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Abstract

Objectives To test if adding permeability measurement to perfusion obtained from dynamic susceptibility contrast MRI (DSC-
MRI) improves diagnostic performance in the differentiation of primary central nervous system lymphoma (PCNSL) from
glioblastoma.

Materials and methods DSC-MRI was acquired in 145 patients with pathologically proven glioblastoma (n = 89) or PCNSL
(n=56). The permeability metrics of contrast agent extraction fraction (Ey), apparent permeability (K,), and leakage-corrected
perfusion of normalized cerebral blood volume (nCBV,) and cerebral blood flow (nCBF ) were derived from a tissue residue
function. For comparison purposes, the leakage-corrected normalized CBV (nCBV) and relative permeability constant (K;) were
also obtained using the established Weisskoff-Boxerman leakage correction method. The area under the receiver operating
characteristics curve (AUC) and cross-validation were used to compare the diagnostic performance of the single DSC-MRI
parameters with the performance obtained with the addition of permeability metrics.

Results PCNSL demonstrated significantly higher permeability (Ey, p <.001) and lower perfusion (nCBV,,, nCBF ., and
nCBY, all p <.001) than glioblastoma. The combination of £, and nCBV, showed the highest performance (AUC, 0.96;
95% confidence interval, 0.92—-0.99) for differentiating PCNSL from glioblastoma, which was a significant improvement over
the single perfusion (nCBV: AUC, 0.84; nCBV,s: AUC, 0.84; nCBF,s: AUC, 0.82; all p <.001) or E, (AUC, 0.80; p<.001)
parameters.

Conclusions Analysis of the combined permeability and perfusion metrics obtained from a single DSC-MRI acquisition im-
proves the diagnostic value for differentiating PCNSL from glioblastoma in comparison with single-parameter nCBV analysis.
Key Points

* Permeability measurement can be calculated from DSC-MRI with a tissue residue function-based leakage correction.

* Adding Eto CBV aids in the differentiation of PCNSL from glioblastoma.

* CBV and Emeasurements from DSC-MRI were highly reproducible.
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Abbreviations

AUC Area under the receiver operating characteristics
curve

DCE Dynamic contrast-enhanced

DSC Dynamic susceptibility contrast

E, Extraction fraction

K, Relative permeability constant

K, Apparent permeability

K Contrast agent transfer constant

nCBF,.s Leakage-corrected normalized cerebral blood flow
from a tissue residue function-based method

nCBV Normalized cerebral blood volume from a
Weisskoff-Boxerman method

nCBV,,; Leakage-corrected normalized cerebral blood vol-
ume from a tissue residue function-based method

Introduction

Microvascular permeability and angiogenesis can be mea-
sured noninvasively with T1-based dynamic contrast-
enhanced (DCE) MRI and T2*-based dynamic susceptibility
contrast (DSC) MRI [1]. Primary central nervous system lym-
phoma (PCNSL) is characterized by less neovascularization
than glioblastoma [2], and perfusion MRI techniques can aid
in the differential diagnosis. DSC-MRI is the most established
method for differential diagnosis, and several studies show
reduced cerebral blood volume (CBV) in PCNSL compared
with glioblastoma [3, 4], findings that were further confirmed
by a meta-analysis [5]. However, the results for agent perme-
ability measurements derived from DCE-MRI, are less clear-
cut. Although some studies show increased permeability (in
terms of the contrast agent transfer constant K"™") in PCNSL
compared with glioblastoma [6], others have not found signif-
icant differences in K™ between the two tumor types [7].
Furthermore, the analysis of permeability from DCE-MRI as
an addition to DSC-MRI normally requires an additional con-
trast agent injection, which adds to the scan time and com-
plexity of the examination [8].

In DSC-MRI, contrast agent extravasation is usually con-
sidered to be a confounding effect, in that it may lead to either
over- or under-estimation of CBV, depending on the dominant
contrast mechanism of gadolinium (T1 or T2* effect) in the
leakage space [9, 10]. To this end, several CBV leakage cor-
rection methods have been proposed, with the Weisskoft-
Boxerman method, which estimates leakage from the devia-
tion in each voxel from a leakage-independent reference tissue
response curve, being the most established approach [11].
However, a potential limitation of this method is its sensitivity
to variations in mean transit time (MTT) relative to the refer-
ence curve MTT, as deviations from the reference MTT may
be interpreted as leakage effects [9]. Bjornerud et al recently
proposed an alternative approach, whereby perfusion and

@ Springer

permeability metrics are derived directly from the tissue resi-
due function obtained by deconvolution with an automatically
generated arterial input function (AIF) [9]. In addition to pro-
viding MTT insensitive leakage-corrected CBV and CBF es-
timates, this approach also provides estimates of contrast
agent permeability and extraction fraction (Ey), potentially
adding diagnostic value beyond the standard DSC-MRI-
based perfusion analysis. However, the theoretical differences
have not been demonstrated in a clinical study.

To this end, the primary aim of the present work was to test
whether additional permeability-related parameters obtained
from the tissue residue function approach can improve the
differentiation of PCNSLs from glioblastomas in comparison
with conventional DSC-MRI analysis. A secondary aim was
to compare perfusion metrics obtained from two different
leakage correction methods in terms of their diagnostic accu-
racy in the differentiation of PCNSL from glioblastoma.

Material and methods
Patients

Our institutional review board approved this retrospective
study and the requirement for informed consent was waived.
The electronic database of the Department of Radiology was
searched, and patient records for the period January 2013 to
June 2017 were retrospectively reviewed. One hundred fifty-
nine consecutive patients with pathologically confirmed glio-
blastoma (n=98) or PCNSL (n=61) according to the 2016
WHO Classification of Tumors of the CNS [12] were identi-
fied. All patients underwent MRI including contrast-enhanced
T1-weighted imaging (CE-T1WI), FLAIR, DWI, and DSC-
MRI. Patients were excluded if they had a prior history of
corticosteroid (n =2) or other treatment (n = 1), or DSC-MRI
data were missing (n = 5) or unreadable (n = 6, because of an
artifact). These steps yielded 145 patients (mean age,
53.3 years; range, 28-86 years; male: female ratio, 75:70) with
glioblastoma (n =89) or PCNSL (n = 56).

MRI protocol

All MRI studies were performed using a 3-T MR system
(Achieva; Philips Medical Systems,) with an 8-channel sensi-
tivity encoding head coil. The dedicated MR protocol for
brain tumors at our institution consisted of T2-weighted im-
aging, FLAIR, T1-weighted imaging, DWI, DSC-MRI, and
CE-TIWL

DSC-MRI was acquired using a gradient-echo echo-planar
imaging protocol. A preload of 0.01 mmol/kg gadoterate
meglumine was given before the dynamic bolus, then the dy-
namic bolus was administered as a standard dose of 0.1 mmol/kg
gadoterate meglumine (Dotarem; Guerbet) delivered at a rate of
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4 mL/s by a MRI-compatible power injector (Spectris; Medrad).
The bolus of contrast material was followed by a 20 mL bolus of
saline, injected at the same rate. The parameters for the DSC-
MRI included the following: repetition time (TR)/echo time
(TE), 1808/40 ms; flip angle, 35°; field of view, 24 x 24 cm;
slice thickness/gap, 5/2 mm; matrix, 128 x 128; total acquisition
time, 1 min and 54 s. The dynamic acquisition was performed
with a temporal resolution of 1.5 s, and 60 dynamics were ac-
quired. DSC-MRI was acquired with complete tumor vol-
ume coverage and the same section orientations as used in
the conventional MRI. We used both predosing and math-
ematical post-processing methods for DSC-MRI images
to reduce extravasation-induced errors in the CBV esti-
mates [10].

Image post-processing

DSC-MRI data were transferred to an independent worksta-
tion and processed using nordicICE (V.4.0.6;
NordicNeuroLab AS) software.

Two post-processing methods for leakage correction were
compared, the residue function-based contrast leakage correc-
tion method [9, 13] and the method of Weisskoff and
Boxerman et al [11, 14].

The tissue residue function-based leakage correction meth-
od fits the tissue residue function to a two-compartment up-
take kinetic model. The tissue response to a given AIF is
described by the convolution integral:

AR2 osue(t) = F-AR2" Ap (1) @H (£) (1)

where AR2” jsque(?) and AR2 o1x(?) are the measured changes
in the transverse relaxation rate in tissue and the feeding artery
(AIF), F is fractional tissue perfusion, and ® is the convolu-
tion operator. The two-compartment uptake model explains
continuous extravasation along the capillaries, but reflux of
the contrast agent from the extracellular extravascular space
(EES) to the plasma space (PS) is assumed negligible during
the observation duration [15]. H(?) is the residue function de-
scribing the probability of contrast agent being present in a
tissue at a given time ¢ following an instantaneous bolus in-
jection of contrast agent. R(¢) is the product of F-H(¢) and can
be calculated using standard deconvolution technique, and F
is then estimated from the peak height of the R(f). Assuming
the two-compartment uptake model to be a valid approxima-
tion, the residue function can be approximated by the follow-
ing function:

H(f) = exp (— Tip) L E, {l—exp (— Ti)] 2)

where E, is the extraction fraction that describes the fraction of
contrast agent extracted during the first pass through tissue and
T, is the plasma MTT. Then, H(¢) obtained by deconvolution

was fitted to Eq. 2 using a non-linear least squares algorithm,

giving E, and T},. The term exp (— Tip) represents the perfusion

phase, and Ex [l—exp (— TL)] represents the extravasation
p

phase, as shown schematically in Fig. 1.
The transfer constant, K™, is then given by

Ktrans — Ex . F (3)

From Eq. 1, the perfusion (in units of mL of blood/100 g
per min) is given by:

CBF,s =< F (4)

where ¢ is a scaling factor (including tissue density and time
unit conversion). F is fractional tissue perfusion calculated
from deconvolution with singular value decomposition [16].

The capillary MTT (MTT,) is derived from the time con-
stant T}, as follows:

T
MTT,s = 1—2,( (5)
The tissue volume fraction is then calculated from the cen-
tral volume theorem:

CBViyes = ¢+ F - MTTye¢ (6)

The Weisskoff-Boxerman method is based on time-
dependent deviation of the pixel-wise concentration time
curve from a reference curve assumed to be unaffected by
leakage [11]. The details of the Weisskoff-Boxerman method
are shown in the Supplementary Materials.

For both correction methods, the raw time-intensity
curve was initially converted to AR2%*(?), assuming a
mono-exponential relationship between the MR signal
and contrast agent-induced change in R2* The residue-
based method requires additional estimation of the AIF,
which was automatically obtained as previously proposed
[9, 13]. To better compare the metrics obtained with the
different correction methods, CBV and CBF values were
automatically normalized (nCBV, nCBF) to the corre-
sponding mean parameter value in apparently unaffected
brain tissue, as previously described [17]. Using the same
terminology as in [9], the transfer constant estimated from
the residue method is referred to as K, reflecting the fact
that it is an apparent transfer constant due to possible
confounding mixes of T1 and T2* relaxation effects. K,
and K, were not normalized since their values in the un-
affected brain are close to zero.

Image analysis

The quantitative maps (nCBV e, NCBF o, MTT s, K,, and Ey
from the tissue residue function-based method, and nCBV and
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Fig. 1 Workflow of the combined
permeability/perfusion analysis
using the tissue residue function
(TRF) approach. The pixel-wise
TRF is obtained by deconvolution
of the (automatically determined)
arterial input function (AIF) with
the tissue response curves. The
resulting TRF is then fitted to the
two-compartment uptake model,
providing estimates of a
“perfusion” and a “permeability”
components, respectively,
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resulting in the output of both
permeability-related (contrast
agent transfer constant, K,, and
extraction fraction, E,) and
perfusion-related (cerebral blood
volume, CBYV, cerebral blood
flow, CBF and mean transit time,
MTT) parametric maps

K, from the Weisskoff-Boxerman method) were generated
and co-registered to the CE-T1WI images before all imaging
analysis. A volume-of-interest (VOI) was drawn slice by slice
on the CE-T1WI images using the semi-automated segmenta-
tion method available within the software (nordicICE). The
VOI was drawn by an experienced radiologist (J.Y.L., with
4 years of experience in neuroradiology), who were blinded to
the histopathologic data, to include all contrast-enhancing
areas, excluding areas of necrosis or non-tumor macro-ves-
sels. The value of each DSC parameter was then estimated
for the whole VOI by summing up all values from each axial
slice and averaging them. The tumor volume was automati-
cally calculated based on VOI.

The reproducibility of the DSC parameters was assessed by
repeating the measurements on 20 patients (10 patients from
each group) using VOIs drawn by another neuroradiologist
(B.E.L. with 3 years of experience).

Statistical analysis
All continuous variables were assessed for normality
using the Kolmogorov-Smirnov test. Values are expressed

as mean + standard deviation (SD) for continuous vari-
ables. The clinical characteristics of patients with
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From ‘perfusion’ component

CBV CBF

PCNSLs and glioblastomas were compared using the x?
test for categorical variables and Student’s 7 test for con-
tinuous variables, after normality and equivalent variance
testing. Student’s ¢ test was used to compare the DSC
parameters between the two groups. We performed multi-
variate logistic regression analysis to find a significant
predictor to diagnose between PCNSL and glioblastoma.

The diagnostic performance for differentiating glioblas-
toma from PCNSL was assessed by area under the receiv-
er operating characteristics curve (AUC) analysis.
Optimal threshold for the DSC parameters was deter-
mined by the Youden index, by maximizing the total of
the sensitivity and specificity values to differentiate be-
tween PCNSL and glioblastoma [18]. The main goal
was to measure the maximum potential effectiveness of
the biomarkers of interest (CBV, E,, CBF in our study)
for differentiating PCNSL from glioblastoma. The thresh-
old giving maximum Youden index is referred to as the
optimal cut-off point because this threshold value yields
maximal ability of the biomarkers to differentiate glio-
blastoma from PCNSL. For further validation, bootstrap
resampling (1000 iterations) and leave-one-out cross-
validation were used. In this method, all patients except
one were used as the training set, and the prediction error
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was assessed for the excluded validation set. This proce-
dure was repeated until every case was used once as a
validation set. The confidence intervals (Cls) for diagnos-
tic accuracy, sensitivity, specificity, positive predictive
value, and negative predictive value were calculated using
this method.

Additionally, correlations between perfusion parameters
across all patients were calculated.

To test reproducibility, inter-observer agreement be-
tween the two readers was calculated using the intra-
class correlation coefficient (ICC). The “pROC” and
“cvTools” packages in R version 3.3.3 (R Project for
Statistical Computing, http://www.r-project.org) were
used for the comparisons of AUCs and cross-validation.
For all statistical comparisons, p values <.05 were
accepted as indicating a significant statistical difference.
Bonferroni correction was applied to adjust the p values
for multiple comparisons, with a Bonferroni-corrected
significance level of p <.007 being used for comparing
DSC-MRI parameters between PCNSL and glioblasto-
mas, and p <.0125 for comparing the diagnostic perfor-
mance of the combined model with that of the single
DSC parameters.

Results

The clinical characteristics of the study patients are sum-
marized in Table 1. There were no significant differences
in patient sex, age, or tumor volume between the two
groups. All patients had diffuse large B cell lymphoma
in the PCNSL group. In glioblastoma, 78 patients were
IDH (isocitrate dehydrogenase)-wild type and 9 patients
were IDH-mutated type.

Comparison of DSC-MRI parameters between PCNSL
and glioblastoma

Table 2 summarizes the comparison of the DSC-MRI pa-
rameters between PCNSL and glioblastoma. PCNSLs
showed significantly lower perfusion than glioblastomas
on nCBV s (mean + SD, PCNSL: 1.82 +0.96 vs. glioblas-
toma: 3.15 £ 1.20 relative units, p <.001), nCBF . (1.39 +
0.65 vs. 2.41 £ 1.33 relative units, p <.001), and nCBV
(1.48£0.61 vs. 2.67 + 1.24 relative units, p <.001) param-
eter maps. There was no significant difference in MTT,
or the contrast agent transfer constant using either method
(K, or K,).

PCNSL demonstrated significantly higher £, (11.0% +
6.75%) than glioblastoma (5.30% £2.62%, p < .001).

Figures 2 and 3 show example cases of DSC parameters
from PCNSL and glioblastoma.

The diagnostic value of adding E, to perfusion
parameters in the differentiation of PCNSL
from glioblastoma

Results of univariate and multivariate analyses are shown in
Table 3. For the multivariate analysis, lower nCBV,. and
higher E, were independent predictors to distinguish PCNSL
from glioblastoma. The overall model fit (df=4) was X2 =
106.3 (p <.001), with Nagelkerke R? = 0.7054. The diagnostic
performances of the different parameter combinations for the
differentiation of PCNSL from glioblastoma are shown in
Table 4. Among the single DSC parameters, nCBV,s (AUC,
0.84; 95% CI, 0.77-0.90) and nCBV (AUC, 0.84; 0.77-0.90)
exhibited a similar high diagnostic performance for differenti-
ating PCNSL from glioblastoma, followed by nCBF s (AUC,
0.82; 0.74-0.88) and E, (AUC, 0.80; 0.73-0.86).

Table 1 Clinical characteristics
of the study patients

PCNSL Glioblastoma p value
Number of patients 56 89
Number of male patients (%) 27 (48) 48 (54)
.54
Age 58.6+7.3 552+8.1
.34
Tumor volume (mL) 11.1+£9.8 13.3+11.5
.20
Histopathology Diffuse large B cell lymphoma Glioblastoma
IDH mutation status (No.) NA Mutated (9)
Wild type (78)
NA (2)

Data are expressed as mean + standard deviation for continuous variables. PCNSL, primary central nervous
system lymphoma; /DH, isocitrate dehydrogenase 1 mutation
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A combination of perfusion and permeability metrics
was feasible with the tissue residue function-based meth-
od, and the two best performers, Ex and nCBV ., were
selected. The combination of £, and nCBV,. exhibited a
high diagnostic performance (AUC, 0.96; 0.92-0.99) for
differentiation of PCNSL from glioblastoma, with a sen-
sitivity of 94.6%, a specificity of 97.8%, and an accuracy
of 96.6%. The diagnostic performance was significantly
improved in comparison with any single perfusion or per-
meability parameter (nCBV, nCBF, CBF,, and E,; all
p <.001, Bonferroni-corrected) (Fig. 4). The bootstrapped
leave-one-out cross-validation demonstrated the same
trend of improved performance when using a combination
of perfusion and permeability parameters in comparison
with any single parameter.

The sensitivities, specificities, and positive/negative pre-
dictive values of metrics are summarized in Supplementary
Table 1.

nCBV, and E, showed a mild negative correlation (»=
—0.29, p<.001). nCBV and nCBV,, showed a strong positive
correlation (r= 0.91, p<.001).

Reproducibility of DSC measurements

Inter-observer agreement for quantitative measures of the
DSC parameters between the two readers was almost perfect
(ICC, 0.98-0.99; 95% CI, 0.98-0.99).

Table 2 Comparison of dynamic susceptibility contrast MRI
parameters between primary central nervous system lymphomas and
glioblastomas

Processing method PCNSL Glioblastoma  p value
Tissue residue function-based
nCBV,, (relative units) 1.82 + 0.96 3.15+£1.20 <.001*
MTT,es (s) 7.49 £2.67 8.28 £2.30 .06
nCBF ¢ (relative units) 1.39 £ 0.65 241 +133 <.001*
K, 0.14 £ 0.11 0.15+0.20 .50
E, (%) 11.0 £ 6.75 530 +£2.62 <.001*
Weisskoff-Boxerman
nCBYV (relative units) 1.48 £ 0.61 2.67 £ 1.24 <.001*
K, 0.90 + 0.81 125+ 1.14 .05

CBYV, cerebral blood volume; nCBYV, leakage-corrected normalized CBV
derived using the reference method; nCBF, leakage-corrected normalized
cerebral blood flow derived using the reference method; nCBV,.,,
leakage-corrected normalized CBV derived using the tissue residue
function-based method; MTT,.,, mean transit time derived using the tissue
residue function-based method; nCBF,.,, leakage-corrected normalized
CBEF derived using the tissue residue function-based method; K, leakage
parameter accounting for T2* leakage effect; K,, apparent transfer con-
stant; E|, extraction fraction. *Significant p value after Bonferroni correc-
tion (p <0.001)
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Discussion

In this study, we tested the clinical utility of permeability and
perfusion metrics in the differentiation of PCNSL from glio-
blastoma, with all metrics being simultaneously estimated
from a single DSC-MRI acquisition. The main finding was
that the contrast agent extraction fraction, E, which was esti-
mated from the tissue residue function, was significantly
higher in PCNSL than in glioblastoma, while both relative
perfusion and blood volume were significantly lower in
PCNSL than in glioblastoma. This opposite trends of perme-
ability and perfusion suggest a favorable combined effect on
diagnostic performance. A combined model of £, and
nCBV, yielded the highest diagnostic performance and
higher than any single DSC parameter to differentiate
PCNSL from glioblastoma. This finding is supported by mul-
tivariate logistic regression analysis that only £, and nCBV
were independent predictors to the differential diagnosis.

Our study shows the complementary information obtained
from permeability analysis potentially enhancing the diagnos-
tic performance of DSC-MRI in brain tumors. Such combined
analyses yielded higher sensitivity and specificity compared
to any single perfusion or permeability metric and may aid in
clinical decision-making by increasing the confidence in
PCNSL diagnosis and hence reduce putative surgical removal.

In comparison with glioblastoma, PCNSLs exhibit poor
neovascularization and angiocentric tumor growth [19, 20].
While it is well established that CBV obtained from DSC-
MRI is lower in PCNSL than in glioblastoma, it is not so
clear-cut whether there is a corresponding difference in per-
meability (K™") obtained from DCE-MRI. Although several
studies suggest that permeability is higher in PCNSL than in
glioblastoma, others have not been able to detect any differ-
ence between the two tumor types [17]. In the present study,
we found no significant difference in apparent permeability
(K,) between PCNSL and glioblastoma. The significantly
higher £, in PCNSL can therefore be explained by the lower
nCBF in these tumors, without a corresponding reduction in
permeability, as £, = K,/CBF.

Other approaches have been proposed for obtaining com-
bined perfusion and permeability data from contrast-enhanced
MRI. Combined perfusion and permeability analysis was pre-
viously shown to be feasible using DCE-MRI with a high
temporal resolution [21]. Further, the use of a dual injection
approach has also been reported whereby a DCE-MRI acqui-
sition is immediately followed by a DSC-MRI using separate
contrast injections [22]. Although this latter approach requires
a double-contrast injection and increased overall scan time, it
allows optimal protocols for both DCE and DSC analysis.
Further, through the initial DCE-contrast injection, this ap-
proach provides the necessary pre-bolus condition for mini-
mizing T1-dominant leakage effects in the DSC-MRI acqui-
sition. DCE-MRI also has advantages over DSC-MRI in that
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Weisskoff-Boxerman leakage correction method

Permeability |
Parameter

Fig. 2 A 62-year-old female patient with primary central nervous system
lymphoma (PCNSL). The PCNSL shows minimally increased perfusion
parameters of cerebral blood volume (CBV) and cerebral blood flow
(CBF), and markedly increased permeability including leakage parameter

it is less sensitive to susceptibility artifacts and may provide a
more predictable dose response [21].

However, DSC-MRI-based methods do have advantages
over DCE-MRI in terms of the higher temporal resolution
(enabling full brain coverage) and significantly higher contrast
agent sensitivity [23]. DSC-MRI-based analysis of
permeability-related metrics has showed robustness, both the-
oretically and practically, in permeability measurement with

Weisskoff-Boxerman leakage correction method

Permeability
Parameter

Perfusion 5
Parameter %oy &
|

Fig. 3 A 58-year-old female patient with glioblastoma. The glioblastoma
shows increased perfusion parameters of cerebral blood volume (CBV)
and cerebral blood flow (CBF), and increased permeability including
leakage parameter accounting for T2* leakage effect (K,), apparent

Tissue residue function based leakage correction method

[r—
<-1

Extraction fraction

accounting for T2* leakage effect (K5), apparent transfer constant (K,),
and extraction fraction (£,). Note that the elevation of E, is mostly pro-
nounced within the enhancing portion of the tumor

DSC-MRI. Both T1 and T2* relaxation effects in the extra-
cellular extravascular space can be separately calculated with
both positive and negative apparent rate constants [9] and
gives robust estimation of contrast agent extravasation.
Using clinical data, the method also exhibited high test-retest
stability investigated in 28 recurrent glioma patients [13].
Based on the favorable properties of DSC-MRI and previous
results combining perfusion and permeability modeling, we

Tissue residue function based leakage correction method

215

-

Extraction fraction

transfer constant (K,), and extraction fraction (Ey). Note that the elevation
of E and K, is less pronounced than K5, which is a by-product of a tissue
response curve from the Weisskoff-Boxerman method
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Table 3  Uni- and multivariate analysis of imaging parameters to 100 |- ' —ey
distinguish PCNSL from glioblastoma R
Variables Univariate Multivariate
80
Odds ratio p value  Odds ratio p value
(95% CI) (95% CI)
Tissue residue function-based q? 60
nCBV,s 0.26(0.16,043) <.001  0.36(0.21,0.63) <.001 E
MTT, 0.87 (0.75, 1.01)  0.066 2
nCBF,., 021 (0.11,041) <.001 S 40
K, 0.45(0.04,4.89) 0.510
E 1.41(1.24,1.60) <.001  1.50(1.27-1.77) <.001 BV =
JR +
Weisskoff-Boxerman 200~ T :CBV::: X
nCBV 0.17(0.09,033) <.000 RS e nCBFres
K 0.61(0.37,0.98) 0.04 0.49(0.22,1.13)  0.09 Eng
0 i 1 L L l 1 1 1 l L L 1 I 1 1 1 I L L 1
0 20 40 60 80 100

therefore propose that the standard kinetic model used to es-
timate CBF from DSC-MRI is extended to also include esti-
mates of permeability and extraction fraction, by modeling the
tissue residue function to asymptotically approach a non-zero
value reflecting the degree of extravasation.

To reduce the complexity of the model and hence improve
stability, a simplified two-compartment model that assumes
contrast agent back-flux to be negligible during the observa-
tion time was applied. Given the short DSC-MRI imaging
time used (less than 2 min), this is thought to be a reasonable
assumption. A permeability-related metric, K5, is also obtain-
ed from the Weisskoff-Boxerman leakage method, but this
parameter has so far been mainly considered as a by-product
of the correction method [24]. Theoretically, the Weisskoff-
Boxerman leakage method is inherently sensitive to devia-
tions in MTT in the leaky tissue compared with the MTT of
the reference curve. This MTT sensitivity has also been ob-
served in clinical tumor data [25], indicating increased error in
K, and CBYV estimation when tumoral MTT increasingly de-
viates from that of reference tissue [9]. The residue-based
correction method is not sensitive to MTT variations, as

100-Specificity

Fig. 4 Receiver operating characteristics curves for perfusion and
permeability parameters. Note that the combination of nCBV, and Ey
exhibits the highest performance

MTT is included as a model parameter. However, in the pres-
ent study, no significant difference in MTT was observed be-
tween the glioblastoma and PCNSL groups, and hence, any
MTT-induced parameter would be equal in both tumor types
when applying the Weisskoff-Boxerman leakage calculation
method. The two correction methods were thus found to pro-
duce corrected nCBV values with similar diagnostic perfor-
mance, although the highest single-parameter AUC was ob-
tained from nCBV,, derived from the residue-based correc-
tion method.

This study has several limitations. First, no direct correla-
tions between DSC parameters and histologic findings such as
microvessel density and endothelial markers were performed,
but such analyses were beyond the scope of the present work.
Second, the permeability-related parameters obtained from
DSC-MRI are potentially challenging to interpret because of

Table 4  Effect of adding the permeability parameter to cerebral blood volume from dynamic susceptibility contrast MRI in the differentiation of

primary central nervous system lymphoma from glioblastoma

AUC (95% CI)

Threshold Sensitivity (%) Specificity (%) Cross-validated AUC

Perfusion + permeability parameter nCBV,. + E, Ref

0.96 (0.92,0.99) - 94.6 97.8 0.95

Perfusion parameters NnCBV e <.001 0.84(0.77,0.90) <1.99 76.8 85.4 0.81
nCBF <.001 0.82(0.74,0.88) <1.56 80.4 75.3 0.77
nCBV <.001 0.84(0.77,0.90) <1.81 78.6 78.7 0.80
Permeability parameters E, <.001 0.80(0.73,0.86) >9.3 53.6 95.5 0.76

The p value refers to the significance of the difference in diagnostic performance between the combined perfusion and permeability parameter and the
single parameters of either perfusion or permeability (Bonferroni corrected, p < 0.0125). AUC, area under the receiver operating characteristics curve; E,,

extraction fraction; CBYV, cerebral blood volume
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a combination of T1- and T2*-dominant leakage relaxation
effects once the agent extravasates to the EES. In our study,
we used a pre-dose combined with a low flip angle to mini-
mize confounding T1-relaxation effects. Our implementation
of the leakage correction methods also enables separation of
T1- from T2*-limited leakage effects, by allowing the
resulting leakage constants (K, and K;) to assume both posi-
tive and negative values [9, 25]. We were therefore able to
confirm that the overall leakage effect in both tumor types
and with both correction methods corresponded to a dominant
T2*-based relaxation in the EES. Nonetheless, the resulting
dose-response from the leakage fraction of the contrast agent
could still be influenced by T1-shortening, introducing errors
in the resulting permeability constants. The problem of con-
comitant T1- and T2*-effects is a fundamental weakness of
current DSC-MRI methods, which may be overcome by the
introduction of more quantitative approaches like multi-echo
acquisitions [26]. Finally, these DSC-MRI-derived metrics
should be validated against DCE-MRI-based analyses, and fu-
ture studies are needed to correlate these parameters, preferably
using a dual injection combined DCE- and DSC-MRI protocol.

In conclusion, the combined analysis of £, and CBV
derived from a single DSC-MRI acquisition provided bet-
ter diagnostic performance in the differentiation of
PCNSL from glioblastoma than standard CBV analysis.
The combined analysis can be fully automated without
the need for manual definition of an AIF or reference
tissue and obtained with a single-dose of contrast agent
usage, thereby making this approach feasible and attrac-
tive in a clinical setting.
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