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a b s t r a c t

Background and purpose. – Several leakage correction algorithms for dynamic susceptibility contrast
(DSC) magnetic resonance imaging (MRI)-based cerebral blood volume (CBV) measurement have been
proposed, and combination with a preload of contrast agent is generally recommended. A single bolus
application scheme would largely simplify and facilitate standardized clinical applications, while reduc-
ing contrast agent (CA) dose. The aim of this study was, therefore, to investigate whether appropriate
leakage correction redundantizes prebolus application by comparing normalized DSC-based CBV (nCBV)
measures of two consecutive CA boli.
Materials and methods. – Twenty-seven patients with suspected glioblastoma (WHO-grade-IV) under-
went DSC-MRI during two consecutive boli of Gd-based CA. Four variants of two post-processing
leakage correction techniques were compared with respect to nCBV in contrast enhancing tumor tis-
sue. First, a reference curve approach with first pass and full integration of corrected �R2*(t), and
second, a deconvolution-based approach using singular value decomposition (SVD) with a standard
noise-dependent cutoff or Tikhonov regularization.
Results. – Compared to respective uncorrected values, all leakage correction techniques increased nCBV
for data acquired without prebolus, while there was no consistent trend for data acquired with prebolus.
The best agreement between corrected nCBV values in contrast enhancing tumor, obtained in the same

patients without and with prebolus, respectively, was obtained for the reference curve-based correction
approach with either first pass or full integration.
Conclusion. – The reference curve-based leakage correction approach with integration-based nCBV cal-
culation yielded a high accordance between nCBV values without and with prebolus, respectively. Thus,
it appears possible to obtain valid nCBV in glioblastoma with a single CA injection.
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Dynamic susceptibility contrast (DSC) magnetic resonance
maging (MRI) is an integral part of recent multi-parametric MRI
rotocols and derived cerebral blood volume (CBV) is increas-

ngly used in diagnostic imaging, especially for characterizing brain
umors [1]. In general, the technique is expected to be able to
elineate metabolically active tumor tissue via elevated CBV val-
es. Recently, the American Society of Functional Neuroradiology
ASFNR) put forth recommendations for DSC-based CBV mea-
urement, which is used clinically to establish the diagnosis of
ntracranial neoplasm and to further characterize its etiology (e.g.
anglioma, medulloblastoma, metastasis, glioma) [2,3] as well as
o predict WHO grade in gliomas [4]. Using multi-parametric MRI
nd a machine learning approach, a recent study showed that the
tandard deviation of CBV is one of the most important features in
redicting tumor grade [5]. Additionally, CBV maps acquired from
SC-MRI can be helpful for evaluating therapy response in glioma
nd to distinguish tumor progression from pseudo-progression or
adiation necrosis [4,6,7].

At the current state, DSC-based perfusion imaging is hampered
y the fact that standards, as proposed by the ASFNR [4], are not
et commonly used, which certainly accounts for the variable out-
omes of clinical studies [8]. This problem is exacerbated by the fact
hat in regions with disrupted blood brain barrier, resulting CBV
alues are severely confounded by contrast agent leakage into the
xtravascular extracellular space (EES). Depending on whether T1-
r T2*-related leakage effects dominate, CBV can be either under-
r overestimated [9–14]. To alleviate that problem, application of
prebolus has been proposed to reduce T1-related leakage effects

15]. Currently, application of a contrast agent preload prior to DSC-
RI, together with appropriate processing for leakage correction

9,11], is quite accepted to improve accuracy in DSC-based CBV
apping [4,10,16–18]. Nevertheless, a recent study demonstrated

hat even after prebolus application CBV results of three differ-
nt leakage correction techniques differed, depending on whether
1- or T2*-related relaxation effects dominated in the EES [13].
onsidering aspects of time efficiency and ease of application, accu-
ate CBV mapping using a single dose of contrast agent received
enewed attention also with respect to minimizing the dose of
pplied contrast agent.

In order to explore the reliability of single dose DSC-based CBV
apping, we performed a prospective study, where DSC-MRI data
ere acquired in 27 patients with suspected glioblastoma during

he injection of two consecutive boli of contrast agent (prebo-
us, main bolus). To investigate the influence of postprocessing on
ormalized CBV (nCBV) values, four optimized variants of two dif-

erent leakage correction approaches, based on reference curves
nd relaxation curve integration (area under the relaxation curve,
UC) and singular value decomposition (SVD) have been applied
nd compared with respect to consistency.

aterial and methods

atients and instrumentation

The study was approved by the local ethics committee and
onducted in accordance with approved guidelines. Twenty-seven
atients with suspected high-grade glioma were recruited for this
tudy and provided written informed consent. Data of 20 patients

58.4 ± 16.9 years, 13 males) could be evaluated for the presented
tudy; seven patients had to be excluded because of other diagnoses
n = 4), technical problems (n = 1) or motion (n = 2) in the DSC-based
BV measurement.
oradiology 46 (2019) 44–51 45

Patients were examined at 3 T, either on a Biograph mMR scan-
ner (Siemens Medical Solutions, Germany) or on an Achieva System
(Philips Healthcare, Best, The Netherlands).

DSC MRI

Two sets of DSC-MRI data were obtained from each patient:
(1) during injection of a standardized prebolus (PB) dose of 7.5 ml
(≈ 0.05 mmol/kg) and (2) during injection of a main bolus (MB)
of 15 ml (≈ 0.1 mmol/kg) of Gd-containing contrast agent (Gd-
diethylene-triamine-pentacetate (DTPA) or Dotarem). In each case
the bolus was injected by means of a power injector (Medrad
Spectris Solaris EP, Bayer Medical Care, Whippany, NJ) at a rate
of 4 ml/s followed by 20 ml of saline solution (at 4 ml/s), with
a minimum delay of 3 min between injections. MRI acquisi-
tion employed single-shot gradient-echo (GE) echo planar images
(EPI) (TE/TR/� = 30 ms/1500 ms/90◦, 20/25 slices, voxel sizes
1.8 × 1.8 × 4 mm3/1.75 × 1.75 × 4 mm3, gap 1 mm/0 mm). Eighty
dynamic images were acquired for each time series to ensure
sufficient coverage for application of leakage correction tech-
niques [13]. For each patient 3D fluid attenuated inversion
recovery (FLAIR; TE/TR/TI = 301 ms/4800 ms/1650 ms, voxel size
1.12 × 1.12 × 1.12 mm3) and post-contrast 3D T1-weighted mag-
netization prepared rapid acquisition gradient echo (MPRAGE;
TE/TR/� = 4 ms/9 ms/8◦, TI/TFE shot interval = 900 ms/1745 ms,
voxel size 1 × 1 × 1 mm3) data were acquired within an advanced
diagnostic tumor imaging protocol.

CBV evaluation

Two types of leakage correction techniques were investigated:
One approach estimates leakage contributions from linear combi-
nations of healthy tissue reference curves [11] and calculates CBV
via integration of the transverse relaxation rate changes �R2*(t)
(AUC, area under the curve). The other approach derives a flow and
extravasation-weighted residue function R(t) using a matrix formu-
lation of the deconvolution theorem, which is solved by singular
value decomposition (SVD) and determines leakage information
from the tail of R(t) [9]. For the current study, we implemented two
variants of each technique using modifications as described by [13],
resulting in uncorrected (unc) and corrected (corr) CBV parameter
maps for a total of four method variants. Specifically, to investigate
the influence of integration range on AUC-based CBV measures, first
pass AUC and full AUC CBV values were obtained by integrating only
the first pass or the full range (full) of the relaxation time curve,
�R2*(t), respectively. Since the known noise sensitivity of the SVD
algorithm [19] can be mitigated by different approaches, we imple-
mented two different regularization techniques to compare their
performance. First, for standard regularization (standard SVD) a
global SNR dependent cut-off was used as implemented before [13]
and recommended by Knutsson et al. [14]. Second, Tikhonov reg-
ularization (Tikhonov SVD) [12] was implemented combining the
L-curve criterion [20] with a small SNR-dependent cut-off [21].

Prior to any processing, DSC data were checked for image quality
and motion. According to that, three patients needed to be excluded
because of severe motion (n = 2) and missing contrast agent (n = 1).
From the remaining 20 data sets, data quality was rated as high
(n = 7), good (n = 6), acceptable (n = 4) or low (n = 5) according to
overall appearance (patient motion, intensity fluctuations, signal
drop). CBV evaluation was then performed using custom programs
implemented in Matlab R2016b (MathWorks, Natick, US), employ-
ing standard SPM12 (http://www.fil.ion.ucl.ac.uk/spm) routines

with default settings for data coregistration and segmentation.
First, DSC time courses were converted to �R2*(t) and smoothed
with a Gaussian convolution kernel (3 × 3 × 3 voxel) with the 3rd
dimension in time. Anatomical FLAIR and MPRAGE data were

http://www.fil.ion.ucl.ac.uk/spm
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egmented for white matter (WM), grey matter (GM) and cere-
rospinal fluid (CSF) and registered to the first image of the DSC
ime course.

For the AUC method, the healthy tissue reference curve
�R2∗ (t)

)
was determined by averaging �R2*(t) within tissue seg-

ents of healthy GM and WM (both probability > 0.75) after tumor
ffected tissue areas have been subtracted. To this end, leakage
nd edematous areas have been determined using an automated
istogram-based approach (see [13] for details).

(
�R2∗ (t)

)
was

hen used to obtain the leakage related permeability parameter K2
y voxel wise fitting of �R2*(t) (see Eq. [1] in [13]), where positive
nd negative K2 values allowed accounting for T1 (K2 > 0) and T2*
K2 < 0) related leakage effects. Using

(
�R2∗ (t)

)
and K2, corrected

elaxation curves �R2*corr(t) were then calculated from the orig-
nal �R2*(t) (see Eq. [2] in [13]). Corrected and uncorrected CBV
arameter maps were then calculated by numerical trapezoidal

ntegration of �R2*corr(t) and �R2*(t) (see Eq. [4] in [13]). The inte-
ration intervals were automatically determined from the healthy
issue reference curve and set identical for all voxels of one patient.
ntegration started three time points before

(
�R2∗ (t)

)
increased;

he upper limit was either set three time points after the numeri-
ally determined end of the first pass (first pass integration) or to
he end of acquisition interval (full integration).

In order to increase reproducibility of the deconvolution-
ased approach, an arterial input function (AIF) was selected fully
utomatically using a SVD approach [21]. Voxel wise SVD-based
econvolution of the relaxation time curves �R2*(t) with the arte-
ial input function was then performed using standard as well as
ikhonov regularization. Uncorrected CBV values were obtained for
oth cases (standard SVD and Tikhonov SVD) via full range integra-
ion of the impulse response function H(t) = CBF·R(t) (see Eq. [5]
n [13]). For leakage correction, the residue function was fit by a
orentzian function [9] to obtain the capillary transit time Tc for
ach voxel. K2 was then calculated by averaging the tail of the
mpulse response function for t > 8·Tc, or at least 10 time points
21]. Corrected CBV values were then obtained for both regular-
zation approaches (standard SVD and Tikhonov SVD) by adding a
2-dependent leakage term (see Eq. [6] in [13]).

For comparability, all CBV values of one patient were normalized
o a healthy white matter segment (WM probability > 0.9, tumor
ffected areas subtracted) assuming CBVWM = 2.5 % [22,23], result-
ng in normalized CBV (nCBV) values for all investigated processing
ariants.

In order to investigate the influence of data quality on the perfor-
ance of leakage correction, qualitative ratings of corrected nCBV
aps (rater C.P.) and standard deviations of corrected nCBV in

ealthy GM and WM were correlated with percent signal drop,
ength and SNR of pre- and post-bolus baseline, as well as max-

mum translation and rotation obtained from motion correction
see supplement for details).

able 1
atient averages (n = 20) of normalized CBV (nCBV) values obtained during main bolus (MB
n healthy brain (GM and WM) and contrast enhancing tumor tissue (CET). Uncorrected (u
rea under time curve, SVD: singular value decomposition) and their variants (fpAUC: fir
iSVD: SVD with Tikhonov regularization). Statistical P-values for differences between n
-test. Insignificant differences are emphasized by bold print.

nCBV [%] WM GM

MB PB-MB P MB

fpAUC, unc 2.55 ± 0.22 0.01 ± 0.06 0.4157 4.20 ± 0.37
fpAUC, corr 2.53 ± 0.21 0.01 ± 0.05 0.3615 4.15 ± 0.30
fullAUC, unc 2.58 ± 0.23 0.28 ± 0.31 0.0006 4.29 ± 0.40
fullAUC, corr 2.53 ± 0.21 0.01 ± 0.05 0.3704 4.15 ± 0.29
sSVD, unc 2.68 ± 0.27 2.00 ± 3.08 0.0093 4.55 ± 0.53
sSVD corr 2.58 ± 0.28 0.13 ± 0.13 0.0004 4.13 ± 0.78
TiSVD, unc 2.63 ± 0.25 0.80 ± 0.98 0.0017 4.42 ± 0.47
TiSVD, corr 2.60 ± 0.26 0.33 ± 0.53 0.0110 4.28 ± 0.47
oradiology 46 (2019) 44–51

Data analysis and statistics

For volume of interest (VOI) evaluation, healthy GM and WM
masks were derived for each individual patient by thresholding
(PWM > 0.75, PGM > 0.75) tissue segments generated by SPM12 and
removing tumor areas using the same histogram based approach
described above for detection of tumor affected tissue [13]. Contrast
enhancing tumor tissue (CET) was semi-automatically segmented
using a threshold-based approach within ITK-Snap [24]. All seg-
mentations were visually inspected by D.H. and B.W. and manually
refined where necessary. These masks were then used to extract
VOI average values in GM, WM and CET from all nCBV parameter
maps for all patients. Box plots with notches are used to visualize
the range and relative distribution of nCBV values obtained by dif-
ferent processing (first pass AUC, full AUC, standard SVD, Tikhonov
SVD), leakage correction (uncorrected, corrected) and acquisition
scheme (data acquisition during prebolus or main bolus). Differ-
ences of VOI average nCBV values between PB and MB data were
calculated for all investigated processing methods. Patient-average
nCBV values (mean ± standard deviation) for MB-derived nCBV val-
ues and their differences to PB-derived nCBV are summarized in
Table 1 for all investigated methods. A paired two-sided t-test was
used to test for statistically significant differences.

To better visualize the performance differences between pro-
cessing methods with regard to nCBV values derived from PB and
MB data, we generated Bland-Altman plots [25]. For every patient,
the difference between main bolus and prebolus nCBV and the
mean of the two measurements were calculated. Scatter plots were
generated for every post-processing algorithm (Y-axis: difference
between main bolus and prebolus; X-axis: mean of main and pre-
bolus). For better comparability, the same scaling was chosen for
the uncorrected and corrected plots of each method.

To better characterize the similarity between PB- and MB-
derived nCBV values in CET for the different processing techniques,
the Chi-square distance was calculated in Python 3.5, with I as an
iterator over the 100 bins of the nCBV histograms:

d (H1, H2) = 1
2

∑

I

(H1 (I) − H2 (I))2

H1 (I) + H2 (I)

Results

Sixteen nCBV parameter maps obtained from a high quality
patient data set via eight different processing variants from data
acquired during application of the prebolus (i.e. without contrast
eter maps for a low quality patient data set with weak signal
drop is shown in supplemental Fig. S1. It can clearly be seen that

) acquisitions and differences between prebolus (PB) and main bolus (PB-MB) nCBV
nc) and corrected (corr) nCBV values were obtained by two different methods (AUC:
st pass integration, fullAUC: full range integration, sSVD: standard truncated SVD,

CBV values obtained from PB and MB acquisitions are based on a paired two-sided

CET

PB-MB P MB PB-MB P

−0.02 ± 0.29 0.7725 7.53 ± 2.56 −2.32 ± 1.29 0.0000
−0.01 ± 0.18 0.8147 7.08 ± 2.28 −0.05 ± 0.57 0.6916
0.48 ± 0.81 0.0154 8.28 ± 3.09 −5.77 ± 3.08 0.0000
0.03 ± 0.15 0.3432 6.64 ± 2.23 −0.30 ± 0.65 0.0490
3.07 ± 4.91 0.0116 9.36 ± 3.61 −4.39 ± 11.77 0.1116
0.03 ± 0.62 0.8296 9.52 ± 3.37 −2.78 ± 3.02 0.0006
1.30 ± 1.93 0.0071 8.99 ± 3.47 −6.64 ± 3.71 0.0000
0.34 ± 0.96 0.1316 9.77 ± 3.38 −5.46 ± 3.07 0.0000
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Fig. 1. Selected slice of a patient (62 years, male) with glioblastoma demonstrating nCBV maps resulting from high quality DSC data. Uncorrected and corrected normalized
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BV (nCBV) parameter maps are shown for the two different methods (AUC: area u
rst pass integration, full AUC: full range integration, standard SVD: standard trun
2-weigthed FLAIR and contrast enhanced T1-weighted (T1w + CA) conventional M

ncorrected nCBV maps acquired during PB (upper left image in
ach of the four panels in Figs. 1 and S1) generally show low nCBV
alues in contrast enhancing tumor. In all cases, at least in the
igh quality example, leakage correction effects a clear increase of
CBV in this area (lower left image in each of the four panels). One
xception is the first pass AUC method, with minor differences
etween uncorrected and corrected nCBV maps (left column in

eft upper panel). For nCBV values obtained from MB acquisitions
right column in each of the four panels), differences between
ncorrected (upper right) and corrected (lower right image in each
f the four panels) nCBV parameter maps are less obvious. Overall,
he spatial pattern of leakage corrected nCBV maps appears largely
dentical on visual inspection, where nCBV maps generated by the
UC method variants (top panels) appear less noisy than nCBV
arameter maps obtained via SVD variants (bottom panels). With

egard to the SVD-based nCBV, the PB-based maps clearly show
nferior quality compared to MB-based maps. This effect is clearly
ggravated with decreasing data quality (compare Figs. 1 and
time curve, SVD: singular value decomposition) and their variants (first pass AUC:
SVD, Tikhonov SVD: SVD with Tikhonov regularization). In the upper right panels,
ges of the same slice are shown for anatomical reference.

S1). From all investigated correlations between measures of data
quality, the influence of signal drop on the performance of leakage
correction was most significant. In our sample, patient motion and
temporal SNR were not found to significantly influence quality of
corrected nCBV maps. However, severely motion affected DSC data
were excluded from evaluation and temporal SNR was decent in
all cases (see supplement for details).

Box plots of nCBV averages in contrast enhancing tumor across
all patients, demonstrate the behavior of nCBV obtained with dif-
ferent uncorrected (unc) and corrected (corr) processing variants
(Fig. 2). It can be seen that nCBV values obtained during appli-
cation of the prebolus (i.e. without predose; Fig. 2a) are indeed
systematically low for uncorrected nCBV and clearly increased by
all correction techniques. For nCBV values obtained during appli-
cation of the main bolus (i.e. with predose; Fig. 2b), differences

between uncorrected and corrected nCBV averages in CET are gen-
erally smaller and rather negligible for first pass AUC and standard
SVD. Correction using the full AUC approach effects a clear decrease
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Fig. 2. Box plots of nCBV averages in contrast enhancing tumor for all patients (n = 20) and for data acquired during prebolus (a) and main bolus (b). Uncorrected (unc) and
corrected (corr) normalized CBV (nCBV) parameter maps were obtained by two different methods (AUC: area under time curve, SVD: singular value decomposition) and their
variants (first pass AUC: first pass integration, full AUC: full range integration, standard SVD: standard truncated SVD, Tikhonov SVD: SVD with Tikhonov regularization). The
boxes range from the 1st (bottom) to the 3rd (top) quartiles, the red lines indicate the median, notches illustrate the 95% confidence interval of the median, whiskers reach
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rom the minimum to the maximum values within 1.5 times the interquartile rang
eference values derived from first pass AUC (Table 1). Please note that for PB data
utside the plotted range (indicated by a red arrow).

hile correction with Tikhonov SVD introduces an insignificant
ncrease in nCBV averages in CET.

Differences between nCBV values obtained from data acquired
uring prebolus (i.e. without predose) and main bolus (i.e. with
redose) are more closely investigated by means of Bland-Altmann
lots (Fig. 3). Differences between PB and MB nCBV averages in CET
re most impressively reduced by AUC-based methods, where the
ean difference is almost zero for first pass AUC. For standard SVD,

eakage correction clearly reduces the enormous variance observed
or uncorrected nCBV averages in CET, however, the mean val-
es are still significantly different (−2.78 ± 3.02%) after correction.
or Tikhonov SVD, variance and mean differences do not signifi-
antly change by introducing correction. Overall, the variance of
bserved differences between prebolus and main bolus derived
CBV averages (in CET) across patients is much higher in SVD-based
ethods. The patient means of VOI average nCBV values in CET as
ell as healthy GM and WM are tabulated in Table 1. Values with

nsignificant differences between prebolus and main bolus nCBV
re highlighted by bold print.

Finally, the Chi-square distance was calculated between nCBV
alues derived from prebolus and main bolus data to test their
ccordance for different processing techniques. From box plots of
he Chi-square distance (Fig. 4) it is obvious that leakage correc-
ion techniques generally increase the accordance between nCBV
alues obtained from prebolus and main bolus data, but AUC-based
echniques clearly outperform the SVD-based techniques with only
mall differences between first pass and full integration.

iscussion

In this work, we compared normalized CBV values obtained
y different processing techniques from data acquired during

njection of the prebolus (i.e. without CA predose) and the main
olus (i.e. with CA predose). The investigated techniques were
ased either on integration of the relaxation time curve (first pass
UC, full AUC) or on singular value decomposition (standard SVD,

ikhonov SVD). In accordance with Hu et al. [8], the nCBV values
n leakage-affected tissue, i.e. contrast enhancing tumor) strongly
epended on the postprocessing technique and whether or not a
redose was applied. Overall, the AUC approach, where leakage
outliers are displayed as red crosses. The horizontal lines indicate plausible nCBV
d uncorrected standard SVD processing, nCBV (= 46.3%) of one patient (#119) lies

correction was performed using linear combinations of reference
curves [11,13] revealed consistent nCBV maps (Figs. 1 and S1) and
the best accordance between leakage-corrected prebolus and main
bolus nCBV values (Table 1). This result was confirmed by the low-
est mean differences and variances (Fig. 3b and d) as well as the
lowest mean Chi-square distance and its variance (Fig. 4).

Comparing uncorrected and corrected nCBV values, our results
demonstrate a consistent up-correction of low uncorrected nCBV
values, derived from DSC data acquired from a single dose of con-
trast agent, i.e. without or in this case during the prebolus (Fig. 2a).
This fits well with the known dominance of T1-related leakage
effects for single bolus DSC-data especially at rather short TR and
large flip angle as in the current study [4,10,26]. For main bolus data
(i.e. with predose), uncorrected nCBV values were generally higher
than prebolus values and correction effects were generally smaller
and inconsistent across methods (Fig. 2b). The down-correction of
main bolus, uncorrected AUC-based nCBV values fits with a previ-
ously observed predominance of T2*-related leakage effects in data
acquired after a predose [13,18,27], where a recent study demon-
strated increasing effects with increasing predose [28]. Overall, the
reduced influence of correction is in accordance with findings of
Paulson and Schmainda [26] who recommended use of a CA preload
because it generally minimizes the influence of acquisition and
post-processing methods.

Having a closer look at the relative performance of the two
investigated methods and their variants, the reference curve-based
AUC correction methods [11,13] clearly outperform the SVD based
methods [9,13]. This judgment is based on the high consistency
between parameter maps (Figs. 1 and S1) as well as corrected nCBV
values obtained from PB and MB data for both contrast-enhancing
tumor and healthy brain tissue, especially for first pass integra-
tion (Table 1, Figs. 2–4). This also fits with results of Spampinato
et al. [29] who did not find significant differences between rCBV
values obtained by integration of fitted relaxation time curves
of two consecutive CA boli. However, they also used a PRESTO
sequence with low flip angle, which certainly reduced the influence

of T1-related leakage effects. For the SVD-based techniques on the
other hand, leakage correction at least reduced the gap between
PB and MB nCBV, but did not really achieve a good match (Table 1,
Figs. 2–4). This clearly inferior performance can be explained by
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Fig. 3. Bland-Altmann plots comparing normalized CVB values in contrast enhancing tumor of 20 patients obtained from data acquired during the prebolus (nCBVPB) and
main bolus (nCBVMB), respectively. The differences between PB and MB nCBV values (nCBVMB − nCBVMB) are plotted vs. their mean values ((nCBVMB + nCBVMB)/2). The central
horizontal line indicates the mean difference between nCBVPB and nCBVMB; the lower and upper horizontal lines indicate mean −1.96 SD (standard deviation) and mean
+ 1.96 SD. Different processing methods are displayed in different panels: (a) uncorrected first pass AUC, (b) corrected first pass AUC, (c) uncorrected full AUC, (d) corrected
full AUC, (e) uncorrected standard SVD, (f) corrected standard SVD, (g) uncorrected Tikhonov SVD, (h) corrected Tikhonov SVD. (AUC: area under time curve, first pass: first
pass integration, full: full range integration, SVD: singular value decomposition, standard SVD: standard truncated SVD, Tikhonov SVD: SVD with Tikhonov regularization).
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Fig. 4. Box plots of Chi-square distance between nCBV values obtained from DSC data acquired during prebolus and main bolus for different processing methods. Higher
values indicate bigger differences between prebolus and main bolus. Uncorrected (unc) and corrected (corr) normalized CBV (nCBV) parameter maps were obtained by two
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ifferent methods (AUC: area under time curve, SVD: singular value decomposition
tandard SVD: standard truncated SVD, Tikhonov SVD: SVD with Tikhonov regulari

he well–known noise sensitivity of SVD-based techniques [13,19].
or data acquired during the prebolus, this problem is exacerbated
y the low (half) dose of contrast agent (supplement). This also fits
ith results of Nael et al. [30] who found inferior performance of

lock-circulant SVD compared to a Bayesian approach at a compa-
ably low CA dose.

Minor influence (compared to CET) of acquisition and leakage
orrection schemes was observed on nCBV values in unaffected GM
nd WM (Table 1). As leakage is either estimated as deviation from
previously defined healthy reference curve (AUC) or from aver-

ging the (wiggled) tail of the residue function R(t) (SVD), noise
ontributions can be expected to affect leakage corrected nCBV val-
es of healthy tissue (without leakage). This effect is stronger for
VD-based methods, which are more susceptible to noise. Likewise,
B-derived nCBV values are more affected because the signal drop
s clearly lower (supplemental Fig. S3). However, there are also indi-
ations that at least slight leakage might also occur in healthy tissue
see discussion in [13]).

With respect to a generalization of the presented results, there
re a few points that need to be kept in mind. Firstly, dissenting from
SFNR recommendations [4], we used a relatively large flip angle of
0◦ in our GE EPI imaging sequence, which certainly accounted for
he rather prominent underestimation of uncorrected nCBV values
ue to T1-related leakage effects. Secondly, our single-dose nCBV
arameter maps were derived from DSC data acquired during appli-
ation of a half dose prebolus. This resulted in a lower SNR due to
lower signal drop, which is especially obvious for the SVD-based
CBV maps (Fig. 1 and supplement). Thus, a full CA dose would
robably be more appropriate for single-dose DSC-MRI. Thirdly,
or SVD-based leakage correction, K2 was calculated by averaging
he tail of the impulse response function for t > 8·Tc (or at least 10

ime points) because simulations demonstrated improved accu-
acy for later thresholds [21]. However, this might increase noise
ensitivity compared to the original implementation using t = Tc

9].
their variants (first pass AUC: first pass integration, full AUC: full range integration,
).

Conclusion

The reference curve-based leakage correction approach with
integration-based nCBV calculation [11,13] yielded a high accor-
dance between nCBV values obtained without and with prebolus,
respectively. It thus appears well suited to obtain valid nCBV values
in glioblastoma with a single CA injection.
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