplitude images.

2. Analyze the average velocity of each pixel in the phase contrast image and discard blood vessels with absolute average velocities
significantly above zero.

3. Exclude areas with high velocity standard deviations, which represent cavities or bone tissue.

4. Perform Fast Fourier Transformation on pixel velocity curves, removing regions with prominent cardiac frequency components, such as
the region of CSE.

5. To create the final stationary tissue image, a gradient mask based on the target location is applied to the composite image generated in
steps 1-4. The green area indicates stationary tissue near the CSE

6. Automatically select stationary tissue adjacent to CSF.
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Table S1 Percentage differences among operators under varying VENC conditions and aliasing status

Difference% (n=20),

Difference% (n=3),

Difference% (n=15),

Parameters VENC =10 No aliasing VENC =10 With aliasing VENC =20 No aliasing
Surface (mm?) 19.8+10.6 27.6+4.9 17.6+5.9
Stroke volume + (mm?) 13.3+£8.9 18.9+3.4 11.41£5.8
Stroke volume - (mm®) 11.5+8.0 16.7+3.9 9.6+5.2
Stroke volume (mm?®*/CC) 12.3+£8.2 17.7£3.7 10.3x4.8
Flow rate Maximum (mm?®/s) 13.5+8.9 19.9+£3.9 11.6£5.6
Flow rate minimum (mm®/s) 12.3+7.1 18.5+3.3 10.1£5.4
Net flow rate (mm?/s) 16.3+12.2 21.2+6.6 58.4+71.0
Velocity maximum (mm/s) 8.4+5.0 8.9+1.5 7.6x4.1
Velocity minimum (mm/s) 9.8+6.9 10.6+£1.7 8.8+4.0
Pixel velocity maximum (mm/s) 4.2+5.9 19.5£13.2 3.5+4.1
Pixel velocity minimum (mm/s) 5.6+4.9 8.1+5.1 2.2+2.6

Percentage differences for each acquisition were calculated using the mean of the three measurements as the reference standard. Data
are presented as mean + standard deviation. VENC, velocity encoding. Under the condition of VENC =10, aliasing significantly increases
the percentage differences in pixel velocity extrema (Difference% of Pixel velocity maximum from 4.2% to 19.5%). This is primarily due to
aliasing interfering with the operators' ability to accurately select the pixel with the maximum flow velocity. Compared to VENC =10, VENC
=20 significantly increases the percentage differences in net flow rate measurements.

© AME Publishing Company.
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Figure S2 Matrix scatter plot of maximum pixel velocity, average velocity, flow rate, and stroke volume for Operator 1. V_ROI_Ampli. (mm/s)
represents the amplitude of the maximum pixel velocity curve within the ROI; V_Ampli. (mm/s) denotes the amplitude of the average
velocity curve within the ROT; Flow_Ampli. (mm’/s) represents the amplitude of the flow curve, calculated as the mean flow rate multiplied
by the area of the aqueduct ROI; and SV (mm*/CC) represents stroke volume, calculated as the average of stroke volumes in both directions.
The scatter plots display data distribution, 95% confidence ellipses, linear correlation lines, and Pearson R values, with all P values < 0.01.

RO, region of interest; SV, stroke volume.
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Figure S3 Matrix scatter plot of maximum pixel velocity, average velocity, flow rate, and stroke volume for Operator 2. V_ROI_Ampli. (mm/s)
represents the amplitude of the maximum pixel velocity curve within the ROI; V_Ampli. (mm/s) denotes the amplitude of the average
velocity curve within the ROT; Flow_Ampli. (mm’/s) represents the amplitude of the flow curve, calculated as the mean flow rate multiplied
by the area of the aqueduct ROI; and SV (mm*/CC) represents stroke volume, calculated as the average of stroke volumes in both directions.
The scatter plots display data distribution, 95% confidence ellipses, linear correlation lines, and Pearson R values, with all P values <0.01.

RO, region of interest; SV, stroke volume.
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Figure S4 Matrix scatter plot of maximum pixel velocity, average velocity, flow rate, and stroke volume for Operator 3. V_ROI_Ampli. (mm/s)
represents the amplitude of the maximum pixel velocity curve within the ROI; V_Ampli. (mm/s) denotes the amplitude of the average
velocity curve within the ROT; Flow_Ampli. (mm’/s) represents the amplitude of the flow curve, calculated as the mean flow rate multiplied
by the area of the aqueduct ROL; and SV (mm'/CC) represents stroke volume, calculated as the average of stroke volumes in both directions.
The scatter plots display data distribution, 95% confidence ellipses, linear correlation lines, and Pearson R values, with all P values <0.01.

RO, region of interest; SV, stroke volume.
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