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ABSTRACT
SUMMARY: Pericortical enhancement on postcontrast FLAIR images is a marker for subtle leptomeningeal blood-brain barrier leakage.
We explored the optimal FLAIR sequence parameters for the detection of low gadolinium concentrations within the CSF. On the basis of
phantom experiments and human in vivo data, we showed that detection of subtle pericortical enhancement can be facilitated by using
a relatively long TE. Future studies should choose their FLAIR sequence parameters carefully when assessing pericortical enhancement due
to subtle blood-brain barrier leakage.

ABBREVIATIONS: BBB � blood-brain barrier; pc �postcontrast

Postcontrast (pc) FLAIR imaging can be applied to visualize

leakage of contrast material through the blood-brain barrier

(BBB) into the CSF.1 This technique is becoming increasingly

popular because of its superior sensitivity for detecting low gad-

olinium concentrations in CSF (but not cerebral tissue) com-

pared with pcT1WI.2 Another advantage of pcFLAIR imaging

over pcT1WI is the suppression of signal from blood containing

high gadolinium concentrations, which makes it easier to discern

leakage from leptomeningeal vessels. Previous studies have shown

contrast agent extravasation in the form of CSF enhancement

within the ventricular and/or pericortical space in various neuro-

logic and cardiovascular surgery conditions3-8 and in cognitively

healthy older individuals.2 Although the precise clinical relevance

and pathophysiology of pcFLAIR enhancement remains unclear,

it has been associated with several adverse conditions, including

hemorrhagic transformation after ischemic stroke5 and inflam-

mation and reduced cortical thickness in MS.3,4

The conspicuity of pericortical enhancement depends on the

specific contrast parameters of the pulse sequence and the time

delay from contrast agent administration to pcFLAIR acquisition.

Because BBB leakage is very subtle in many disease conditions,

low concentrations of leaked contrast agent in the CSF may be

missed by the neuroradiologist if the acquisition parameters or

postcontrast acquisition timing or both are not tailored to ac-

count for BBB leakage. We explored the optimal FLAIR sequence

parameters at 3T MR imaging to visualize low gadolinium con-

centrations within the CSF space using phantom experiments.

Subsequently, we compared a regular pcFLAIR sequence with an

optimized heavily T2-weighted pcFLAIR sequence. Both FLAIR

scans were 3D sequences and were acquired at 2 time points,

within a short timeframe after contrast injection and a �1.5-hour

delay.

MATERIALS AND METHODS
In Vitro Experiment
We used phantoms with various aqueous gadolinium concentra-

tions mimicking a range of leakage magnitude in CSF and tissue.

See our previous publication2 and the On-line Appendix for more

details.

Participants and MR Imaging Protocol
We prospectively included 6 older individuals who presented with

pericortical CSF enhancement in our baseline study, and images

were obtained on the same scanner.2 There was no overlap be-
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tween the follow-up participants in the baseline study (n � 3) and

the present work (n � 6). During the first scan session, a regular

precontrast FLAIR scan was acquired. Subsequently, 16 minutes

after intravenous administration of 0.1 mmol/kg of gadobutrol,

the regular FLAIR sequence (TR/TE/TI � 4800/290/1650 ms) was

repeated, followed by a heavily T2-weighted FLAIR sequence

(TR/TE/TI � 4800/500/1650 ms). Both pcFLAIR sequences were

repeated in the same order during a second (later) scan session

after at least a 1.5-hour delay (range, 100 –263 minutes). Addi-

tional information on FLAIR sequence details and other MR im-

aging sequences used to evaluate cerebrovascular damage are de-

scribed in the On-line Appendix. Informed consent was obtained

from all participants before participation. This study was per-

formed in accordance with the local institutional review boards

(Zuyderland Medical Center Heerlen and Maastricht University

Medical Center) and approved by the medical ethics committee in

Maastricht.

Image Analysis
Pericortical enhancement was independently evaluated by 2 rat-

ers (the same as in our baseline study)2 blinded to clinical data,

acquisition time, and scan parameters on all FLAIR scans (includ-

ing the precontrast FLAIR scans as a negative control). The num-

ber of hyperintense foci was counted on each scan. Discrepancies

were evaluated by consensus agreement. All images were checked

for changes in MR imaging markers of cerebrovascular pathology

compared with baseline by the same ex-

perienced neuroradiologist and meth-

ods as previously described.2

RESULTS
In Vitro Experiment
The results of our phantom experiments

show 2 important concepts that facili-

tate the detection of low gadolinium

concentrations within the CSF, namely

the use of relatively long TEs and proper

nulling of pure CSF. These concepts as

well as the influence of each sequence

parameter on the image appearance are

further explained in the On-line Appen-

dix and in On-line Figs 1– 4.

Neuroradiologic Imaging
The median age of our participants was

73 years (range, 68 – 84 years), and 4 of

6 were men. All baseline foci of signal

enhancement had remained stable with

time, and one de novo leakage focus was

detected on the regular pcFLAIR im-

ages acquired during the first scan ses-

sion (the total number of pericortical

hyperintensities was 9, and in addi-

tion, enhancement was observed within

an enlarged perivascular space; On-line

Table). Pericortical enhancement ap-

peared visually more intense on all heav-

ily T2-weighted pcFLAIR images com-

pared with the regular pcFLAIR images. In 4 of 6 cases, the

enhancing foci (n � 6) were visible on all pcFLAIR scans. In 1 case

(case 1), a pericortical hyperintensity was visible on all pcFLAIR

scans except on the regular pcFLAIR scan that was acquired dur-

ing the later scan session (Figure). In another case (case 2), two

additional foci of enhancement were visible on the heavily T2-

weighted FLAIR scan of the first scan session that were not visible

on the regular pcFLAIR scan, but all foci had disappeared on both

types of pcFLAIR scans that were acquired during the later session

(On-line Table). In contrast, widespread signal enhancement

within the sulci of another participant (case 3) only became

clearly visible on the heavily T2-weighted (but not the regular)

pcFLAIR scan in the later scan session (On-line Fig 5). This en-

hancement resembled the acute lesion-related hyperacute injury

marker that has been reported in earlier studies.5,6 Most interest-

ing, this case showed a new cerebral microbleed within the thala-

mus and a region of recent ischemia without cavitation within the

basal ganglia that were not present at baseline. No cerebrovascular

changes were detected in the other participants compared with

baseline, and no enhancement was detected on the precontrast

FLAIR images.

DISCUSSION
In the present study, we explored the optimal 3T MR imaging

FLAIR sequence parameters to visualize low gadolinium concen-

FIGURE. Pericortical enhancement is visible on postcontrast FLAIR images of a 68-year-old cog-
nitively healthy female participant (case 1). Enhancement is apparent on the regular postcontrast
FLAIR scan acquired 16 minutes after contrast administration (A) and even more conspicuous on
the heavily T2-weighted FLAIR scan acquired immediately thereafter (B). The sequences were
repeated 131 minutes after contrast administration. No signal enhancement is visible on the repeat
regular postcontrast FLAIR scan (C), but enhancement is still visible on the repeat heavily T2-
weighted FLAIR scan (D).
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trations within the CSF space and compared a regular pcFLAIR

sequence with a more optimal heavily T2-weighted pcFLAIR se-

quence acquired at 2 time points after contrast administration.

Our results show increased conspicuity of pericortical hyperin-

tensities due to subtle BBB leakage on the heavily T2-weighted

pcFLAIR sequence because the strong T2-weighting suppresses

the tissue signal, which emphasizes the appearance of CSF en-

hancement due to contrast agent leakage. In addition, we empha-

sized the importance of proper nulling of pure CSF, which also

facilitates the detection of subtle gadolinium leakage.

Previous studies that assessed BBB leakage of gadolinium-

based contrast agents into the CSF with 3T MR imaging used

diverse acquisition parameters; these make it difficult to compare

the results across various studies, such as the prevalence and num-

ber of foci of pericortical enhancement within a specific neuro-

logic disease. Furthermore, previous studies acquired their post-

contrast FLAIR scans at varying time points after contrast

administration, another factor that influences the appearance of

pericortical enhancement. Our results provide guideline acquisi-

tion parameters for future studies that are interested in measuring

subtle gadolinium leakage in CSF. With regard to acquisition tim-

ing, our results show that focal enhancement visible within a short

timeframe after contrast administration can disappear at a later

time, probably because blood gadolinium concentrations and

thereby leakage concentrations decrease with time. However, we

also showed 1 patient with neuroradiologic evidence of recent

ischemic and hemorrhagic brain lesions who had diffuse gadolin-

ium leakage that only became apparent after a 2-hour delay. Thus,

widespread signal enhancement within the sulci in the context of

recent or semirecent cerebrovascular damage may become more

clearly visible at a later acquisition stage due to delayed and/or

cumulative gadolinium leakage, possibly through cerebrovascular

clearance pathways.

An obvious limitation of this study is the small sample size and

variability in the time delay between the first and second imaging

session, which hampers drawing firm conclusions on differences

in the number of pericortical leaks that can be detected with either

FLAIR sequence. Future studies should explore differences in the

number of pericortical leaks that can be detected with either

FLAIR sequence further, along with the dynamic mechanisms un-

derlying focal (probably chronic) and widespread (ie, hyperacute

injury marker-like, possibly postacute lesion-related) signal en-

hancement on pcFLAIR images. Most important, pcFLAIR CSF

signal enhancement forms a promising biomarker for subtle BBB

leakage that can be visually assessed by a neuroradiologist and

could be used to monitor and evaluate treatment efficacy in future

clinical trials that target cerebrovascular integrity.

CONCLUSIONS
The detection of subtle BBB leakage of gadobutrol into the CSF

can be improved by using a heavily T2-weighted pcFLAIR se-

quence. Future studies that aim to detect low gadolinium concen-

trations within the CSF should consider the dynamic aspect of the

enhancement and choose their FLAIR sequence parameters and

acquisition timing carefully.
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