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Abstract

Background

Wavelet transformed reconstructions of dynamic susceptibility contrast (DSC) MR perfusion
(wavelet-MRP) are a new and elegant way of visualizing vascularization. Wavelet-MRP
maps yield a clear depiction of hypervascular tumor regions, as recently shown.

Objective

The aim of this study was to elucidate a possible connection of the wavelet-MRP power
spectrum in glioblastoma (GBM) with local vascularity and cell proliferation.

Methods

For this IRB-approved study 12 patients (63.0+/-14.9y; 7m) with histologically confirmed
IDH-wildtype GBM were included. Target regions for biopsies were prospectively marked on
tumor regions as seen on preoperative 3T MRI. During subsequent neurosurgical tumor
resection 43 targeted biopsies were taken from these target regions, of which all 27 match-
ing samples were analyzed. All specimens were immunohistochemically analyzed for endo-
thelial cell marker CD31 and proliferation marker Ki67 and correlated to the wavelet-MRP
power spectrum as derived from DSC perfusion weighted imaging.
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Results

There was a strong correlation between wavelet-MRP power spectrum (median = 4.41) and
conventional relative cerebral blood volume (median = 5.97 ml/100g) in Spearman’s rank-
order correlation (k = .83, p <.05). In a logistic regression model, the wavelet-MRP power
spectrum showed a significant correlation to CD31 dichotomized to no or present staining
(p =.04), while rCBV did not show a significant correlation to CD31 (p = .30). No significant
association between Ki67 and rCBV or wavelet-MRP was found (p = .62 and p =.70,
respectively).

Conclusion

The wavelet-MRP power spectrum derived from existing DSC-MRI data might be a promis-
ing new surrogate for tumor vascularity in GBM.

Introduction

Perfusion-weighted imaging (PWI) is frequently used in neuro-oncologic magnetic resonance
imaging (MRI) and allows further glioma characterization. Established PWI parameters like
cerebral blood volume (CBV) have been shown to correlate with tumor vascularity, glioma
grade and survival [1,2]. Moreover, CBV might be a promising biomarker in assessing
response to anti-angiogenic agents like Bevacizumab, a FDA-approved drug for treatment of
recurrent glioblastoma (GBM) [3,4]. CBV is reflected by the area under the bolus curve for
each voxel time course and is therefore a measure of the general amount of blood in a specific
brain volume. In contrast, wavelet transformation of the time course (wavelet-MRP) allows
the extraction of vessel-specific spectra from perfusion data. This method was first demon-
strated in computed tomography perfusion (CTP) and was recently adapted to dynamic sus-
ceptibility contrast (DSC) PWI [5,6]. Wavelet-PWI yields reproducible color-coded maps with
a clear depiction of vessel-specific tumor regions in GBM and a strong suppression of back-
ground structures leading to an excellent image contrast [7]. The maximum of the wavelet
power spectrum (WPS) is a sensitive parameter incorporating both perfusion magnitude and
bolus shape, leading to marked signal amplification in vessel-rich tissue. Therefore, the wave-
let-MRP is a complementary parameter that reflects a different aspect of PWI than the stan-
dard parameters cerebral blood flow, mean transit time or time to peak. Wavelet-MRP is not
redundant to these standard PWI parameters and can possibly add additional clinical benefits
in the initial evaluation and the follow-up of patients with GBM. Even though the hypothesis
that wavelet-MRP truly correlates with tumor vascularity seems natural from a biophysical
point of view, further histological evidence is needed. However, validation of this hypothesis is
challenging and complex since a detailed analysis ideally requires region-specific tissue sam-
ples. The aim of this study was to investigate if the wavelet-MRP is linked to endothelial and
proliferation markers in a small sample of GBM patients that obtained DSC MRI and under-
went targeted biopsies prior to neurosurgical tumor resection.

Materials and methods
Patient population

For this IRB approved study, a total of 12 patients (63.0 + 14.9y; 7m) with histologically con-
firmed IDH-wildtype GBM were included from February 2013 to July 2016. All subjects gave
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their informed written consent to targeted biopsies during neurosurgical GBM resection as
part of an earlier study at our maximum care university hospital site. Data from this cohort got
previously published in a different study [8]. The study was approved by the ethics commission
of the Technical University of Munich and conducted in accordance with the ethical standards
of the 1964 Declaration of Helsinki and its later amendments.

MR imaging

All patients were examined on a 3 Tesla Biograph mMR scanner (Siemens Medical Solutions,
Germany). The acquisition protocol included a high-resolution T2-weighted fluid-attenuated-
inversion-recovery (FLAIR) sequence, a T1-weighted magnetization prepared rapid gradient
echo (MPRAGE) sequence (spatial resolution 1 x 1 x 1 mm; TR/TE 9/4 ms; inversion time TI
900 ms) and single-shot gradient-echo echo planar imaging (EPI) (TR/TE/a. = 1500 ms, / 30
ms,/ 90°, voxel size 1.8 x 1.8 x 4 mm?, 20 slices, 80 dynamics; bolus injection of 15 ml Gd-
DTPA after a prebolus of 7.5 ml) for dynamic acquisitions of DSC MRI. No pre-bolus was
applied.

Co-registration strategies

In order to allow volume of interest (VOI) based analysis, co-registration of all processed per-
fusion maps was performed on the T1w MPRAGE as target using MATLAB R2017a (The
MathWorks, Massachusetts, USA) and SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/
spm12/, accessed on August 6, 2019). Visual inspection of all maps revealed no significant spa-
tial deviations.

Perfusion analysis

As described previously, conventional perfusion analysis was performed by a validated custom
MATLAB program [9]. In addition, segmentation of anatomical maps into gray matter (GM)
and white matter (WM) using standard SPM12 algorithms was used. Using an AUC-based
leakage-correction method, relative cerebral blood volume (rCBV) maps were derived from
raw DSC MRI perfusion data [9,10].

Wavelet analysis

Using a custom Python 3.5 script, a continuous wavelet transform with the Paul wavelet was
applied to the bolus time course corresponding to each voxel of the motion-corrected perfu-
sion dataset [5,7]. The maximum power coefficient was then obtained by calculating the maxi-
mum of the squared coefficient matrix over all scales. Briefly, following [7], with I( 7", t) being
the measured intensity signal dependent on both voxel location 7~ and time t, the wavelet
transform is calculated by

Wi (s = [ im0 v () a

S

where i stands for the mother wavelet, which must fulfill several conditions, namely by being
quadratintegrable, having zero first moment and a value of zero at the origin. Here, the so-
called Paul wavelet of moment m = 1 was used[7,11].

(2i)"m!

7 (2m)! (1- ip)’(”“)

Yo(p) =

This yields the wavelet power spectrum (WPS) for each voxel, namely a matrix of size Sx T
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Fig 1. Example images of on spatially corresponding axial processed MR data: contrast-enhanced T1w anatomical
images (A, D), relative CBV (B, E), and wavelet-MRP (C, F).

https://doi.org/10.1371/journal.pone.0228030.g001

[5]. Maximal and minimal scale parameters were automatically determined to allow optimal
sampling[12]. Finally, the maximum of the WPS in both time and order was interpreted as the
perfusion magnitude parameter wavelet-MRP (Fig 1) [5].

wavelet—MRP = max(|W[I (7', 1)](u, 5)[*)

To allow better inter-method comparison, the signal for each patient was then normalized
to the basal mean wavelet power coefficient over the segmented white matter, effectively rescal-
ing all values.

Targeted biopsies

As described previously [8], VOIs were defined prospectively in consensus with the operating
neurosurgeon on the T1w MPRAGE and T2w FLAIR sequences (Fig 2). Each biopsy location
was marked with a round VOI of 5 mm diameter. Intraoperatively, cylindrical tissue samples
with a diameter between 1 and 4 mm were obtained from these locations with the aid of an
image-guided stereotactic biopsy system (VarioGuide, BrainLab). The tissue samples were
immediately placed in 4% buffered saline solution and embedded in paraffin within 2-6
hours.

Immunohistochemistry

Immunohistochemistry was performed using a fully automated staining system (Ventana
BenchMark ULTRA; Ventana Medical Systems; Tucson; USA) as described previously [8].
After heat-induced epitope unmasking in pH 8.4 buffer at 95°C for 32 minutes, the samples
were incubated with peroxidase and afterwards charged with anti-Ki67 (monoclonal, mouse;
Clone JC70A, dilution 1:50; DakoCytomation Denmark A7S, Denmark) or anti-CD31
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Fig 2. Illustration of VOI placement on spatially corresponding axial contrast-enhanced T1w image (A), FLAIR (B), relative CBV (C) and wavelet-MRP (D).
https://doi.org/10.1371/journal.pone.0228030.g002
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Fig 3. Exemplary histologic specimens of targeted tumor biopsies in a 20-fold magnification (black bars equal 20 um). The upper row shows Ki67
immunohistochemistry to determine the proliferative activity with a low percentage of 8% proliferating cells (left) and high percentage of 40% proliferating cells (right).
The lower row shows CD31 immunohistochemistry to determine the amount of endothelial cells with a low vessel density (score 1, left) and a high vessel density (score

3, right).

https://doi.org/10.1371/journal.pone.0228030.9003

(polyclonal, rabbit, dilution 1:100; Thermo Fischer Scientific, USA) antibodies, respectively.
3,3’-diaminobenzidine- (DAB-) based OptiView DAB IHC Detection Kit (Ventana Medical
Systems) was used for antibody detection subsequently. At last, counterstaining with Meyer’s
Héimalaun was performed. Positive controls were used for quality insurance. Due to the inher-
ent difficulties in obtaining tissue samples corresponding to predetermined spatial locations
during brain surgery [13], gross appearance and presence of malign tissue as noted by the neu-
ropathologist was compared to the expected composition at the prospective location. Only
samples which showed no significant difference in expected and obtained composition were
included in the final analysis. Therefore, all samples with histopathologically visible malign
cells which were taken from tumor-free regions as seen on imaging and vice versa were
excluded. Hereby, 16 samples were excluded due to significant mismatch. The stainings were
evaluated by two neuropathologists. The number of CD31-positive vascular proliferates stain-
ing was judged on a 4-point scale (0 = no vascular proliferates, 1 = few, 2 = several, 3 = many
vascular proliferates). Ki67 staining was assessed by obtaining the ratio of Ki67 expressing cells
and all visible cells per microscope field. Fig 3 shows examples for CD31 and Ki67 scoring.
Ki67 was additionally analyzed in the diagnostic samples of the resection specimen as esti-
mated mean value. Additionally, the maximum proliferation index per sample was analyzed.
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Volume-of-interest-based correlations

VOI-based comparisons between calculated perfusion values and immunohistochemical stain-
ing was done both with rCBV and wavelet-MRP, and Ki67 and CD31 staining, respectively.
The mean signal intensity was calculated for each included VOI. These values were subse-
quently compared to the histological parameters. In addition, perfusion indices were averaged
over the visible tumor region. In order to do so, the gross tumor volume (GTV) including
necrosis zones was manually segmented on contrast-enhanced T1w maps and the mean values
of rCBV and wavelet-MRP over all included pixels calculated. The relationship between rCBV
and wavelet-MRP was quantified using Spearman’s rank-order correlation coefficient.

Statistics and software

All illustrations were created with GIMP 2.8.14 (www.gimp.org) and ITK-SNAP 3.6.0, which
was also used for segmentation. Statistical analyses were done with IBM SPSS 23.0 (IBM,
Armonk, NY, USA) and R (R Foundation for Statistical Computing, Vienna, Austria). Mixed
logistic and linear regression analysis was used to test association strength between variables.
For all models except those including GTV, patient identity was entered as random effect. AIC
and marginal R* were used as indices of goodness of fit. As addition of the random effect had
no effect on tested significances, ROC curves were calculated from fixed effect models only.
All metric or nonnormally distributed variables are reported as median. P values less than .05
were considered significant and are marked with an asterisk.

Results

Patient and tissue sample characteristics

The initial patient population consisted of 12 patients (7 men) with a mean age of 63.0 + 14.9
years, all with histopathologically confirmed IDH-wildtype glioblastoma. One to four biopsies
were taken from each patient, resulting in a total of 43 biopsies. After exclusion of 16 (37%)
non-matching samples, 27 (63%) remained for the final analysis. From these samples, 18
(67%) were taken from tumor tissue, 6 (22%) from surrounding edema and 3 (11%) from
microscopically healthy brain tissue. Detailed patient and sample characteristics can be found
in Table 1.

Association between rCBV and wavelet-MRP

In order to investigate the possible interchangeability of different perfusion parameters, we
determined the linear association between wavelet-MRP and the established parameter rCBV.
Pearson’s correlation coefficient was 0.81, indicating strong linear correlation. Testing this in a
univariate linear model, we found the association to be highly significant (beta 1.13, p < le-7,
Fig 4).

Wavelet-MRP predicts local vessel density in a logistic regression model
whereas rCBV does not

As described, local vessel density was assessed by visually grading the number of CD31-posi-
tive vessels on a four-point scale. 70% of the obtained samples showed nonzero expression. In
a mixed logistic model with CD31 expression dichotomized to absent or present staining there
was a significant association with wavelet-MRP (p = .043), whereas no significant association
to rCBV could be found (p = .297). A description of the mixed logistic model can be found in
Table 2. The Akaike Information Coeffiecient (AIC) was lower for wavelet-MRP (36.3) than
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Table 1. Baseline characteristics patient and biopsy characteristics. Values are presented as count (percentage) for
categorial and median (interquantile range) for ordinal or continuous variables.

Overall (N =13)
Patient Data

Age 63.0 | (14.9)
Female sex 5| (41.7%)
Biopsy Data
Samples per patient 1-4
All samples 43
Matching samples 27 | (62.8%)
Location
CET 18 | (66.7%)
Edema 6| (22.2%)
Tumor-free tissue 31 (11.1%)
Histopathological Data
CD31
Absent staining 8 |(29.6%)
Positive staining 19 | (70.4%)
MIB-1
Absent staining 31 (11.1%)
Proliferation Index 14% | (14%)

Perfusion Data
wavelet-MRP

CET 5.58 | (2.74-7.61)

Edema 1.36 | (0.85-5.15)

Tumor-free tissue 3.82 | (3.56-4.12)
rCBV

CET 6.69 | (4.76-9.03)

Edema 3.76 | (1.65-5.52)

Tumor-free tissue 5.04 | (4.44-6.05)

CET contrast enhancing tissue, wavelet-MRP wavelet-transformed Magnetic Resonance Perfusion, rCBV relative
Cerebral Blood Volume

https://doi.org/10.1371/journal.pone.0228030.t001

for rCBV (39.7). Fig 5A and 5B show boxplots of local perfusion parameters dependent on
sample CD31 and Fig 5C and 5D on sample Ki67 expression, respectively. In addition, Fig 6
shows a Reciever Operating Characteristic (ROC) curve for dichotomized CD31 expression
and normalized CBV and normalized wavelet-MRP in a univariate model without random
effects.

Tumor proliferation does not correlate with local perfusion magnitude

The mean proliferation index was 14% (14%), with 3 of the samples showing no proliferating
cells. Neither in linear nor in nonlinear models a significant connection between Ki67 and
rCBV (p = .62) or wavelet-MRP (p =.70) was found (Table 3).

Neither maximum nor mean proliferation correlate with perfusion indices

Additionally, we analyzed the potential relation of perfusion indices measured over the whole
gross tumor volume to Ki67 and each other. Similar to the association seen when analyzing
single VOIs, rCBV and wavelet-MRP showed high correlation (Pearsons correlation
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Fig 4. Scatterplot of normalized CBV versus normalized wavelet-MRP over all included biopsies.

https://doi.org/10.1371/journal.pone.0228030.g004

coefficient r = 0.73). Both parameters failed to show a significant association in a linear model
with either maximal or mean Ki67 over GTV (p =.992 for rCBV, p = .899 for wavelet-MRP).
Results can be found in S1 Table.

Discussion
Microvascular proliferation (MVP) is a hallmark of GBM and an important parameter in the

histopathological analysis of tumor tissue [14-16]. This study demonstrates that wavelet

Table 2. Predictors of CD31 positivity. Mixed logistic regression with CD31 dichotomized to no or present staining
as outcome and either rCBV or waveletMRP as predictor for all included matching tissue samples.

Independent variables CE p value CE p value
rCBV 0.11 0.297

waveMRP 0.30 0.043
SE of Random Effect 0.19 0.73
AIC 39.7 36.3

CE coefficient estimate, rCBV relative Cerebral Blood Volume, wavelet-MRP wavelet-transformed Magnetic

Resonance Perfusion, SE standard error, AIC Akaike Information Coefficient

https://doi.org/10.1371/journal.pone.0228030.t002
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https://doi.org/10.1371/journal.pone.0228030.9005

reconstructions of DSC PWTI are associated with the number of CD31 positive vessels, and that
wavelet-MRP might therefore serve as a surrogate for MVP. Advanced imaging techniques
like PWT allow a noninvasive visualization of MVP as glioblastoma exhibits areas with high
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CBV values [17]. Wavelet-MRP is an innovative and alternative way of calculating vessel-spe-
cific color coded maps within from existing PWI data without the need for defining an arterial
input function [7]. Wavelet-MRP can yield complementary information to CBV and shows
higher image contrast and thus a higher contrast-to-noise ratio[7]. Therefore wavelet-MRP
might be a beneficial additional tool in the visualization of MVP. The unique aspect of this
study using a novel wavelet-transformed reconstruction in perfusion-weighted MRI [7] is the
correlation with region-specific targeted biopsies that were obtained during neurosurgical

Table 3. Predictors of MIB-1 staining ratio. Mixed linear regression with the Ki67 staining ratio as outcome and
either rCBV or waveletMRP as predictor for all included matching tissue samples.

Independent variables b p value b p value
rCBV 0.003 0.62

wavelet-MRP 0.003 0.70
SE of Random Effect 0.07 0.07
R* (marginal) 0.01 0.006

rCBYV relative Cerebral Blood Volume, wavelet-MRP wavelet-transformed Magnetic Resonance Perfusion, SE

standard error

https://doi.org/10.1371/journal.pone.0228030.t003
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tumor resections. Having human brain biopsy samples of clearly defined regions of interest
from tumor and non-tumor regions in preoperative imaging is very rare. Therefore, existing
data from the presented study cohort offered an almost ideal chance to substantiate our
hypothesis that wavelet-MRP reflects vessel density. It has previously been shown that the
wavelet post-processing technique can classify arterial and venous cerebral vessels in CT perfu-
sion data with high statistical accuracy based on the time-domain wavelet transform of
dynamic perfusion data [18]. Neoangiogenesis and MVP can lead to malfunctioning vessels in
GBM with an abnormal flow-pattern. LaViolette et al. hypothesized that abnormal tumor vas-
culature with a higher ‘arterio-venous overlap’ (AVOL) exists in greater proportions in GB
than in normal brain parenchyma and suggested AVOL as a potential parameter for therapy
response. It is possible that wavelet-MRP could identify abnormal tumor-vessels based on the
time-domain wavelet transform in PWI MRI. This would allow an even more tumor specific
vascular visualization. The lower time resolutions of clinical MRI perfusion techniques com-
pared to CT perfusion may pose technical constraints. As studies performed on CT perfusion
datasets seem to indicate that lower time resolution does not have a clinically significant
impact on perfusion parameters [19,20], it remains to be seen if this holds true for MR perfu-
sion. Wavelet-MRP might further be valuable in the assessment of therapy response to anti-
vascular endothelial growth factor (VEGF) antibodies like bevacizumab [3,21,22]. The low
patient number is one of the major study limitations. However, study cohorts that included
region-specific biopsies during neurosurgical resections are very rare. We used the number of
stained vessels as a surrogate of microvasculature volume. It has been shown that other param-
eters, such as microvessel area, may provide better correlation with rCBV([23,24]. Still, this is
expected to only lead to lower correlations than possible with other parameters. Another limi-
tation of the study is the presence of brain shift during the biopsies which led to spatial impre-
cision. In contrast to stereotactic external biopsies, the samples in this study were taken during
open brain surgery. After opening the skull brain shift could not be avoided and introduced
imprecision between the planned region and the final region of biopsy. Exclusion of samples
with apparent non-concordance was done to reduce bias due to spatial imprecision but can on
the other hand introduce selection bias. Further, multiple biological samples were taken from
the same individuals and these samples are non-independent. Though, for showing a correla-
tion between perfusion parameters and histological findings we believe that this aspect is of
inferior importance to the results of the present study. In addition to the use of wavelet-MRP
in diagnostic, preoperative imaging, it could be an additional tool in the noninvasive postoper-
ative tumor monitoring, for example to distinguish between radiation necrosis, pseudopro-
gression and early recurrent tumor, since the latter is correlates with a very poor prognosis
and requires a fast change of therapy [25]. Advanced imaging techniques like MR spectros-
copy, diffusion weighted imaging and CBV measurements obtained by DSC are often applied
for this purpose [17,26-31]. For instance, higher CBV values are typically associated with a
higher chance of tumor recurrence, due to the higher amount of MVP [17]. The results of our
study suggest that wavelet-MRP can serve as a new and beneficial surrogate for MVP in GBM
as well. In contrast to CBV, the wavelet-MRP is a unit-free parameter and should be calculated
in relation to a physiological brain structure like the normal white matter as it was done in our
study. Wavelet-MRP might also be valuable in the planning of stereotactic biopsies since it can
illustrate MVP hot-spots and hemodynamic tissue information exhibit prognostic capabilities
in GBM [32]. The ROC curve for dichotomized CD31 expression revealed a benefit of wave-
let-MRP over rCBV mainly in regions of high specificity, indicating that wavelet-MRP may be
able to find spots of abnormal perfusion that would be otherwise missed. This could stem con-
trast extravasation algorithms interfering with detection of small regions. While leakage-cor-
rection methods were applied during postprocessing, perfusion measurements can suffer
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inaccuracies when no pre-bolus is applied [33]. Further studies on wavelet-MRP in malignant
brain processes are necessary to further elucidate the value of this alternative post-processing
technique.

Conclusions

Wavelet-MRP can be calculated from existing MR perfusion data and might be a new surro-
gate for tumor vascularity in GBM as the wavelet-MRP power spectrum correlates with the
endothelial marker CD31.
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