
ON-LINE APPENDIX
In this supplemental work, we discuss the influence of scan con-

trast parameters (TI, TR, and TE) on the FLAIR image to maxi-

mize contrast between CSF with low concentrations of gadolin-

ium due to leakage and native CSF and brain tissue. Below, we will

discuss the influence of each of these parameters on the appear-

ance of low gadolinium concentrations in the CSF in the images.

TI
The general (T1-weighted) concept of a FLAIR sequence is that

the value of TI is chosen so that the CSF signal (which has a

high T1 value) is nulled. Adding a contrast agent to CSF, like

gadolinium, shortens the T1 relaxation time in a concentration-

dependent manner, which means that the CSF signal will no lon-

ger be fully suppressed and therefore will become increasingly

visible in the image.

TE
Besides the T1-weighted component in the FLAIR sequence de-

scribed in the previous paragraph, there is also a T2-weighted

component. Due to this T2-weighted component, the signal

within blood vessels—which contain high gadolinium concentra-

tions and therefore have a very short T2 time constant—is fully

suppressed. The transverse magnetization decreases exponen-

tially with the time constant T2, which is relatively short for brain

tissue (T2 � 90 ms) but long for CSF with a low gadolinium

concentration (eg, T2 � 3800 ms). Because of this difference, the

TE has a great influence on the contrast between the cortical tissue

and CSF. If the TE setting is increased from 290 to 500 ms (in our

example), the signal coming from brain tissue is reduced substan-

tially due to its short T2 value, while the TE setting is increased

from 290 to 500 ms negligibly reduces the CSF signal. If longer TE

values are chosen, the FLAIR sequence becomes more heavily T2-

weighted which results in suppression of brain tissue, thereby

facilitating the detection of subtle leakage (On-line Figs 1 and 2).

TR
Because T1 of the CSF with low gadolinium concentrations is

relatively long, its signal is reduced due to saturations effects when

the TR is too short because the longitudinal magnetization is not

fully recovered before the next excitation pulse. We investigated

the influence of longer TRs on the higher signal intensity of CSF

with gadolinium concentrations ranging between 0 and 125

�mol/L (On-line Fig 2). The signal intensities are about 1.5 times

higher for TR � 12,000 ms than for TR � 4800 ms. However, the

signal coming from brain tissue increases as well (estimated factor

of 1.23) and the total scan time scales with TR, and longer scan

times in clinical populations with BBB leakage are neither desir-

able nor always feasible.

Combination of TI and TR
In a FLAIR-sequence, the scan parameters TI and TR are related

to each other as indicated by the following equation:

TI � T1 � In� 2

1 � e�TR/T1�

Adequate nulling of the CSF can be achieved by choosing a com-

bination of TR and TI values according to the relation above and

corresponding to the blue line in On-line Fig 4. Improper nulling

of CSF occurs when TR/TI combinations are chosen that are ei-

ther above or beneath the blue line. When the combination of

TR/TI is above the blue line, TI is too high. Contrast among

brain tissue, pure CSF, and CSF containing gadolinium is still

maintained, but pure CSF is not fully nulled. Consequently, it will

be difficult to determine whether the CSF has a low gadolinium

concentration. When the combination of TR/TI is beneath the

blue line, TI is too short, and instead of pure CSF, CSF with a

certain (low) gadolinium concentration will be nulled. In other

words, CSF with low gadolinium concentrations due to leakage

appears darker than pure CSF in the image. On a related note, the

contrast between CSF and tissue is dependent on the exact loca-

tion on the blue line, which is explained as follows: Increasing TI

along with TR makes the FLAIR sequence more heavily T1-

weighted. As a result, the signal from brain tissue (short T1) in-

creases more than the signal from CSF with a low gadolinium

concentration. If the TI along with the TR is reduced, both the

signal coming from brain tissue as well as from CSF with low

gadolinium concentrations will decrease in the same manner.

However, saturation effects can occur when the TR is too short

because the longitudinal magnetization is not fully recovered be-

fore the next excitation pulse.

Additional MR Imaging Sequence Details
Images were acquired on a 3T MR imaging system with a 32-

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

Netherlands). The regular 3D-FLAIR sequence was applied once

precontrast and twice postcontrast at 2 different time points and

consisted of the following parameters: TR/TE/TI � 4800/290/

1650 ms; acquisition matrix � 256 � 256; 200 slices; 1-mm cubic

voxel size. The heavily T2-weighted FLAIR sequence was acquired

twice after contrast administration at 2 different time points and

had a longer TE: TR/TE/TI � 4800/500/1650 ms; acquisition ma-

trix � 256 � 256; 200 slices; 1-mm cubic voxel size. In 1 case, the

TR/TI of all postcontrast FLAIR scans was 9000/2250 ms (case 2).

In 1 case, the heavily T2-weighted FLAIR scan in session 1 was

missing because the regular FLAIR scan was acquired instead

(case 4). Additional relevant MR imaging sequences that were

acquired during the first session before contrast administration

included a 3D T1-weighted fast gradient-echo (TR/TE � 8/4 ms;

acquisition matrix � 256 � 256; 160 slices; 1-mm isotropic reso-

lution) sequence and multislice T2-weighted TSE and T2*-

weighted fast-field echo images with a slice thickness of 5 mm in

the transverse plane. The presence of cerebrovascular damage was

assessed in the same manner as in our baseline study and by the

same neuroradiologist.1
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ON-LINE FIG 1. Relative signal intensities determined from FLAIR
scans with constant TR/TI � 4800/1650 ms between different phan-
toms mimicking CSF with various gadolinium concentrations and
brain tissue as a function of TE. With increased TE, the signal from
brain tissue decreases at a faster rate than for CSF with gadolinium. TE
has no noticeable influence on the signal coming from native CSF, and
it does not influence the total scan time.

ON-LINE FIG 2. Signal intensities of fluid reservoirs mimicking cerebral tissue compared with CSF
with and without low gadolinium concentrations on FLAIR images with TE � 290 ms (upper row)
and TE � 500 ms (lower row). We chose these particular TEs for this figure on the basis of the
phantom results of On-line Fig 1 and because these TEs were used in our in vivo study. The signal
in reservoirs mimicking tissue is lower in the heavily T2-weighted FLAIR images (TE � 500 ms)
compared with the regular (clinically used) FLAIR images (TE � 290 ms), while the signals in the
CSF-mimicking reservoirs are fairly comparable. As a result, the contrast between the phantoms
mimicking tissue and the phantoms mimicking CSF with low gadolinium concentrations becomes
stronger in the heavily T2-weighted FLAIR images. Because the signal within the human cerebral
cortex is not uniform, it naturally becomes easier to discern subtle gadolinium leakage as hyper-
intense foci in CSF from tissue when the contrast is larger.
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ON-LINE FIG 3. Relative signal intensities of different phantoms
mimicking CSF with various gadolinium concentrations for 3 different
TR values. The differences in signal intensity between pure CSF and
CSF with gadolinium increase with the TR. The TI/TE were the same
(1650/290 ms) for all three FLAIR sequences.

ON-LINE FIG 4. The relation between TI and TR for a FLAIR sequence
to null the CSF signal.
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ON-LINE FIG 5 Widespread signal enhancement within the sulci was apparent in 1 patient who
presented with a recent ischemic lesion and a new cerebral microbleed that were not present at
baseline in a 77-year-old male participant (case 3). The enhancement was not (clearly) visible on
the regular pcFLAIR scan (A) or the heavily T2-weighted pcFLAIR scan (B) acquired 16 and 22
minutes after contrast administration, respectively, or the regular pcFLAIR scan acquired 138
minutes after contrast administration (C). Sulcal enhancement was most clearly visible on the
heavily T2-weighted pcFLAIR scan that was acquired 144 minutes after contrast administration (D,
arrows).

On-line Table: Participant characteristics and number of foci detected on postcontrast FLAIR

Baseline
Regular

No. of Foci on pcFLAIR

Participant Characteristics Scan Session 1a Scan Session 2

Case
No.

Age
(yr) Sex Diagnosis

Time from BL
to FU (mo)

Fazekas
Score

Change in
Cerebrovascular

Markers
FU

Regular
FU

HT2W
FU

Regular FU HT2W
Delay
(min)b

1 68 F Control 20 1 No 1 1 1 0 1 115
2 80 M Control 18 1 No 2 2 4 0 0 263
3 77 M MCI 30 3 Yesc 1 1 1 1 1�HARM 122
4 84 M MCI 16 1 No 2 2 n/a 2 2 100
5 70 F Control 17 1 No 1�PVS 1�PVS 1�PVS 1�PVS 1�PVS 153
6 79 M Control 17 1 No 1 2 2 2 2 103

Note:—BL indicates baseline; FU, follow-up; HT2W, heavily T2-weighted; HARM, hyperintense acute reperfusion injury marker; PVS, enhancement was clearly observed within
an enlarged perivascular space; MCI, mild cognitive impairment; n/a, not available.
a The regular postcontrast FLAIR scans at baseline and follow-up were acquired 16 minutes after contrast administration. At follow-up, the heavily T2-weighted FLAIR sequence
was acquired 23 minutes after contrast administration.
b Time from the start of the regular FU pcFLAIR image (started 16 minutes after contrast administration) to the start of the regular delayed FU pcFLAIR image.
c New cerebral microbleed within the thalamus and a region of recent ischemia without cavitation within the basal ganglia that were not present at baseline.
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