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Abstract

Background and purpose: Meningeal lymphatic vessels (MLVs) along the dural venous 

sinuses are suspected to be important in connecting the glymphatic and peripheral lymphatic 

system. Understanding the topography of MLVs may clarify the role of the glymphatic system in 

neurological diseases. The aim of this analysis was to use high resolution pre- and post-contrast 

FLAIR 7T MRI to identify and characterize the morphology of MLV in a cohort of healthy 

volunteers.

Materials and methods: MRI examinations of seventeen healthy volunteers enrolled as 

controls in a larger 7T MRI study were reviewed. Pre- and post-contrast 3-D FLAIR subtractions 

and MP2RAGE sequences were spatially normalized and reviewed for signal intensity and 

enhancement patterns within putative MLVs along pre-determined dural and venous structures. 

Frequency of occurrence of MLVs at the above-described locations and patterns of their 

enhancement were analyzed.

Results: Putative MLVs are commonly located along the superior sagittal sinus (SSS) and 

cortical veins. A “fixed enhancement” signal pattern was more frequent at these locations (p<.05). 

The morphology of MLVs along the SSS qualitatively changes in an antero-posterior direction. 

Lack of signal was more frequent along the straight and transverse sinuses (p<.05).
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Conclusion: Putative MLVs in healthy individuals are concentrated along the SSS and cortical 

veins. FLAIR signal and enhancement characteristics suggest these structures may transport 

proteinaceous fluid. Pathways connecting MLVs to cervical lymph nodes however remain unclear.

Introduction

The identification of a functional lymphatic system in the human central nervous system 

has challenged the historic tenet of an immune privileged CNS 1. Recent studies suggest 

a complex paravascular system termed the “glymphatic” system comprised of peri-vascular 

and interstitial spaces in the brain parenchyma for waste clearance 2. Influx of cerebrospinal 

fluid (CSF) into the brain interstitium occurs along penetrating arteries and efflux of CSF, 

immune cells and macromolecules are routed to cervical neck lymph nodes; however, 

the precise pathways through which this is accomplished are yet to be fully understood. 

Meningeal lymphatics along the dural venous sinuses are suspected to be important in 

connecting the glymphatic system to the peripheral lymphatic system3. On histopathology, 

vessels expressing lymphatic markers are found lining the dural venous sinuses3,4. These 

vessels may regulate fluid transport and immunosurveillance, and may also have CNS-

specific functions such as regulating neuroinflammation and neurodegeneration5,6. Impaired 

or disrupted lymphatics may contribute to the accumulation of protein aggregates that result 

in dementia 7 or the sequelae of traumatic brain injury8. Additionally, lymphatics may play 

a role in immune surveillance and could be a therapeutic target for inflammatory conditions 

such as multiple sclerosis9. Mapping the topography of meningeal lymphatic vessels (MLV) 

in the healthy population may contribute to clarifying the role of the glymphatic system in 

neurological diseases.

Structures corresponding to MLVs have recently been identified noninvasively using contrast 

enhanced 3T MRI, albeit in a small group of healthy volunteers10. The topography of these 

MLV is as yet not completely understood but may be concentrated around major venous 

channels such as the superior sagittal sinus (SSS) and straight sinus10. MR imaging at 7T 

may be a more sensitive method of mapping MLV, in light of prior multiple sclerosis studies 

which found that 7T MRI better identified patterns of enhancement along cortical venous 

walls11–14, perhaps reflecting MLV15. The aim of this analysis was to use high resolution 

pre- and post-contrast FLAIR (Fluid Attenuation Inversion Recovery) 7T MR imaging to 

identify and characterize the morphology of and distribution of MLV in a cohort of healthy 

volunteers. FLAIR imaging is preferred as dural enhancement on post-contrast T1 weighted 

sequences may obscure adjacent lymphatics. We hypothesize that MLV will follow the 

course of cerebral venous structures, and cranial nerve sheaths. Additionally, as the protein 

content of lymphatic fluid is relatively high and flow may be slow16, MLV may also be 

identifiable on both pre- and post-contrast FLAIR MRI, 17 but will enhance further and 

be more apparent with gadolinium due to glymphatic and paravascular clearance18. As this 

study does not include histopathologic analysis, we will refer to structures identified on MR 

imaging as putative meningeal lymphatic vessels (PMLVs).
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Methods

This retrospective study was approved by the institutional review boards at the University 

of Maryland, Baltimore and Johns Hopkins University. MR imaging of healthy volunteers, 

who were enrolled as control subjects in a larger prospective multiple sclerosis 7T MRI 

study, were retrospectively reviewed. Subjects underwent a full informed consent process 

and consent documents were signed. Study visits and imaging acquisition occurred between 

September 2019 and February 2020.

MRI acquisition

Participants underwent MRI of the brain in a Philips Achieva 7T scanner (Philips 

Healthcare, Best, Netherlands), which was equipped with a multi-transmit MTX8 and 

32-channel receive head coil (Nova Medical, Wilmington, MA, USA). To improve signal 

homogeneity, dielectric padding was used. We obtained a whole brain 3-D FLAIR sequence 

(pre-FLAIR) at 0.500 × 0.488 × 0.488 mm3 resolution. Imaging parameters were as follows: 

relaxation time (TR) = 8,000 ms; inversion time (TI) = 2,200 ms; echo time (TE) = 300 

ms; SENSE factor = 2.5 × 3.0; flip angle = 70 degrees; 9 min 4 sec duration. We acquired 

post-contrast FLAIR images immediately and 23 minutes (referred to as post-FLAIR-1 

and post-FLAIR-2, respectively) after administration of the gadolinium-based contrast agent 

(0.1 mmol/kg ProHance, Bracco Diagnostics, Princeton, New Jersey). A whole brain non-

contrast 3-D multi-shot fast-field-echo MP2RAGE was acquired also at 0.700 × 0.688 × 

0.688 mm3 resolution19. Imaging parameters were: MP2RAGE TR = 8,250 ms; TR = 6.9 

ms; TI1 = 1,000 ms; TI2 = 3,300 ms; TE = 1.97 ms; SENSE factor = 2 × 2; flip angle 1 = 5 

degrees; flip angle 2 = 5 degrees; 9 min 37 sec duration.

Image processing

Pre-processing—We processed each MP2RAGE image as per Marques et al.19 to create 

a T1 weighted (T1-w) image using custom software written in Matlab (Mathworks, Inc., 

Natick, MA), based on publicly available code provided by the developers of the MP2RAGE 

sequence (https://github.com/JosePMarques/MP2RAGE-related-scripts). MP2RAGE T1-w 

images were denoised by suppressing the background noise, as previously described 20. All 

FLAIR images were corrected for bias fields 21.

Spatial normalization—MP2RAGE T1-w images were non-linearly coregistered to a 

standard space (i.e., MNI 152 T1 space of 0.5 mm3 resolution) using ANTs (advanced 

normalization tools, https://github.com/ANTsX/ANTs), and this transformation matrix was 

saved 22. FLAIR images were coregistered to the MP2RAGE T1-w image of the same 

participant first. The previously saved transformation matrix was then applied to coregister 

the FLAIR images to the standard space.

Post-processing—An individual gray-and-white-matter mask (GM-WM mask) was 

created for each participant using Atropos multi-tissue segmentation to combine gray and 

white matter labels 23. GM-WM masks were used to normalize FLAIR image intensity 

to compare pre- and post-contrast signal intensities objectively. FLAIR images were 

normalized to the mean signal intensity of their own GM-WM region. Then, two images 
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between intensity-normalized pre- and post-contrast were created by subtracting pre- and 

post-FLAIR images: dFLAIR-1 (= post-FLAIR-1 - pre-FLAIR) and dFLAIR-2 (= post-

FLAIR-2 - pre-FLAIR).

Group mean masks for dFLAIR-2 were created by averaging each image across all subjects. 

A group standard deviation (SD) map was created for normalized dFLAIR-2 images by 

calculating the voxel-wise SD value across all subjects. A map specific threshold was 

manually defined for each mean or SD map to best exclude voxels and artifacts that are 

unlikely to belong to the lymphatic system. The above processes were performed using 

AFNI (Analysis of Functional NeuroImages, https://afni.nimh.nih.gov/) 24,25.

Image Evaluation—MP2RAGE T1-w, pre-contrast FLAIR, as well as subtraction post-

contrast FLAIR images were manipulated using Medical Image Processing, Analysis, and 

Visualization (Version 10.0.0; http://mipav.cit.nih.gov) software. Images were reviewed 

by two independent readers (a post graduate year four radiology resident, and a board 

certified neuroradiologist of 15 years experience). Morphological evaluation of putative 

meningeal lymphatic vessels (PMLV) was completed by evaluating images for the presence 

of hyperintense foci on pre- or post-contrast FLAIR, located adjacent to but distinctly 

separable from a cerebral venous structure or in a cranial nerve foramen. The independent 

readers were directed to evaluate the following structures: SSS, cortical veins, torcula, 

straight sinus, vein of Galen, internal cerebral veins, transverse sinus, and Meckel’s cave/

foramen ovale. Localization of the hyperintensity as separate from vascular structures was 

confirmed on anatomic T1-w MP2RAGE images. Enhancement characteristics of these 

structures were evaluated with consensus review between the two readers by comparing 

pre-contrast FLAIR and the two post-contrast FLAIR subtraction sequences (dFLAIR-1 and 

dFLAIR-2). Enhancement pattern categories were not pre-specified.

Descriptive statistics were used to calculate the frequency of subjects in whom PMLVs at 

the above-described locations were identified and characterized. Two-sided chi-squared tests 

were performed comparing frequencies of the observed signal patterns between different 

PMLV locations, with a significance level of p=.05.

Results

MR examinations of the brain of seventeen healthy volunteers were reviewed. Two 

examinations were excluded from analysis due to wrap around artifact. The remaining 

examinations (n=15) were of healthy volunteers with median age 36 (range 24–64). 6 (40%) 

volunteers were male and 9 (60%) were female.

Six types of FLAIR signal characteristic patterns were observed across the PMLVs. The 

fixed enhancement pattern reflects the presence of hyperintense foci on pre-contrast FLAIR 

with contrast enhancement on both subtraction sequences. The early enhancement and 

late enhancement patterns reflect hyperintense foci initially visible on pre-contrast FLAIR, 

but with additional contrast enhancement on only the dFLAIR-1 or dFLAIR-2 sequences, 

respectively. The pre-only pattern reflects hyperintense signal that was identified only on 

the pre-contrast FLAIR images without post-contrast enhancement. The post-only pattern 
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indicates foci only identified on post-contrast subtraction sequences without a pre-contrast 

FLAIR hyperintense correlate. No signal reflects absence of a PMLV, without a hyperintense 

foci on either pre- or post- contrast FLAIR sequences. A histogram of the distribution 

of signal patterns across PMLVs adjacent to the prescribed venous anatomic structures 

is shown in Figure 1, and examples of signal patterns are presented in Figure 2. Of the 

225 observations made across the 15 locations and 15 subjects, the fixed enhancement 

pattern was observed most frequently (n=106, 47.1%), followed by no signal (n=77, 34.2%). 

Frequencies of the six signal types were statistically different per Chi-square test (p<.001).

Signal was also identified in a high number of subjects adjacent to the posterior SSS 

(n=15, 100%), anterior SSS (n=14, 93.3%), and cortical veins at the vertex (n=14, 

93.3%). Coregistration with anatomic T1-w MP2RAGE sequences confirmed that FLAIR 

hyperintense signal was present adjacent to, but not within, the T1 isointense venous 

structures, and that the PMLVs generally were T1 iso/hypointense (Figures 2,3).

Frequencies of the observed signal patterns varied based on location. The fixed enhancement 

pattern was statistically more frequent along the SSS and cortical veins compared to 

other locations (p<.05). Significance values of chi-square comparisons across locations 

of the fixed enhancement pattern, no signal pattern, and other signal patterns (combined 

frequencies of early-enhancement, late-enhancement, pre-only, and post-only patterns) are 

presented in Supplemental Table 1.

“No signal” meaning absence of PMLVs was more frequently observed in subjects along 

the straight sinus (n=9, 60%) and transverse sinuses (n=11, 73.3%) (p<.05). At other 

locations, there was no significant difference in the frequencies of signal patterns. Signal 

was variably identified in subjects adjacent to the venous structures that drain into the 

straight sinus, including the internal cerebral veins (n=8, 53.3%) and vein of Galen (n=10, 

66.7%). Inferiorly, signal was variably identified adjacent to the torcula (n=8, 53.3%) and in 

Meckel’s cave and foramen ovale (right n=9, 60% and left n=8, 53.3%).

Examples of PMLV morphology along the SSS are shown in Figure 3. Anterior to the 

coronal suture, three well defined tubular channels were present in relation to the SSS: right 

lateral (n=14, 93.3%), left lateral (n=14, 93.3%), and inferior median (n=11, 73.3%), with a 

predominantly fixed enhancement signal pattern. Posteriorly, the morphology was plexiform 

(n=15, 100%) with large areas of pre-contrast FLAIR hyperintensity and smaller areas of 

subsequent contrast enhancement within the plexus.

Supplement Figure 1 depicts examples of PMLVs along other smaller venous structures. 

Both group mean and standard deviation maps of dFLAIR-2 sequences are shown in Figure 

4, in order to illustrate where gadolinium accumulation in PMLVs was common, and most 

variable, across the cohort.

Discussion

We identified a consistent pattern of distribution of PMLVs along the dural venous sinuses 

on pre- and post-contrast 7T FLAIR MRI in a cohort of healthy volunteers. In our study, 

PMLVs were present along dural venous sinuses, cortical and cerebral veins, and at foramen 
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ovale. These locations match that of the recently reported meningeal lymphatic system, 

visualized on histopathology independently by Loveau 4 and Aspelund 3 and via contrast 

enhanced MRI by Absinta 10. Histopathological analysis from these works show that 

lymphatic vessels were most dense around venous sinuses and in the meningeal dural 

layer. Using FLAIR and two post-contrast sequence 7T acquisitions, multiple signal contrast 

enhancement patterns of PMLVs were described in this study. These included intrinsic 

pre-contrast FLAIR hyperintensity of structures, which may reflect proteinaceous fluid and 

slow flow within meningeal lymphatics relative to that of the venous blood pool. As the 

PMLVs in this study were generally not T1 hyperintense, perhaps 7T FLAIR imaging is 

more sensitive to lower protein concentrations. The contents of CNS lymphatic fluid may 

be comprised of protein aggregates and metabolic waste products such as beta-amyloid, tau 

protein, alpha-synuclein, and lactate7,26,27.

Fixed enhancement on both post-contrast subtraction sequences was most frequently and 

consistently observed along the SSS and cortical veins, suggesting early and continued 

accumulation of gadolinium within PMLVs predominantly over the cerebral convexity. The 

theorized mechanism of gadolinium transit from intravascular injection to the PMLVs is 

influx into CSF via leakage at choroid plexus capillaries, then flow along the interstitial 

space perivascular glymphatics, with efflux into meningeal perivenous spaces26,28–30. 

Gadolinium accumulation across the two post contrast time points in this study captures 

the efflux stage of this theorized mechanism. Based on the time points in this study, we 

theorize that this efflux and accumulation of gadolinium into PMLVs occurs shortly after 

and throughout 23 minutes from gadolinium injection. Observations from this study may 

also suggest variations in flow rates such as relatively delayed efflux into PMLVs (the 

late-enhancement observation) or efflux and subsequent washout of gadolinium from the 

PMLV within 23 minutes (the early-enhancement observation). Some of these proposed flow 

patterns are similar to dynamic imaging done by Filippopulos et al31. Ultimately, gadolinium 

efflux and accumulation within PMLVs may exit the central nervous system glymphatic 

system by draining through the skull base into cervical neck lymph nodes of the peripheral 

lymphatic system.

Lymphatic morphology along the SSS, has not previously been fully characterized. Our 

data demonstrates a difference in the morphology of PMLVs around the SSS, in an anterior-

posterior direction. This was present across the majority of the cohort, highlighted in the 

generated mean study population maps. Anteriorly, well defined median, left lateral, and 

right lateral channels are identified. Posteriorly, in contrast, signal is more confluent and 

visually larger in volume, with a plexiform structure surrounding the sinus. This anterior 

to posterior morphology may suggest that the CNS lymphatic flow vector parallels the 

antero-posterior flow of the venous sinus, especially when combined with the observation of 

gadolinium accumulation in these vessels across two time points. This however differs from 

time of flight MR angiography data that suggest flow is countercurrent to the SSS32. The 

presence of lymphatics along surface cortical veins may support a parallel flow theory, as 

MLV would need to be larger and more confluent posteriorly to accept lymphatic waste from 

tributaries along the cortical veins which increase in the anterior-posterior direction.
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Registration and spatial normalization of imaging across this cohort allowed for group 

mapping of mean signal, demonstrating commonality in the anatomic distribution of 

PMLVs. In particular, PMLVs are concentrated along the cerebral convexity parallel to 

the SSS. We expand on prior works which generated topography maps of dural lymphatics 

in smaller cohorts, and described intense signal along the SSS 10. These locations are also 

highlighted on group standard deviation maps, suggesting that the amount of gadolinium 

accumulation within these common structures can vary between individuals. Varied 

gadolinium accumulation may suggest a complex network of enhancing and non-enhancing 

structures adjacent to the SSS, including lymphatic vessels, arachnoid granulations, and 

venous lacunes/pouches 30. Our findings provide a basis, albeit based on a relatively small 

cohort, for the distribution and variance of PMLVs in healthy individuals. A reference of 

normal dural lymphatic anatomy derivated from a larger cohort would be important to 

compare and study how alterations in structure or flow of lymphatic structures may be 

implicated in neurodegenerative or inflammatory disease states. Recent mouse models have 

shown impaired lymphatic drainage and morphological changes in MLV after traumatic 

brain injury33.

A lack of signal along the straight sinus and transverse sinuses was statistically more 

frequent than the fixed enhancement or other signal patterns. Additionally, signal intensity 

along the internal cerebral veins and the vein of Galen were identified in some individuals, 

but these areas are not highlighted on the group mean maps. These observations suggest that 

PMLVs are either unlikely to exist along these segments of the dural and cerebral venous 

system, or that the anatomic distribution is variable across the general population. Without 

identifying common lymphatic structures at deep cerebral veins and the more caudal dural 

sinuses, it remains unclear if and how a posterior efflux pathway connects meningeal 

lymphatic vessels to extracranial lymph nodes.

We acknowledge several limitations. Artifacts from air-filled paranasal sinuses and mastoid 

air cells precluded evaluation of parts of the anterior cranial fossa, skull base and sigmoid 

sinus areas. Prior studies have also described the presence of these along the olfactory 

nerves. Susceptibility artifact inherent to 7T precluded evaluation of these. Identifying 

PMLVs at these areas would be important in understanding how the dural lymphatic system 

eventually drains into cervical nodes. Additionally, the imaging techniques used in this study 

cannot confirm that the identified PMLVs are exclusively lymphatic vessels. For example, 

signal along the posterior SSS may in part reflect slow venous flow within dural venous 

channels and lakes, as angiography data has recently suggested the existence of complex 

dural venous structures along sinus tributaries 34,35. It is likely that complex relationships 

between dural venous channels, lymphatic vessels, and dural venous sinuses exist that are 

not fully understood. However, given the similar locations of PMLVs between our study 

and previous works, we believe the structures along the SSS and cortical veins to contain 

lymphatic vessels. The smaller structures along internal cerebral veins and transverse 

sinuses; however, cannot be confidently attributed to dural lymphatics.

In conclusion, our findings expand the basis for understanding the distribution and signal 

characteristics of PMLVs in a healthy population. MLVs are commonly located along the 

SSS and cortical veins. Further characterization of efflux pathways that connect these 
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structures to the extracranial lymphatic system is needed. These pathways could play a 

substantial role in the clearance of protein aggregates and alterations in lymphatic pathways 

may underlie various inflammatory and degenerative diseases of the central nervous system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Histogram of signal patterns across locations of PMLVs. Maximum value for each location 

is n=15. SSS M, L, R = Superior sagittal sinus median, left, and right, respectively. SSS 

Plexus = Superior sagittal sinus plexus. STR S P, D = straight sinus proximal and distal. 

VOG = vein of Galen. ICV = internal cerebral veins. TV R, L - transverse sinus right and 

left. MECK R, L = Meckel’s cave right and left. Cortical R, L = cortical vein right and left.
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Figure 2. 
Examples of observed FLAIR signal characteristics at PMLVs. White arrows denote the 

location of signal intensity on the Pre-contrast FLAIR sequence (second column), located 

adjacent to venous structures, or within CSF containing spaces, when localized on the 

anatomic T1w MP2RAGE sequence (first column). White arrows on subtraction images (d-

FLAIR 1 and d-FLAIR2) denote where gadolinium accumulation signal is present. Pre-only, 

post-only, early and late enhancement signal patterns are illustrated. Fixed enhancement 

signal pattern is illustrated across various examples in Figure 3. No signal pattern is not 

shown.
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Figure 3. 
PMLVs along the SSS. White arrows denote the location of signal intensity on the Pre-

contrast FLAIR sequence (second column), located adjacent to the SSS when localized on 

the anatomic T1w MP2RAGE sequence (first column). White arrows on subtraction images 

(d-FLAIR 1 and d-FLAIR2) denote where gadolinium accumulation signal is present. SSS 

M, L, R are along the sinus anterior to the coronal suture. SSS Plexus is along the sinus 

posteriorly. The fixed enhancement signal pattern is illustrated at SSS L, SSS R, and SSS 

Plexus. SSS M, L, R = Superior sagittal sinus median, left, and right, respectively. SSS 

Plexus = Superior sagittal sinus plexus.
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Figure 4. 
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Group mean (A) and standard deviation (B) maps generated from d-FLAIR2 sequence data 

in the coronal, axial, and sagittal planes. Mask signal (yellow) is overlayed on a T1w 

MP2RAGE sequence normalized to a standard space.
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