Morabito et al. Radiation Oncology (2019) 14:65

https://doi.org/10.1186/513014-019-1271-7 Ra d iatiO N O NCco | Ogy

RESEARCH Open Access

DCE and DSC perfusion MRI diagnostic ®
accuracy in the follow-up of primary and
metastatic intra-axial brain tumors treated
by radiosurgery with cyberknife

Rosa Morabito', Concetta Alafaci?, Stefano Pergolizzi®, Antonio Pontoriero®, Giuseppe lati?, Lilla Bonanno',
Michele Gaeta®, Francesco Maria Salpietro®, Enricomaria Mormina®” @, Marcello Longo” and Francesca Granata’

Check for
updates

Abstract

Background: The differential diagnosis between radiation necrosis, tumor recurrence and tumor progression is
crucial for the evaluation of treatment response and treatment planning.

The appearance of treatment-induced tissue necrosis on conventional Magnetic Resonance Imaging (MRI) is similar
to brain tumor recurrence and it could be difficult to differentiate the two entities on follow-up MRI examinations.
Dynamic Susceptibility Contrast-enhanced (DSC) and Dynamic Contrast-Enhanced (DCE) are MRI perfusion
techniques that use an exogenous, intravascular, non-diffusible gadolinium-based contrast agent.

The aim of this study was to compare the diagnostic accuracy of DSC and DCE perfusion MRI in the differential
diagnosis between radiation necrosis and tumor recurrence, in the follow-up of primary and metastatic intra-axial
brain tumors after Stereotactic RadioSurgery (SRS) performed with CyberKnife.

Methods: A total of 72 enhancing lesions (57 brain metastases and 15 primary brain tumors) were analyzed with
DCE and DSC, by means of MRI acquisition performed by 1,5 Tesla MR scanner. The statistical relationship between
the diagnosis of tumor recurrence or radiation necrosis, decided according to clinicoradiologically criteria, rCBV and
Ktrans was evaluated by the point-biserial correlation coefficient respectively.

Results: The statistical analysis showed a correlation between the diagnosis of radiation necrosis or recurrent tumor
with Ktrans (rpb =0.54, p < 0.001) and with rCBV (rpb =0.37, p = 0.002).

The ROC analysis of rCBV values demonstrated a good classification ability in differentiating radiation necrosis from
tumour recurrence as well as the Ktrans. The optimal cut-off value for rCBV was k= 1.23 with 0.88 of sensitivity and
0.75 of specificity while for Ktrans was k = 28.76 with 0.89 of sensitivity and 0.97 of specificity.

Conclusions: MRI perfusion techniques, particularly DCE, help in the differential diagnosis by tumor recurrence and
radiation necrosis during the follow-up after radiosurgery.
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Background

According to the World Health Organization (WHO),
high-grade gliomas are the most malignant primary
intra-axial brain tumors in adults [1]. Brain metastases
are the second most common intra-axial tumors, fre-
quently arising from lung cancer, breast cancer, melan-
oma and renal cell carcinoma [1].

The current treatment of primary brain tumors or
brain metastases is based on a combination of surgery,
radiation therapy (RT) and chemotherapy, related to
tumor histology and location [1-6].

The biological and clinical adverse effects of radiation
therapy can be classified in acute, early-delayed and
late-delayed onset, based on the time of occurrence and
clinical presentation [6].

Acute and early-delayed radiation effects occur within
the first 3 months after radiation therapy. Typically they
spontaneously resolve and are associated to the clinical
symptoms of the increased intracranial pressure [6, 7].
Acute and Early-delayed radiation effects may appear on
imaging as non-enhancing white matter T2 high signal
intensity and/or contrast-enhancing lesions in close to
the irradiated tumor site [6].

Late-delayed radiation effects occur from 3 months to
years after radiation treatment and are often progressive. Ra-
diation necrosis is a common effect, it has increased inci-
dence in white matter and shows imaging similar to tumor
recurrence with contrast enhancement, edema and mass ef-
fect [6, 7]. The combined and adjuvant use of chemotherapy
(ie. cisplatin and carboplatin, doxorubicin, methotrexate
and temozolamide) has been shown to improve survival in
patients with brain tumor but, on the other hand, to in-
crease the risk of developing tissue necrosis [2, 6, 8—10].
After conventional RT, many factors such as total irradiation
dose, size of the irradiated volume, a small number of frac-
tions, length of survival and patient age (young patients) at
the time of the irradiation may predispose to radiation ne-
crosis [2, 11, 12]. In stereotactic RT, the specific risk factors
are the volume irradiated with 12 Gy dose (over 8 cc), previ-
ous irradiation and male sex [2, 8, 12].

Conventional MRI has shown significant limitations to
determine whether or not an enhancing lesion represents
tumor recurrence or not, i.e. radiation necrosis [1, 4—6, 13].

The differential diagnosis between treatment necrosis
and tumor recurrence is crucial for diagnosis and treatment
planning [5, 6, 14, 15]. Biopsy is reliable reach to a correct
diagnosis, but it carries considerable surgical risks [6].

The aim of this study was to compare the diagnostic
accuracy of a well-known MRI perfusion technique as
DSC, and a relatively new MRI perfusion technique as
DCE, in the differential diagnosis between radiation ne-
crosis and tumor recurrence, in the follow-up of primary
and metastatic intra-axial brain tumors after Stereotactic
RadioSurgery (SRS) performed with CyberKnife.
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Materials and methods
Study population and RT protocol
We retrospectively evaluated 28 patients (18 female and
10 male, mean age 61+ 12years, range 44-—82 years)
who, underwent perfusion MRI brain examination at
our Institution in a period of two years (Table.1).

The patients were selected on the basis of the follow-
ing inclusion criteria:

— Primary brain tumor treated with surgical
intervention and with fractionated stereotactic
radiosurgery (FSRS) with CyberKnife.

— Brain metastases treated with stereotactic
radiosurgery (SRS) with CyberKanife.

Perfusion MR imaging of metastatic or primary tu-
mors not treated with SRS or treated by other radiation
therapies were excluded.

Thus, the final cohort consisted of 8 patients with
intra-axial primary brain tumor (6 glioblastomas, 1 oli-
goastrocytoma and 1 sarcoma) and 20 patients with one
or more intra-axial brain metastases (lung carcinoma,
breast carcinoma, larynx carcinoma, colon cancer, pros-
tate carcinoma, neuroendocrine tumor and melanoma).

Primary intra-axial brain tumors group consisted of 15
neoplastic volumes treatments because in 7 patients we
demonstrated a tumor progression; intra-axial metasta-
ses group consisted of a total of 57 brain metastases.

Therefore a total of 72 enhancing lesions (57 brain
metastases and 15 primary brain tumors) were studied
and treated.

54 enhancing lesions were studied with combined
DCE and DSC perfusion MRI protocol, 11 enhancing le-
sions were studied with DSC perfusion MR], in 7 enhan-
cing lesions DCE perfusion MRI was performed.

In total, rCBV for 65 enhancing lesions and Ktrans for
61 enhancing lesions were calculated.

The intra-axial brain tumors were treated with FSRS
performed with CyberKnife (mean dose of 24.4 Gy- SD
4.7) and all patients underwent a combined administra-
tion of Temozolamide.

Intra-axial brain metastases were treated with Cyber-
Knife (mean dose of 20.28 Gy- SD 2.8). All patients
underwent chemotherapy.

MR imaging acquisition protocol
Brain MRI acquisition was performed with 1,5 Tesla
whole-body MRI equipment (Ingenia, Philips Medical
System, Best, the Netherlands), using a 16-element
phased array sensitivity-encoding (SENSE) head coil.
Conventional basal MR imaging protocol included
axial T2-weighted Fast Spin Echo (FSE), axial
T1-weighted Spin Echo (SE), axial Diffusion Weighted
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Table 1 Clinical characteristics of sample
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Patients N Patient age  Total Metastasis N (%) Primary brain tumor N (%) Radiation Tumor Salvage treatment N
(male/female) Mean (SD) Lesion necrosis N recurrence N
N (%) (%)

28 (10/18) 61 (£12) 72 57 (79.17) 15 (20.83) 42 (58.33) 30 (41.67) 4 metastases
Radiation Tumor Radiation Tumor Surgery SRS
necrosis (%) recurrence  necrosis (%) recurrence N retreatment

(%) (%) N
34 (59.6) 23 (404) 8 (53.3) 7 (46.7) 1 3

Legend: N number, SRS Stereotassic Radio Surgery, frequency = %;

Imaging (DWI), 3D-Fluid Attenuated Inversion Recovery
(FLAIR) sequences.

— T2-weighetd FSE images were acquired with the
following parameters:TR/TE 4434/100 ms; flip angle
90°; 4 mm section thickness.

— T1-weighted SE images were acquired, before and
after contrast medium administration, with the
following parameters: TR/TE 634/15 ms; 5 mm
section of thickness.

— DWI images were acquired with the following
parameters: TR/TE 2946/86 ms; b-values 0 and
1000 s/mm? 5 mm section thickness.

— FLAIR-3D images were acquired with the following
parameters: TR/TE 5200/297 ms, T1 1660 ms; 2 mm
section thickness.

Contrast-enhanced MRI  examination included:
DCE-DSC perfusion acquisition and 3D-T1-weighted
MPR-GE and axial SE T1 weighted.

A total volume of 0.15 mmol/kg of Gadobutrol (Gado-
vist 1.0; Bayer Shering Pharma, Berlin, Germany) was
used to acquire both DCE and DSC perfusion imaging.

First 40% of contrast volume was injected at 2 mL/s
using an electronic power injector via 18-gauge antecu-
bital venous access, for DCE perfusion scan.

After an 8 min interval gap between DCE and DSC,
the remaining 60% of contrast medium at 5mL/s, for
DSC perfusion scan, was injected.

DCE MR imaging was performed by using a Spin Echo
(SE) T1-weighted (TR/TE 20/2.1 ms), serially acquired

before and after administration of contrast
enhancement.
DSC imaging was performed by wusing a T2

weighted gradient echo EPI sequence (TR/TE 1461/
40; flip angle 75°).

-3D-T1-weighted MPR-GE images were acquired with
the following parameters: TR/TE 25/4.6 ms; 2 mm sec-
tion of thickness.

Some patients performed only DSC or DCE because of
an inadequate venous access.

DSC and DCE acquired images were transferred to a
commercially available perfusion image processing

offline workstation (Intellispace Portal IX; Philips Med-
ical System) and imaging processing was performed.

DCE images post-processing

Voxelwise maps of tissue contrast concentration with
time were calculated by using pre- and post-DCE T1
maps combined with the tissue signal intensity-time
curve. A small ROI was drawn at the center of the sagit-
tal sinus and the mean phase was measured as a func-
tion of time. The phase-time curve was converted to the
gadolinium-time curve. The gadolinium-time curve was
used for a voxel-by-voxel estimation of plasma volume
obtained from the phase-derived vascular input function
(Vp) and the volume transfer constant obtained from
phase-derived vascular input function (K™").

DSC images post-processing

MRI signal intensity was converted to a T2 relaxation
rate and T2*weighted signal intensity-time curves were
obtained. The time-dependent signal intensity data were
therefore converted to contrast-agent concentration. An
automated algorithm selected the most suitable pixels
for Arterial Input Function (AIF) in a manually defined
region of interest (ROI) covering the middle cerebral ar-
tery. After AIF measurement, the deconvolution analysis,
a mathematical step allowing to remove from the
contrast-agent concentration the temporal spread contri-
bution associated with the AIF, was performed and the
CBV maps were generated.

Image analysis
The image analysis was performed by two neuroradiolo-
gists with expertise of at least 8years. Axial SE
T1-weighted post-contrast images were coregistered to
the parametric maps. A contrast section containing the
maximum diameter of the enhancing lesion near the
surgical cave or involving the brain metastases was se-
lected, and a single ROI was drawn freehand around the
area of highest perfusion values. Areas of hemorrhage,
blood vessels, susceptibility artifacts and cystic or nec-
rotic changes were excluded.

For DSC images, the ROI on the CBV colorimetric
map was drawn. Normalized rCBV was calculated as the
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Fig. 1 The ROC curve of rCBV on total scores of radiation necrosis and tumor recurrence groups. The value of the classification result produced
best performance with an AUC value of 0.84
J

ratio of the CBV within the enhancing region to the
CBV within contralateral white matter, which was
judged as normal.

For DCE images, the ROI on the Ktrans colorimetric
map was drawn.

The final diagnosis between tumor recurrence and ra-
diation necrosis was decided on the basis of clinical and
neuroradiological criteria [5]. The lesions were consid-
ered to be radiation necrosis when the enhancing lesions
disappeared or decreased in size on subsequent MR ex-
aminations, or they were present but unchanged on ser-
ial follow-up MR examinations for 10 months
accompanied by neurologic improvement. The enhan-
cing lesions increasing progressively in size were consid-
ered tumor recurrence [5, 13].

Morphological MRI data were correlated to perfusion
parameters.

Statistical analysis

The statistical relationship between the diagnosis of
tumor recurrence or radiation necrosis, decided accord-
ing to the clinicoradiologically criteria previously ex-
posed (dichotomous variable) and rCBV and Ktrans was
evaluated by the point-biserialcorrelation coefficient re-
spectively. Inter-rater agreement was estimated through
intraclass correlation coefficient (ICC) values to evaluate

the agreement of rCBV and Ktrans measures considering
the two raters. The maximum ICC value was 1.00 and it
represented the stronger reliability. In general, ICC
values above 0.75 indicated a good agreement.

Finally, ROC analysis was performed to calculate the
diagnostic accuracy (Area Under the ROC curve, AUC)
with an appropriate threshold. We compared rCBV and
Ktrans according to the diagnosis of radionecrosis or
tumor recurrence, performed by the clinicoradiologically
criteria previously exposed (golden test). Sensitivity and
specificity at designated threshold levels with their 95%
confidence interval (CI) were evaluated.

Analyses were performed using an open source R3.0
software package (R Foundation for Statistical Computer,
Vienna, Austria). A 95% of confidence level was set with
a 5% alpha error. Statistical significance was set at p <
0.05.

Results

Point-biserial correlation coefficient and inter-rater
agreement

A significant correlation between the diagnosis and
rCBV (rpb =0.37, p=0.002), and a high significant cor-
relation between the diagnosis and Ktrans (rpb = 0.54, p
<0.001) were found.
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For inter rater excellent ICC values were detected in
four comparison conditions, in which investigators alter-
nated with each other. The resulting ICCs were high for
the two comparison conditions: ICC1,cyg = 0.74 (95% CI
0.05-0.93), and ICC2;ans = 0.98 (95% CI 0.89-0.99).

Diagnostic accuracy

Receiver operating characteristic analysis was performed
to measure the classification ability of the total score in
radionecrosis and tumour recurrence for rCBV. The area
under the curve (AUC) for the total score was the high-
est (AUC = 0.84, 95% CI = 0.72-0.92) indicating a greater
classification ability in differentiating radiation necrosis
from tumour recurrence (Fig.1). Threshold scores for
each index were calculated by combining effects of sen-
sitivity and specificity for each measure. The optimal
cut-off value was k = 1.23 with 0.88 (95% CI = 0.69-0.97)
sensitivity and 0.75 (95% CI = 0.59-0.87) specificity.

The area under the curve (AUC) for the total score was
the highest (AUC = 0.98, 95% CI = 0.90-0.99) indicating a
greater classification ability in differentiating radiation ne-
crosis from tumour recurrence for Ktrans (Fig.2).

Threshold scores for each index were calculated by
combining effects of sensitivity and specificity for each
measure. The optimal cut-off value was k =28.76 with
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0.89 (95% CI =0.73-0.98) sensitivity and 0.97 (95% CI =
0.84-0.99) specificity.

Applying the cut-off, obtained with the ROC analysis,
for Ktrans (28.76), 33 enhancing lesions were identified
as tumor recurrence (Figs.1 and 2) and 28 as radiation
necrosis (Fig.3).

Applying the cut-off, obtained with the ROC analysis,
for rCBV (1.23), 33 enhancing lesions were identified as
tumor recurrence (Figs.3 and 4) and 32 as radiation ne-
crosis (Fig.5).

According to these results, 3 patients with MRI evi-
dence of tumor recurrence underwent SRS re-treatment,
1 patient underwent surgery. The other patients with a
diagnosis of tumor recurrence, were considered intract-
able for clinical general conditions and for an overall
bad prognosis.

Discussion
The differential diagnosis between radiation necrosis
and tumor recurrence and/or progression is crucial for
the evaluation of treatment planning and response in pa-
tients with primary or secondary brain lesions [2, 6].
The role of perfusion MR techniques in distinguishing
recurrent tumor and radiation necrosis has been exten-
sively studied [3-5, 7, 10, 13, 14, 16-18].
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Fig. 2 The ROC curve of Ktrans on total scores of radiation necrosis and tumor recurrence groups. The value of the classification result produced
best performance with an AUC value of 0.98
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Fig. 3 a (axial SE T1-weighted after Gadolinium administration), b (rCBV colorimetric map), ¢ (Ktrans colorimetric map). Right frontal breast
metastasis treated by SRS follow-up MRI examination. The enhancing lesion shows a central component with high rCBV and Ktrans values
according to tumor recurrence and a peripheral component with low rCBV and Krans values according to the coexistence of radiation necrosis

Dynamic Susceptibility Contrast-enhanced (DSC) and
Dynamic Contrast-Enhanced (DCE) are the MRI perfu-
sion techniques that use an exogenous, intravascular, no
diffusible Gadolinium-based contrast agent. DSC em-
phasizes the susceptibility effects of Gadolinium-based
contrast agents on the signal echo, using a series of T2-
or T2*-weighted images. DCE exploits the relaxivity ef-
fect of Gadolinium-based contrast agent on the signal
echo, acquiring serial T1-weighted images before, during
and after its administration [1, 19-21].

Perfusion MR imaging is useful in differentiating
highly vascularized recurrent tumor, characterized by an
increase of perfusion parameters, from avascular necro-
sis [4, 5]. DCE is a relatively new perfusion MRI tech-
nique, that investigates microvascular structure and
function by tracking the pharmacokinetics of the
injected contrast medium as it passes through the tumor
vasculature [22]. The increased tumor signal intensity in

DCE MRI reflects its perfusion, vascular permeability
and extracellular volume. The volume transfer coeffi-
cient of contrast between the blood plasma and the
extracellular extravascular space (Ktrans) represents the
permeability of the tumor vasculature and has been
shown to be higher in tumor recurrence than in radi-
ation necrosis [6, 16, 17, 22-26].

In our study, we performed follow-up MRI examin-
ation of 72 enhancing brain tumors, treated by SRS with
CyberKnife technology, by using DCE and DSC perfu-
sion MRI. We identified, according to clinical and neu-
roradiological criteria previously exposed, 43 radiation
necrosis and 29 tumor recurrence or progression.

A significant statistical correlation between the diag-
nosis of radiation necrosis or recurrent tumor and the
two perfusion parameters was evaluated. Particularly,
Ktrans demonstrated a better correlation (rpb = 0.54, p <
0.001) compared to rCBV (rpb = 0.37, p = 0.002).

Fig. 4 a (axial SE T1-weighted after Gadolinium administration), b (rCBV colorimetric map), ¢ (Ktrans colorimetric map). Left frontal primary brain
tumor (glioblastoma) treated by surgery and SRS follow-up MRI examination. The enhancing lesion shows high rCBV and Ktrans values, according
to tumor recurrence
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Fig. 5 a-c (axial SE T1-weighted after Gadolinium administration), b-d (rCBV colorimetric map). Left paratrigonal and occipital brain metastases
from lung cancer treated by SRS follow-up MRI examination. The enhancing left paratrigonal lesion shows low rCBV value according to radiation
necrosis. The enhancing left occipital lesion shows a peripheral component with high rCBV value, according to tumor recurrence

Moreover, a very good agreement between the two
raters with excellent ICC values was demonstrated. ROC
analysis showed a good classification ability in differenti-
ating radiation necrosis from tumour recurrence for
both rCBV (AUC = 0.84, 95% CI = 0.72—-0.92) and Ktrans
(AUC =0.98, 95% CI = 0.90—0.99).

We were able to identify an optimal cut-off value for
rCBV (k = 1.23 with 0.88 of sensitivity and 0.75 of speci-
ficity) and for Ktrans (k = 28.76 with 0.89 of sensitivity
and 0.97 of specificity).

In our patients DSC and DCE perfusion MRI tech-
niques showed a good diagnostic accuracy in the differ-
ential diagnosis between radiation necrosis and tumor
recurrence. Particularly, Ktrans value with a 98% of sens-
ibility and 97% of specificity demonstrated a better diag-
nostic accuracy compared to rCBV values that showed a
sensitivity of 88% and a specificity of 75% respectively.

Our data seem to agree with previous DSC MRI perfu-
sion studies. Sugahara et al. [5] demonstrated that en-
hancing lesions with a normalized rCBV ratio above 2.6
is considered tumor recurrence, while a normalized
rCBV ratio less than 0.6 can be expression of radiation
necrosis. They found a sensitivity of 50% and a specifi-
city of 90% for perfusion-sensitive contrast-enhanced
MR imaging; the cut-off value of the normalized rCBV
ratios was 1.0. Barajas et al. [13, 27] demonstrated that
perfusion MRI may be used to differentiate recurrent
intra-axial metastatic tumor from radiation necrosis,
using a cut-off rCBV value of 1.52 [13], and recurrent
glioblastoma from radiation necrosis, applying a cut-off
rCBV value of 1.75 [27]. Hu et al. [28] reported that ra-
diation necrosis showed rCBV values from 0.21 to 0.71,
whereas recurrent tumors have a rCBV values from 0.55
to 4.64.
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Few papers in the litterature investigate the role of
DCE perfusion MRI in the differential diagnosis between
tumor recurrence and radiation necrosis and no specific
cut-off emerged in Ktrans values.

Bisdas et al. [24] showed 100% sensitivity and 83% spe-
cificity for detecting the recurrent gliomas, using Ktrans
cut-off value higher than 0.19.

Thomas et al. [16] used DCE MR imaging to differen-
tiate pseudoprogression from recurrent glioblastoma, in
patients treated with radiation and temozolamide after
surgical resection. They identify a Ktrans (mean) theres-
hold of 3.5 for pseudoprogression and of 7.4 for tumor
recurrence.

There are few reports in the literature which report
combined DSC and DCE MR perfusion protocol [19, 20,
29], by calculating both rCBV and Ktrans. Particularly,
Nguyen et al. [20] conclude that Ktrans and rCBV have
a similar diagnostic accuracy in the preoperative evalu-
ation of gliomas grading.

In our study, we used DSC and DCE perfusion MRI
data to choose the most appropriate management of
Cyberknife treated brain tumors. Particularly, 4 patients
with MRI evidence of tumor recurrence or progression
underwent surgery or RT re-treatment; patients with
MRI evidence of radiation necrosis were addressed to a
conservative treatment.

Conclusion

In our experience, perfusion MRI techniques were highly
diagnostic in discriminating tumor recurrence from radi-
ation necrosis.

In particular DCE perfusion technique, with Ktrans
value, demonstrated to be greatly useful in the clinical
management of patients with RT treated brain lesions.

Therefore, these MRI techniques, although tradition-
ally considered time-consuming, should be routinely
performed in MRI follow-up, considering their high
diagnostic value, especially in the neuro-oncology.

Funding
Not Applicable.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

MR, AC, GM designed the study and write the study; PS and |G participated
in the image analysis and patient recruitment; BL provided statistical analysis;
SPM, EM, ML performed data and image analysis; GF designed the study and
write the study and supervise the study integrity. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Each subject signed an informed consent before the examination. The entire
study protocol was approved by our local Ethical Committee.

Consent for publication
Each subject signed an informed consent.

Page 8 of 9

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'IRCCS Centro Neurolesi “Bonino-Pulejo”, Messina, Italy. “Section of
Neurosurgery, Department of Biomedical, Dental Science and Morphological
and Functional Images, University of Messina, Messina, Italy. 3Unit of
Radiation Oncology, Department of Biomedical, Dental Science and
Morphological and Functional Images, University of Messina, Messina, Italy.
“Radiology Unit, Department of Biomedical, Dental Science and
Morphological and Functional Images, University of Messina, Messina, Italy.
*Section of Neurosurgery, Department of Human Pathology, University of
Messina, Messina, Italy. 6Department of Clinical and Experimental Medicine,
University of Messina, Messina, Italy. "Neuroradiology Unit, Department of
Biomedical, Dental Science and Morphological and Functional Images,
University of Messina, Messina, Italy.

Received: 13 January 2019 Accepted: 5 April 2019
Published online: 15 April 2019

References

1. Guo L, Wang G, Feng Y, YuT, Guo VY, Bai X, Ye Z Diffusion and perfusion
weighted magnetic resonance imaging for tumor volume definition in
radiotherapy of brain tumors. Radiat Oncol. 2016;11(1):123.

2. Raimbault A, Cazals X, Lauvin MA, Destrieux C, Chapet S, Cottier JP.
Radionecrosis of malignant glioma and cerebral metastasis: a diagnostic
challenge in MRI. Diagn Interv Imaging. 2014;95(10):985-1000.

3. Prager AJ, Martinez N, Beal K, Omuro A, Zhang Z, Young RJ. Diffusion and
perfusion MRI to differentiate treatment related changes including
pseudoprogression from recurrent tumors in high-grade gliomas with
histopathologic evidence. AINR Am J Neuroradiol. 2015;36(5):877-85.

4. Fatterpekar GM, Galheigo D, Narayana A, Johnson G, Knopp E. Treatment
related change versus tumor recurrence in high-grade gliomas: a diagnostic
conundrum--use of dynamic susceptibility contrast-enhanced (DSC)
perfusion MRI. AJR Am J Roentgenol. 2012;198(1):19-26.

5. Sugahara T, Korogi Y, Tomiguchi S, Shigematsu Y, lkushima |, Kira T, et al.
Posttherapeutic intraaxial brain tumor: the value of perfusion-sensitive
contrast-enhanced MR imaging for differentiating tumor recurrence from
nonneoplastic contrast-enhancing tissue. AJNR Am J Neuroradiol. 2000;
21(5):901-9.

6. Verma N, Cowperthwaite MC, Burnett MG, Markey MK. Differentiating tumor
recurrence from treatment necrosis: a review of neuro-oncologic imaging
strategies. Neuro-Oncology. 2013;15(5):515-34.

7. Shah R, Vattoth S, Jacob R, Manzil FF, O'Malley JP, Borghei P, Patel BN, Curé
JK. Radiation necrosis in the brain: imaging features and differentiation from
tumor recurrence. Radiographics. 2012;32(5):1343-59.

8. Blonigen BJ, Steinmetz RD, Levin L, Lamba MA, Warnick RE, Breneman JC.
Irradiated volume as a predictor of brain radionecrosis after linear
accelerator stereotactic radiosurgery. Int J RadiatOncolBiol Phys. 2010;77(4):
996-1001.

9. Sheline GE, Wara WM, Smith V. Therapeutic irradiation and brain injury. Int J
Radiat Oncol Biol Phys. 1980;,6(9):1215-28.

10.  Chamberline MC, Glantz MJ, Chalmers L, et al. Early necross following
concurrent Temoal and radiotherapy in patients with glioblastoma. J Neuro-
Oncol. 2007,82(1):81-3.

11. Lee AW, Kwong DL, Leung SF, Tung SY, Sze WM, Sham JS, et al. Factors
affecting risk of symptomatic temporal lobe necrosis: significance of
fractional dose and treatment time. Int J RadiatOncolBiol Phys. 2002;53(1):
75-85.

12. Shaw E, Scott C, Souhami L, Dinapoli R, Kline R, Loeffler J, Farnan N. Single
dose radiosurgical treatment of recurrent previously irradiated primary brain
tumors and brain metastases: final report of RTOG protocol 90-05. Int J
RadiatOncolBiol Phys. 2000;47(2):291-8.

13. Barajas RF, Chang JS, Sneed PK, Segal MR, McDermott MW, et al.
Distinguishing recurrent intra-axial metastatic tumor from radiation necrosis
following gamma knife radiosurgery using dynamic susceptibility-weighted



Morabito et al. Radiation Oncology

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

(2019) 14:65

contrast-enhanced perfusion MR imaging. AJNR Am J Neuroradiol. 2009;
30(2):367-72.

Covarrubias DJ, Rosen BR, Lev MH. Dynamic magnetic resonance perfusion
imaging of brain tumors. Oncologist. 2004;9(5):528-37.

Hazle JD, Jackson EF, Schomer DF, Leeds NE. Dynamic imaging of
intracranial lesions using fast spin-echo imaging: differentiation of brain
tumors and treatment effects. J MagnReson Imaging. 1997;7(6):1084-93.
Thomas AA, Arevalo-Perez J, Kaley T, Lyo J, Peck KK, et al. Dynamic contrast
enhanced T1 MRI perfusion differentiates pseudoprogression from recurrent
glioblastoma. J Neuro-Oncol. 2015;125(1):183-90.

Cao Y. The promise of dynamic contrast-enhanced imaging in radiation
therapy. Semin Radiat Oncol. 2011;21(2):147-56.

Wan B, Wang S, Tu M, Wu B, Han P, Xu H. The diagnostic performance of
perfusion MRI for differentiating glioma recurrence
frompseudopreogression: a meta-analysis. Medicine (Baltimore). 2017,96(11):
e6333.

Essig M, Shiroishi MS, Nguyen TB, Saake M, Provenzale JM, et al. Perfusion
MRI: The five most frequently asked technical questions. AJR Am J
Roentgenol. 2013;200(1):24-34.

Nguyen TB, Cron GO, Perdrizet K, Bezzina K, Torres CH, Chakraborty S, et al.
Comparison of the diagnostic accuracy of DSC- and dynamic contrast-
enhanced MRI in the preoperative grading of Astrocytomas. AJNR Am J
Neuroradiol. 2015;36(11):2017-22.

Yankeelov TE, Gore JC. Dynamic contrast enhanced magnetic resonance
imaging in oncology: theory, data acquisition, analysis, and examples. Curr
Med Imaging Rev. 2009;3(2):91-107.

O'Connor JP, Jackson A, Parker GJ, Jayson GC. DCE-MRI biomarkers in the
clinical evaluation of antiangiogenic and vascular disrupting agents. Br J
Cancer. 2007;96(2):189-95.

Welker K, Boxerman J, Kalnin A, Kaufmann T, Shiroishi M, Wintermark M.
ASFNR recommendations for clinical performance of MR dynamic
susceptibility contrast perfusion imaging of the brain. AJNR Am J
Neuroradiol. 2015;36(6):E41-51.

Bisdas S, Naegele T, Ritz R, Dimostheni A, Pfannenberg C, Reimold M, Koh
TS, Ememann U. Distinguishing recurrent high-grade gliomas from radiation
injury: a pilot study using dynamic contrast-enhanced MR imaging. Acad
Radiol. 2011;18(5):575-83.

Narang J, Jain R, Arbab AS, Mikkelsen T, Scarpace L, Rosenblum ML,
Hearshen D, Babajani-Feremi A. Differentiating treatment-induced necrosis
from recurrent/progressive brain tumor using nonmodel-based
semiquantitative indices derived from dynamic contrast-enhanced T1-
weighted MR perfusion. Neuro-Oncology. 2011;13(9):1037-46.

Roberts HC, Roberts TP, Brasch RC, Dillon WP. Quantitative measurement of
microvascular permeability in human brain tumors achieved using dynamic
contrast-enhanced MR imaging: correlation with histologic grade. AJNR Am
J Neuroradiol. 2000;21(5):891-9.

Barajas RF Jr, Chang JS, Segal MR, Parsa AT, McDermott MW, Berger MS, Cha
S. Differentiation of recurrent glioblastoma multiforme from radiation
necrosis after external beam radiation therapy with dynamic susceptibility-
weighted contrast-enhanced perfusion MR imaging. Radiology. 2009,253(2):
486-96.

Hu LS, Baxter LC, Smith KA, Feuerstein BG, Karis JP, Eschbacher JM, et al.
Relative cerebral blood volume values to differentiate high-grade glioma
recurrence from posttreatment radiation effect: direct correlation between
image-guided tissue histopathology and localized dynamic susceptibility-
weighted contrast-enhanced perfusion MR imaging measurements. AJNR
Am J Neuroradiol. 2009;30(3):552-8.

Shin KE, Ahn KJ, Choi HS, Jung SL, Kim BS, Jeon SS, et al. DCE and DSC MR
perfusion imaging in the differentiation of recurrent tumour from
treatment-related changes in patients with glioma. Clin Radiol. 2014;9.
https://doi.org/10.1016/j.crad.2014.01.016.

Page 9 of 9

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.crad.2014.01.016

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Study population and RT protocol
	MR imaging acquisition protocol
	DCE images post-processing
	DSC images post-processing
	Image analysis
	Statistical analysis

	Results
	Point-biserial correlation coefficient and inter-rater agreement
	Diagnostic accuracy

	Discussion
	Conclusion
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

