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Intrathecal Contrast-Enhanced Magnetic Resonance Imaging of Cerebrospinal Fluid Dynamics and Glymphatic Enhancement in Idiopathic Normal Pressure Hydrocephalus
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Idiopathic normal pressure hydrocephalus (iNPH) is a neurodegenerative disease, characterized by cerebrospinal fluid (CSF) flow disturbance. Today, the only available treatment is CSF diversion surgery (shunt surgery). While traditional imaging biomarkers typically assess CSF space anatomy, recently introduced imaging biomarkers of CSF dynamics and glymphatic enhancement, provide imaging of CSF dynamics and thereby more specifically reveal elements of the underlying pathophysiology. The biomarkers address CSF ventricular reflux grade as well as glymphatic enhancement and derive from intrathecal contrast-enhanced MRI. However, the contrast agent serving as CSF tracer is administered off-label. In medicine, the introduction of new diagnostic or therapeutic methods must consider the balance between risk and benefit. To this end, we performed a prospective observational study of 95 patients with iNPH, comparing different intrathecal doses of the MRI contrast agent gadobutrol (0.10, 0.25, and 0.50 mmol, respectively), aiming at the lowest reasonable dose needed to retrieve diagnostic information about the novel MRI biomarkers. The present observations disclosed a dose-dependent enrichment of subarachnoid CSF spaces (cisterna magna, vertex, and velum interpositum) with dose-dependent ventricular reflux of tracer in iNPH, as well as dose-dependent glymphatic tracer enrichment. The association between tracer enrichment in CSF and parenchymal compartments were as well dose-related. Intrathecal gadobutrol in a dose of 0.25 mmol, but not 0.10 mmol, was at 1.5T MRI considered sufficient for imaging altered CSF dynamics and glymphatic enhancement in iNPH, even though 3T MRI provided better sensitivity. Tracer enrichment in CSF at the vertex and within the cerebral cortex and subcortical white matter was deemed too low for maintaining diagnostic information from a dose of 0.10 mmol. We conclude that reducing the intrathecal dose of gadobutrol from 0.50 to 0.25 mmol gadobutrol improves the safety margin while maintaining the necessary diagnostic information about disturbed CSF homeostasis and glymphatic failure in iNPH.
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INTRODUCTION

Idiopathic normal pressure hydrocephalus (iNPH) is a neurodegenerative disease and a subtype of dementia comprising the symptoms of gait ataxia, urinary incontinence, and cognitive impairment in combination with disturbed cerebrospinal fluid (CSF) homeostasis. Today, the only effective treatment is CSF diversion (shunt) surgery that may improve symptoms, though it remains disputed which should be offered surgery (1). The American-European (2) and Japanese (3) diagnostic criteria are primarily based on the clinical picture and imaging signs of CSF space abnormality where imaging biomarkers address the morphology of the cerebral ventricles. Additionally, the lumbar CSF pressure should be normal to differentiate from other types of hydrocephalus. However, the fulfillment of the clinical and imaging criteria of “probable” or “possible” iNPH does not predict clinical response to shunt surgery (2, 4). To predict whether a symptomatic patient suffers “shunt-responsive iNPH”, supplemental tests have included the assessment of clinical response to CSF drainage of short (Tap test) or long (extended lumbar drain) duration, measurements of the CSF pressure change following fluid infusion to the lumbar or ventricular CSF space (infusion tests) or long-term monitoring of static/pulsatile intracranial pressure (ICP) (4–8). Proper patient selection is worthwhile since shunt surgery may be accompanied by lasting symptom improvement in a substantial proportion of patients (9–11).

There is an increasing awareness that iNPH may be a rather common dementia subtype, possibly affecting more than 5% of individuals above 80 years (12, 13). It is a severe brain disease with high 5-year mortality (14, 15). With an aging population, there is a need for biomarkers that more precisely address the underlying pathophysiology. The established anatomic biomarkers Evan's index, callosal angle, and disproportional enlarged subarachnoid space hydrocephalus (DESH) provide morphological information about CSF space anatomy. However, their ability to predict clinical response to CSF diversion surgery remains disputed (16).

Adding to the established imaging biomarkers, we recently proposed functional imaging biomarkers for iNPH disease, based on imaging of CSF redistribution (degree of ventricular reflux), and imaging of CSF and glymphatic enhancement (17, 18). The association between neurodegeneration and impaired clearance of toxic metabolic by-products from CSF and the brain has recently emerged as a possible crucial mechanism behind iNPH disease (18). Furthermore, there is a clear histological overlap between iNPH and Alzheimer's diseases; both are characterized by deposition within the brain of toxic metabolites such as amyloid-β and tau (19, 20). Patients with positive CSF biomarkers of Alzheimer's, e.g., CSF levels of amyloid-β and tau, responded less to CSF diversion (21). Accordingly, impaired CSF clearance may be of particular significance since there are no known blood-brain-barrier (BBB) transporters for tau, and toxic isoforms of amyloid-β (e.g., pyroglutamate Aβ, pE3-Aβ) are primarily removed along extra-vascular pathways (22). The subarachnoid CSF space communicates directly with the brain interstitial space via the perivascular spaces (23, 24). Recently it was proposed that impaired glymphatic clearance of toxic metabolites is a common mechanism for dementia diseases, such as Alzheimer's disease (amyloid-β, tau), and Parkinson's disease (α-synuclein) (25).

The functional imaging biomarkers of CSF dynamics and glymphatic enhancement previously reported by our group (24, 26, 27) require an intrathecal injection of an MRI contrast agent. This may be considered a drawback since MRI contrast agents are used off-label and may be accompanied by neurotoxic effects (28). When new methods are introduced in medicine, there is always a need for determining the balance between risk and benefit to improve the therapeutic index, which also concerns intrathecal MRI contrast agents (29). For intrathecal contrast-enhanced MRI, macrocyclic chelates, e.g., gadobutrol, are preferable as they are more stable than the previous linear contrast agents. Toxic doses have not been reported for intrathecal gadobutrol in doses 1.0 mmol or below (28). We have used intrathecal gadobutrol in a dose of 0.5 mmol with good experience from a safety perspective (30, 31), but we have previously not determined the lowest dose needed to maintain the diagnostic information.

On this background, the present study was undertaken to examine the lowest sufficient dose of intrathecal gadobutrol needed to maintain adequate image quality for clinical assessment of MRI biomarkers of CSF dynamics and glymphatic enhancement in patients with iNPH. Secondarily, we questioned the role of these biomarkers in iNPH pathophysiology.



MATERIALS AND METHODS


Approvals and Study Design

The Regional Committee for Medical and Health Research Ethics (REK) of Health Region South-East, Norway (2015/96), The Institutional Review Board of Oslo university hospital (2015/1868), and The National Medicines Agency (15/04932-7) approved the study. Participants were included after written and oral informed consent. The study was conducted according to ethical standards of the Helsinki Declaration of 1975 (and as revised in 1983).

The study design was prospective and observational, primarily comparing MRI biomarkers of CSF dynamics and glymphatic enhancement in patients with iNPH using different doses of intrathecal gadobutrol (Gadovist, Bayer Pharma AG, Berlin, Germany) as CSF tracer, and secondarily comparing how different MRI biomarkers associate.



Patients

The study included consecutive patients with iNPH undergoing intrathecal contrast-enhanced MRI and phase-contrast MRI, as part of their neurosurgical work-up within the Department of Neurosurgery at the Oslo University Hospital-Rikshospitalet, Norway, during the six-year period of October 2015 to October 2021. The patients fulfilled the criteria of “probable” iNPH (or “possible” iNPH if no ICP monitoring was performed in our department), according to the American-European guidelines (2). The severity of symptoms was graded according to previously described iNPH scoring of symptom severity, with scores spanning from worst (=3) to best (=15) scores, assessing the combined severity of gait disturbance, urinary incontinence, and dementia (5, 11). It was beyond the scope of this study to examine how MRI biomarkers predict the outcome of shunt surgery.



MRI

The MRI protocol was standardized, as previously described (24, 27). Sagittal 3D T1-weighted gradient-echo volume scans were obtained using a 3 Tesla (3T) Philips Ingenia MRI scanner (Philips Medical systems, Best, The Netherlands), or a 1.5T Aera Siemens MRI scanner (Siemens Erlangen, Germany). Imaging sequence parameters at 3T were: Repetition time (TR) = ‘shortest' (typically 5.1ms), echo time (TE) = ‘shortest' (typically 2.3 ms), flip angle (FA) = 8, and voxel size 1 mm3. T1 imaging sequence parameters (T1 MPRAGE) at 1.5T were: TR = 1,900 ms, TE = 2.36 ms and inversion time (TI) = 900 ms, FA = 10 and with voxel size 1 mm3. Equal MRI protocol settings were used at each scanner before (Baseline), and 24 and 48 h after the intrathecal injection of gadobutrol. At 3T, T1 imaging was also carried out after intrathecal contrast administration on Day 1. We first included patients who were examined in a 3T MRI scanner; they received intrathecal gadobutrol in a dose of 0.5 mmol only. Secondly, we included patients who were examined in a 1.5T MRI scanner; they received intrathecal gadobutrol in the alternating doses of 0.10, 0.25, or 0.5 mmol. For logistic reasons, 1.5T imaging at Day 1 after intrathecal gadobutrol was not feasible.

At both 3T and 1.5T, we also obtained 3D T2 fluid-attenuated inversion recovery (FLAIR) scans. The image parameters at 3T were: TR = 4,800 ms, TE = ‘shortest' (typically 318 ms), TI = 1,650 ms, with voxel size 1 mm3. Image parameters at 1.5T were: TR = 5,000 ms, TR = 337 ms, TI = 1,600, FA = 120 and with voxel size 1 mm3. In the present study, FLAIR scans were used for assessing Fazeka's grade.



MRI Biomarkers of CSF Dynamics and Glymphatic Enhancement

The MRI biomarkers of CSF flow include two measures:

(a) Estimation of tracer clearance from CSF spaces 24 and 48 h after intrathecal contrast (gadobutrol) administration. For each time point, circular regions of interest (ROIs) were placed on 1 mm thick slices within the CSF of cisterna magna and within a cerebral sulcus underneath the vertex where partial averaging with brain tissue could be avoided, preferably the central sulcus. At the individual level, ROI positions were identical between time points. Measurements were done directly in the hospital Picture archiving and communication system (PACS) (Sectra IDS7, Sectra, Sweden), where each ROI provides the mean T1 signal intensity (in signal units) from the image greyscale. For comparison, we also included the CSF space of the velum interpositum, estimated from FreeSurfer software, which represents an approximately mid-level position between the vertex region and cisterna magna.

(b) We have previously introduced a grading of ventricular reflux of CSF tracer as a marker of pathological CSF redistribution (17, 18). From T1 weighted images, ventricular reflux was graded at 24 h after intrathecal MRI contrast agent administration as follows: Grade 0: No supra-aqueductal reflux. Grade 1: Any sign of transient supra-aqueductal reflux at Day 1. Grade 2: Transient enrichment of lateral ventricles at Day 1. Grade 3: Lasting enrichment of lateral ventricles Day 2 (but not isointense with subarachnoid CSF). Grade 4: Lasting enrichment of lateral ventricles at Day 2 (isointense with subarachnoid CSF). In the current imaging protocol, imaging was not obtainable post-contrast on Day 1 at 1.5T for logistic reasons. This was acceptable as we only consider grades 3–4 on Day 2 indicative of abnormal reflux in iNPH. Therefore, the assessment of grades 1–2 was not examined in this study.

The MRI biomarkers of glymphatic enhancement rely on estimating enrichment of the CSF tracer within extra-vascular brain parenchyma at defined time points after intrathecal CSF tracer administration, as previously described (27). In short, we applied FreeSurfer software (version 6.0) (http://surfer.nmr.mgh.harvard.edu/) for the segmentation, parcellation, and registration/alignment of the longitudinal data, and to determine the tracer-induced increase in T1 signal intensity (32). Using a hybrid watershed/surface deformation procedure (33), non-brain tissue is removed, followed by the segmentation of the subcortical white matter and deep gray matter structures (including the hippocampus, amygdala, caudate, putamen, and ventricles) (34, 35). The MR images of each patient were used to create a median template registered to the baseline (36), and for each patient, the MR images were registered to the corresponding template applying a rigid transformation (36). The registrations were checked manually to correct any registration errors. Adjustments for changes in the gray-scale between MRI scans were made by dividing the T1 signal unit for each time point by the T1 signal unit of a reference region of interest (ROI) for the respective time point placed within the posterior part of the orbit (37). This normalized T1 signal unit corrects for baseline changes of image greyscale due to automatic image scaling. For visualization, a median template image of each patient group was created for each time point, and a relative change in intensity from before intrathecal gadobutrol to 24 h after gadobutrol was computed. The image was constructed by using the median value of each segmented region, and subsequent using the median of the cohort.



Criteria for Assessing the Lowest Acceptable Dose of Intrathecal Gadobutrol

The criteria for the lowest possible dose of intrathecal gadobutrol refer to the lowest dose needed to maintain necessary diagnostic information: (1) Tracer enrichment in CSF at vertex was obligatory since tracer enrichment in CSF is a requirement for glymphatic enhancement. We previously reported a significant correlation between enrichment in CSF and nearby brain parenchyma (24, 26), and between CSF and nearby parasagittal dura (38). (2) Ventricular tracer enrichment allowing for reliable assessment of ventricular reflux grade. (3) Tracer enrichment in parenchyma allowing for reliable assessment of glymphatic enhancement in brain parenchyma.



MRI Biomarkers of CSF Space Morphology and Neuro-Degeneration

Following our standardized protocol, three MRI biomarkers of CSF space morphology were determined: (a) Evans' index was determined from T1-weighted axially reconstructed images in a plane parallel to a plane defined by a line between the anterior and posterior commissures (AC-PC plane), respectively (1 mm thickness), which is the dividend between the largest diameter of the frontal horns and the largest inner diameter of the cranium in the same slice (39). (b) The callosal angle was measured on T1-weighted coronal images perpendicular to the AC-PC plane, representing the angle between lateral ventricles at the level of the posterior commissure (40). (c) The DESH (disproportional enlarged subarachnoid space hydrocephalus) sign (41) was assessed on T1-weighted coronal images and scored as yes/no; the DESH sign is the combination of 1. Enlarged ventricles; 2. Widening of Sylvian fissure; 3. Tight sulci at upper/medial cerebral convexities.

Our routine further included the determination of three MRI biomarkers of neurodegeneration: (a) The Schelten's score (42) for medial temporal atrophy (MTA) is a visual rating of the width of the choroid fissure, the width of the temporal horn, and the height of the hippocampal formation [Score 0 (no atrophy), score 1 (only widening of choroid fissure), score 2 (also widening of the temporal horn of lateral ventricle), score 3 (moderate loss of hippocampal volume, decrease in height), and score 4 (severe volume loss of hippocampus)]. (b) The Fazeka's scale for white matter lesions (43) includes four scores and was assessed at FLAIR [Score 0: None or a single punctate white matter hyperintensity lesion. Score 1: Multiple punctate lesions. Score 2: The beginning confluence of lesions (bridging). Score 3: Large confluent lesions]. (c) Entorhinal cortex thickness was determined on coronally reconstructed T1 volume acquisitions with 1 mm slice thickness at the level of the hippocampal sulcus and measured from the entorhinal cortex surface to the gray/white matter interface, and midway between the tentative location of parasubiculum and perirhinal cortex, as previously described (26).



Statistical Analyses

Statistical analyses were performed using SPSS version 27 (IBM Corporation, Armonk, NY, USA) and Stata/SE 16.1 (StataCrop LLC, College Station, TX, USA).

Continuous data were presented as mean (SD) or mean (95% CI), as appropriate. Group difference between categorical or continuous data was assessed with Pearson Chi-square test or independent samples t-test, respectively. Repeated measurements were examined with linear mixed models by maximum likelihood estimation using a subject-specific random intercept. Using the estimated marginal mean from the statistical model, we tested the difference between the individuals with different intrathecal doses and 1.5T or 3T MRI at each time point. The normal distribution assumptions were assessed with descriptive statistics, boxplots, and histograms. It was also conducted for other data in both groups.

Statistical significance was accepted at the 0.05 level (two-tailed).




RESULTS


Patient Material

The study was performed from October 2015 to October 2021 and included 95 patients with iNPH who fulfilled the diagnostic criteria of “Probable” iNPH (or “Possible” iNPH if ICP was not measured in our department), according to the American-European guidelines (2). Demographic and clinical information about the patients is shown in Table 1. The patients who received different doses of intrathecal gadobutrol (1.5T MRI: 0.1 mmol, n = 18;0.25 mmol, n = 25; 0.50 mmol, n = 19. 3T MRI: 0.50 mmol, n = 33) were comparable, except for significant differences in iNPH scores between some groups (Table 1).


Table 1. Demographic and clinical information about the different treatment groups.

[image: Table 1]

The MRI biomarkers of ventriculomegaly and neurodegeneration were comparable across the dosage groups (Table 2). Notably, the estimation of entorhinal cortex thickness differed between the groups examined in the 1.5T vs. 3T MRI scanners (Table 2), probably related to the higher signal-to-noise ratio in the 3T vs. the 1.5T MRI and thereby better distinction of the gray-/white matter interface.


Table 2. MRI biomarkers of CSF dynamics, ventriculomegaly and neurodegeneration for the different treatment groups.

[image: Table 2]

In this cohort of 95 patients with iNPH, it should be noted that ventricular reflux grade 3–4 was present in 83/89 (93%) of patients, an MTA score of 3 was seen in 29/92 (32%) of patients, and a Fazekas score of 3 in 20/92 (22%) of patients.



Tracer Enrichment Within the Subarachnoid CSF Space

Intrathecal gadobutrol enriched the CSF of the subarachnoid space, which is visualized as the increase in the T1 signal units. Figure 1 shows in three patients with iNPH the changes in T1 signal units before normalization within CSF regions of interest at cisterna magna and vertex after different doses of intrathecal gadobutrol. The dose-dependent enrichment of CSF spaces is further presented in Figure 2 as the percentage change in normalized T1 signal at 24 and 48 h within CSF of cisterna magna (Figure 2A), vertex (Figure 2B), and velum interpositum (Figure 2C). Table 3 further presents for the different regions the signal units, as well as signal unit ratio and percentage change after 24 and 48 h from before contrast. The tracer enrichment in CSF at vertex after intrathecal gadobutrol in a dose of 0.10 mmol was deemed too low (Figure 2C). There were significant differences for the different doses of intrathecal gadobutrol (0.10, 0.25, or 0.50 mmol), and marked differences in tracer enrichment within CSF between 1.5T and 3T MRI scanners for the same dose of intrathecal gadobutrol (0.50 mmol) (Figures 2D–F).


[image: Figure 1]
FIGURE 1. Tracer enrichment within subarachnoid cerebrospinal fluid (CSF) spaces at baseline and 24 and 48 h after intrathecal injection of gadobutrol in doses of (A) 0.10 mmol, (B) 0.25 mmol, and (C) 0.50 mmol. Reconstructed axial T1 weighted images from three patients with idiopathic normal pressure hydrocephalus (iNPH) who were examined in a 1.5T MRI scanner. The T1 signal unit values within regions of interest in cisterna magna and at the vertex are shown and exemplify the strongest increase of T1 signal units after intrathecal gadobutrol in the dose of 0.5 mmol. For analysis of change in T1 signal units, we further normalize the T1 signal units against a region of interest placed within the posterior part of the orbit (not shown here), which provides normalized signal units (37). See Tables 3, 4.



[image: Figure 2]
FIGURE 2. Dose-dependent percentage changes in normalized T1 signal (1.5T MRI scanner) after 24 and 48 h are shown for (A) CSF of cisterna magna, (B) CSF at the vertex, and (C) CSF within velum interpositum calculated from FreeSurfer software following intrathecal gadobutrol in doses of 0.10 mmol (red bars), 0.25 mmol (orange bars), and 0.50 mmol (green bars). The normalized T1 signal at 24 and 48 h after intrathecal gadobutrol (0.50 mmol) within (D) CSF of cisterna magna, (E) CSF at the vertex, and (F) CSF within velum interpositum are shown for 1.5T (green bars) and 3T MRI scanners (blue bars). The bars show mean and 95% confidence intervals. Differences between groups were determined by mixed model analysis.



Table 3. Dose-dependent change in T1 signal units and normalized T1 signal within some regions of interest.
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Ventricular Reflux of Tracer

The grading of ventricular reflux of CSF tracer differed somewhat between groups receiving either 0.10 or 0.25 mmol (Table 2). How differences in ventricular reflux at 24 h are visualized for different doses of intrathecal gadobutrol are illustrated in Figure 3. The percentage increase in normalized T1 signal within ventricles at 24 h at the group level is shown in Figure 4; information about signal units and signal unit ratios are presented in Table 3. As further demonstrated in Figures 5A–C, there was a dose-dependent change in normalized T1 signal within ventricles at 24 h. Notably, all three doses of 0.10, 0.25, and 0.5 mmol were adequate for the visualization of ventricular reflux grade at 24 h (Figures 5A–C). The ventricular tracer enrichment differed markedly between the 1.5T and 3T MRI scanners (Figures 5D–F). Hence, the visualization of ventricular reflux assessment is affected by both dose and magnetic field strength, but the information about reflux grade is maintained by an intrathecal dose of 0.10 mmol gadobutrol.


[image: Figure 3]
FIGURE 3. Dose-dependent visualization of ventricular reflux of CSF tracer from sagittal reconstructed T1 weighted images (1.5T MRI) at 24 h after intrathecal gadobutrol in doses of 0.10, 0.25, and 0.50 mmol. Ventricular reflux is categorized into five categories: (A) Grade 0: No supra-aqueductal reflux. Grade 1: Sign of supra-aqueductal reflux Day 1. Grade 2: Transient enrichment of lateral ventricles Day 1. (B) Grade 3: Lasting enrichment of lateral ventricles Day 2 (not isointense with CSF subarachnoid). (C) Grade 4: Lasting enrichment of lateral ventricles Day 2 (isointense with CSF subarachnoid). At 1.5T, MRI was not obtained post-contrast at Day 1, which allowed for scoring of grades 0, 3, and 4 only. In iNPH, we only consider grades 3 to 4 Day 2 at 24 h as abnormal (18).



[image: Figure 4]
FIGURE 4. Visualization of dose-dependent tracer enrichment at group level 24 h after intrathecal gadobutrol in the doses (A) 0.10 mmol (1.5T MRI; n = 18), (B) 0.25 mmol (1.5T MRI; n = 25), (C) 0.50 mmol (1.5T MRI; n = 19), and (D) 0.50 mmol (3T MRI; n = 33). The percentage change in a normalized T1 signal is indicated on the color bar to the right. It should be noted that the scale bar to the right differs for figures (A–D).
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FIGURE 5. Dose-dependent percentage changes in normalized T1 signal (1.5T MRI scanner) after 24 and 48 h are shown for (A) 4th ventricle, (B) 3rd ventricle, and (C) lateral ventricles following intrathecal gadobutrol in doses of 0.10 (red bars), 0.25 (orange bars), and 0.50 mmol (green bars). The percentage change in normalized T1 signal at 24 and 48 hours after intrathecal gadobutrol (0.50 mmol) within (D) 4th ventricle, (E) 3rd ventricle, and (F) lateral ventricles are shown for 1.5T (green bars) and 3T MRI scanners (blue bars). The bars show mean and 95% CIs. Differences between groups were determined by mixed model analysis.


There was a close association between ventricular reflux grade and tracer enrichment within ventricles for intrathecal gadobutrol in doses of 0.10 or 0.50 mmol (Figure 6).


[image: Figure 6]
FIGURE 6. Association between ventricular reflux grade and tracer enrichment 24 h after intrathecal gadobutrol.1 mmol (1.5T MRI) within (A) 3rd ventricle and (B) lateral ventricles, and between ventricular reflux grade and tracer enrichment 24 h after intrathecal gadobutrol 0.5 mmol (3T MRI) within (C) 3rd ventricle and (D) lateral ventricles. Pearson correlations with significance levels are shown. Of note, Pearson and Spearman's correlations were similar.


Furthermore, it should be noted that more pronounced ventricular reflux was accompanied by reduced callosal angle (ventricular reflux scores 0–2 vs. 3–4: 95 ± 40° vs. 67 ± 17°; P = 0.001; independent samples t-test).



Tracer Enrichment Within the Brain Parenchyma

As illustrated in Figure 7, the CSF tracer enrichment within the brain parenchyma, indicative of glymphatic enhancement, depended on the dose of intrathecal gadobutrol, as well as on the application of either 1.5T or 3T MRI. Intrathecal gadobutrol in a dose 0.10 mmol gave significantly less change in normalized T1 signal within the cerebral cortex (Figure 8A) and cerebral white matter (Figure 8B). See also Table 3. An intrathecal dose of 0.10 mmol gadobutrol gave an average increase in normalized T1 signals below 10% in the cerebral cortex (Figure 8A) and below 5% in subcortical white matter (Figure 8B), which we deemed insufficient for assessment of glymphatic enhancement. After intrathecal gadobutrol in a dose of 0.50 mmol, the 1.5T MRI scanner gave markedly lower tracer enrichment in the cerebral cortex (Figure 8C) and cerebral white matter (Figure 8D) than the 3T MRI scanner. The same results were seen within various brain sub-regions, as further detailed in Table 4.


[image: Figure 7]
FIGURE 7. Visualization of dose-dependent brain-wide tracer enrichment at group level 24 h after intrathecal gadobutrol in the doses (A) 0.10 mmol (1.5T MRI; n = 18), (B) 0.25 mmol (1.5T MRI; n = 25), (C) 0.50 mmol (1.5T MRI; n = 19), and (D) 0.50 mmol (3T MRI; n = 33). The percentage change in the normalized T1 signal is indicated on the color bar to the right.
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FIGURE 8. Dose-dependent percentage changes in normalized T1 signal (1.5T MRI scanner) after 24 and 48 h within (A) cerebral cortex (gray matter), and (B) cerebral white matter after intrathecal gadobutrol in doses of 0.10 mmol (red bars), 0.25 mmol (orange bars), and 0.50 mmol (green bars). The percentage change in normalized T1 signal at 24 and 48 h after intrathecal gadobutrol (0.50 mmol) within (C) cerebral cortex (gray matter), and (D) cerebral white matter are shown for 1.5T (green bars) and 3T MRI scanners (blue bars). The bars show mean and 95% CIs. Differences between groups were determined by mixed model analysis.



Table 4. Dose-dependent change T1 signal units and normalized T1 within different brain regions after 24 h.
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As shown in Table 5, there was a highly significant positive correlation between tracer enrichment within the CSF of subarachnoid spaces and tracer enrichment within the brain parenchyma, though correlations were strongest for intrathecal gadobutrol in a dose of 0.5 mmol. Furthermore, the location of measurements matters, with the strongest correlations between CSF tracer at vertex and enrichment in the cerebral cortex and the strongest correlations between CSF tracer at cisterna magna and enrichment within the entorhinal cortex.


Table 5. Correlations between tracer enrichment within subarachnoid CSF spaces and brain parenchyma.

[image: Table 5]

Considering the entire material, we also note a significant relationship between entorhinal cortex (ERC) thickness and tracer enrichment within entorhinal cortex gray matter (Figure 9A) and entorhinal cortex white matter (Figure 9B). Thereby, reduced clearance of tracer from entorhinal cortex shown as higher tracer levels at 24 h was accompanied by the reduced thickness of the entorhinal cortex.


[image: Figure 9]
FIGURE 9. Association between entorhinal cortex thickness and tracer enrichment at 24 h within (A) entorhinal cortex and (B) entorhinal white matter. Higher values of normalized T1 signal units are indicative of reduced parenchymal clearance of the tracer. Pearson correlations with significance levels are shown. Of note, Pearson and Spearman's correlations were similar. This plot is based on 84 patients.





DISCUSSION

This study provides new insights about the utility of intrathecal gadobutrol to assess MRI biomarkers of CSF dynamics and glymphatic enhancement, where a reduction of dose from 0.50 to 0.25 mmol maintained necessary diagnostic information. We deemed a dose of 0.10 mmol insufficient because of too low tracer enrichment in CSF at the vertex and too low enrichment in the cerebral cortex and subcortical white matter. In iNPH, we found significant reflux of tracer toward ventricles (grades 3–4, indicative of marked ventricular re-direction of CSF flow), and a strong association between clearance of tracer from CSF and brain parenchyma, suggesting brain molecular clearance is dependent on CSF clearance. The modest tracer enrichment beneath the skull vertex indicates a minor role of arachnoid granulations in CSF efflux.

In previous studies, we have applied intrathecal gadobutrol in a dose of 0.5 mmol, which has been found safe (30, 31). A systematic review concluded that no severe complications have been shown for gadolinium-based contrast agents in doses of 1.0 mmol and lower, though toxic effects have been shown in doses above 1.0 mmol (28). The present study provides evidence that the diagnostic imaging information of intrathecal gadobutrol is maintained at 0.25 mmol, while a dose of 0.10 mmol seems too low at 1.5T. Moreover, 3T MRI seems preferable above 1.5T MRI, while the latter is sufficient for the biomarkers in question with a dose of 0.25 mmol. Intrathecal MRI contrast agents are presently used off-label, primarily because of potential neurotoxicity and concerns about deposition within the brain (44). However, the risk of deposition within the brain of gadobutrol when given in intrathecal doses of 0.25 or 0.50 mmol seems minor 0. After 4 weeks, we have not found changes in normalized T1 signals in any brain regions (27). After routinely intravenous administration, there is also the passage of contrast to the CSF in humans (45–47) as previously shown in animals (48). Gadobutrol is approved for intravenous use in dosage of 0.1–0.3 mmol/kg, which in a 80 kg adult represents 8–24 mmol body dose, i.e., 16–60 times higher than intrathecal doses of 0.25 and 0.50 mmol, respectively. Therefore, we consider that intrathecal gadobutrol in doses 0.25–0.50 mmol has an acceptable risk profile while the benefit is substantial, given the opportunity to retrieve unique information about disturbed CSF homeostasis. In our opinion, the therapeutic index (i.e., risk-benefit ratio) of intrathecal gadobutrol is acceptable, justifying its clinical application.

In this study, the increasing dose from 0.25 to 0.50 mmol at 1.5T provided only a modest signal increase in CSF spaces and brain tissue (Figures 2, 5, 8). At this magnetic field strength, it, therefore, seems reasonable to avoid doses higher than 0.25 mmol, while 0.10 mmol was deemed insufficient. It, therefore, seems that an intrathecal dose of 0.25 mmol is close to ideal for 1.5T. The effect on percentage signal increase in CSF and brain tissue by increasing the magnetic field strength was, on the other side, much larger than the effect of increasing the contrast dose. We can therefore not rule out that 0.10 mmol may be sufficient at field strengths higher than 1.5T, and this could be explored in later studies. While the intrinsic signal-to-noise ratio (SNR) in MRI increases with field strength, signal unit change will also depend on the applied TR and TE, and the impact on using 3T at 0.1 mmol will therefore also depend on sequence parameters (49). It should also be noted that T1 signal increase in the MRIs is not necessarily proportional with the concentration of contrast agent, therefore the percentage change in normalized signal units is in this study used with the intention to illustrate by numbers how effects appear visually to a reader of MR images. To further increase sensitivity for the detection of contrast agents within the CSF spaces, other sequences might in future studies show to be of benefit, for instance, post-contrast FLAIR or T1 with blood suppression (“black blood”). Whether these techniques can maintain sufficient sensitivity for detection of enhancement within the brain remains to be seen.

We have previously shown that ventricular reflux of tracer characterizes iNPH disease (18). This study extends our previous observations showing ventricular reflux grades 3–4 in about 9/10 patients with iNPH. Estimation of tracer enrichment within ventricles using FreeSurfer software showed that tracer enrichment closely follows the categorical grading of reflux. Phase-contrast MRI supports the net retrograde aqueductal flow of CSF in iNPH (17, 50, 51). Others also reported net retrograde CSF flow within the cerebral aqueduct in patients with communicating hydrocephalus (50, 52–56). On the contrary, other disease categories of CSF disturbance, e.g., idiopathic intracranial hypertension and spontaneous intracranial hypotension or brain cysts, demonstrated no ventricular reflux of tracer (17). Likewise, individuals without CSF disturbance showed no ventricular tracer reflux (17), or net retrograde aqueductal flow (51). The ventricular reflux grades 3–4 indicates net CSF flow from fourth to third to lateral ventricles, indicating redirection of CSF flow in iNPH disease. Accordingly, a pressure gradient toward the ventricles enables molecular passage via the cerebral aqueduct into the lateral ventricles and transependymal fluid transport to periventricular white matter. Efflux of CSF also seems to occur via the choroid plexus (57). It is of note that reflux grades 3–4 were accompanied by reduced callosal angle as compared with reflux grades 0–2. Hence, in iNPH, the inward pressure gradient, molecular reflux, and need for transependymal transport may underlie the particular ventricular shape characterized by reduced callosal angle and upward movement of the brain along the z-axis (58).

Whether reflux grade is predictive for shunt responsiveness was out of scope for this work. We have previously shown that patients with iNPH with reflux grades 3–4 also presented with increased pulsatile ICP during overnight ICP monitoring (18), which is highly predictive for shunt responsiveness in iNPH (5). This patient material only included patients with iNPH. With regard to ventricular reflux, only 6 individuals had reflux grades 0–2, in part since grades 1–2 could not be scored at exams performed at 1.5T due to the imaging routine. However, further studies are needed to address this.

Tracer enrichment at vertex peaked after 48 h for all doses, while enrichment in cerebral ventricles peaked at 24 h. In a previous study (59), we found that the time to peak concentration in blood of intrathecal gadobutrol (0.5 mmol) was 12.1 ± 3.8 h. Molecular egress from CSF to blood is therefore much faster than peak CSF concentration at a vertex. While the traditional view states that arachnoid granulations serve as a major route for CSF efflux (60), the present observations point to a minor role of this efflux route.

The brain-wide enrichment of tracer occurs in the extra-vascular space since the tracer is contained outside the blood vessels because of the blood-brain barrier. We refer to this as glymphatic enhancement since the tracer passes in the perivascular spaces and the interstitial tissue. Tracer enrichment is most pronounced in brain areas nearby large blood vessels, which may indicate a role of the forces created by the pulsatile arteries. The present observations indicate comparable tracer enrichment within brain parenchyma at 24 h for intrathecal gadobutrol in doses of 0.25 and 0.50 mmol, though tracer was far better visualized by 3T than 1.5T MRI, i.e., the effect of increasing magnetic field strength was larger on contrast dependent T1 signal increase.

It is reasonable to hypothesize that the transport of gadobutrol within the CSF and brain compartments mimics the transport of other molecules and metabolic by-products such as amyloid-β and tau. Intrathecal gadobutrol with a molecular weight of about 604 Da does not cross a healthy BBB and distributes in the brain via extra-vascular spaces (61). This contrast agent is highly hydrophilic with an estimated hydraulic diameter of <2 nm (27), enabling it to pass between the perivascular and interstitial space via astrocytic endfeet gaps of about 20 nm. In comparison, amyloid-β isomers and tau are cleared along extra-vascular pathways (22, 62); the outer diameter of amyloid-β oligomers is as well <20 nm (63). While there is no known BBB transporter for tau, some common amyloid-β isoforms have significant clearance over the BBB, even though some of the most toxic amyloid-β isoforms are clear via the extravascular pathways (64, 65). Therefore, clearance of gadobutrol from the brain may be a suitable surrogate marker for brain clearance of endogenous metabolites such as toxic amyloid-β isoforms and tau.

Since dementia is an important part of iNPH disease, we have particularly addressed the alterations occurring within the entorhinal cortex. This region in the medial temporal lobe provides a major convergent neuronal input to the hippocampus after receiving direct projections from the neocortex. The entorhinal-hippocampal circuit plays a key role in learning and memories for locations and events (66–68). In Alzheimer's disease, neuronal degeneration within the entorhinal cortex occurs at an early time (69). Numerous studies have provided evidence of thinning of the entorhinal cortex visualized by MRI in mild cognitive impairment and dementia such as early Alzheimer's disease (70–74). Moreover, degeneration and thinning of the entorhinal cortex were accompanied by increased postmortem neurofibrillary tangle burden and amyloid-β (Aβ) load (75). We previously reported that patients with iNPH presented with reduced entorhinal cortex thickness, as compared with references (18). The present data extend previous observations by demonstrating a significant negative correlation between entorhinal cortex thickness and normalized T1 signal units at 24 h within the entorhinal cortex and entorhinal cortex white matter. Accordingly, higher tracer enrichment at 24 h, which is indicative of reduced molecular clearance, was accompanied by thinning of the entorhinal cortex. This supports the idea that reduced clearance of toxic metabolic by-products may be accompanied by neurodegeneration and hence reduced cortical thickness. The present data highlight that there may be some differences when estimating entorhinal cortex thickness from 1.5T and 3T MRI, this is probably an effect of increased SNR at 3T MRI and thereby better ability to discriminate the cortical boundaries.

One important observation supporting our previous findings (24, 26) is that tracer enrichment within the brain, here exemplified by the cerebral cortex and entorhinal cortex, is strongly correlated with tracer enrichment in CSF. The correlation was strongest for nearby CSF and parenchymal regions. Since diffusion may be an important mechanism behind molecular transport in the brain (76), the concentration within the CSF may as well be crucial for molecular brain enrichment from CSF. In patients with iNPH, molecular clearance from subarachnoid spaces is impaired (24); the present data further show that clearance of tracer from the subarachnoid CSF spaces was dose-dependent. Concerning glymphatic function, the role of CSF per se has received less attention. For a particular molecule, its glymphatic transport probably is affected by the concentration within the subarachnoid CSF spaces. In this regard, it may be proposed that the meningeal lymphatic vessels play a key role in molecular egress from CSF spaces.

The presently described imaging biomarkers provide some information about the pathophysiology behind iNPH, which is further summarized in Figure 10. (1) In iNPH, the flow of CSF is redirected toward the ventricles where transependymal transport of the water and molecular components of CSF may be an essential component. (2) Given the protracted and limited enrichment at a vertex, CSF absorption via arachnoid granulations to the superior sagittal sinus may play a minor role. (3) Delayed clearance from CSF may be instrumental for glymphatic failure. (4) Glymphatic failure affecting the entorhinal cortex may be partaking in the cognitive decline of iNPH patients. (5) In iNPH, defective meningeal lymphatic clearance may be a common cause behind the impaired CSF turnover and glymphatic failure characterizing the disease. Several lines of evidence suggest a crucial role of meningeal lymphatic CSF drainage for removal of cerebral waste products in age-related cognitive decline and Alzheimer's disease (82–84). Experimental data suggest that defective meningeal lymphatic clearance may impair the clearance of neurotoxic metabolites from CSF (85). The meningeal lymphatic drainage capacity becomes impaired with increasing age (83). In humans, the intrathecal MRI contrast agent serving as a CSF tracer passes from subarachnoid CSF to parasagittal dura (38) and to extra-cranial lymph nodes (86).


[image: Figure 10]
FIGURE 10. Overview of our current thinking about iNPH pathophysiology based on MRI and histopathological observations in iNPH patients. Concerning intrathecal contrast-enhanced MRI, the contrast agent serves as a tracer within the extra-vascular compartment. This MRI modality showed delayed clearance of tracer from the cerebral cortex (24, 26, 27), which may indicate impaired glymphatic function. Moreover, iNPH demonstrated delayed clearance of tracer from CSF (24, 26) indicative of impaired CSF turnover. Enrichment of tracer in the cerebral cortex was strongly correlated with enrichment in nearby subarachnoid CSF space (24, 26), suggesting that glymphatic clearance heavily depends on molecular clearance from CSF. Histopathological studies in iNPH at cortex show astrogliosis, loss of perivascular AQP4, blood-brain barrier dysfunction, and mitochondrial abnormality (77–81), all of which may affect perivascular solute transport and thereby impair glymphatic function. A typical finding in iNPH is limited and protracted tracer enrichment at cerebral convexity with a peak at 24 h (24), much later than peak concentration in blood (59). This indicates that clearance of tracer from arachnoid granulations to the superior sagittal sinus plays a minor role, though this has traditionally been considered the major efflux route (60). On the other hand, iNPH is characterized by marked tracer reflux to ventricles (grades 3–4) (17, 18), indicative of redistribution of CSF flow to ventricles. Possibly, reversed aqueductal flow with trans-ependymal transport of CSF and further resorption of water through capillary walls may be important in iNPH. We suggest that the meningeal lymphatic vessels serve as the major efflux route for larger molecules within the CSF compartments. Impaired clearance of toxic by-products of brain metabolism due to glymphatic and meningeal lymphatic clearance failure may underlie the deposition of amyloid-β and tau in iNPH (19), and signs of neurodegeneration shown as entorhinal cortex thinning and higher grades of Schelten's MTA and Fazekas scores (18, 26).


Some limitations of this study should be noted. At intrathecal enhanced MRI, contrast-induced T1 signal increase is an expression of an increased amount of contrast agent, but necessarily not proportional to changes in concentration. For that, T1 maps would have been necessary, which was beyond the scope of this study. In addition to different magnetic field strengths at 1.5T and 3T, respectively, the T1 gradient echo also differed. Regarding ventricular reflux grading, the imaging routine at 1.5T did not allow for categorizing patients into grades 1 or 2, however, did 9/10 iNPH have grades 3–4 at 1.5T and 3T combined. Furthermore, the study does not incorporate observations from using doses of 0.10 mmol and 0.25 mmol at 3T, and particularly the utility of reducing the dose to 0.10 mmol at 3T may be further explored in later assessments. It should also be noted that we at this stage do not adjust intrathecal dose for specific patient characteristics, such as age, height, or weight. Such adjustments seem meaningful for further dose optimization, and preferably dose reduction. Furthermore, the present data included both individuals with “possible” and “probable” iNPH. Theoretically, there might be differences between these diagnosis sub-categories. However, the one aspect differentiating these categories are the demonstration of normal CSF pressure. It is unlikely that any of our individuals with “possible” iNPH had non-recognized high CSF pressure (i.e., high-pressure hydrocephalus). In addition, the current classification has limitations making distinct differentiation between the possible and probable categories difficult (87).



CONCLUSIONS

Intrathecal gadobutrol can be utilized to trace extra-vascular molecular clearance from the brain and CSF and provide diagnostic information about impaired CSF flow at the brain surface in parallel. A dose of 0.25 mmol maintains adequate diagnostic information about dynamic CSF flow biomarkers (i.e., ventricular reflux grade and glymphatic enhancement) at 1.5T and improves the safety margin compared to 0.50 mmol. A dose of 0.10 mmol was considered insufficient at 1.5T MRI because of too low enrichment in CSF at a vertex and too low glymphatic enhancement in the cerebral cortex and subcortical white matter. Utility of 0.10 mmol at 3T remains to be determined. Strong reflux of tracer to ventricles (grades 3–4) characterizes patients with iNPH, with redirection of CSF flow toward ventricles accompanied with ventricular tracer enrichment. Tracer enrichment at the vertex is slow, with a peak at 48 h, indicating CSF clearance to occur mainly along other pathways than arachnoid granulations. The degree of glymphatic tracer enrichment within the cerebral cortex and subcortical white matter correlates strongly with enrichment within nearby CSF. In particular, we show that this is the case for the entorhinal cortex, which degenerates early in dementia, and where reduced tracer clearance is previously shown to be associated with reduced thickness.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Regional Committee for Medical and Health Research Ethics (REK) of Health Region South-East, Norway (2015/96). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

PE and GR: conceptualization and design. AL, ØG, BN, and RS: intrathecal injection procedure. ÅH-K, GL, and SV: data management. PE, AP, LV, and GR: data analysis. PE: writing—original draft, supervision and administration, and correspondence and material requests. PE, AL, ÅH-K, ØG, BN, RS, GL, SV, AP, LV, and GR: review and editing and approval of the final manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from Health South-East, Norway (Grants 2020068), and from the Department of neurosurgery and The Intervention Centre, Oslo University hospital-Rikshospitalet, Oslo, Norway.



ABBREVIATIONS

CSF, Cerebrospinal fluid; DESH, Disproportional enlarged subarachnoid space hydrocephalus; GM, Gray matter; iNPH, Idiopathic normal pressure hydrocephalus; ICP, Intracranial pressure; MRI, Magnetic resonance imaging; MTA, Medial temporal atrophy; MMS, Mini-mental state; WM, White matter.



REFERENCES

 1. Halperin JJ, Kurlan R, Schwalb JM, Cusimano MD, Gronseth G, Gloss D. Practice guideline: Idiopathic normal pressure hydrocephalus: Response to shunting and predictors of response: Report of the Guideline Development, Dissemination, and Implementation Subcommittee of the American Academy of Neurology. Neurology. (2015) 85:2063–71. doi: 10.1212/WNL.0000000000002193

 2. Relkin N, Marmarou A, Klinge P, Bergsneider M, Black PM. Diagnosing idiopathic normal-pressure hydrocephalus. Neurosurgery. (2005) 57:S4–16. doi: 10.1227/01.NEU.0000168185.29659.C5

 3. Nakajima M, Yamada S, Miyajima M, Ishii K, Kuriyama N, Kazui H, et al. Guidelines for management of idiopathic normal pressure hydrocephalus (third edition): endorsed by the Japanese Society of Normal Pressure Hydrocephalus. Neurol Med Chir (Tokyo). (2021) 61:63–97. doi: 10.2176/nmc.st.2020-0292

 4. Marmarou A, Bergsneider M, Klinge P, Relkin N, Black PM. The value of supplemental prognostic tests for the preoperative assessment of idiopathic normal-pressure hydrocephalus. Neurosurgery. (2005) 57:S17–28. doi: 10.1227/01.NEU.0000168184.01002.60

 5. Eide PK, Sorteberg W. Diagnostic intracranial pressure monitoring and surgical management in idiopathic normal pressure hydrocephalus: a 6-year review of 214 patients. Neurosurgery. (2010) 66:80–91. doi: 10.1227/01.NEU.0000363408.69856.B8

 6. Marmarou A, Young HF, Aygok GA, Sawauchi S, Tsuji O, Yamamoto T, et al. Diagnosis and management of idiopathic normal-pressure hydrocephalus: a prospective study in 151 patients. J Neurosurg. (2005) 102:987–97. doi: 10.3171/jns.2005.102.6.0987

 7. Qvarlander S, Malm J, Eklund A. CSF dynamic analysis of a predictive pulsatility-based infusion test for normal pressure hydrocephalus. Med Biol Eng Comput. (2014) 52:75–85. doi: 10.1007/s11517-013-1110-1

 8. Thavarajasingam SG, El-Khatib M, Rea M, Russo S, Lemcke J, Al-Nusair L, et al. Clinical predictors of shunt response in the diagnosis and treatment of idiopathic normal pressure hydrocephalus: a systematic review and meta-analysis. Acta Neurochir (Wien). (2021) 163:2641–72. doi: 10.1007/s00701-021-04922-z

 9. Toma AK, Papadopoulos MC, Stapleton S, Kitchen ND, Watkins LD. Systematic review of the outcome of shunt surgery in idiopathic normal-pressure hydrocephalus. Acta Neurochir (Wien). (2013) 155:1977–80. doi: 10.1007/s00701-013-1835-5

 10. Golz L, Ruppert FH, Meier U, Lemcke J. Outcome of modern shunt therapy in patients with idiopathic normal pressure hydrocephalus 6 years postoperatively. J Neurosurg. (2014) 121:771–5. doi: 10.3171/2014.6.JNS131211

 11. Eide PK, Sorteberg W. Outcome of surgery for idiopathic normal pressure hydrocephalus: Role of preoperative static and pulsatile intracranial pressure. World Neurosurg. (2016) 86:186–93. doi: 10.1016/j.wneu.2015.09.067

 12. Andersson J, Rosell M, Kockum K, Lilja-Lund O, Soderstrom L, Laurell K. Prevalence of idiopathic normal pressure hydrocephalus: a prospective, population-based study. PLoS ONE. (2019) 14:e0217705. doi: 10.1371/journal.pone.0217705

 13. Jaraj D, Rabiei K, Marlow T, Jensen C, Skoog I, Wikkelso C. Prevalence of idiopathic normal-pressure hydrocephalus. Neurology. (2014) 82:1449–54. doi: 10.1212/WNL.0000000000000342

 14. Jaraj D, Wikkelso C, Rabiei K, Marlow T, Jensen C, Ostling S, et al. Mortality and risk of dementia in normal-pressure hydrocephalus: a population study. Alzheimer's Dementia. (2017) 13:850–7. doi: 10.1016/j.jalz.2017.01.013

 15. Andrén K, Wikkelsø C, Sundström N, Israelsson H, Agerskov S, Laurell K, et al. Survival in treated idiopathic normal pressure hydrocephalus. J Neurol. (2020) 267:640–8. doi: 10.1007/s00415-019-09598-1

 16. Agerskov S, Wallin M, Hellstrom P, Ziegelitz D, Wikkelso C, Tullberg M. Absence of disproportionately enlarged subarachnoid space hydrocephalus, a sharp callosal angle, or other morphologic mri markers should not be used to exclude patients with idiopathic normal pressure hydrocephalus from shunt surgery. AJNR Am J Neuroradiol. (2019) 40:74–9. doi: 10.3174/ajnr.A5910

 17. Eide PK, Valnes LM, Lindstrøm EK, Mardal KA, Ringstad G. Direction and magnitude of cerebrospinal fluid flow vary substantially across central nervous system diseases. Fluids Barriers CNS. (2021) 18:1–18. doi: 10.1186/s12987-021-00251-6

 18. Eide PK, Pripp AH, Ringstad G. Magnetic resonance imaging biomarkers of cerebrospinal fluid tracer dynamics in idiopathic normal pressure hydrocephalus. Brain Commun. (2020) 2:1–16. doi: 10.1093/braincomms/fcaa187

 19. Leinonen V, Koivisto AM, Savolainen S, Rummukainen J, Tamminen JN, Tillgren T, et al. Amyloid and tau proteins in cortical brain biopsy and Alzheimer's disease. Ann Neurol. (2010) 68:446–53. doi: 10.1002/ana.22100

 20. Libard S, Alafuzoff I. Alzheimer's disease neuropathological change and loss of matrix/neuropil in patients with idiopathic Normal Pressure Hydrocephalus, a model of Alzheimer's disease. Acta Neuropathologica Commun. (2019) 7:3. doi: 10.1186/s40478-019-0748-9

 21. Müller-Schmitz K, Krasavina-Loka N, Yardimci T, Lipka T, Kolman AGJ, Robbers S, et al. Normal pressure hydrocephalus associated with Alzheimer's Disease. Ann Neurol. (2020). doi: 10.1002/ana.25847

 22. Jawhar S, Wirths O, Bayer TA. Pyroglutamate amyloid-beta (Abeta): a hatchet man in Alzheimer disease. J Biol Chem. (2011) 286:38825–32. doi: 10.1074/jbc.R111.288308

 23. Iliff JJ, Wang M, Liao Y, Plogg BA, Peng W, Gundersen GA, et al. A paravascular pathway facilitates CSF flow through the brain parenchyma and the clearance of interstitial solutes, including amyloid beta. Science Transl Med. (2012) 4:147ra11. doi: 10.1126/scitranslmed.3003748

 24. Ringstad G, Vatnehol SAS, Eide PK. Glymphatic MRI in idiopathic normal pressure hydrocephalus. Brain. (2017) 140:2691–705. doi: 10.1093/brain/awx191

 25. Nedergaard M, Goldman SA. Glymphatic failure as a final common pathway to dementia. Science. (2020) 370:50–6. doi: 10.1126/science.abb8739

 26. Eide PK, Ringstad G. Delayed clearance of cerebrospinal fluid tracer from entorhinal cortex in idiopathic normal pressure hydrocephalus: a glymphatic magnetic resonance imaging study. J Cereb Blood Flow Metab. (2019) 39:1355–68. doi: 10.1177/0271678X18760974

 27. Ringstad G, Valnes LM, Dale AM, Pripp AH, Vatnehol SS, Emblem KE, et al. Brain-wide glymphatic enhancement and clearance in humans assessed with MRI. JCI insight. (2018) 3:1–16. doi: 10.1172/jci.insight.121537

 28. Patel M, Atyani A, Salameh JP, McInnes M, Chakraborty S. Safety of intrathecal administration of gadolinium-based contrast agents: a systematic review and meta-analysis. Radiology. (2020) 297:75–83. doi: 10.1148/radiol.2020191373

 29. Kanal E. A Reality check on intrathecal gadolinium-based contrast agents. Radiology. (2020) 297:84–6. doi: 10.1148/radiol.2020202819

 30. Halvorsen M, Edeklev CS, Fraser-Green J, Lovland G, Vatnehol SAS, Gjertsen O, et al. Off-label intrathecal use of gadobutrol: safety study and comparison of administration protocols. Neuroradiology. (2021) 63:51–61. doi: 10.1007/s00234-020-02519-4

 31. Edeklev CS, Halvorsen M, Lovland G, Vatnehol SAS, Gjertsen O, Nedregaard B, et al. Intrathecal use of gadobutrol for glymphatic mr imaging: prospective safety study of 100 patients. AJNR Am J Neuroradiol. (2019) 40:1257–64. doi: 10.3174/ajnr.A6136

 32. Fischl B. FreeSurfer. Neuroimage. (2012) 62:774–81. doi: 10.1016/j.neuroimage.2012.01.021

 33. Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, et al. A hybrid approach to the skull stripping problem in MRI. Neuroimage. (2004) 22:1060–75. doi: 10.1016/j.neuroimage.2004.03.032

 34. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al. Whole brain segmentation: automated labeling of neuroanatomical structures in the human brain. Neuron. (2002) 33:341–55. doi: 10.1016/S0896-6273(02)00569-X

 35. Fischl B, Salat DH, van der Kouwe AJ, Makris N, Segonne F, Quinn BT, et al. Sequence-independent segmentation of magnetic resonance images. Neuroimage. (2004) 23 Suppl 1:S69–84. doi: 10.1016/j.neuroimage.2004.07.016

 36. Reuter M, Schmansky NJ, Rosas HD, Fischl B. Within-subject template estimation for unbiased longitudinal image analysis. Neuroimage. (2012) 61:1402–18. doi: 10.1016/j.neuroimage.2012.02.084

 37. Eide PK, Vinje V, Pripp AH, Mardal KA, Ringstad G. Sleep deprivation impairs molecular clearance from the human brain. Brain. (2021) 144:863–74. doi: 10.1093/brain/awaa443

 38. Ringstad G, Eide PK. Cerebrospinal fluid tracer efflux to parasagittal dura in humans. Nat Commun. (2020) 11:1–9. doi: 10.1038/s41467-019-14195-x

 39. Brix MK, Westman E, Simmons A, Ringstad GA, Eide PK, Wagner-Larsen K, et al. The Evans' Index revisited: New cut-off levels for use in radiological assessment of ventricular enlargement in the elderly. Eur J Radiol. (2017) 95:28–32. doi: 10.1016/j.ejrad.2017.07.013

 40. Virhammar J, Laurell K, Cesarini KG, Larsson EM. The callosal angle measured on MRI as a predictor of outcome in idiopathic normal-pressure hydrocephalus. J Neurosurg. (2014) 120:178–84. doi: 10.3171/2013.8.JNS13575

 41. Hashimoto M, Ishikawa M, Mori E, Kuwana N. Diagnosis of idiopathic normal pressure hydrocephalus is supported by MRI-based scheme: a prospective cohort study. Cerebrospinal Fluid Res. (2010) 7:18. doi: 10.1186/1743-8454-7-18

 42. Scheltens P, Leys D, Barkhof F, Huglo D, Weinstein HC, Vermersch P, et al. Atrophy of medial temporal lobes on MRI in “probable” Alzheimer's disease and normal ageing: diagnostic value and neuropsychological correlates. J Neurol Neurosurg Psychiatry. (1992) 55:967–72. doi: 10.1136/jnnp.55.10.967

 43. Fazekas F, Barkhof F, Wahlund LO, Pantoni L, Erkinjuntti T, Scheltens P, et al. CT and MRI rating of white matter lesions. Cerebrovasc Dis. (2002) 13 Suppl 2:31–6. doi: 10.1159/000049147

 44. Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High signal intensity in the dentate nucleus and globus pallidus on unenhanced T1-weighted MR images: relationship with increasing cumulative dose of a gadolinium-based contrast material. Radiology. (2014) 270:834–41. doi: 10.1148/radiol.13131669

 45. Naganawa S, Ito R, Kawai H, Taoka T, Yoshida T, Sone M. Confirmation of Age-dependence in the Leakage of Contrast Medium around the Cortical Veins into Cerebrospinal Fluid after Intravenous Administration of Gadolinium-based Contrast Agent. Magn Reson Med Sci. (2020). doi: 10.2463/mrms.mp.2019-0182

 46. Nehra AK, McDonald RJ, Bluhm AM, Gunderson TM, Murray DL, Jannetto PJ, et al. Accumulation of gadolinium in human cerebrospinal fluid after gadobutrol-enhanced MR imaging: a prospective observational cohort study. Radiology. (2018) 288:416–23. doi: 10.1148/radiol.2018171105

 47. Berger F, Kubik-Huch RA, Niemann T, Schmid HR, Poetzsch M, Froehlich JM, et al. Gadolinium distribution in cerebrospinal fluid after administration of a gadolinium-based MR contrast agent in humans. Radiology. (2018) 288:703–9. doi: 10.1148/radiol.2018171829

 48. Jost G, Frenzel T, Lohrke J, Lenhard DC, Naganawa S, Pietsch H. Penetration and distribution of gadolinium-based contrast agents into the cerebrospinal fluid in healthy rats: a potential pathway of entry into the brain tissue. Eur Radiol. (2017) 27:2877–85. doi: 10.1007/s00330-016-4654-2

 49. Cao D, Kang N, Pillai JJ, Miao X, Paez A, Xu X, et al. Fast whole brain MR imaging of dynamic susceptibility contrast changes in the cerebrospinal fluid (cDSC MRI). Magn Reson Med. (2020). doi: 10.1002/mrm.28389

 50. Ringstad G, Emblem KE, Eide PK. Phase-contrast magnetic resonance imaging reveals net retrograde aqueductal flow in idiopathic normal pressure hydrocephalus. J Neurosurg. (2016) 124:1850–7. doi: 10.3171/2015.6.JNS15496

 51. Lindstrom EK, Ringstad G, Mardal KA, Eide PK. Cerebrospinal fluid volumetric net flow rate and direction in idiopathic normal pressure hydrocephalus. NeuroImage Clin. (2018) 20:731–41. doi: 10.1016/j.nicl.2018.09.006

 52. Penn RD, Basati S, Sweetman B, Guo X, Linninger A. Ventricle wall movements and cerebrospinal fluid flow in hydrocephalus. J Neurosurg. (2011) 115:159–64. doi: 10.3171/2010.12.JNS10926

 53. Baledent O, Gondry-Jouet C, Meyer ME, De Marco G, Le Gars D, Henry-Feugeas MC, et al. Relationship between cerebrospinal fluid and blood dynamics in healthy volunteers and patients with communicating hydrocephalus. Invest Radiol. (2004) 39:45–55. doi: 10.1097/01.rli.0000100892.87214.49

 54. Bateman GA, Brown KM. The measurement of CSF flow through the aqueduct in normal and hydrocephalic children: from where does it come, to where does it go? Childs Nerv Syst. (2012) 28:55–63. doi: 10.1007/s00381-011-1617-4

 55. Kim DS, Choi JU, Huh R, Yun PH, Kim DI. Quantitative assessment of cerebrospinal fluid hydrodynamics using a phase-contrast cine MR image in hydrocephalus. Childs Nerv Syst. (1999) 15:461–7. doi: 10.1007/s003810050440

 56. Yin LK, Zheng JJ, Zhao L, Hao XZ, Zhang XX, Tian JQ, et al. Reversed aqueductal cerebrospinal fluid net flow in idiopathic normal pressure hydrocephalus. Acta Neurol Scand. (2017). doi: 10.1111/ane.12750

 57. Eide PK, Valnes LM, Pripp AH, Mardal KA, Ringstad G. Delayed clearance of cerebrospinal fluid tracer from choroid plexus in idiopathic normal pressure hydrocephalus. J Cereb Blood Flow Metab. (2020) 40:1849–58. doi: 10.1177/0271678X19874790

 58. Yamada S, Ishikawa M, Yamamoto K. Optimal diagnostic indices for idiopathic normal pressure hydrocephalus based on the 3D quantitative volumetric analysis for the cerebral ventricle and subarachnoid space. AJNR Am J Neuroradiol. (2015) 36:2262–9. doi: 10.3174/ajnr.A4440

 59. Eide PK, Mariussen E, Uggerud H, Pripp AH, Lashkarivand A, Hassel B, et al. Clinical application of intrathecal gadobutrol for assessment of cerebrospinal fluid tracer clearance to blood. JCI insight. (2021). doi: 10.1172/jci.insight.147063

 60. Brinker T, Stopa E, Morrison J, Klinge P. A new look at cerebrospinal fluid circulation. Fluids Barriers CNS. (2014) 11:10. doi: 10.1186/2045-8118-11-10

 61. Cheng KT. Gadobutrol. Molecular Imaging and Contrast Agent Database (MICAD) Bethesda (MD): National Center for Biotechnology Information (US) (2004).

 62. Iliff JJ, Chen MJ, Plog BA, Zeppenfeld DM, Soltero M, Yang L, et al. Impairment of glymphatic pathway function promotes tau pathology after traumatic brain injury. J Neurosci. (2014) 34:16180–93. doi: 10.1523/JNEUROSCI.3020-14.2014

 63. Sakono M, Zako T. Amyloid oligomers: formation and toxicity of Abeta oligomers. FEBS J. (2010) 277:1348–58. doi: 10.1111/j.1742-4658.2010.07568.x

 64. Chai AB, Leung GKF, Callaghan R, Gelissen IC. P-glycoprotein: a role in the export of amyloid-beta in Alzheimer's disease? FEBS J. (2020) 287:612–25. doi: 10.1111/febs.15148

 65. Rissman RA, Trojanowski JQ, Shaw LM, Aisen PS. Longitudinal plasma amyloid beta as a biomarker of Alzheimer's disease. J Neural Transm (Vienna). (2012) 119:843–50. doi: 10.1007/s00702-012-0772-4

 66. Moser MB, Rowland DC, Moser EI. Place cells, grid cells, and memory. Cold Spring Harb Perspect Biol. (2015) 7:a021808. doi: 10.1101/cshperspect.a021808

 67. Fyhn M, Molden S, Witter MP, Moser EI, Moser MB. Spatial representation in the entorhinal cortex. Science. (2004) 305:1258–64. doi: 10.1126/science.1099901

 68. Hafting T, Fyhn M, Molden S, Moser MB, Moser EI. Microstructure of a spatial map in the entorhinal cortex. Nature. (2005) 436:801–6. doi: 10.1038/nature03721

 69. Hyman BT, Van Hoesen GW, Damasio AR, Barnes CL. Alzheimer's disease: cell-specific pathology isolates the hippocampal formation. Science. (1984) 225:1168–70. doi: 10.1126/science.6474172

 70. Pennanen C, Kivipelto M, Tuomainen S, Hartikainen P, Hanninen T, Laakso MP, et al. Hippocampus and entorhinal cortex in mild cognitive impairment and early AD. Neurobiol Aging. (2004) 25:303–10. doi: 10.1016/S0197-4580(03)00084-8

 71. Velayudhan L, Proitsi P, Westman E, Muehlboeck JS, Mecocci P, Vellas B, et al. Entorhinal cortex thickness predicts cognitive decline in Alzheimer's disease. J Alzheimer's Dis. (2013) 33:755–66. doi: 10.3233/JAD-2012-121408

 72. Jessen F, Feyen L, Freymann K, Tepest R, Maier W, Heun R, et al. Volume reduction of the entorhinal cortex in subjective memory impairment. Neurobiol Aging. (2006) 27:1751–6. doi: 10.1016/j.neurobiolaging.2005.10.010

 73. Du AT, Schuff N, Amend D, Laakso MP, Hsu YY, Jagust WJ, et al. Magnetic resonance imaging of the entorhinal cortex and hippocampus in mild cognitive impairment and Alzheimer's disease. J Neurol Neurosurg Psychiatry. (2001) 71:441–7. doi: 10.1136/jnnp.71.4.441

 74. Devanand DP, Pradhaban G, Liu X, Khandji A, De Santi S, Segal S, et al. Hippocampal and entorhinal atrophy in mild cognitive impairment: prediction of Alzheimer disease. Neurology. (2007) 68:828–36. doi: 10.1212/01.wnl.0000256697.20968.d7

 75. Thaker AA, Weinberg BD, Dillon WP, Hess CP, Cabral HJ, Fleischman DA, et al. Entorhinal cortex: antemortem cortical thickness and postmortem neurofibrillary tangles and amyloid pathology. AJNR Am J Neuroradiol. (2017) 38:961–5. doi: 10.3174/ajnr.A5133

 76. Valnes LM, Mitusch SK, Ringstad G, Eide PK, Funke SW, Mardal KA. Apparent diffusion coefficient estimates based on 24 hours tracer movement support glymphatic transport in human cerebral cortex. Sci Rep. (2020) 10:1–12. doi: 10.1038/s41598-020-66042-5

 77. Eide PK, Hansson HA. Blood-brain barrier leakage of blood proteins in idiopathic normal pressure hydrocephalus. Brain Res. (2020) 1727:1–13. doi: 10.1016/j.brainres.2019.146547

 78. Hasan-Olive MM, Enger R, Hansson HA, Nagelhus EA, Eide PK. Loss of perivascular aquaporin-4 in idiopathic normal pressure hydrocephalus. Glia. (2019) 67:91–100. doi: 10.1002/glia.23528

 79. Hasan-Olive MM, Enger R, Hansson HA, Nagelhus EA, Eide PK. Pathological mitochondria in neurons and perivascular astrocytic endfeet of idiopathic normal pressure hydrocephalus patients. Fluids Barriers CNS. (2019) 16:1–16. doi: 10.1186/s12987-019-0160-7

 80. Eide PK, Hansson HA. Astrogliosis and impaired aquaporin-4 and dystrophin systems in idiopathic normal pressure hydrocephalus. Neuropathol Appl Neurobiol. (2018) 44:474–90. doi: 10.1111/nan.12420

 81. Eidsvaag VA, Hansson HA, Heuser K, Nagelhus EA, Eide PK. Brain capillary ultrastructure in idiopathic normal pressure hydrocephalus: relationship with static and pulsatile intracranial pressure. J Neuropathol Exp Neurol. (2017) 76:1034–45. doi: 10.1093/jnen/nlx091

 82. Ma Q, Ineichen BV, Detmar M, Proulx ST. Outflow of cerebrospinal fluid is predominantly through lymphatic vessels and is reduced in aged mice. Nat Commun. (2017) 8:1434. doi: 10.1038/s41467-017-01484-6

 83. Zhou Y, Cai J, Zhang W, Gong X, Yan S, Zhang K, et al. Impairment of the glymphatic pathway and putative meningeal lymphatic vessels in the aging human. Ann Neurol. (2020) 87:357–69. doi: 10.1002/ana.25670

 84. Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore KM, et al. Functional aspects of meningeal lymphatics in ageing and Alzheimer's disease. Nature. (2018) 560:185–91. doi: 10.1038/s41586-018-0368-8

 85. Louveau A, Plog BA, Antila S, Alitalo K, Nedergaard M, Kipnis J. Understanding the functions and relationships of the glymphatic system and meningeal lymphatics. J Clin Invest. (2017) 127:3210–9. doi: 10.1172/JCI90603

 86. Eide PK, Vatnehol SAS, Emblem KE, Ringstad G. Magnetic resonance imaging provides evidence of glymphatic drainage from human brain to cervical lymph nodes. Sci Rep. (2018) 8:7194. doi: 10.1038/s41598-018-25666-4

 87. Andersson J, Rosell M, Kockum K, Soderstrom L, Laurell K. Challenges in diagnosing normal pressure hydrocephalus: evaluation of the diagnostic guidelines. eNeurologicalSci. (2017) 7:27–31. doi: 10.1016/j.ensci.2017.04.002

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Eide, Lashkarivand, Hagen-Kersten, Gjertsen, Nedregaard, Sletteberg, Løvland, Vatnehol, Pripp, Valnes and Ringstad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-857328-t003.jpg
Anatomical region ROl
CSFcisternamagna 85+ 17
CSF vertex 80419
CSF velum interpositum 128 + 26
4th ventricle 100 £ 13
3rd ventricle 9B+ 11

Lateral ventricles 9B+ 11

Cerebral cortex 221 +27
Cerebral white matter 282 + 35
CSFcistemamagna 80+ 12
CSF vertex 69+ 16
CSF velum interpositum 120 18
4th ventricle 94+ 14
3rd ventricle 879

Lateral ventricles 86+8

Cerebral cortex 200 +30
Cerebral white matter 260 + 20
CSF cisterna magna 82+ 16
CSF vertex 68411

CSF velum interpositum 121 £ 21
4th ventricle 102415
3rd ventricle 91+8

Lateral ventricles 9214
Cerebral cortex 214428

Cerebral white matter 276 & 30

CSFoistemamagna  14+6

CSF vertex 10£5
CSF velum interpositum 32 + 18
4th ventricle 18+ 10
3rd ventricle 2011
Lateral ventricles 148
Cerebral cortex 59+ 32

Cerebral white matter 106 51

Pre

REF

386 + 59
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59

365 + 44
3656 + 44
365 + 44
365 + 44
365 + 44
365 + 44
365 + 44
365 + 44

382+ 42
382 + 42
382+ 42
382+ 42
382+ 42
382+ 42
382 + 42
382+ 42

187 £ 89
187 489
187 £ 89
187 + 89
187 £ 89
187 £ 89
187 £ 89
187 £ 89

SU-ratio

0.22 £0.04
0.21£0.04
0.33+£0.06
0.26 £0.04
0.24 £0.02
0.24+0.02
058+ 0.05
0.73£0.05

0.22 £0.03
0.19+0.04
0.33 £0.05
0.26 £0.08
0.24 £0.02
0.24 £0.02
0.55 £ 0.07
0.71£0.06

022 +0.03
0.18£0.03
0.32 +0.04
0.27 £0.04
0.24£0.01
0.24 £0.03
0.66 + 0.06
0.72 £0.05

0.07 £0.02
0.05 £0.02
0.17 £0.08
0.10£0.02
0.10£0.01
0.07 +0.02
0.31£0.02
0.66 + 0.04

RoOI

253 £ 64
101 £43
216 £ 50
222 £ 46
206 + 54
182 + 53
240 £ 31
289 + 34

368+ 77
136 + 80
304 £ 57
334 + 69
320+ 73
274 £ 61
253 £29
296 £ 28

475 + 183
188 + 165
345 + 139
375 + 160
359 + 162
313 + 140
265 + 40
301 £28

254 £ 125
146 + 139
236 + 127
224+ 117
225 + 122
168+ 95
106 £ 52
134 + 64

REF

385 + 56
385 + 56
385 + 56
385 + 56
385 + 56
385 £ 56
385 £ 56
385 + 56

382 + 49
382+ 49
382 + 49
382 + 49
382 + 49
382 + 49
382 £ 49
382 + 49

389+ 42
389 + 42
389 + 42
389 + 42
389 + 42
389 + 42
389 + 42
389 + 42

185 £ 90
185 £ 90
185 + 90
185 £ 90
185 £ 90
185 + 90
185 £ 90
185 + 90

0.10 mmol/1.5T MRI

24h
SU-ratic  %Change
067+0.15 21089
026009 30450
056+012 70435
058011  125%36
054+0.13 128+128
0.47 £0.12 98 £ 50
0.63 £ 0.05 9+7
076£005 44
0.25 mmol/1.5T MRI
098022 853+115
037+024 106+ 158
081£0.18 145+53
089+021 244+76
085+022 252484
072+047 210466
067008 23+19
078006 9+5
0.50 mmol/1.5T MRI
1.21£044 473 +222
047+039 1784223
090038 186+ 143
097£042 269174
093044 200+ 191
081038 247 +175
0.68+009 28+24
078006 78
0.50 mmol/3T MRI
1.41£048 18934844
0.79 £ 0.67 1616 = 1741
1294043 698+338
1.244£0.46 1242 + 583
1254048 1137 £528
0944044 1534 +818
057£012 8640
073+008 30414

ROl

156 & 44
144 43
174 £32
160 £ 34
150 + 36
140 £33
241£32
297 + 39

200 + 44
196 + 63
211£36
202 + 41
192 £ 42
177 £39
246 +£28
297 £ 32

276+ 101
250 + 119
250 + 82
249 + 88
235+ 91
214 £ 80
272 +33
319+ 30

181£73
165 £ 154
154 £78
14448
17 £53
79+ 41
124 £ 67
177 £92

REF

397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £+ 61
397 £ 61
397 £ 61
397 £ 61

389 £ 56
389 + 56
389 £ 56
389 + 56
389 £ 56
389 + 56
389 £ 56
389 + 56

403 + 43
403 + 43
408 + 43
403 + 43
408 + 43
403 + 43
408 + 43
408 + 43

241£130
241 £ 130
241 £130
241£130
241 £130
241£130
241 £130
241£130

48h

SU-ratio

0.39 £ 0.08
0.36 £0.10
0.44 £0.08
0.40 £0.07
0.38 £ 0.08
0.35 4 0.07
0.6140.05
0.75 £ 0.06

052 £0.12
0.52 £ 0.20
0.55£0.11
053+0.11
0.50 £0.12
0.46 £0.10
0.64 £0.07
0.77 £ 0.06

0.69 +0.26
0.62 £0.29
0.63 +0.22
0.63£0.23
059 +0.24
054 £0.21
0.68 +0.07
0.79 £0.05

0.59 £0.32
0.70 £0.55
0.69 £ 0.26
053 +0.26
0.55+0.28
0.39+0.25
052 £0.12
0.74 £0.11

%Change

79+ 41
79£ 47
36+20
57 30
57+33
48 =32
6x4
3£3

141 £ 56
182 + 128
67 £32
106 + 42
108 + 45
96 + 42
17x15
8+5

224 127
254 + 159
100 + 79
136 £ 91
148 = 105
128 £ 96
22+ 19
10£8

810 + 584
1295 + 1157
328 + 197
510333
460 + 313
556 + 474
67 £38
30+ 16

RO, Region of interest for each anatomical region. REF, Reference region of interest within the posterior orbit. SU-Ratio, Signal unit ratio refers to signal unit within the particular region
of interest (RO) divided by the unit within the orbita serving as reference (REF). The percentage (%) change refers to the percentage change in signal unit ratio after 24 and 48h relative

to before contrast (Pre).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Intrathecal Contrast-Enhanced Magnetic Resonance Imaging of Cerebrospinal Fluid Dynamics and Glymphatic Enhancement in Idiopathic Normal Pressure Hydrocephalus



		Introduction



		Materials and Methods



		Approvals and Study Design



		Patients



		MRI



		MRI Biomarkers of CSF Dynamics and Glymphatic Enhancement



		Criteria for Assessing the Lowest Acceptable Dose of Intrathecal Gadobutrol



		MRI Biomarkers of CSF Space Morphology and Neuro-Degeneration



		Statistical Analyses







		Results



		Patient Material



		Tracer Enrichment Within the Subarachnoid CSF Space



		Ventricular Reflux of Tracer



		Tracer Enrichment Within the Brain Parenchyma







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References

















OPS/images/fneur-13-857328-t002.jpg
Total material

CSF dynamics

Ventricular reflux Grade 0
Grade 1
Grade 2
Grade 3
Grade 4

CSF space anatomy

Evans index

Callosal angel

DESH (Present/Absent; %)

Neurodegeneration biomarkers

Scheltens MTA Grade 0
Grade 1
Grade 2
Grade 3

Fazekas scale Grade 0
Grade 1
Grade 2
Grade 3

Entorhinal Cortex Thickness (mm)

3(3%)
2(2%)
1(1%)

46 (52%)

37 (42%)

0.38 £0.04
68,6 +20.1
57/92 (62%)

5(5%)
58 (63%)
29(32%)
7(7.6%)

32(34.8%)

33(35.9%)
20(21.7%)
2103

Intrathecal gadobutrol dosage groups

0.10 mmol

2(13%)

12 (80%)
1(7%)

0.37 £0.03
632+ 158
10/15 (67%)

1(7%)
7 @7%)
7 (47%)
4(27%)
7 @7%)
4@7%)

21£03

1.5T MRI
0.25 mmol

13 (54%)
11 (46%)

0.38 £0.05
67.7 1182
16/25 (84%)

1 (4%)
14 (56%)
10 (40%)

1(4%)
10 (40%)
10 (40%)
4(16%)
22£02

0.50 mmol

1(6%)
11(65%)
5(20%)

0.38+003
68.1:+18.1
14/19 (74%)

1(5%)
12 (63%)
6(32%)
3(16%)
8(42%)
5(26%)
3(16%)
23+03

3T MRI
0.50 mmol

2(6%)
1(3%)
10 (30%)
20 (61%)

0.38 £0.04
720+£242
17/33 (52%)

2(6%)
25 (76%)
6(18%)

3(9%)
10 (30%)
11(33%)
9(27%)
2004

Significance

2P =0.01

ns
ns
ns

ns

ns

bP<0.001 °P = 0.018

CSF, Cerebrospinal fluid; DESH, Disproportional enlarged subarachnoid space hydrocephalus; ERC, entorhinal cortex; MRI, magnetic resonance imaging; MTA, medial temporal atrophy.
Significant differences between groups were determined by Pearson Chi-square test for categorical data and by ANOVA with Bonferroni post hoc tests for continuous data: 20.1
mmol/1.5T MRI vs.0.25 mmol/1.5T MRI: 20.5 mmol/1.5T MRI vs. 0.5 mmol/3TMRI: €25 mmol/1.5T MRI vs. 0.50 mmol/3T MRI.





OPS/images/fneur-13-857328-t005.jpg
24 h after ith gadobutrol 48 h after ith gadobutrol

CSFcisternamagna  CSF vertex CSF velum CSFcisternamagna  CSF vertex CSF velum
interpositum interpositum

1.5T MRI

Ith gadobutrol 0.10 mmol

Cerebral cortex (GM) R=0.32;ns R=0.65; P=0.009 R=0.06; ns R=0.53; P=0.041 R=-0.13;ns

Cerebral white matter R=022ns R=047;ns R=0.10;ns R=050;ns R=-026;ns

Entorhinal cortex (GM)  R=0.54;P=0040 R =055, P=0.034 -003ins  R=051;P=0054 R=044;ns R=007;ns

Entorhinal cortex WM) ~ R'=0.44; ns R=047;ns R=004;ns R=062,£P=0013  R=039%ns R=-0.09;ns

Ith gadobutrol 0.25 mmol

Cerebral cortex (GM) R=038;ns R=028ns R=082;P <0001 R=042P=0041 R=055P=0005 R=024;ns

Cerebral white matter ~ R=0.43; P=0036 R =049; P=0015 - R=027;ns  R=058P=0003 R=036;ns

Entorhinal cortex (GM) R = 0.61; P = 0.002 R=0.08;ns R=0.30; ns R=059;P=0002 R=0.43;P=0035 R=0.33;ns

Entorhinal cortex (WM) R = 0.67; P < 0.001 R=025:ns R=043;P=0085 R=046,=0025  R=035ns R=036;ns

Ith gadobutrol 0.50 mmol
Cerebral cortex (GM) R=0.60; 00156 R=075;P=0.001 R=062P=0029 R=073P=0001 R=063P=0009 R=0.60;P=0008
Cerebral white matter ~ R=0.63;P=0009 R=058P=002 R=078P <0001 R=076;P=0001 R=050;P=0049 R=081;P <0.001

Entorhinal cortex (GM)  R=0.81;P <0001 R=05%P=0016 R=078P <0001 R=090;P <0001 R=054P=0080 R=088;P <0001t
Entorhinal cortex WM) R =0.73; P=0.001 R=055P=0026 R=082FP <0001 R=078P <0001 R=047;ns R=0.88; P < 0.001
3TMRI

Ith gadobutrol 0.50 mmol

Cerebral cortex (GM) R=053P=0002 R=067;P <0001 R=038P=0032 R=080;P=0006 R=070;P=0023 R=044;ns
Cerebral white matter R = 0.56; .001 R=061;P <0001 R=040;P=0025 R=077,P=0009 R=0.73P=0017 R=0.40;ns
Entorhinal cortex (GM) R =0.74;P <0.001 R=049;P=0.005 R=048P=0005 R=0.88;P=0.001 R=0.60;ns R=057;ns
Entorhinal cortex WM) R =0.70; P <0.001 R=050;P=0.004 R=0561;P=0008 R=094P <0001 R=0.69;P=0026 R=0.46;ns

Pearson correlations were determined from percentage change in tracer enrichment (normalized T1 signal units) after 24 and 48h as Pearson correlation coefficients with the
significance level.





OPS/images/fneur-13-857328-t004.jpg
Anatomical region ROI

Frontal cortex (GM) 214 427
Frontal cortex (WM) 2734 35
Temporal cortex (GM) 228 + 27
Temporal cortex (W) 202 38
Parictal cortex (GM) 221426
Parietal cortex (WM) 281+ 34
Occipital cortex (GM) 231428
Occipital cortex (WN) 292 4 35
Cerebeliar cortex (GM) 238 + 28
Cerebellar cortex (WM) 293 + 35

Brainstem 28139
Basal gangiia 262+ 31
Limbic structures 255+ 31

Frontal cortex (GM) 194 % 30
Frontal cortex W) 262 & 29
Temporal cortex (GM) 208 + 30
Temporal cortex (W)~ 269 + 32
Parietal cortex (GM) 199+ 31
Parietal cortex (WM) 259+ 28
Occipital cortex (GM) 210 = 31
Occipital cortex (WN) 272 4 30
Cerebellar cortex (GM) 224 =+ 24
Cerebellar cortex (WM) ~ 275 30

Brainstem 267 +31
Basal gangiia 248+ 27
Limbic structures. 237 +27

Frontal cortex (GM) 207 4 26
Frontal cortex W) 268+ 20
Temporal cortex (GM) 221 & 27
Temporal cortex (W) 287 32
Parietal cortex (GM) 213 430
Parietal cortex (WM) 274 & 30
Occipital cortex (GM) 226 + 32
Occipital cortex (WN) 289 32
Cerebellar cortex (GM) 236 + 23
Cerebellar cortex (WM) 291 & 28

Brainstem 28228
Basal ganglia 260423
Limbic structures. 252425

Frontal cortex (GM) 56 31
Frontal cortex (W) 102 50
Temporal cortex (GM) 57 +28
Temporal cortex (W) 105 47
Parictal cortex (GM) 64+ 36
Pariotal cortex (WM) 1104 56
Occiptal cortex (GM) 68+ 38
Occipital cortex (WM) 112 & 57
Cerebelar cortex (GM) 67 + 32
Cerebellar cortex (WM) 113 + 52

Brainstem 11857
Basal ganglia %4 & 47
Limbic structures 86+ 41

Pre

REF

386 + 50
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59
386 £ 59
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59
386 + 59

366 + 44
365+ 44
366 + 44
365 + 44
365 + 44
365 + 44
365+ 44
365+ 44
365+ 44
365+ 44
366 + 44
365 + 44
365 + 44

382 +42
382 + 42
382 +42
382+ 42
382 +42
382 42
382 +42
382 + 42
382 + 42
382 42
382 +42
382 + 42
382 +42

187 £ 89
187 £ 89
187 £ 89
187 £ 89
187 £ 89
187 + 89
187 £ 89
187 £ 89
187 £ 89
187 489
187 £ 89
187 £ 89
187 £ 89

Ratio

0.56 £ 0.05
0.71£0.06
0.59 £ 0.04
0.76 £0.05
0.58 £ 0.06
078 +0.06
0.60 £ 0.05
0.76 £0.06
0.62 +0.05
0.76 £0.06
0.73 £0.06
0.68 £0.06
0.66 £ 0.05

0.53+0.07
0.69 £0.05
0.57 £0.06
0.74 £0.06
0.56 £ 0.07
0.71£0.05
0.58 +0.06
0.75£0.05
0.62 +0.06
0.76 £0.05
0.74 £0.06
0.68 £0.04
0.65 £ 0.05

0.54 +0.05
0.70£0.05
058 £0.05
0.75 £0.05
0.56 + 0.06
0.72£0.05
0.59 +0.06
0.76 £0.06
0.62 £ 0.04
0.76 £0.05
0.74 £0.05
0.68 £0.04
0.66 + 0.04

0.29 £0.02
0.54 £0.04
0.30 £0.02
0.56 £0.04
0.34 £0.03
0594004
0.35 £0.03
0.59 £0.04
0.36 £0.03
0.610.04
0.63 £0.04
0.50 £0.04
0.46 £0.03

ROI

233 + 30
280 + 32
251 +32
308 +£37
237 + 31
287 +36
251£35
302+ 38
266 + 32
301 +34
292 + 40
273 £33
282 + 36

251 +27
287 +£26
266 + 29
309+ 31
243 £33
289+ 28
260 + 33
308 +33
291+ 32
311£31
311+£33
287 £ 26
303+ 28

263 + 43
204 +29
281+ 45
318 £33
261 +33
202+ 24
269 + 36
312+ 31
307 +£52
318 +£ 30
320+ 35
201+26
320 + 46

104 4 62
120+ 62
109 + 62
142 £ 65
102 £ 50
133+ 64
108 £ 55
140 £ 69
129+ 63
148 + 74
166 + 76
126 £ 61
148 £ 69

0.10 mmol/1.5T MRI

24h
REF Ratio %Change

386+56 0.61+0.06 10+8
385+£56 0.73£0.06 3+4
3865 +56 0.66+0.06 11x7
385+£56 0.79 £0.06 5x4
385+56 0.62+0.05 817
385+£56 0.75+0.05 3+4
385 £56 0.66+0.06 9+7
385+£56 0.79+0.06 4£5
386 +56 0.70 +0.07 13+6
385+56 0.79+0.07 4£5
386+56 0.76+0.08 5+8
385+56 0.71£0.06 5+4
3865+56 0.74 £0.06 12+6

0.25 mmol/1.5T MRI
382+49 066+008 26+21
382+49 0.76 £0.06 95
382+49 070+0.08 24+18
382+49 0.82+0.07 10+6
382+£49 064+008 18%17
382+49 0.76 £0.06 75
382+49 0684008 19+15
382+49 0.81£006 9+6
382+49 0774000 26+11
382+49 0.82+0.07 8+6
382+49 0.82+0.08 11+6
382+49 0.76 £0.06 12+6
382+49 080+£008 2411

0.50 mmol/1.5T MRI
389+42 068+0.09 26+26
389+42 0.76 £0.06 8+9
389+42 0724010 26+26
389+42 0.82+0.06 9+9
389+42 065+008 17+23
389+42 0.75%005 4£6
389+42 0694008 17+17
389+42 081£006 67
389+42 0794012 28+21
389+42 0.82£0.06 7£8
389+42 083+007 12£10
389+42 075+£006 11x10
389+42 0834011 26+19

0.50 mmol/3T MRI
186+ 90 0.56+0.12 96+44
185+90 070008 3014
186+90 0604013 97 +41
185+90 078010 39+17
186+90 0654012 65+38
185490 0724008 2313
185+90 058+0.12 63+35
185£90 0.75£0.09 27%15
1854£90 0.71+£0.13 98+35
185+£90 080+£008 32%13
185+90 0.84+007 34+12
185+£90 0.68+£007 42%18
1854+90 0814012 82427

ROl

232+ 30
287 £36
261+ 34
312+44
240 + 34
294 £39
253 £ 37
309 + 44
264+ 38
310 £43
299 + 46
278 £ 39
277 39

241 £27
290 £ 31
254 +28
309 + 36
24331
292 £31
2563 + 30
305 £ 35
271+ 30
308 + 36
300 + 38
282 £32
280+ 31

267 +35
312£32
283 £33
335 £ 32
266 + 32
311+£29
281+33
329 £28
300 + 35
332+£29
326 +33
300 + 25
309 + 32

121+ 66
173 £ 92
120 £ 63
179 £ 91
128 + 69
178 £ 92
132£74
180 £ 96
139470
182 4 96
188 & 101
156 + 83
168 £+ 81

48h

REF

397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61
397 £ 61

389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56
389 + 56

403 £ 43
403 £ 43
403 £ 43
403 +43
403 £ 43
403 + 43
403 £ 43
408 +43
403 + 43
408 £ 43
403 £ 43
403 + 43
403 £ 43

241 £ 130
241 £ 130
241 £ 130
241 £130
241 £ 130
241 130
241 £ 130
241 £ 130
241 £ 130
241 + 130
241 £ 130
241 £ 130
241 +£ 130

Ratio

0.69 4 0.04
0.73 £0.05
0.63 £0.05
0.79 £0.06
0.61+0.06
0.75 £0.06
0.64 £0.05
0.78 £0.07
0.67 +0.06
0.78 £0.07
0.75 £ 0.06
0.70 £0.06
0.70 £0.05

0.63 £0.07
0.75 £0.06
0.66 £+ 0.06
0.80 £ 0.06
0.63+0.08
0.76 £0.06
0.66 +0.06
0.79 £0.05
0.70 £ 0.06
0.80 £ 0.06
0.78 £0.07
0.73 £0.05
0.72 £0.05

0.66 +0.07
0.78 £0.05
0.71 £0.07
0.84 £0.06
0.66 £ 0.07
0.78 £0.05
0.70 £0.07
0.82 £0.06
0.75 £0.09
0.83 £0.06
0.81£0.07
0.75 £0.05
0.77 £0.07

0.61+0.12
073 £0.11
0.61+0.13
0.76 £0.12
054 £0.11
0.75 +£0.09
0.55+0.11
0.75£0.10
059+0.11
0.76  0.09
0.78 £0.09
0.65 £ 0.08
0.67 £0.11

%Change

6+5
2+£3
T+4
4+3
6+5
2+£3
75
34
8+5
34
4+6
33
6+3

19+ 18
8+6
16+ 13
8x5
16417
6+6
141
8x5
146
5+4
6+4
T4
12+6

24421
1M1+9
23+ 18
12+9
2021
87
19417
88
22+ 16
98
97
10+8
1712

74+ 42
32+17
71+£38
3518
60 + 35
2515
53432
23+ 14
64425
25410
23+ 11
29+ 15
48 23

RO, Region of interest for each anatomical region. REF, Reference region of interest within the posterior orbit. SU-Ratio, Signal unit ratio refers to signal unit within the particular region
of interest (ROI) divided by the signal unit within the orbita serving as reference (REF). The percentage (%) change refers to the percentage change in signal unit ratio after 24 and 48h

relative to before contrast (Pre).
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Total material Intrathecal gadobutrol dosage groups

1.5T MRI 3T MRI Significance
0.10 mmol 0.25 mmol 0.50 mmol 0.50 mmol

N 95 18 25 19 33
Sex (F/M; N) 36/59 6/12 14/11 mz2 9/24 ns
Age (years) 71758 723+53 723£62 71744 708+ 65 ns
Body mass index 1kg/m2) 273+486 275+£53 276+£53 27.4+43 270+42 ns
Clinical grade
Symptom duration (years) 32+26 34 £3.1 28+20 32+24 3328 ns
Pre-shunt NPH-score® 11 (6-14) 11(9-12) 11 (6-14) 11(9-13) 12 (8-14) P<0.05
Gait sub-score 3(2-4) 43-4) 3(2-4) 3(2-4) 4(3-4) ns
Incontinence sub-score 4(1-6) 4(3-4) 4(1-6) 4(3-5) 4(2-5) °P<0.06
Dementia sub-score 4(2-5) 4(3-4) 4(2-5) 4(3-5) 4(8-5) ns
Tests of cognitive function
Mini-mental state (MMS) 27 (14-30) 26 (16-30) 28 (17-30) 27 (20-30) 27 (14-30) ns

Categorical data presented as numbers; continuous data presented as mean = standard deviation, NPH-scores and MMS presented as medlan (renges in parentheses). Significant
differences between dosage groups were determined by the Pearson Chi-square test for categorical data and by ANOVA with Bonferroni post-hoc tests for continuous dta. NPH-score
refers to our previously published grading of NPH symptoms (5). ®0 mmol/1.5T MRl and 0.25 mmol/1.5T MRI vs. 0.50 mmoV/3T MRI. °0.10 mmol and 0.25 mmol vs. 3T MALS0 mmol,
Ns, Non-significant.
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