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Motivation: Hydrocephalus involves ventricular enlargement and abnormal CSF circulation. Determining their sequence is crucial for understanding
pathogenesis and improving diagnosis.

Goal(s): Validate that area ratio of lateral ventricles to brain (Ratio-Area) and stroke volume ratio of aqueduct to spinal canal (Ratio-SV) are reliable
markers, and explore the pathogenesis of communicating hydrocephalus.

Approach: Thirty-six healthy volunteers underwent MRI to extract morphological and fluid dynamics parameters, analysing correlations among
aqueduct Resistance, Ratio-Area, and Ratio-SV.

Results: Ratio-Area and Ratio-SV eliminate the influence of heart rate, CSF volume, and brain volume differences. No correlation between Ratio-Area
and Ratio-SV, while Resistance showed a strong correlation with Ratio-SV.

Impact: The findings provide insights into the pathogenesis of hydrocephalus, offering potential markers for early diagnosis. Understanding the
relationship between aqueduct resistance, Ratio-SV, and Ratio-Area may guide clinical practice and help identify early indicators of CSF dynamic
disorders.

Introduction

Communicating normal pressure hydrocephalus (NPH) is characterised by aqueduct dilation (reduced resistance), increased stroke volume at the
aqueduct (SV-aq), and enlarged lateral ventricles (Area-vent)'. Understanding the sequence of these changes is crucial for developing targeted
interventions?. In NPH patients, these parameters are often already abnormal, making it difficult to determine whether ventricular enlargement
causes abnormal CSF circulation or vice versa®#. Additionally, individual physiological differences, such as heart rate and brain volume, can
influence SV-aq and Area-vent, introducing variability. Therefore, using ratios—such as the CSF stroke volume ratio (Ratio-SV) between the aqueduct
and second to third cervical (C2-C3), and the area ratio (Ratio-Area) of the lateral ventricles to the brain—may provide more robust physiological
markers.

The aim of this study is to quantify aqueduct resistance, Ratio-SV, and Ratio-Area in healthy young adults to demonstrate that these ratios are more
suitable metrics for assessing CSF dynamics. Additionally, correlation analysis of these parameters provides insights into the pathogenesis of
hydrocephalus.

Methods

Image Acquisition

Thirty-six healthy young volunteers (age 19-35) were examined using a clinical 3T scanner with a 32-channel head coil. Three sequences were
acquired: (1) a 3D T1-weighted axial sequence, (2) a balanced fast field echo sequence in the sagittal plane, and (3) a cardiac-gated phase-contrast
MRI (PC-MRI) sequence in two planes, both perpendicular to the CSF flow—one at the aqueduct and the other at the spinal canal at C2-C3. Sequence
parameters are detailed in Fig.1.

Image Processing

Image processing was conducted using in-house software, Flow 2.0°. The steps are illustrated in Fig.2:

1. Segmentation of the lateral ventricles and brain areas was performed on the T1-weighted images to calculate the lateral ventricular area (Area-
vent) and the brain area (Area-brain). The Ratio-Area was obtained by dividing Area-vent by Area-brain. The slice with the highest Ratio-Area was
selected for further analysis.

2. The aqueduct was segmented using a specialised finite element segmentation platform®. Aqueduct resistance was calculated using Poiseuille's
law, where Resistance is proportional to the length of the aqueduct and inversely proportional to the fourth power of its diameter.

3. Semi-automatic segmentation was used to extract CSF flow curves in the two planes’, and stroke volumes at the aqueduct (SV-aq) and C2-C3 level
(SV-cv) were calculated, along with their ratio (Ratio-SV).

Statistical Analysis

Mann-Whitney U tests were used to compare differences between male and female participants for each parameter. Spearman correlation analysis
was used to evaluate relationships among the parameters. All statistical analyses were performed using SPSS (version 25), with a significance level
of p <0.05.

Results

According to Fig.3, Resistance showed the highest coefficient of variation, especially in males (CV = 91%). Area-brain and SV-cv had lower coefficients
of variation (8% and 24%, respectively). Both Ratio-Area and Ratio-SV showed gender differences.

Fig.4 shows that Resistance correlated more strongly with Ratio-Area and Ratio-SV (-0.37 and -0.65, respectively) compared to Area-vent and SV-aq
(-0.36 and -0.62, respectively). While SV-aq and SV-cv were influenced by the cardiac period, Ratio-SV was not.

Regardless of gender, there was no correlation between Ratio-Area and Ratio-SV, whereas Resistance was strongly correlated with Ratio-SV (Fig.5).
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Additionally, the correlation between Resistance and Ratio-Area showed gender differences, being significant in females (p=0.006) but not in males
(p=0.14).

Discussion

This study demonstrates that morphological and fluid dynamics ratios are robust physiological markers. Ratio-SV reduces the impact of total CSF
volume and heart rate, while Ratio-Area mitigates the influence of brain volume. Both Ratio-Area and Ratio-SV showed significant gender
differences, highlighting the importance of gender-specific analysis in morphological and fluid dynamics studies.

Secondly, unlike results from studies involving NPH patients®?, no correlation was observed between Ratio-Area and Ratio-SV in healthy volunteers.
Incorporating Resistance into the analysis revealed a strong correlation between Resistance and Ratio-SV. These findings suggest that in
communicating hydrocephalus, abnormal CSF circulation—initially triggered by reduced aqueduct resistance—may precede and contribute to
ventricular enlargement over time.

Conclusion

This study indicates that morphological and fluid dynamics ratios are reliable physiological markers for assessing CSF dynamics. The lack of
correlation between Ratio-Area and Ratio-SV, combined with the strong correlation between Resistance and Ratio-SV, suggests that abnormal CSF
circulation may play an early role in the progression of communicating hydrocephalus. These findings offer valuable insights into the pathogenesis
and diagnosis of hydrocephalus.
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Figures

Figure 1: Imaging acquisition and participant information. Imaging locations for the three sequences are shown on the central schematic. Example images and acquisition
parameters are color-coded as follows: axial 3D T1 in brown, sagittal balanced fast field echo in purple, and phase contrast (PC-MRI) in cyan, with aqueduct level images
on top and C2-C3 level images at the bottom.
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Figure 2: Image processing workflow. A) Lateral ventricles and brain segmentation across multiple slices to extract
Area-vent and Area-brain, Ratio-Area calculation, data from the slice with the maximum Ratio-Area was selected. B)
Finite element segmentation on the aqueduct to obtain length and diameter, the aqueduct resistance (R) was
calculated. C) CSF segmentation at the aqueduct and C2-C3 levels, background correction applied, extraction of the
average cardiac cycle flow curve to record stroke volume (SV) and calculate Ratio-SV.

Figure 3: Participant parameters with gender-specific differences. Data are presented as mean + SD, interquartile range (Q1—Q?3), and coefficient of variation (CV).
Differences between male and female groups were assessed using the Mann-Whitney test. Violin plots for each parameter by gender are shown at the bottom.
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Figure 4: Spearman correlation matrices. The lower triangle shows trend ellipses, and the upper triangle displays effect size (r). p-values are represented at three

significance levels. Positive correlations with sex indicate higher values for males than females.
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Figure 5: Correlation analysis of Resistance, Ratio-Area, and Ratio-SV. A) Correlation results among the three
parameters, with gender differentiation. B) Scatter plots of pairwise relationships between the three parameters,
color-coded by gender. The grey trend line represents the overall trend, and significant correlations are marked with
p-values. Ratio-Area denotes the proportion of ventricular area, and Ratio-SV denotes the proportion of stroke
volume in the aqueduct.
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