
Cerebrospinal fluid flow in patients with Huntington’s disease

Kilian Hett1,*, Jarrod J. Eisma1, Adreanna B. Hernandez1, Colin D. McKnight2, Alexander 
Song1, Jason Elenberger1, Ciaran Considine1, Manus J. Donahue1,3, Daniel O. Claassen1

1Department of Neurology, Vanderbilt University Medical Center, Nashville, TN, USA

2Department of Radiology and Radiological Sciences, Vanderbilt University Medical Center, 
Nashville, TN, USA

3Department of Psychiatry and Behavioral Sciences, Vanderbilt University Medical Center, 
Nashville, TN, USA

Abstract

Objective—Investigations of cerebrospinal fluid (CSF) flow aberrations in Huntington’s disease 

(HD) are of growing interest as impaired CSF flow may contribute to mutant Huntington (mHTT) 

retention and observed heterogeneous responsiveness to intrathecally administered therapies.

Method—We assessed net cerebral aqueduct CSF flow and velocity in 29 HD participants (17 

premanifest and 12 manifest) and 51 age and sex matched non-HD control participants using 3 

tesla MRI methods. Regression models were applied to test hypotheses regarding (i) net CSF 

flow and cohort, (ii) net CSF flow and disease severity (CAP-score), and (iii) CSF volume after 

correcting for age and sex.

Results—Group-wise analyses support a decrease in net CSF flow in HD (mean=0.14+/−0.27 

mL/min) relative to control (mean=0.32+/−0.20 mL/min) participants (p=0.02), with lowest 

flow in the manifest HD cohort (mean=0.04+/−0.25 mL/min). This finding was explained by 

hyperdynamic CSF movement, manifesting as higher caudal systolic CSF flow velocity and higher 

diastolic cranial CSF flow velocity across the cardiac cycle, in HD (caudal flow: 0.17+/−0.07 

mL/s, cranial flow: 0.14+/−0.08 mL/s) compared to control (caudal flow: 0.13+/−0.06 mL/s, 

cranial flow: 0.11+/−0.04 mL/s) participants. A positive correlation between cranial diastolic flow 

and disease severity was observed (p=0.02).

Interpretations—Findings support aqueductal CSF flow dynamics changing with disease 

severity in HD. These accelerated changes are consistent with changes observed over the 

typical adult lifespan and may have relevance to mHTT retention and intrathecally administered 

therapeutics responsiveness.
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1. Introduction

Huntington’s disease (HD) is a neurogenerative disorder caused by a polyglutamine 

encoding an abnormal CAG repeat expansion in the huntingtin gene1 leading to mutant 

huntingtin (mHTT) protein transcription. It is hypothesized that mHTT protein is necessary 

for the neurodegenerative sequelae of HD and current therapeutic approaches attempt to 

lower mHTT levels in an effort to slow or halt disease progression.2,3

While mHTT is produced in neuronal cells and released in the brain parenchyma, it 

is cleared from the cerebrospinal fluid (CSF) by active transport mechanisms.4 CSF is 

primarily produced in the atria of the lateral ventricles where the majority of choroid plexus 

resides. Following production, CSF flows from the third to the fourth ventricles, passing 

through the cerebral aqueduct. It then traverses the foramina of Luschka and Magendie 

to enter the subarachnoid space. In addition, CSF may also enter the brain parenchymal 

interstitial space as mediated by aquaporin-4 (AQ-4) water channels located at the border of 

the astrocytic end-feet and periarterial space.5,6 AQ-4 channels facilitate the influx of fluid 

from the periarterial space to the parenchymal interstitial space, as well as the passage of 

fluid from the interstitial space to the perivenous space. This fluid ultimately exits the central 

nervous system via multiple routes.7-12

CSF flow aberrations in HD may be fundamental to disease pathophysiology. The role 

of huntingtin protein in the regulation of CSF homeostasis has been established through 

its effect on motile ciliary function and knockout of wildtype huntingtin protein (wHTT) 

in mice results in congenital hydrocephalus13,14. The role of motile cilia function and 

CSF movement is also hypothesized to contribute to other disorders, like hydrocephalus15. 

In HD, mutant huntingtin protein (mHTT) results in a defective primary cilia structure, 

which can lead to autophagy deficits16. In therapeutic trials, the response heterogeneity 

to intrathecally administered antisense oligonucleotides (ASOs)17 further highlights the 

need for more rigorous investigations to characterize CSF flow and related CSF transport 

aberrations. The increase in ventricular volume and greater neurofilament light chain levels 

in treated patients raised safety concerns to these therapy classes17; ventricular volume may 

be related to reductions in wHTT, mHTT, or from other off target effects from the ASO. 

Intrathecally-delivered therapies must penetrate subcortical structures,17,18 and intact CSF 

flow is likely necessary for drug distribution. Finally, as HD is characterized by an abnormal 

ventricular volume increase secondary to caudate atrophy, such increased ventricular volume 

could alter the CSF flow resistance and therefore CSF flow dynamics.19,20

Quantitative CSF flow assessments can be made non-invasively in vivo at the level of the 

cerebral aqueduct using cardiac-phase corrected phase-contrast MRI (PC-MRI).21 These 

measurements can include net flow (e.g., net volume of CSF traversing from the third to 

the fourth ventricle) and velocity (mean, maximum, and minimum velocity over the cardiac 

cycle).22,23 Across the human lifespan, there is a positive correlation between CSF peak 
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velocity and age,22 yet a decrease in overall net CSF flow with age, which also parallels a 

reduction in choroid plexus perfusion with age.24 In HD, fewer investigations into CSF flow 

have been performed,25 yet understanding whether HD manifests with aberrant CSF flow 

may have fundamental relevance to both understanding mechanisms of HTT retention and 

efficacy of intrathecally administered therapies.

Here, we assess premanifest and manifest-HD patients and age-matched non-HD control 

participants to further quantify CSF flow dynamics. We test the hypothesis that persons with 

HD have reduced net CSF flow and increased peak CSF velocity, consistent with accelerated 

trends that manifest over the broader adult lifespan.

2. Materials and Methods

Participants

Participants provided informed, written consent in accordance with the local institutional 

review board (IRB) and consistent with the Declaration of Helsinki and its amendments. 

Inclusion criteria for both HD and non-HD control participants included no history of 

cerebrovascular disease (prior stroke or major cervical or intracranial arterial stenosis 

> 70%), anemia, psychiatric or neurological disorder including but not limited to prior 

overt stroke, sickle cell anemia, schizophrenia, bipolar disorder, existing neuro-degenerative 

disorder, or multiple sclerosis. Clinical history and assessment were performed by a board-

certified neurologist (DOC) and anatomical imaging and angiography by a board-certified 

neuroradiologist (CDM).

HD participants underwent a clinical evaluation with detailed motor, cognitive, and 

functional assessment. The CAG-age-product (CAP) score was calculated using standard 

procedures.26 Participants were considered premanifest or manifest based on the diagnostic 

confidence level of the Unified Huntington Disease Rating Scale (UHDRS).27 Diagnostic 

confidence level is a scale from 0 (normal) to 4 (unequivocal presence of movement disorder 

in a participant at risk of HD). Participants with ratings less than 4 were considered as 

premanifest whereas others were categorized as manifest-HD.

Imaging sequence

All participants were scanned on the same 3 Tesla scanner (Philips 

Healthcare, Best, The Netherlands) using body coil radiofrequency transmission 

and phased array 32-channel reception. All participants received the same 

protocol, which included standard anatomical imaging consisting of 3D T2-

weighted volume isotropic-turbo-spin-echo-acquisition (VISTA) (echo time=331ms, 

repetition time=2500ms, and spatial resolution=0.78x0.78x0.78mm), 3D T1-weighted 

magnetization-prepared-rapid-gradient-echo (MPRAGE) (echo time=3.7ms, repetition 

time=8.1ms, flip angle=8°, spatial resolution=1x1x1mm), 2D T2-weighted FLAIR 

(echo time=120ms, repetition time=11,000ms, spatial resolution=1x1x4mm), 3D time-

of-flight magnetic resonance angiography (echo time=3.45ms, repetition time=23ms, 

spatial resolution=0.39x0.39x1.4mm), and diffusion weighted imaging (DWI) (echo 

time=83ms, repetition time= 2,923ms, directions=3, b-value=1,000s/mm2; spatial 
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resolution=1.8x1.8x4mm). Anatomical scans were primarily used for confirming inclusion 

criteria.

PC-MRI analysis for CSF flow determination

The PC-MRI sequence (Table 1) was utilized for CSF flow determination within the cerebral 

aqueduct. To achieve this, four MR-compatible ECG electrodes were placed on the chest 

to enable retrospective cardiac phase correction. A single slice orthogonal to the cerebral 

aqueduct was placed above the location of the fourth ventricle, where the aqueduct is bound 

by the tectum posteriorly and mid-brain anteriorly (Figure 1). A velocity encoding gradient 

(venc) of 12 cm/s was applied, and measurements were acquired for approximately six 

minutes, depending on the cardiac frequency with signal averaging over a total of 12 full 

data measurements across the cardiac cycle. A region of interest was selected along the outer 

border of the aqueduct (Figure 1). Local phase correction was applied during reconstruction 

of the PC-MRI acquisition to correct for phase offset due to eddy currents. A phase aliasing 

correction was implemented by unwrapping the wrapped phase values that exceeded the 

velocity encoding value of 12 cm/s.

CSF flow measures

The primary measures recorded for hypothesis testing were net CSF flow (i.e., difference, 

in mL/min, of the amount of CSF flowing caudally during systole and cranially during 

diastole), peak velocity (i.e., maximum CSF velocity, in cm/s, separately quantified during 

systole and diastole). Secondary measures included maximum cranial and caudal flow (i.e., 

maximum CSF flow in each direction per minute), expressed as cm/s for velocity, and 

mL/min for volumetric flow. Of note, net flow and maximum velocity measurements are 

relatively insensitive to the region of interest, as maximum velocity occurs in the center 

of the region, and net flow is accurate so long as the region of interest overestimates the 

cross-section of the aqueduct (i.e. net flow outside the aqueduct is null); additional intra- and 

inter-rater reliability metrics have been reported in the literature. 28

Brain volumetrics

Striatal structure volumes of the caudate, putamen, and globus pallidus, as well as 

CSF cisterns defined as lateral, third and fourth ventricles, and sub-arachnoid space 

volume were all extracted from T1-weighted MRI using AssemblyNet,29 a large ensemble 

of convolutional neural networks providing segmentation of brain structure following 

Neuromorphometrics brainCOLOR protocol.30

Statistical analysis and hypothesis testing

Pre-requisite statistical tests were applied to evaluate differences in demographic parameters. 

A Kruskal-Wallis test or chi-squared test was applied to evaluate potential differences 

in continuous and categorical variables, respectively, with significance criterion two-sided 

p<0.05.

First, we tested the first hypothesis that, after accounting for age and sex, net CSF flow is 

reduced in HD participants relative to healthy controls. We hypothesized that this reduction 

in net CSF flow can be explained by hyperdynamic flow profiles characterized by higher 
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caudal systolic CSF flow velocity and higher cranial diastolic CSF velocity. A related 

sub-hypothesis is that this finding is more prominent in manifest vs. premanifest HD. To 

test this hypothesis, we used a generalized linear model (GLM) with net CSF flow and peak 

velocity as dependent variable, pathological status as independent variable, age, and sex as 

covariates.

Second, we tested the hypothesis that, after accounting for age and sex, the hyperdynamic 

CSF flow, quantified as maximum caudal and cranial CSF flow, correlates directly with 

disease exposure quantified using the CAP score.26 To test this hypothesis, we first 

performed Spearman-rank correlation to evaluate direct correlation maximum CSF flow 

increase in both directions CAP scores. Then, to consider potential demographics that could 

co-found the effects, analyses using GLM with flow measures as dependent variable, CAP 

as independent variable with age and sex as covariates.

Third, we tested the hypothesis that, after accounting for age and sex, the volume of the 

third and fourth ventricles directly correlates with the net CSF flow reduction in HD. 

To test this hypothesis, we first performed Spearman-rank correlation to evaluate direct 

correlation between CSF volumes and phase contrast MRI measures. To consider potential 

demographics that could confound the effects, analyses using GLM with PC-MRI measures 

as dependent variables, volumetric measures as independent variable with age and sex as 

covariates.

For all statistical testing, significance was evaluated with a threshold of 0.05. P-values were 

corrected (pcorr)for multiple comparisons using the false discovery rate (FDR) correction 

method with significance threshold set to 0.05.31

3. Results

Demographics and brain volumetric data

Participant information is summarized in Table 1. Of the 80 participants scanned, 29 were 

diagnosed with premanifest (n=17) or motor manifest (n=12) HD, and 51 were age-matched 

non-HD controls. The premanifest group had a lower CAP score (less than 400) consistent 

with the premise that motor symptoms manifest at or above a CAP score of 400.32

Structurally, no group differences in intracranial volume, total gray matter volume, or 

white matter volume were observed between non-HD and HD cohorts. Striatal gray matter 

structures (caudate, putamen, and globus pallidus) were reduced in HD relative to non-HD 

cohorts (p<0.001). Lateral and third ventricles, as well as subarachnoid space volumes 

were larger in HD compared to the non-HD (p<0.001 for each volume) cohorts (Table 2). 

Although total CSF volume was not significantly different between the non-HD and total 

HD cohort, group differences were observed between the non-HD and manifest-HD cohorts 

(p<0.001). The cross-sectional surface of the cerebral aqueduct was also observed to be 

larger in HD relative to non-HD participants (p<0.001).
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Hypothesis (1). Reduction of net CSF flow and increase in peak CSF velocity in HD

Figure 2 illustrates group distributions for net CSF flow (mL/min) and peak CSF velocity 

(cm/s). Net CSF flow was significantly decreased in the cumulative premanifest and 

manifest HD cohorts (p-value<0.01, pcorr<0.05) relative to the non-HD control cohort, 

with greatest reduction in the manifest HD cohort (p-value<0.01, pcorr<0.05) compared 

to pre-manifest HD cohort (p-value<0.05, pcorr<0.05). No difference was observed 

when comparing the premanifest and manifest HD cohorts. Similarly, analysis of peak 

velocity revealed a significant increase in CSF velocity in HD participants (p-value<0.01, 

pcorr<0.01). This observation was significantly different when comparing non-HD control 

to manifest (p-value<0.01, pcorr<0.01) and premanifest (p-value<0.05, pcorr=0.05) HD 

cohorts, and when comparing manifest to premanifest (p-value<0.01, pcorr<0.01). Figure 

A2 illustrates results from a secondary analysis of maximum cranial and caudal CSF 

flow (see supplementary materials). A significant increase in maximum caudal flow in 

HD participants (pcorr<0.01), with greater increases seen in motor manifest (pcorr<0.05) 

than the premanifest cohorts (pcorr<0.05), was observed. Similarly, a significant increase in 

maximum cranial flow in HD participants (pcorr<0.01), with greater increases observed in 

motor manifest (pcorr0.01) than in the premanifest cohorts (pcorr<0.05), was observed. These 

data are consistent with no statistical difference in the maximum caudal and cranial CSF 

flow between premanifest and manifest HD participants (pcorr=0.64 and 0.24, respectively).

Hypothesis (2). CSF flow and CAG-Age-Product (CAP) score

We evaluated the relationship between the CAP score and two flow measurement from the 

PC-MRI readouts: maximum cranial flow and maximum caudal flow, the two measures 

of increased hyperdynamic flow, to assess the relationship between exposure to CAG 

repeat and hyperdynamic of CSF flow (Figure 3). A non-significant trend for an increase 

of maximum systolic caudal flow (ρ=0.31; pcorr=0.14) was observed, whereas maximum 

diastolic cranial flow was positively correlated with CAP score (ρ= 0.42; pcorr<0.05).

Hypothesis (3). CSF flow and volumetry

Table 3 summarizes the correlation coefficients for ventricle volumes and investigated PC-

MRI measures in HD participants. A positive correlation between peak CSF flow velocity 

and third and fourth ventricular volumes ρ3rd = 0.6 (pcorr<0.05) and ρ4th = 0.6 (pcorr<0.05) 

was observed. Similar observations were made in maximum caudal and cranial CSF flow, as 

significant correlations are seen with the third ventricle volume, ρ3rd = 0.57 (pcorr<0.03) for 

maximum caudal flow and ρ3rd = 0.55 (pcorr<0.05) for maximum cranial flow, respectively. 

To account for potential confounding effects, an additional analysis investigating possible 

relationships between third and fourth ventricular volumes and peak velocity was conducted 

with sex and age as covariates. Peak velocity was observed to be significantly related to 

the volume of third and fourth ventricles (β=1.5 and 1.9; pcorr<0.05, for third and fourth 

ventricle volumes, respectively). Furthermore, data suggest that ventricular volume explains 

40 percent of the variability seen in the peak velocity, 20 percent in the maximum caudal 

flow and 22 percent in the maximum cranial flow (see Table 3). An interaction analysis 

suggests that this correlation is disease specific with pathology interaction terms obtaining 

corrected p-values inferior to 0.01 for peak velocity, maximum caudal and cranial flow 

Hett et al. Page 6

Ann Neurol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(pcorr<0.01, pcorr =0.02, and pcorr =0.02, for peak velocity, maximum caudal, and cranial 

flow, respectively).

We also observed correlations between cross-sectional aqueduct surface area and peak 

velocity ρ=0.28; pcorr=0.08, max caudal flow ρ=0.58; pcorr=0.03, and max cranial flow 

ρ=0.60; pcorr=0.03 (Table 3). These results are comparable to correlation values found in the 

non-HD control population. No relationship between cross-sectional aqueduct surface and 

net CSF flow was observed.

4. Discussion

In this study, reduced net caudal CSF flow through the cerebral aqueduct was reported 

in HD relative to non-HD participants. This reduced net caudal CSF flow, averaged over 

the cardiac cycle, was accompanied by larger caudal and cranial flow velocities through 

the cerebral aqueduct. It is noteworthy that these changes were in HD gene carriers in 

stage 1 and 2 of the HD staging system, and these stages precede functional decline in 

many participants. These findings suggest that disease-related CSF production and CSF 

flow may be altered early in the course of disease. Study results may have relevance for 

understanding routes of emerging therapeutic interventions (e.g., intrathecal interventions) 

and for furthering our understanding of neurodegeneration pathophysiology and mHTT 

retention in HD. More broadly, these results support future investigations that assess 

neurofluid alterations in neurodegeneration.

Cerebrospinal fluid flow in Huntington’s disease

Few investigations of CSF production have been performed in patients with HD, despite 

prior evidence suggesting that neuroprotective choroid plexus transplantation reduces lesion 

recovery and has potential for lessen symptoms in HD.33 One previous study assessed 

differences in CSF velocity measured in the cerebral aqueduct in a smaller group of 

10 healthy and 10 HD participants, but the flow differences did not meet criteria for 

significance (p=0.10).25 Our data extend this work by increasing the number of observations 

to 80 and including premanifest and manifest HD participants, as well as non-HD controls. 

Our findings are consistent with reduced net CSF flow through the cerebral aqueduct in HD, 

with greater increase of cranial flow compared to caudal flow increase in HD, a finding 

that can be explained by overall hyperdynamic flow. This difference of maximum cranial 

and caudal CSF flow becomes more prominent in manifest participants. Additionally, when 

taken together, the positive correlation with peak velocity and ventricular size, but not net 

flow, indicates that there are multiple contributors to CSF flow pathophysiology in HD.

The relationship between ventricular volume and CSF flow in the cerebral aqueduct 

was assessed to determine how CSF flow was impacted by ventricle size. In non-HD 

participants, we did not find a significant relationship between CSF volume and flow. 

However, we note a significant correlation between peak velocity and third and fourth 

ventricle volume size in manifest HD participants. Noticeable volumetric increases in third 

ventricle have been described in HD, but increases in fourth ventricle volume have not been 

identified.34,35 As such, in HD, an increase in third ventricle volume is more pronounced 

than that seen in the aqueduct region. This disproportionate difference may increase the 
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pressure gradient and subsequently increase the peak fluid velocity, which results in a more 

turbulent CSF movement through the cerebral aqueduct. Additional studies in more patients 

are necessary to support this possibility.

Pathophysiology and treatment implications

Importantly, we observed an increase in absolute CSF flow velocity, both during systole 

and diastole, suggesting bi-directional hyperdynamic CSF flow in HD. In a subset of 

extreme cases, some participants had evidence of reversed net CSF flow, where the net 

volume of CSF traversed cranially instead of the expected caudal direction. Previous studies 

investigating idiopathic normal pressure hydrocephalus (iNPH), using similar imaging 

methods, also report a cranial flow, which reverts caudal after shunt intervention.36-38 

Previous reports of cranial flow are described in patients where there is an obstruction to 

the CSF flow gradient, or pronounced neuroinflammatory environment and CSF absorption 

through the ependymal surface.39,40 It is possible that reduced CSF net flow may be in 

response to altered CSF absorptions profiles in HD, as CSF production becomes down-

regulated and deviated to extra-ventricular sources.38 Future studies should assess if cranial 

CSF flow is associated with signs of transependymal flow such as increased fluid signal in 

the periventricular white matter signs or alternative egress pathways as possibly manifested 

by increased perivascular spaces.41

Study results may have important implications to studies that employ CSF-based 

interventions, such as intrathecal delivery. The most concerning safety observations in 

recent intrathecal trials noted greater ventricle size, and greater neurofilament light chain 

concentrations in response to treatment, and these were associated with greater motor and 

cognitive decline.17,18 The patterns of altered CSF flow, velocities, and transit direction, 

have direct implications to drug delivery, pharmacokinetic properties of intrathecal therapies, 

and may also inform inclusion criteria for future studies employing intrathecal delivery. 

Additionally, these observations should provide an impetus to understand the impact of 

alterations to CSF dynamics in neurodegenerative disease. HD is unique in that the disease 

is fully penetrant, offering opportunities for understanding early makers of disease pathology 

in premanifest participants. With greater interest in CSF metabolic process, and waste 

protein clearance,42 a focus on CSF production, flow, and absorption, are necessary in more 

common neurodegenerative disorders.

Intrathecally administered ASOs have gained great interest as a disease-modifying treatment 

in HD, however, high inter-subject response variability highlights the need to further 

understand ASO mechanisms and to select patients predisposed for greatest response. Given 

the growing relevance of neurofluid circulation dysfunction in other neurodegenerative 

disorders, it is logical that trial heterogeneity may be explained by CSF flow dysfunction. 

As such, this study should also be considered in light of recent failures of current ASO 

candidates in HD.43 Although, we only measured abnormal CSF flow in the cerebral 

aqueduct, generalizable alterations to CSF flow could impact tissue penetrance, uneven 

delivery, and altered pharmacokinetic properties. With reports of an abnormal increase in 

ventricular volumes, especially five confirmed cases of hydrocephaly, there is a potential 

impact of intrathecal therapeutics on CSF dynamic flow. Given that we see a third of 
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participants with a net cranial flow, these changes could dramatically impact transport 

properties of intrathecal therapies, or potentiate greater changes in CSF absorption profiles 

as see in conditions like NPH37,38. Therefore, measure of flow in the cerebral aqueduct 

could be potentially used for inclusion and safety monitoring of these therapies.

Limitations

First, the sample size for HD sub-group (i.e., premanifest, and manifest) limits our power 

of detection to control for multiple covariates. Nevertheless, the changes observed in our 

data are larger than recent reports from others and in line with previously reported trends 

suggesting a possible increase of peak velocity in participant suffering from HD compared 

to healthy individuals. Second, the velocity encoding used in the study was set to 12 cm/s, 

which could be lower than the maximum velocity of CSF in some participants. This value 

was chosen given that CSF flow will be faster in the center of the aqueduct relative to 

the perimeter and a lower venc, such as this, can therefore accurately measure velocity 

profiles near the perimeter; in the case of higher central flow, we performed phase aliasing 

correction given the known directionality of movement to reduce measurement uncertainty 

in participants with high flow profiles as is commonly performed.37,44,45 Finally, volumetric 

assessment of brain structure indicates that enrolled participants at the premanifest HD 

stage present no difference in CSF volume. This may be explained by the fact that in our 

premanifest cohort a third of the patients where in stage 0 of HD-ISS (i.e., no noticeable 

difference in volumetric assessment using imaging technique) while the rest of the cohort 

were in stage 1 (i.e., noticeable striatum volume reduction).

5. Conclusion

We observed reduced net CSF flow through the cerebral aqueduct in participants with 

versus without HD, which was explained by a larger increase of cranial flow compared 

to caudal flow across the cardiac cycle. These findings may have relevance for explaining 

heterogeneity of responsiveness to intrathecally administered therapies and may provide a 

basis for using personalized signatures of CSF flow for entry into emerging treatment trials 

in HD.
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Summary for social media

Twitter handle

@claassenlabvumc

@VUMCneurology

Current knowledge on the topic

Huntington’s disease (HD) is a neurogenerative disorder caused by an abnormal 

CAG repeat expansion in the huntingtin gene leading to mutant huntingtin protein 

transcription. While previous studies have shown in animal models that mutant huntingtin 

protein is cleared out from the brain via active mechanisms implying the cerebrospinal 

fluid circuit, little is known about fluid movement in humans with HD.

What question did this study address

The present study aims to understand how HD impacts the movement of cerebrospinal 

fluid in the cerebral aqueduct, an essential structure for the transport of fluid from the 

deep ventricular cisterns, where it is produced, to the fourth ventricle and subarachnoid 

space.

What does this study add to our knowledge

Conducted analyses support a decrease in net CSF flow in HD with lowest flow in 

the manifest HD cohort. This finding was explained by hyperdynamic CSF movement, 

manifesting as higher caudal systolic CSF flow velocity and higher diastolic cranial 

CSF flow velocity across the cardiac cycle, with a positive correlation between cranial 

diastolic flow and disease severity.

How might this potentially impact on the practice of neurology

Findings support aqueductal CSF flow dynamics changing with disease severity in 

HD, which may have relevance to mutant huntingtin protein retention and intrathecally 

administered therapeutics responsiveness.
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Figure 1. 
(A) Description of the phase contrast magnetic resonance imaging (MRI) planning for 

the quantification of cerebrospinal fluid (CSF) flow in the cerebral aqueduct. Sequences 

were planned at the level of the tectum and midbrain in a plane perpendicular to the 

narrowest aspect of the cerebral aqueduct. (B) Regions of interest were manually identified 

by the MRI operator around the cerebral aqueduct. The bottom row illustrates the planned 

acquisition recording movement of CSF flow over the cardiac cycle (C-D). As CSF flows 

bi-directionally in the cerebral aqueduct in a manner that varies with cardiac cycle phase, 

caudal flow is encoded by positive values (i.e., movement of CSF from the third to the 

fourth ventricle). Cranial flow, encoded with negative values, represents CSF flowing from 

the fourth ventricle to the third ventricle.
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Figure 2. 
Evaluation of net CSF flow (mL/min) and peak velocity (cm/s). Group-wise comparisons 

have been conducted using a general linear model with p-values corrected for multiple 

comparison. Encapsulated boxplots extend from 25th to 75th percentiles (white line = 

median). Outer violin plots estimate data distribution. Findings suggest a progressive 

decrease in net CSF flow in premanifest and finally manifest HD relative to non-HD 

healthy controls in this cross-sectional analysis. This gradient of reducing net CSF flow 

parallels a progressive increase in peak velocity across these same cohorts, consistent with 

flow becoming more hyperdynamic in more progressive stages of disease. Stages 0 to 3 

correspond to HD-ISS staging system.
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Figure 3. 
From left to right, evaluation of the relationship between CAG-age-product (CAP) score 

with maximum cranial and caudal flow (mL/min) using the Spearman-rank correlation 

method. Analysis indicates a correlation of 0.31 (p-value=0.11) using maximum caudal flow, 

and 0.42 (p-value=0.02) using maximum cranial flow, respectively.
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Figure 4. 
Illustration of proposed cerebrospinal fluid (CSF) flow changes in Huntington's disease 

based on in vivo data. (A) A graphic of the major CSF producing regions, including the 

lateral ventricles, third ventricle, and fourth ventricle; in this study, CSF flow dynamics at 

the level of the cerebral aqueduct were assessed, where CSF flows caudally en route from 

the third to fourth ventricles during systole, but exhibits a smaller retrograde cranial flow 

during diastole in healthy individuals (e.g., Panel B). From progression across the stages of 

disease (i.e., healthy, premanifest, and manifest-HD; Panels B-D), summarized here from 

cross-sectional data, net CSF flow down the aqueduct reduces and absolute maximum caudal 

and cranial flow increases. In a subgroup of manifest HD participants, evidence of net 

caudal flow across the cardiac cycle can be detected.
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Table 1

Phase contrast scan parameters used for calculating cerebrospinal fluid flow metrics at the level of the cerebral 

aqueduct.

Parameter name Value

Field of view (FoV) 150 x 150 mm

In-plane spatial resolution 0.58 x 0.83 mm

Slice thickness 4 mm

Repetition time (TR) 12 ms

Echo time (TE) 7.8 ms

Flip angle 15°

Receiver bandwidth 217 Hz/pixel

Velocity encoding gradient (venc) 12 cm/s

Cardiac synchronization 4-lead electrocardiogram corrected

Heart phases 12

Acquisition time 5-7 min
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Table 2.

Descriptions of the demographics, volumetrics, and CSF dynamic assessed using phase contrast MRI of 

participants involved in this study. Means and standard deviations (Std) are provided for each group (i.e., 

Healthy control and Huntington’s disease, HD) and subgroup (i.e., Premanifest and Manifest-HD).

Healthy control
Mean (Std)

Pre-manifest
Mean (Std)

Manifest
Mean (Std)

HD
Mean (Std)

p-value

Demographic 

Number 51 17 12 29 -

Age, years 46.6 (12.9) 41.5 (9.4) 45.9 (11.4) 43.5 (10.4) 0.43

Sex, F/M 28/23 12/5 5/7 17/12 p<0.001†

CAG, number repeats <37 42 (1.8) 45 (4.2) 43 (3.5) -

CAP-score - 319 (75.4) 516.2 (101.5) 407.1 (131.6) -

Brain Volumetry 

Macrostructures 

Intracranial volume, cm3 1,411.9 (124.7) 1,370.8 (112.8) 1,396.8 (120.6) 1,385.7 (114.2) 0.19

Total GM, cm3 726.1 (64.1) 716.2 (56.5) 700.4 (51.1) 709.5 (53.8) 0.17

Cerebral GM, cm3 614.4 (57.0) 600.9 (53.3) 581.1 (39.9) 592.6 (49.2) 0.12

Total WM, cm3 442.3 (50.5) 444.1 (54.1) 405.4 (41.8) 427.8 (52.1) 0.17

Cerebral WM, cm3 415.9 (48.2) 414.7 (51.8) 380.8 (36.1) 400.5 (48.8) 0.12

Striatum 

Putamen, cm3 8.7 (1.2) 7.4 (1.5) 5.5 (0.9) 6.6 (1.6) p<0.001*

Caudate, cm3 5.8 (0.9) 4.9 (0.9) 3.2 (0.7) 4.3 (1.2) p<0.001*

Globus Pallidus, cm3 3.2 (0.4) 2.8 (0.5) 2.1 (0.2) 2.5 (0.5) p<0.001*

CSF Volumetry 

Total CSF, cm3 225.1 (69.0) 193.1 (21.9) 274.4 (120.6) 227.5 (52.7) 0.87

Ventricular CSF 

Lateral ventricle, cm3 29.6 (18.6) 20.1 (10.0) 38.5 (17.7) 27.3 (16.2) 0.71

Third ventricle, cm3 0.8 (0.8) 0.9 (0.3) 1.8 (0.8) 1.3 (0.7) p<0.001*

Fourth ventricle, cm3 1.5 (0.6) 1.3 (0.4) 1.9 (0.6) 1.5 (0.6) 0.85

Extra-axial CSF 

Subarachnoid, cm3 193.9 (54.8) 145.4 (21.4) 214.0 (41.8) 174.4 (46.4) p<0.001*

Cerebral aqueduct 

Cross-section, mm2 9.1 (3.8) 12.5 (3.6) 13.6 (3.4) 12.9 (3.6) p<0.001*

Phase contrast 

CSF flow 

Net flow, mL/min 0.32 (0.20) 0.21 (0.27) 0.04 (0.25) 0.14 (0.27) 0.02*

Max caudal, mL/s 0.13 (0.06) 0.16 (0.07) 0.18 (0.08) 0.17 (0.08) 0.03*

Max cranial, mL/s 0.11 (0.04) 0.13 (0.07) 0.16 (0.08) 0.14 (0.07) 0.04*

CSF velocity 

Peak velocity, cm/s 3.15 (1.26) 3.76 (1.70) 4.96 (2.22) 4.26 (2.02) 0.01*

Ann Neurol. Author manuscript; available in PMC 2024 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hett et al. Page 19

CAG: Cytosine-Adenine-Guanine trinucleotide; CAP: CAG-Age-Product (disease exposure); CSF: Cerebrospinal fluid. Statistical testing: (†) 
Chi-squared test; (*) Kruskal-Wallis’s test; (-) Not relevant for statistical testing.
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Table 3

Analysis of the relationship between CSF volumes (measured in cm3) and phase contrast measure of CSF flow 

parameters in the cerebral aqueduct in the HD cohort using Spearman’s rank correlation coefficient. Bolded 

and underlined values indicate significant correlations after multiple comparison correction.

Peak velocity
ρ (pcorr)

Net flow
ρ (pcorr)

Max caudal flow
ρ (pcorr)

Max cranial flow
ρ (pcorr)

Lateral ventricles −0.24 (0.29) −0.23 (0.62) 0.36 (0.11) 0.32 (0.17)

Third ventricle 0.60 (0.01) −0.01 (0.97) 0.57 (0.03) 0.55 (0.03) 

Fourth ventricle 0.60 (0.01) 0.01 (0.97) 0.46 (0.06) 0.40 (0.12)

Subarachnoid 0.25 (0.29) −0.24 (0.62) 0.33 (0.13) 0.26 (0.24)

Aqueduct surface 0.28 (0.08) −0.04 (0.97) 0.58 (0.03) 0.60 (0.03) 

Total CSF 0.30 (0.27) −0.25 (0.62) 0.40 (0.09) 0.32 (0.17)
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