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Purpose: Dynamic contrast-enhanced (DCE) MRI can be used to measure blood-brain barrier
(BBB) leakage. In neurodegenerative disorders such as small vessel disease and dementia, the leakage
can be very subtle and the corresponding signal can be rather noisy. For these reasons, an optimized
DCE-MRI measurement and study design is required. To this end, a new measure indicative of the
spatial extent of leakage is introduced and the effects of scan time and sample size are explored.
Methods: Dual-time resolution DCE-MRI was performed in 16 patients with early Alzheimer’s dis-
ease (AD) and 17 healthy controls. The leakage rate (Ki) and volume fraction of detectable leaking
tissue (vL) to quantify the spatial extent of BBB leakage were calculated in cortical gray matter and
white matter using noise-corrected histogram analysis of leakage maps. Computer simulations utiliz-
ing realistic Ki histograms, mimicking the strong effect of noise and variation in Ki values, were per-
formed to understand the influence of scan time on the estimated leakage.
Results: The mean Ki was very low (order of 10�4 min�1) and highly influenced by noise, causing
the Ki to be increasingly overestimated at shorter scan times. In the white matter, the Ki was not dif-
ferent between patients with early AD and controls, but was higher in the cortex for patients, reaching
significance after 14.5 min of scan time. To detect group differences, vL proved more suitable,
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showing significantly higher values for patients compared with controls in the cortex after 8 minutes
of scan time, and in white matter after 15.5 min.
Conclusions: Several ways to improve the sensitivity of a DCE-MRI experiment to subtle BBB leak-
age were presented. We have provided vL as an attractive and potentially more time-efficient alterna-
tive to detect group differences in subtle and widespread blood-brain barrier leakage compared with
leakage rate Ki. Recommendations on group size and scan time are made based on statistical power
calculations to aid future research. © 2017 American Association of Physicists in Medicine [https://
doi.org/10.1002/mp.12328]

Key words: Alzheimer’s disease, blood-brain barrier, brain MRI, dynamic contrast-enhanced MRI,
leakage, pharmacokinetic modeling

1. INTRODUCTION

Impairment of the blood-brain barrier (BBB) is thought to be
a key mechanism in the pathophysiology of several brain dis-
eases such as small vessel disease, Alzheimer’s disease (AD)
and multiple sclerosis.1–4 A suitable method to investigate
this impairment is dynamic contrast-enhanced (DCE) MRI,
which is a noninvasive imaging technique that follows the
arrival and distribution of a contrast agent over time. The
most common contrast agents in MRI are gadolinium-based
compounds, which almost completely remain intravascular in
a healthy brain due to the BBB.5,6 The BBB is a collection of
anatomical elements in the wall of brain capillaries. It pro-
tects the neuronal tissue from neurotoxic compounds, while
allowing essential molecules such as oxygen or nutrients to
pass. When damaged, certain substances can pass the BBB
more easily, which may be harmful to the brain parenchyma.
In case of pathology, such as (high-grade) tumors or infarc-
tions, microvessels become hyperpermeable and the contrast
agent may extravasate more easily and accumulate in the
brain parenchyma. This leakage can be detected, and the dif-
ference between intravascular and extravascular contrast
agent concentration can be quantified using DCE-MRI.7

However, compared to high-grade tumors and infarcted brain
tissue, the leakage in neurodegenerative disorders such as
Alzheimer’s disease is found to be very subtle, making it
much more difficult to discriminate between intra- and
extravascular contrast agent.8–10 Furthermore, the spatial
extent and distribution of the leakage is also of interest. Con-
trary to tumors, the leakage in a neurodegenerative disease
may not be localized at an obvious site, making detection of
the leakage within a large region more important. A priori, it
remains unknown what better characterizes the BBB damage
in a neurodegenerative disease; the magnitude of the leakage
rate or the spatial extent of the leakage. Furthermore, investi-
gating this also requires a more sensitive technique compared
with tumors, as the leakage is orders of magnitude lower in
the brain tissue and difficult to distinguish from noise.

To measure such subtle diffuse leakage, the DCE-MRI
methodology has to be further modified to detect low
concentrations of contrast agent and slower signal
changes over time. Previous studies have looked at the
most optimal pharmacokinetic model and the ability to
distinguish low leakage from zero.6,11 However, improving
the DCE-MRI experiment to voxelwise mapping of the

leakage remains difficult. A straightforward way to
improve the sensitivity for subtle leakage is to scan
longer, which increases the amount of data points from
which leakage can be estimated, and also allows the con-
trast agent more time to extravasate and accumulate in
the tissue, increasing the range of intensity values. In the
majority of studies which apply DCE-MRI in neurodegen-
erative diseases, a protocol of roughly 20–30 min is used,
although some recent studies use shorter protocols of
16 min.6,9,10,12–15 In a group study, the sensitivity to sub-
tle leakage can also be improved by increasing the group
sizes. Additionally, the analysis method can be further
improved, reducing the impact of noise on the leakage
quantification.

The aim of this study is to explore several ways to
improve the ability to detect widespread subtle BBB leak-
age in neurodegenerative diseases. First, we explore the
effect of changing the acquisition time on the measured
leakage. Second, to determine the spatial extent of the
lowest possible leakage rates, we propose a noise removal
method and the alternative leakage measure “volume frac-
tion of detectable leaking brain tissue voxels” (vL), which
may help to distinguish very low leakage from noise. We
further investigated this using data from in vivo DCE-
MRI measurements in patients with early AD and healthy
age-matched controls. To obtain more insight into the
relation between scan time and measurement of subtle
BBB leakage, computer model simulations were imple-
mented, using representative leakage rate (Ki) histograms
that mimic the effect of voxelwise mapping of the leak-
age measures with in vivo noise and realistic variations
in measured Ki values. In addition, we investigated the
scan time and group size necessary to detect significant
group differences, which may assist to motivate the best
study design for future DCE-MRI studies. Data from
both the white matter and the cortical gray matter are
reported, as different requirements are expected for tissues
with different degrees of vascularization. Recently, the
differences in cerebral leakage between patients with early
AD and healthy elderly subjects were published using the
same in vivo data set (Ref. [16]). With the use of this
data set and additional computer simulations we set out
to critically analyze the applied method, the effect of
scan time, noise, and sample size on the leakage mea-
sures.
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2. MATERIALS AND METHODS

2.A. Imaging: subjects

Sixteen patients with early AD (mean age 73.6 s.d. 7.9 yr,
7 women), defined as being diagnosed with either mild
dementia of the AD type or mild cognitive impairment due to
AD, and 17 healthy age-matched controls (mean age 75.8 s.d.
6.2 yr, 6 women) were included. All subjects underwent MRI
at the Maastricht University Medical Center or Leiden
University Medical Center. Subjects were excluded in case of
contraindications for MRI, renal dysfunction, major structural
brain abnormalities, alcohol/drug abuse, or other major vas-
cular, psychiatric or neurological disorders. This study was
approved by both the Medical Ethical Committee AZM/UM
and the Committee for Medical Ethics LUMC. Informed con-
sent was obtained from all patients after they received verbal
and written descriptions of the study.

2.B. Imaging: MRI protocol

To detect BBB leakage, a dual time resolution dynamic
contrast-enhanced imaging protocol was implemented for 3T
MRI (Achieva, Philips Healthcare, Best, The Netherlands).
This protocol consisted of two nested pulse sequences, a slow
and a fast sequence. This approach is comparable to the
imaging protocol employed by Jelescu et al., which was
found to be more precise and less biased at estimating BBB
impairment in multiple sclerosis, compared with a conven-
tional single time resolution scan, and was also found to be
relatively insensitive to variations in perfusion levels.17 Fig-
ure 1 illustrates the time-course of the various acquisition
parts of the dual time resolution scan protocol. The slow
sequence started immediately after the fast sequence, for a
total time of 25 min, including three precontrast (slow
sequence) volumes which are needed for further analysis. All
reported scan times include these three precontrast scans, the
fast sequence and the postcontrast slow sequence volumes. In
the dual time resolution scan, the fast sequence allowed for a
higher temporal resolution during initial arrival and recircula-
tion of the contrast agent, while the slow sequence provided a
better SNR, but lower temporal resolution during contrast
agent distribution and washout. Both sequences are based on
a previously described sequence, for which the relation
between signal and longitudinal relaxation rate is known and
can be used for longitudinal relaxation time T1 mapping.5

The fast sequence was a saturation recovery 3D gradient

recalled sequence (TR/TE 5.2/2.5 ms, flip angle 30°,
25.6 9 20 9 5 cm3 FOV), 256 9 200 9 10 matrix,
dynamic scan interval (DSI) 3.2 s) with a saturation prepulse
given at a delay time (TD) of 120 ms, used during bolus
injection (gadobutrol, 0.1 mmol/kg) for 1.5 min. The slow
sequence was also a saturation recovery gradient recalled
sequence (TR/TE 5.6/2.5 ms, 25.6 9 25.6 9 10 cm3 FOV,
256 9 256 9 50 matrix, DSI 30.5 s) with the same pre-
pulse. The two sequences were combined by spatially inter-
polating the 5-mm thick slices of the fast sequence to the
spatially match (i.e., upsampling) the 2-mm thick slices of
the slow scan. Because the sequences were combined on the
MRI console, the time indices of each slow and fast volume
relative to the start of the DCE-MRI sequence were present in
the exported data. T1 weighted structural images were used
for automated and manually adjusted tissue classification into
white matter (WM) and gray matter (GM) using the FreeSur-
fer software package (version 5.1.0).18 A fluid attenuated
inversion recovery (FLAIR) scan was used to segment white
matter hyperintensities, which were excluded from the WM
mask to create the normal appearing white matter (NAWM)
mask.19

2.C. Leakage analysis

The sequential images underwent correction for head dis-
placement using a mutual information algorithm with an aver-
aged precontrast image as reference (FLIRT, the linear image
registration tool of the Oxford Centre for functional MRI of
the brain (FMRIB), fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT). An
individual vascular input function (VIF) was extracted per
participant from the superior sagittal sinus, also used by
others.17,20–22 We used individual VIFs in this study with
elderly subjects as it is known that cerebral blood flow may
depend on age, especially in subjects with neurodegenerative
diseases. The VIF was chosen from the superior sagittal sinus
as it could be easily identified in each subject’s field of view,
had a sufficient number of voxels that were for 100% filled
with (contrast-enhanced) blood, and did not show high-flow
signal contamination due to the relatively slow blood velocity
in comparison to the arterial blood stream. The intra-cerebral
arteries, on the other hand, could not be identified in all sub-
jects and had too small sizes to avoid partial volume artifacts.
To obtain the signal time-courses of the VIF regions-of-inter-
est were drawn in the lumina of the superior sagittal sinus in
the most central slices of the 3D fast scan volumes.

FIG. 1. The time course of the various acquisition parts and contrast agent administration of the dual time resolution magnetic resonance scan protocol. [Color
figure can be viewed at wileyonlinelibrary.com]
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Further analysis was performed using in-house developed
software implemented in Matlab (MathWorks, Natick, MA,
USA). Signal time-courses were first temporally processed
using a Savitsky-Golay kernel to smooth the noisy time-
courses but preserving steeper signal changes due to contrast
agent wash-in and wash-out. Translation of the signal
enhancement to contrast agent concentration was performed
in two ways. For the VIF, the signal enhancement was con-
verted to the contrast agent concentration using in vitro con-
centration calibrations. These calibrations were performed
using a diluted MnCl2 stock solution with a baseline T1 of
1650 ms, which is comparable to human blood. The signal
change caused by different gadobutrol concentrations (1–
40 mM) in the stock solution was measured for both the fast
and the slow sequence. For the brain tissue, the expectedly
low contrast agent concentration was calculated assuming a
linear relationship between signal change and contrast agent
concentration and using a contrast agent relaxivity of
3.3 s�1 mM�1.16,23 Compared with the nonlinear relation
between signal intensity and contrast agent concentration, the
linear approximation showed a 2% discrepancy at 0.2 mM,
which is on the high end of the concentrations typically found
in tissue. The longitudinal relaxation times, prior to contrast
agent enhancement, T10 were obtained using a sequence com-
parable to the slow sequence but with different TD settings
(120–4000 ms).5 The mean T10 values for the tissue of the
subjects was calculated, and the individual segmentations of
the T1 structural scans were used to assign voxelwise T10 val-
ues to the WM and GM. These T10 maps were smoothed with
a 2 9 2 9 2 mm kernel to account for partial volume effects
of the tissue. Next, a two-compartment pharmacokinetic
model was applied voxel-wise, using the Patlak graphical
approach.24 The Patlak plot provided the BBB leakage rate
(Ki, in min�1) from the slope, and the fractional blood
plasma volume (vp) from the intercept (assuming a hemat-
ocrit level of 45%). The vp was not further investigated in this
study as it was mainly dependent on the data from the fast
DCE-MRI sequence, and appeared relatively insensitive to
the total scan time including the slow sequence.25 The med-
ian Ki of all voxels within the NAWM and GM per subject
was calculated, which is for simplicity referred to as leakage
rate Ki for the remainder of this article.

2.D. Noise correction and fractional volume of
leaking tissue calculation

Due to noise on the concentration time curves, the slope of
the Patlak plot had values that fluctuates around zero and were
occasionally positive, zero but also negative. However, a Ki

value smaller than zero is physiologically meaningless. There-
fore, we assumed that all negative Ki values were caused by
noise on the concentration time curves. Keep in mind that only
part of the positive Ki values are physiological while others,
especially those close to zero, may also represent noise. A
noise on top of the signal in a non- (or negligibly-) leaking
voxel would equally likely result in a negative as well as a posi-
tive Ki, we also assumed that the noise would give rise to an

equal distribution on the positive side. Note that this noise is
from the Ki distribution which is calculated from the dynamic
MRI measurements, which originates from but is conceptually
different from the noise on the directly recorded MRI signal
time-courses. Computer simulations (see section Simulations)
using model concentration time-courses of brain tissue
enhancement and a vascular input function and the Patlak
approach confirmed that the noise in the Ki histogram was
highly symmetric around Ki=0 when the input Ki value was
zero. Further investigation of the observed in vivo Ki his-
tograms showed that the distribution was skewed towards the
upper tail containing high Ki values, which we consider to be
likely due to actual leakage instead of noise. By mirroring the
negative bins to the positive side, the total noise was estimated
and subsequently removed from the histograms. The bins
remaining after noise correction were considered to represent
the distribution of voxels that exhibit detectable leakage
(Fig. 2). Note that the bins remaining after noise removal do
not represent the complete distribution of the leaking brain tis-
sue, but only the detectable part. In this way, neither Ki values
nor voxels are classified as noise or leakage, but this method
allows for the calculation of histogram measures of the leak-
age. The cumulative sum of the resulting bins was defined to
represent the detectable fractional volume of leaking tissue:
vL. Therefore, vL is a measure of the fraction of voxels that
exhibit a detectable leakage in an ROI. A higher vL would indi-
cate an increase of voxels showing leakage. A higher Ki would
indicate a stronger overall leakage. This procedure was also
employed in a previous study.16 An example to illustrate the
difference between Ki and vL is displayed in Fig. 3, which
shows two leakage distributions with roughly equal average Ki

values but a very different vL. In Fig. 4 it is illustrated how dif-
ferent input distributions with varying fractions of nonleaking
(Ki = 0) and leaking (Ki > 0) voxels, with varying leakage
rate, result in noisy output histograms. It also demonstrates
how vL is able to differentiate nonleaking from leaking voxels,
and how altering the leakage rate and proportion of leaking
voxels affects the mean Ki and vL. It is furthermore noted that
a histogram analysis does not utilize spatial information and as
white and grey matter have different degrees of vasculariza-
tion, which is why the analysis was detailed to white and grey
matter separately.

One of the aims of this study is to provide information on
how to improve the experimental setup of future studies. To
facilitate easy comparisons between this study and previous
DCE-MRI studies, all tissue Ki values reported in this study
were calculated from the full (uncorrected) histogram, while
vL was calculated from the noise-corrected histogram. The
noise suppression method is only utilized to calculate the vL,
and any Ki mentioned in this study is based on the raw (and
noisy) values.

2.E. Statistical analysis

A two-sided Student’s t-test was used to determine signifi-
cant differences in median Ki of the full histogram and vL of
the noise-corrected histogram between patients and controls
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FIG. 2. A schematic overviewof the histogrammethod. The shape of the total (measured) histogram is displayed as a black line. By assuming that all bins with negative Ki

values are due to noise, the noise in the positive bins can be estimated bymirroring the negative bins to the positive side, which are displayed as the blue bins. The remaining
bins, which are displayed in red, are then assumed to exhibit leakage that can be differentiated from noise.

FIG. 3. An illustration of the effect of the noise suppression on two different histograms. The leakage distributions of subpanel A, which still exhibit noise and
negative leakage rate values, have almost the same mean Ki (black distribution/dotted line: 1.09 9 10�4 min�1, white distribution/dash-dotted line:
1.24 9 10�4 min�1) with a percentage difference of 14%, with the most notable differences in the section of the lowest Ki values. The white distribution has
more low Ki values, close to the zero level, than the black distribution. After noise suppression, in subpanel B the difference between the distributions becomes
more clear, showing relatively more voxels exhibiting leakage in the lowest leakage rate range for the white distribution. By calculating vL, the sum of the bins,
this difference becomes quantitatively apparent, revealing a much higher percentage difference of 105% between the two distributions (black: 0.19, white: 0.40).
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in the NAWM and cortex. Statistical significance was inferred
when P < 0.05.

To determine how shortening of the scan time affects Ki

and vL, the statistical tests were repeated for shorter scan times
by discarding the data beyond that time. For example, for a
scan time of 10 min, the Patlak plot of each relevant voxel was
constructed with data obtained from t = 0 to 10 min.

2.F. Sample size estimation

The imaging data also allowed for a post hoc power analy-
sis, which was used to estimate the impact of group size and
scan time on the statistical power. We used the measured
effect and standard deviation as a function of scan time in
both the NAWM and cortex over the subjects to calculate the
80% power levels for different effect sizes and group sizes
using N � 2r2 Za þ Z1�b

� �2
=D2, where the Z-scores corre-

spond to the critical statistical significance level a and power

1�b. Here, N is the group size, r is the pooled standard devi-
ation over the subjects, D is the (absolute) mean difference in
Ki or vL between the groups (i.e., effect size), a is the proba-
bility of a type I error (set at 5%), and b is the probability of a
type II error (the power, 1�b, set at 80%).26 Smaller effect
sizes were expressed as a fraction of the measured effect size,
that is, an effect size of 0.75DvL indicates that the difference
in vL between the patients and controls was reduced by 25%.
The difference between the mean of the patients and controls,
D, was based on the imaging data and thus depended on the
scan time. These calculations served to indicate the relation
between group size and scan time, and the effect on the power
for various D values.

2.G. Simulations

To further investigate the effect on the measured Ki and vL
when the scan time is shortened, computer model simulations

FIG. 4. Simulations illustrating the behavior of Ki and vL when altering the ratio nonleaking (Ki = 0) and leaking (Ki > 0) voxels together with varying the leak-
age rate (Ki). The basic input distribution is shown in A. In brief, the voxels were divided into a nonleaking (1-vL) and leaking (vL) fraction. The fraction of the
leaking voxels (input vL) and leakage rate (Ki, LV) was varied to create the different input distributions of nonleaking (blue bins) and leaking (red bins) voxels.
After adding noise to the concentration curves (for details, see the Methods section), the Ki values were recalculated and the resulting histogram was analyzed in
the way described in the text. The Ki, Total displayed in the graphs combines the Ki of the nonleaking and leaking voxels into the total distribution (denoted by the
black curve), which is equal to Ki, Total = vL ∙ Ki, LV (because Ki, NLV = 0). The figure shows that the measured (total) Ki is not equal to the (input) Ki, LV of the
leaking voxels. It also demonstrates that the relative volume of leaking voxels vL is more accurately measured when either the relative amount of leaking voxels
or the leakage rate of the leaking voxels increases. For these simulations, a scan time of 15 min and a signal-to-noise ratio of 1.68 was used. All Ki values are
910�4 min�1.
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of concentration time-curves were performed using Matlab.
AVIF was calculated from the mean blood curve data of the
controls by fitting a linear curve to the arrival phase, and a
biexponential curve to the washout phase of the contrast
agent concentration time-course.27 CNR’s were calculated
from the concentration curves in the white matter of the con-
trol subjects (CNR = mean/standard deviation from t = 20 to
25 min) and used to introduce random noise to the simulated
tissue concentration time-curves. To simulate realistic Ki val-
ues of the region of interest (ROI), a Pareto distribution was
used to provide input Ki values, as previously described by
Taheri et al.13 Although the true BBB leakage distribution is
unknown due to the absence of a golden standard, we con-
sider the Pareto distribution a reasonable model as it com-
prises a long tail combined with a relatively high fraction of
voxels with subtle Ki values. It is given by the formula

fðxÞ ¼ aba

xaþ1
for x� b

where f(x) gives the relative incidence of a Ki value (x) and a
and b define the shape and scale of the distribution, respec-
tively. We varied a and b to examine different leakage his-
tograms. Note that only positive Ki values were included for
the input. Next, the Ki values from the distribution were con-
verted to concentration time courses, using pharmacokinetic
modeling with the fitted VIF and an assumed vp. Noise was
added to these curves and the Ki and vp measures were recal-
culated in the same way as the in vivo data for each simulated
voxel. This was repeated for scan times increasing from 5 to
25 min. We used the CNR (1.68) and vp (0.005, comparable
to other studies) of the NAWM.3,6 The CNR was determined
from the measured concentration curves of the control sub-
jects. A near-constant concentration was assumed after 20–
25 min, and the CNR was calculated by the ratio of the mean
concentration and the standard deviation. The CNR value
was used to introduce random noise to the simulated concen-
tration curves. The NAWM was chosen because BBB leakage
is suggested as one of the earlier mechanisms of white matter
degeneration, and the measurement of contrast leakage is
expected to be more challenging due to the lower blood per-
fusion compared with the cortex.3,28 The distributions con-
sisted of 90 K voxels (180 cm3), which is comparable to the
NAWM volume.

3. RESULTS

Examples of the concentration curves of single voxels with
a low and a high Ki, with the corresponding individual VIF
and the resulting Patlak plots are provided in Fig. 5. In the
NAWM, the patients had a median Ki of 0.75 9 10�4 (stan-
dard deviation, s.d. 0.46 9 10�4) min�1 and the healthy con-
trols had a slightly lower value of 0.70 9 10�4 (s.d.
0.63 9 10�4) min�1 after 25 min of scan time. This differ-
ence was not significant (P = 0.8). In the cortex, the patients
had a higher median Ki of 1.04 9 10�4 (s.d. 1.24 9 10�4)
min�1 compared with 0.08 9 10�4 (s.d. 0.76 9 10�4)
min�1 in the control subjects after 25 min of scan time. This

difference was significant (P = 0.014), and remained signifi-
cant until the scan time was shortened to less than 14.5 min
of scan time (Fig. 6).

Both the in vivo measurements and simulations showed
that the observed median Ki will decrease with scan time
(Figs. 6 and 7). Further examination of the simulations
revealed that at longer scan times, the Ki distribution his-
togram became more skewed towards higher Ki values, that
is, the upper tail of the distribution. The decreasing influence
of noise results in a decrease of the median Ki, as less (noisy)
voxels are present in the upper tail. The simulations also
revealed that even though the measured Ki decreases with
increasing scan time, the true (i.e., input median) Ki is not
reached within a scan time of 25 min (Fig. 7). To show the
effect of SNR on the Ki estimation, we also performed simu-
lations with different SNR but fixed scan time and input Ki.
The results of these simulations are displayed in Fig. 8.

The patients exhibit a significantly higher vL compared
with the controls in both the NAWM (patients: 0.41, s.d. 0.17,
controls: 0.27, s.d. 0.13, P = 0.018) and cortical gray matter
(patients: 0.31, s.d. 0.22, controls: 0.15, s.d. 0.10, P < 0.01)
at 25 min scan time. We also found that vL decreases with
increasing scan time (Fig. 6).

Leakage maps of a representative patient obtained at dif-
ferent scan times are displayed in Fig. 9. As can be appreci-
ated from Fig. 6, 15.5 minutes of total scan time is the
minimum to obtain a statistically significant (i.e., P < 0.05)
difference in vL between the patient (0.52, s.d. 0.04) and con-
trol group (0.42, s.d. 0.03) in the NAWM. Only 8 min are
required in the cortex (patients: 0.58 s.d. 0.06, controls:
0.42 s.d. 0.04), and P < 0.01 after 12.5 min.

Based on the in vivo imaging data, the balance between
required group sizes and scan times for a constant statistical
power of 80% was calculated. The depicted relation allows
for an estimation of the group sizes and scan time given a cer-
tain Ki or vL difference. The difference in Ki in the NAWM
was not significant at any investigated scan time, and the
power was quite low (power of 8% at 25 (0.42, s.d. 0.03) in
the NAWM. Only 8 min are required in the cortex (patients:
0.58 s.d. 0.06, controls: 0.42 s.d. 0.04), and P < 0.01 after
12.5 min. power of the effect in the NAWM is 85%. In the
cortex, the current study reaches a power of 98%. This indi-
cates that the current study had sufficient (statistical) power
to find the difference for vL in the NAWM, but shortening the
scan time or decreasing the group size would result in the
study being underpowered. To measure the effect in the cor-
tex, our data show that 80% power can still be achieved if the
scan time would be lowered to 15 minutes, or the group size
would be decreased to 9 (Fig. 10). However, the current study
has 84% power at 0.75DvL, and further shortening of scan
time or lowering group size with such an expected effect size
will cause the power to fall below the 80% level.

4. DISCUSSION

A number of ways to improve the sensitivity of DCE-MRI
to detect widespread subtle BBB leakage were investigated in
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patients with early AD. In vivo imaging data showed that the
(median) leakage rate Ki is strongly influenced by noise, and
that both the observed Ki and fraction of leaking tissue vL
decrease for longer scan times. Based on the in vivo imaging
data, we also calculated the scan time and group size needed
for different effect sizes.

DCE-MRI has been used in tumors with success, but
applications in neurodegenerative diseases are more difficult.

In part, this difficulty can be attributed to the spatial distribu-
tion of the leakage. In tumors, increased contrast agent leak-
age is usually localized in the tumor tissue.29 However, the
leakage may be much more widespread in neurodegenerative
diseases. Although voxelwise mapping of leakage may be an
appropriate approach to detect widespread leakage, it is also
more susceptible to noise compared with region-of-interest
approaches. Furthermore, where in tumors the leakage rate

FIG. 5. Contrast agent concentration time curves in a blood vessel (a) and in tissue (b) and (d). The Patlak plots resulting from combining the tissue curves with
the blood curve, are given (c) and (d). This resulted in a relatively high Ki (c) and a lower Ki value (d). The voxels were selected in the normal appearing white
matter of a single patient with early Alzheimer’s disease. The gray background and filled markers indicate when the fast protocol was used. While the Patlak plot
in C shows a clear upwards trend, resulting in a Ki of 5.4 9 10�4 min�1 (standard error, s.e. 1.1 9 10�4 min�1) and a vp = 1.1% (s.e. 0.18%), the Patlak plot in
E shows a much less coherent pattern, resulting in a Ki 0.4 9 10�4 min�1 (s.e. 0.34 9 10�4 min�1) and a vp = 0.4% (s.e. 0.06%). A slight change in the points
of E may cause the slope of the Patlak plot to become negative leading to the measurement of a negative Ki, which illustrates the need for a method to reduce the
impact of noise. [Color figure can be viewed at wileyonlinelibrary.com]
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may be the most important measure, there is no reason to
assume that hotspots of high leakage exist in neurodegenera-
tive diseases such as AD. The commonly used mean Ki in a
region may not be the most appropriate measure for an
increase in leakage extent rather than rate (i.e., strength). This
prompted us to develop the volume of detectable leakage vL.
However, future studies may look into other possible ways to
measure leakage extent. For example, in functional MRI,
approaches based on clustering or independent component
analysis have been successfully applied to increase sensitivity
to more subtle signal changes due to cortical activation.30,31

Similar methods may also be useful in DCE-MRI experi-
ments in neurodegenerative diseases.

The effect of noise on the Ki distribution changes with
scan time, because for longer scan times the impact of noise
on the concentration curves is reduced. This is due to the
increased number of measurements (time-points) and because
the contrast agent has more time to extravasate, resulting in
higher extravascular concentrations which are easier to
detect. The upper tail of the (skewed) distribution, containing
the higher and more relevant voxelwise Ki values, becomes
more apparent (see also Fig. 4). Concomitantly, the number
of high values that can be attributed to noise are reduced and
the noise values in general become more concentrated around
zero. On the contrary, for decreasing scan times, the mea-
sured concentration-time curves become increasingly domi-
nated by noise, leading to a stronger variation of slope values

in the Patlak plots. At shorter scan times the resulting Ki his-
tograms are broad and nearly symmetric, with a peak at a
positive Ki value (due to the skewed input distribution). At
such short scan times, actual leakage cannot be distinguished
from noise. The skewed input distribution causes the median
Ki to decrease with longer scan times. The vL also decreases
for longer scan times. This is also caused by the decreasing
influence of the noisy values in the upper tail of the distribu-
tion, causing a larger fraction of voxels to be attributed to
noise, lowering the calculated vL.

The subtle leakage profiles found in this study are compa-
rable to previously reported values in neurodegenerative dis-
ease, which are as low as 10�4 min�1.6,12,13,15,32,34 The
in vivo data show that detecting differences between a group
of patients with a neurodegenerative disease and a control
group is feasible. However, if the effect is somewhat smaller
than what we measured (e.g., 0.75DvL), the detection of dif-
ferences becomes more difficult, especially in the white mat-
ter. If the difference between the patient and control groups is
only half of the original effect (0.5DvL), the required scan
time and group size increase considerably, making such stud-
ies more challenging.

The simulations show an overestimation of Ki, which is
still present at scan times up to 25 min (Fig. 4). The median
Ki observed in the in vivo data is also below the detection
limit of 10�10�4 min�1 previously reported by Cramer and
Larsson.6 This suggests that determining the absolute Ki

FIG. 6. Median Ki of the normal appearing white matter and cortical gray matter of the patients and controls (a) and (b), and fraction leaking tissue (vL) (c) and
(d) versus scan time. The error bars denote the standard error of the mean. The vertical dashed lines show the scan time at which a significant difference in the
fraction of leaking tissue was found between the groups. The second graph in B shows a magnification of the same data in the cortex, to better demonstrate the
differences between the groups. As with the simulated data, Ki decreases with scan time (a) and (b). Furthermore, vL also decreases with scan time (c) and (d).

Medical Physics, 44 (8), August 2017

4120 van de Haar et al.: Brain leakage MRI measurement 4120



FIG. 7. The median Ki of the simulated data versus scan time using different input distribution parameters (a) and Ki distributions calculated in the simulations
for various scan times (b), (c) and (d). The dashed lines in A indicate the median Ki of the profile used as input for the simulations. Ki decreases with increasing
scan time. The simulations also show that the measured Ki is biased, as the input Ki (dashed lines) is not reached, even after 25 min of scan time. This bias is
66% for the Ki profile with the lowest input median (blue) and 23% for the profile with the highest input median (green). The histograms show the effects of
changing the scan time in more detail. The Ki distribution after noise was added to the concentration-time courses, with a scan time of 5 min (b), shows a wide
range of Ki values. There is no discernable tail at the higher Ki values as is shown in the input distribution. A longer scan time (c) reduces the influence of noise
and the tail of the Ki distribution containing the relevant values becomes better delineated, which continues at longer scan times (d).
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value accurately seems not feasible given the lower leakage
values found in this study. This notion hampers direct com-
parison of leakage rate values between studies, as the Ki val-
ues strongly depend on the scan time and noise level. To
obtain a representative alternative measure for BBB leakage
per participant, we proposed vL. This measure proved more
sensitive to the relatively larger number of subtly leaking vox-
els in the patients with early AD compared with the controls.

Given that DCE-MRI is most commonly used in
oncology, scan times are often based on much higher Ki

values than found in neurodegenerative disease. For exam-
ple, Aerts et al. found that scan times beyond 7 min did
not further improve leakage estimates in tumor tissue.25

However, this was established assuming a (tumor) leakage
value of 0.1 min�1, which is three orders of magnitude
higher than the currently observed values in early AD (Ki

� 1 9 10�4 min�1). A recent study showed the effect of
scan time on the contrast-to-noise ratio of the leakage rate

Ktrans (where Ki = Ktrans/(1�hematocrit).11 They concluded
that the most optimal scan time depended on the value of
Ktrans. Longer scan times provide a more precise value,
but also give more time for the contrast agent to return
back into the blood (reflux), which is assumed to be neg-
ligible in the Patlak model. The leakage rates found in
our in vivo data, are much lower than those reported by
Barnes et al. (approximately 20 9 10�4 min�1 after hema-
tocrit correction). They reported that such subtle leakage
strongly decreases the influence of reflux. On the other
hand, the influence of noise becomes quite strong for
such low leakage values, which is the central topic of the
current study. Cramer and Larsson have also investigated
the requirements for measuring subtle BBB leakage, and
focused on the pharmacokinetic model and the sampling
frequency.6 Concerning the scan time, they show that
increasing the scan time decreases the influence of noise,
which manifests itself as a low standard deviation on the

FIG. 8. S!imulations showing the effect of the signal-to-noise ratio (SNR) on the accuracy of the Ki estimation. The SNR was scaled relative to the SNR found in
the white matter (WM) of the in vivo measurement, which was 1.68. Figure A shows the output Ki relative to the standard deviation versus the noise level, while
B shows the effect of various noise levels on different input Ki values.
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estimated Ki, but has no or negligible impact on the mag-
nitude of Ki. There are two important methodological
aspects worth comparing this study to that of Cramer and
Larsson. First, we used a dual time resolution DCE-MRI
protocol. The high temporal resolution in the study of
Cramer and Larsson should prevent undersampling of the
VIF, similar to the high temporal resolution part of the
dual time resolution protocol.17 If a lower temporal resolu-
tion would be used, the undersampling of the VIF would
cause the Ki to be overestimated, resulting in faulty leak-
age estimates.17,25 The dual time resolution sequence also
allows for a higher SNR during the long washout of the
contrast agent, which may improve the leakage estimation.
Second is the use of a Ki histogram to simulate the
effects of a DCE-MRI experiment, whereas Cramer and
Larsson used the more common Monte Carlo approach of
single voxel Ki values. We feel that the histogram more

closely simulates the combination of variations and noise
in maps of (very low) Ki values, which way provides
novel insights into the consequences of varying the scan
time.

The necessary scan time can also be influenced by other
methodological choices, such as the choice of contrast agent
and the pharmacokinetic model.6,16,33–35 The intrinsic proper-
ties of the contrast agent such as lipophilicity, charge and
size, determine how easily it may pass the BBB.36 If a new
contrast agent would be developed that can pass the BBB
more easily, the subtle signal differences on MRI would be
larger. This would make it easier to measure the leakage,
which may translate to a shorter scan time. For the pharma-
cokinetic model we chose to use the Patlak plot to quantify
the leakage, as this was previously shown to be the best
approach for subtle leakages when the reflux can be
ignored.6,11 Different models require different scan times,

(a) (b) (c)

(d) (e) (f)

FIG. 9. Overview of the leakage maps of a patient (a)-(c)and a control (d)-(f), superimposed on the T1-weighted image, at 5 (a) and (d), 15 (b) and (e) and 25 (c)
and (f) minutes of scan time. Note that voxels with a Ki value below the cutoff of 10 9 10�4 min�1 are not shown to focus on the higher and more relevant Ki

values. Images (a) and (c) show that the voxels have a wide range of Ki values at 5 min of scan time, but these are heavily influenced by noise. A longer scan time
reduces the absolute Ki values (as seen by the transition from yellow to red in (b) and (e) and less high Ki voxels are displayed, while more voxels fall below the
threshold of 10 9 10�4 min�1. At 25 min of scan time (c) and (f), the impact of noise is reduced further, and more voxels fall below the display threshold, while
higher Ki voxels become more sparse but also more meaningful.
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depending on the underlying assumptions of the model.11

Furthermore, we note that the current noise correction
approach is data-driven and does not make use of analytical
models of the noise distribution. An elegant future approach
would be to view the measured Ki histogram as a convolution
of the actual Ki histogram and a noise kernel (model, for
instance Gaussian) function, which broadens the actual Ki

distribution. The deconvolution operation could then be
applied to reconstruct the actual Ki distribution. The advan-
tage of this convolution approach is that no parts of the Ki

histogram need to be approximated as noise, though a model
for the noise function needs to be determined. Besides these
methodological considerations, it is also important to con-
sider the impact of a long scan time on the subject. It is com-
mon that a patient with a neurodegenerative disease has some
form of cognitive impairment, which would increase the bur-
den of an MRI experiment compared with a healthy control
subject.

5. CONCLUSIONS

We have introduced the leakage volume vL, which appears
more suitable and time-efficient than leakage rate Ki to detect
subtle BBB leakage differences between patients with early
AD and controls. Compared with Ki, vL is a measure for the
spatial extent of the leakage rather than the leakage strength.
Computer simulations, showing how the measured leakage is
affected by changing the scan time, and statistical power cal-
culations were used to help to improve methodological study
design. Overall, this information should assist future research
aimed at investigating the subtle BBB leakage in neurodegen-
erative diseases.
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