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ORIGINAL RESEARCH
ADULT BRAIN

Pericortical Enhancement on Delayed Postgadolinium Fluid-
Attenuated Inversion Recovery Images in Normal Aging, Mild

Cognitive Impairment, and Alzheimer Disease
X W.M. Freeze, X R.S. Schnerr, X W.M. Palm, X J.F. Jansen, X H.I. Jacobs, X E.I. Hoff, X F.R. Verhey, and X W.H. Backes

ABSTRACT

BACKGROUND AND PURPOSE: Breakdown of BBB integrity occurs in dementia and may lead to neurodegeneration and cognitive
decline. We assessed whether extravasation of gadolinium chelate could be visualized on delayed postcontrast FLAIR images in older
individuals with and without cognitive impairment.

MATERIALS AND METHODS: Seventy-four individuals participated in this study (15 with Alzheimer disease, 33 with mild cognitive
impairment, and 26 with normal cognition). We assessed the appearance of pericortical enhancement after contrast administration, MR
imaging markers of cerebrovascular damage, and medial temporal lobe atrophy. Three participants who were positive for pericortical
enhancement (1 with normal cognition and 2 with mild cognitive impairment) were followed up for approximately 2 years. In vitro
experiments with a range of gadolinium concentrations served to elucidate the mechanisms underlying the postcontrast FLAIR signals.

RESULTS: Postcontrast pericortical enhancement was observed in 21 participants (28%), including 6 individuals with Alzheimer disease
(40%), 10 with mild cognitive impairment (30%), and 5 with normal cognition (19%). Pericortical enhancement was positively associated with
age (P � .02) and ischemic stroke (P � .05), but not with cognitive status (P � .3). Foci with enhanced signal remained stable across time in
all follow-up cases. The in vitro measurements confirmed that FLAIR imaging is highly sensitive for the detection of low gadolinium
concentrations in CSF, but not in cerebral tissue.

CONCLUSIONS: Postcontrast pericortical enhancement on FLAIR images occurs in older individuals with normal cognition, mild cognitive
impairment, and dementia. It may represent chronic focal superficial BBB leakage. Future longitudinal studies are needed to determine its
clinical significance.

ABBREVIATIONS: AD � Alzheimer disease; ApoE � apolipoprotein E; MCI � mild cognitive impairment; MMSE � Mini-Mental State Examination; MTA � medial
temporal lobe atrophy

Alzheimer disease (AD) is the most common form of demen-

tia, and is clinically characterized by progressive cognitive

decline and associated functional impairment in daily living. Ac-

cumulating evidence suggests that microvascular dysregulation

and BBB disruption are early events in the multifactorial disease

cascade that leads to continuous neuronal loss.1,2 During the past

decades, the development of gadolinium-based contrast agents

has enabled detailed in vivo examination of BBB leakage by detec-

tion of extravasated gadolinium with postcontrast T1WI. Thus,

previous studies reported subtle changes in vascular permeability

in the cortex, white matter, and hippocampus in early-stage

AD.3,4 Small changes in the dynamics of contrast agent leakage in

ventricular CSF have also been reported in AD.5 It is likely that

vascular permeability changes also occur in vessels adjacent to the

CSF along the cortical surface or leptomeninges. However, T1-

weighted BBB permeability imaging around the cortex in disease

conditions with subtle changes to BBB integrity is probably

difficult because the leptomeninges are highly vascularized and
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become relatively strongly enhanced due to high gadolinium con-

centrations within the blood vessels. Furthermore, when gadolin-

ium chelate leaks into the CSF, convection and diffusion may

dilute the contrast agent at concentrations that become too low to

detect.

Delayed postcontrast FLAIR imaging yields up to 10-fold

higher sensitivity compared with postcontrast T1WI for the de-

tection of low amounts of gadolinium chelate in the CSF.6,7 Pre-

vious studies that used postcontrast FLAIR imaging reported

pericortical gadolinium leakage that appears as signal enhance-

ment in the CSF in various clinical disease conditions with BBB

leakage, including acute ischemic stroke and MS.8,9 The applica-

tion of the postcontrast FLAIR technique has not yet been evalu-

ated in patients in memory clinics and in normal aging, to our

knowledge.

The primary objective of this study was to explore the utility of

postcontrast FLAIR imaging in identifying pericortical enhance-

ment in AD, mild cognitive impairment (MCI), and age-matched

cognitively healthy individuals. We hypothesized that pericortical

BBB leakage is more common in patients with AD and MCI com-

pared with cognitively healthy individuals and that it is associated

with MR imaging markers of cerebrovascular damage. Finally, to

investigate whether signal alterations could result from leakage of

contrast medium into cortical tissue or into the CSF, we per-

formed in vitro experiments to mimic the FLAIR signal effects of

different concentrations of gadolinium in CSF and cerebral tissue.

MATERIALS AND METHODS
Participants
Patients were prospectively recruited at 2 memory clinics (Maas-

tricht University Medical Center and Zuyderland Medical Center

Heerlen) between November 2014 and December 2016, and

healthy controls were enrolled via a local newspaper advertise-

ment in the same period. Detailed neuropsychological assess-

ment, medical history, and educational level10 were recorded for

all participants. Inclusion criteria for patients were a clinical diag-

nosis of subjective cognitive decline,11 MCI12 or AD,13 and a

Mini-Mental State Examination (MMSE)14 score of �20. Control

participants reported no subjective cognitive impairment and

were screened to ensure cognitive health (MMSE score, �27).

Inclusion criteria for all participants were 55 years of age or older

and eligibility for undergoing MR imaging and gadolinium con-

trast administration. Exclusion criteria for all participants in-

cluded impaired renal function (estimated glomerular filtration

rate of �30 mL/min) and the presence of psychiatric or neuro-

logic disorders that might have caused the cognitive impairment,

other than AD, cerebral small-vessel disease, or noninvalidating

stroke. Participants with recent (eg, �3 months before inclusion)

ischemic or hemorrhagic stroke were excluded. Informed consent

was obtained from all participants before participation. This

study was performed in accordance with the rules and regulations

of the local institutional review boards and approved by the med-

ical ethics committee in Maastricht.

MR Imaging Protocol
MR images were acquired on a 3T MR imaging system with a

32-channel head coil (Achieva TX; Philips Healthcare, Best, the

Netherlands). The imaging protocol was relatively long because

other sequences that are not relevant to this article were included,

and it was split into 2 separate sessions for the participants’ com-

fort. During the first session without contrast administration, 3D

T1-weighted gradient-echo (TR/TE, 8/4 ms; acquisition matrix,

256 � 256; 160 sections; 1-mm section thickness) and 3D T2-

FLAIR (TR/TE/TI, 4800/290/1650 ms; acquisition matrix, 256 �

256; 200 sections; 1-mm section thickness) images were acquired,

as well as multisection T2-weighted TSE and T2-weighted fast-

field echo images with a section thickness of 5 mm in the trans-

verse plane. During a second session (median time between scans

2 days; interquartile range, 0 –5.5 days), the same FLAIR sequence

was acquired 16 minutes after intravenous administration of 0.1

mmol/kg of gadobutrol in the antecubital vein (injection rate, 3

mL/s; 20-mL saline flush).

Image Analysis
Pericortical enhancement was defined as hyperintense signal sub-

stantially brighter than the proximal parenchymal signal inten-

sity, occurring in the subarachnoid space on postcontrast FLAIR

images, but not on precontrast images. Two raters blinded to

clinical data (W.M.F., W.M.P.) independently evaluated the scans

for the presence of pericortical enhancement. Discrepancies and

cases of uncertainty (Cohen � � 0.50) were evaluated during con-

sensus meetings, after which both raters agreed on all cases. When

present, pericortical enhancement was classified according to vas-

cular territory (anterior, middle, or posterior cerebral artery),

hemisphere (left/right), location (within a sulcus, along the cor-

tical convexity, or within the longitudinal fissure), and number of

foci.

White matter hyperintensities were scored on precontrast

FLAIR images according to the Fazekas scale.15 Old lacunar in-

farcts were scored as subcortical round or ovoid structures of 3–15

mm in diameter with low signal intensity on FLAIR images and

CSF-like signal intensity on T2WI.16 Cerebral microbleeds were

scored as round or ovoid areas of signal void with associated

blooming on T2-weighted fast-field echo images in cortical or

subcortical regions, excluding potential mimics such as bilateral

iron/calcium deposits in the basal ganglia, bone, or vessel flow

voids.17 Old ischemic stroke of �15 mm was scored on T2-

weighted TSE and FLAIR images, and old cerebral hemorrhage

was scored on T2-weighted fast-field echo images. Medial tempo-

ral lobe atrophy (MTA) was rated bilaterally on coronal T1WI

with a previously described visual rating scale.18 The average score

of the left and right sides was taken as the final MTA score. Vas-

cular markers and MTA were scored by an experienced neurora-

diologist (W.M.P.), who was blinded to clinical data.

Genetic Risk Factor Assessment
Blood samples were collected and apolipoprotein E (ApoE) geno-

typing was performed with polymerase chain reaction. Individu-

als with at least 1 �4 allele were classified as ApoE4-positive.

Follow-Up
One cognitively healthy participant and 2 patients with MCI who

were positive for pericortical enhancement were followed up after
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21–22 months. The same scan protocol was applied as described

earlier, but all scans were acquired in 1 single session.

Statistical Analyses
Differences between individuals with and without pericortical en-

hancement were assessed with the �2 or Fisher exact test (when

applicable) for categoric variables. For continuous variables with

a normal data distribution, independent 2-sample t tests were

performed to compare the means of the 2 groups. Mann-Whitney

U tests were performed in case of non-normal data distribution.

To assess differences between the diagnostic groups (cogni-

tively normal, MCI, and AD), we performed ANOVA for contin-

uous variables with normal data distribution and Kruskal-Wallis

tests for continuous variables with non-normal data distribution.

The �2 or Fisher exact test was used for categoric variables. A

threshold of � � .05 was used to determine statistical significance,

all P values were 2-tailed, and analyses were conducted with SPSS

statistical software (Version 24.0; IBM, Armonk, New York).

In Vitro Experiment
Gadobutrol was dissolved in demineralized water in plastic Fal-

con tubes (50 mL; Corning, Corning, New York) in different con-

centrations (0.004, 0.008, 0.016, 0.031, 0.063, 0.125, 0.250, 0.500,

and 1.0 mmol/L), mimicking in vivo gadolinium concentrations

with a range of leakage severity in the CSF. The same gadolinium

concentrations were adopted for a solution mimicking cerebral

tissue, which was prepared by dissolving 0.08-mmol/L MnCl2 in

demineralized water. The T1 and T2 relaxation times of this

MnCl2 solution were determined by using signal intensities from

inversion recovery TSE images with TR � 3000 ms and varying

TIs (50, 100, 200, 400, 600, 800, 1000, and 1500 ms) and T2-

weighted images with a fixed TR � 453 ms and varying TEs (20,

40, 60, 80, 100, 120, 140, 160, 180, and 200 ms). The T1 and T2

relaxation times (On-line Fig 1) of the tissue phantom approxi-

mated previously reported values of the cerebral cortex at 3T with

1170 and 122 ms, respectively.19

The samples mimicking CSF and tissue with different concen-

trations of gadolinium were scanned with the T1 and FLAIR se-

quences described above.

RESULTS
Neuroradiologic Imaging
Seventy-four participants with a mean age of 71.2 � 6.2 years were

enrolled in this study, including 26 cognitively healthy partici-

pants (13 healthy controls and 13 with subjective cognitive de-

cline), 33 with MCI, and 15 with AD. Participants’ characteristics

according to cognitive status (normal cognition, MCI, or AD) are

provided in the On-line Table.

Twenty-one individuals showed evidence of abnormal peri-

cortical enhancement on postcontrast FLAIR images (Fig 1).

Overall, there were 32 foci, among which 10 (31%) were located

within the posterior, 9 (28%) within the middle, and 13 (41%)

within the anterior cerebral artery territory. Fifteen foci (47%)

were located in the left and 17 (53%), in the right hemisphere.

Most foci were located on the cortical convexity (12/32, 38%) or

within a sulcus (12/32, 38%), but 1 (3%) traversed several sulci

and 7 (22%) were located within the longitudinal fissure. Pericor-

tical enhancement was observed as a single focus in most cases

(13/21, 62%). Three subjects with MCI and 2 subjects with de-

mentia showed 2 foci, and 1 subject with MCI and 2 subjects with

AD showed 3 foci (Fig 2).

In the 3 subjects positive for enhancement with a follow-up

FIG 1. Pericortical enhancement is evident on sagittal, coronal, and transverse postcontrast FLAIR images of a 76-year-old male patient with MCI.
No signal enhancement is apparent on the precontrast FLAIR image (upper right) (A). Pericortical enhancement remains stable across time in a
male healthy control participant 87 years of age at baseline (B) and in a male MCI participant 71 years of age at baseline (C).
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time between 21 and 22 months, the foci remained stable across

time regarding location, size, and shape (Fig 1).

In addition to the pericortical foci, 1 focus of signal enhancement

was found in what appeared to be a perivascular space on the post-

contrast but not on the precontrast FLAIR images (On-line Fig 2).

No signal attenuation was observed in other fluid-containing struc-

tures, including lacunar infarcts, the ventricular system, or the eyes.

The group characteristics of individuals with pericortical en-

hancement are summarized in the Table. The prevalence per di-

agnostic group was 5/26 (19%) in cognitively healthy individuals,

10/33 (30%) in individuals with MCI, and 6/15 (40%) in individ-

uals with AD. Although the prevalence

of pericortical enhancement was higher

in the AD and MCI groups compared

with the cognitively healthy individuals,

there were no statistically significant

group differences (Fisher exact test,

P � .3). Individuals with pericortical

enhancement were significantly older

(t[50] � 2.4, P � .02) and more often

had ischemic stroke (�2 � 4.5, df � 2,

P � .04) when lacunar infarct and isch-

emic stroke data were pooled. No asso-

ciations were apparent among pericorti-

cal enhancement and sex, amount of

contrast agent administered, MMSE

score, ApoE genotype, and other MR im-

aging markers of cerebrovascular damage

(Table). The location of pericortical en-

hancement did not correspond to the lo-

cation of other MR imaging markers of

cerebrovascular damage.

In Vitro Measurements
The phantom imaging experiment shows

that relatively low concentrations of

gadolinium in the CSF appear bright on

FLAIR images, while at higher concen-

trations, the signal declines. On T1W1,

low concentrations of gadolinium in the

CSF appear dark, while at higher con-

centrations, the signal increases. In

contrast, the FLAIR images of tissue phan-

toms with low gadolinium concentrations

show only very little signal enhancement,

while the signal decreases at higher con-

centrations. On T1WI, a gradual signal in-

crease can be observed with increasing

gadolinium concentrations (On-line

Figs 3 and 4).

DISCUSSION
Delayed postcontrast FLAIR imaging
revealed pericortical signal enhance-
ment in 28% of all participants who
underwent MR imaging. This signal
enhancement likely results from leak-
age of gadolinium chelate through

cortical or leptomeningeal vessels and, as such, represents a
marker for focal loss of BBB integrity. Although pericortical
enhancement occurred more often in MCI or AD compared
with cognitively healthy individuals, there were no statistical
group differences. Pericortical enhancement was associated
with increasing age and ischemic stroke. Most interesting, in
the 3 subjects who were followed up, the pericortical enhance-
ment remained stable for 21–22 months. A possible explana-
tion for this imaging phenomenon is chronic inflammation
with BBB disruption in the leptomeninges or superficial corti-
cal vessels.

FIG 2. Two foci of pericortical enhancement on transverse (A) and coronal (B) postcontrast FLAIR
images in a 73-year-old female participant with AD.

Characteristics of pericortical enhancement
Pericortical Enhancement

P ValueYes (n = 21) No (n = 53)
Demographics

Age (mean) (SD) (yr) 73.5 (4.8) 70.2 (6.4) .02a

Female sex (No) (%) 10 (48) 22 (42) .8
Clinical subtype (No) (%) .3

Normal cognition 5 (19) 21 (81)
MCI 10 (30) 23 (70)
AD 6 (40) 9 (60)

MRI characteristics
Fazekas scale score (median) (IQR) 1.0 (1.0–3.0) 1.0 (1.0–2.0) .4
Lacunar infarct present (No) (%) 7 (33) 8 (15) .11
Ischemic stroke present (No) (%) 4 (19) 3 (6) .18
Lacunar and/or ischemic stroke present (No) (%) 9 (43) 10 (19) .04a

Microbleed present (No) (%) 2 (10) 7 (13) 1.0
Hemorrhagic stroke present (No) (%) 1 (5) 1 (2) 1.0
MTA score (median) (IQR) 1.0 (0.5–2.25) 0.5 (0–1.5) .08
Gadobutrol dosage (mean) (SD) (mL) 7.3 (1.2) 7.3 (1.1) .98

Cognitive performance
MMSE (median) (IQR)b 28 (25–28) 28 (26–29) .97

Genotype
ApoE4-positive (No) (%)c 6 (30) 25 (47) .3

Note:—IQR indicates interquartile range.
a Significant.
b Data were missing for 2 cases.
c Data were missing for 1 case.
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The potential of postcontrast FLAIR imaging for the detection
of contrast agent leakage through the BBB was already described
by Mathews et al in 1999.20 Since then, several studies on the
application of this technique have been published. Many of these
describe postischemic diffuse enhancement in the CSF in 1 or
both hemispheres, a phenomenon called “hyperintense acute rep-
erfusion marker.”7,9,21,22 Similar to its acute presentation after
ischemic stroke or transient ischemic attack, the appearance of the
hyperintense acute reperfusion marker has also been described
after hemorrhagic stroke, cardiac surgery, and carotid revascular-
ization.23-25 These findings suggest a common process of rapid
pericortical BBB leakage following cerebral ischemia or hypoxia.
In addition to its relationship with ischemia, pericortical BBB
leakage on postcontrast FLAIR images has been described in in-
fectious diseases of the CNS, including meningitis and MS.8,26

Together, these studies suggest that (chronic) hypoxic and/or in-
flammatory processes in the cortex and leptomeninges may un-
derlie this neuroimaging phenomenon. Pericortical enhancement
is likely not specific for a particular disease and also occurs in the
context of normal aging.27,28

We found no association between pericortical enhance-
ment and diagnostic group, ApoE genotype, MTA score, or
global cognition. Hence, the clinical relevance of pericortical
enhancement in our study population remains unclear. Although
delayed postcontrast FLAIR imaging is not routinely used in clin-
ical examinations, the CSF signal change should not be confused
with other causes of signal increase in the subarachnoid space on
FLAIR images such as subarachnoid hemorrhage or meningeal
metastasis.29

Because the signal enhancement on postcontrast FLAIR im-
ages appears very close to the cortical surface, we aimed to assess
whether the focal enhancement occurs in the CSF or cortical tis-
sue. Our phantom study showed that FLAIR imaging is relatively
insensitive for the detection of gadolinium in brain tissue, while
strong signal enhancement is observed in CSF, mimicking phan-
tom solutions at low gadolinium concentrations (ie, 10 –500
�mol/L). We therefore interpret the pericortical enhancement as
leakage and accumulation of low gadolinium concentrations in
the pericortical CSF.

Previous studies have shown 2 advantages of postcontrast
FLAIR imaging over T1WI in detecting pericortical BBB leakage.
First, postcontrast FLAIR imaging is superior to postcontrast
T1WI in detecting low gadolinium concentrations (ie, 10 –500
�mol/L) in the CSF.7,20 Because of the long T1 relaxation time of
CSF, FLAIR is relatively sensitive to subtle shortening of the T1
relaxation time caused by low concentrations of gadolinium. Sec-
ond, previous work has shown that unlike T1WI, FLAIR is rather
insensitive to the effects of contrast medium within blood vessels
because the shortening of the T2 relaxation time at higher gado-
linium concentrations and the effects of blood flow both result in
a strong signal decay.26

The strengths of this study include the availability of both pre-
and postcontrast FLAIR images obtained in individuals with a
wide range of cognitive performance. The availability of other MR
imaging sequences allowed us to look for associations between
postcontrast FLAIR enhancement and various markers of cere-
brovascular damage. The timeframe of 16 minutes between con-
trast injection and FLAIR imaging proved suitable for detecting

pericortical enhancement in a relatively high number (ie, 28%) of
participants in our study.

Limitations of this study include the relatively small sample
size, which limits our ability to draw conclusions about the pres-
ence or absence of associations between BBB leakage and variables
of interest. Because we did not include markers more specific for
neurodegeneration than MTA and AD, the biomarkers amyloid �

and 	 were not measured, and their association with pericortical
enhancement remains unknown. Although the sensitivity of post-
contrast FLAIR imaging compared with T1WI was assessed in our
phantom study, we did not set out to make this comparison in
vivo. We expect that the enhancement of the leptomeningeal
vessels due to intravascular gadolinium complicates the detec-
tion of focal pericortical enhancement on postcontrast T1-
weighted images.

Future studies are needed to elucidate the pathophysiology
and clinical relevance of pericortical BBB leakage in relation to
neurodegeneration. The potential of pericortical enhancement as
a biomarker for cognitive decline and dementia could be explored
by future studies that compare the cognitive profile of individuals
with and without pericortical enhancement within the same diag-
nostic group (ie, normal cognition, MCI, dementia) and by fol-
lowing individuals across time to assess conversion rates to MCI
or dementia. The optimal timeframe between contrast injection
and scan acquisition remains to be explored, as well as whether
this phenomenon also occurs in younger individuals. In the fu-
ture, larger study samples and longitudinal studies may shed light
on the clinical consequences following signs of pericortical BBB
disruption in aging, dementia, and other disorders of the CNS.

CONCLUSIONS
This study identified focal pericortical BBB leakage on delayed

postcontrast FLAIR images in a substantial proportion of patients

with AD and MCI as well as cognitively healthy participants. Peri-

cortical signal enhancement was associated with increasing age

and previous ischemic stroke. In all 3 follow-up cases, the focal

BBB leakage persisted and remained stable across time. The re-

sults of our study demonstrate the suitability of postcontrast

FLAIR imaging as a tool for detecting possible chronic pericortical

vascular leaks in a memory clinic setting and in cognitively

healthy older individuals.
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