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ORIGINAL RESEARCH
ADULT BRAIN

Diagnostic Accuracy of Arterial Spin-Labeling, Dynamic
Contrast-Enhanced, and DSC Perfusion Imaging in the Diagnosis

of Recurrent High-Grade Gliomas: A Prospective Study
T.B. Nguyen, N. Zakhari, S. Velasco Sandoval, A. Guarnizo-Capera, M. Alexios Gulak, J. Woulfe, G. Jansen,

R. Thornhill, N. Majtenyi, and G.O. Cron

ABSTRACT

BACKGROUND AND PURPOSE: For patients with high-grade gliomas, the appearance of a new, enhancing lesion after surgery and
chemoradiation represents a diagnostic dilemma. We hypothesized that MR perfusion without and with contrast can differentiate
tumor recurrence from radiation necrosis.

MATERIALS AND METHODS: In this prospective study, we performed 3 MR perfusion methods: arterial spin-labeling, DSC, and
dynamic contrast enhancement. For each lesion, we measured CBF from arterial spin-labeling, uncorrected relative CBV, and leak-
age-corrected relative CBV from DSC imaging. The volume transfer constant and plasma volume were obtained from dynamic con-
trast-enhanced imaging without and with T1 mapping using modified Look-Locker inversion recovery (MOLLI). The diagnosis of
tumor recurrence or radiation necrosis was determined by either histopathology for patients who underwent re-resection or radio-
logic follow-up for patients who did not have re-resection.

RESULTS: There were 26 patients with 32 lesions, 19 lesions with tumor recurrence and 13 lesions with radiation necrosis. Compared
with radiation necrosis, lesions with tumor recurrence had higher CBF (P ¼ .033), leakage-corrected relative CBV (P ¼ .048), and
plasma volume using MOLLI T1 mapping (P ¼ .012). For differentiating tumor recurrence from radiation necrosis, the areas under
the curve were 0.81 for CBF, 0.80 for plasma volume using MOLLI T1 mapping, and 0.71 for leakage-corrected relative CBV. A corre-
lation was found between CBF and leakage-corrected relative CBV (rs ¼ 0.54), volume transfer constant, and plasma volume
(0.50 , rs, 0.77) but not with uncorrected relative CBV (rs ¼ 0.20, P ¼ .29).

CONCLUSIONS: In the differentiation of tumor recurrence from radiation necrosis in a newly enhancing lesion, the diagnostic value
of arterial spin-labeling–derived CBF is similar to that of DSC and dynamic contrast-enhancement–derived blood volume.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; DCE ¼ dynamic contrast-enhanced; Ktrans ¼ volume transfer constant; MOLLI ¼
modified Look-Locker inversion recovery; pCASL ¼ pseudocontinuous pulse ASL; rCBV ¼ relative CBV (CBV lesion/CBV normal contralateral white matter); ROC ¼
receiver operating characteristic; SI ¼ signal intensity; SMART1Map ¼ saturation method using adaptive recovery times for cardiac T1 mapping; Vp ¼ plasma volume

In the monitoring of patients with high-grade gliomas treated
with standard chemoradiation, the presence of a newly enhanc-

ing lesion seen on MR imaging often represents a diagnostic

dilemma. While subjective radiologic assessment of MR imaging
contrast-enhancement patterns can be useful for differentiating
recurrence from treatment-related effects,1 there is evidence that
quantitative perfusion can improve diagnostic accuracy.2,3

DSC MR imaging is the most widely used perfusion technique
in clinical practice. There have been fewer reports on the diagnos-
tic accuracy of other perfusion techniques such as dynamic con-
trast-enhanced (DCE) MR imaging and arterial spin-labeling
(ASL) in differentiating tumor recurrence and treatment-related
effects.4-6 Unlike DSC and DCE techniques, ASL does not require
any contrast injection and can provide simple quantification of
CBF.7 While earlier applications of ASL on 1.5T clinical systems
had inadequate signal-to-noise, the increased availability of 3T
scanners has made the technique suitable for broader clinical
translation. Our hypothesis is that ASL can provide diagnostic
value similar to that of DSC MR imaging and DCE MR imaging

Received July 28, 2022; accepted after revision December 30.

From the Department of Radiology (T.B.N., N.Z., R.T.), Radiation Oncology and
Medical Physics, and Department of Pathology and Laboratory Medicine (J.W., G.J.),
The Ottawa Hospital, Ottawa, Ontario, Canada; University of Ottawa (T.B.N., N.Z.,
J.W., G.J., R.T.), Ottawa, Ontario, Canada; The Ottawa Hospital Research Institute
(T.B.N., J.W., G.J., R.T.), Ottawa, Ontario, Canada; Division of Neuroradiology (S.V.S.,
A.G.-C.), Department of Radiology, Hospital Universitario Fundación Santa Fe de
Bogotá, Bogotá, D.C., Colombia; Department of Anesthesiology and Pain Medicine
(M.A.G.), University of Toronto, Toronto, Ontario, Canada; Department of Medical
Physics (N.M.), Grand River Regional Cancer Centre, Kitchener, Ontario, Canada;
and Stanford University (G.O.C.), Stanford, California.

Grant support was provided by GE Healthcare for this researcher-initiated study.

Please address correspondence to Thanh B. Nguyen, MD, Department of
Radiology, The Ottawa Hospital, Civic Campus, 1053 Carling Ave, Room J1115,
Ottawa, ON, K1Y 4E9, Canada; e-mail: thnguyen@toh.ca

http://dx.doi.org/10.3174/ajnr.A7771

134 Nguyen Feb 2023 www.ajnr.org

 Published January 26, 2023 as 10.3174/ajnr.A7771

 Copyright 2023 by American Society of Neuroradiology.

https://orcid.org/0000-0001-8458-3351
https://orcid.org/0000-0002-9990-2420
https://orcid.org/0000-0002-1445-2572
https://orcid.org/0000-0003-1343-541X
https://orcid.org/0000-0002-7382-6343
https://orcid.org/0000-0002-4316-7666
https://orcid.org/0000-0001-5308-5106
https://orcid.org/0000-0003-2885-5345
https://orcid.org/0000-0003-1117-9678
mailto:thnguyen@toh.ca
http://dx.doi.org/10.3174/ajnr.A7771


in the characterization of a newly enhancing lesion seen in
patients with treated high-grade gliomas. Our primary objective
was to evaluate the diagnostic accuracy of ASL, DCE MR imag-
ing, and DSC MR imaging in the differentiation of recurrent tu-
mor from treatment-related changes in patients with treated
high-grade gliomas. A secondary objective was to compare differ-
ent methods of T1 mapping for DCEMR imaging.

MATERIALS AND METHODS
Study Population
This study was approved by the local ethics board (REB#20160425-
01H, The Ottawa Hospital). Written informed consent was
obtained from each patient enrolled in this study. Patients who pre-
sented with a newly enhancing lesion suspicious for a recurrent gli-
oma between December 2017 and November 2021 at our hospital
were prospectively enrolled. We included adult patients (18 years
of age or older) who developed a new parenchymal enhancing
lesion on follow-up MR imaging after receiving standard treat-
ment. Treatment was based on the Stupp Protocol and consisted
of surgical resection followed by standard radiation treatment
with concomitant temozolomide. Patients were excluded for the
following reasons: 1) a small enhancing lesion (measuring,1 cm
in maximal length); 2) patients who did not have a re-resection
and had incomplete radiologic or clinical follow-up following the
research MR imaging; 3) delay between MR imaging and the
operation (.65days); and 4) no perfusion imaging or the lesion
not covered on perfusion imaging.

Imaging Acquisition
Each patient was scanned on a 3T MR imaging scanner
(Discovery MR750W; GE Healthcare). The conventional MR
imaging protocol used axial T1 precontrast (TR ¼ 8.1ms, TE ¼
3ms, TI ¼ 450ms, flip angle ¼ 90°, voxel size ¼ 0.44� 0.44�
1mm); axial T2 FLAIR (TR ¼ 1000ms, TE ¼ 92ms, TI ¼
2651ms, flip angle =160°, voxel size ¼ 0.86� 0.86� 3mm); and
axial T1 postcontrast (TR ¼ 13ms, TE=2.9ms, flip angle ¼ 12°,
voxel size ¼ 1 � 1 � 1mm). Axial DWI was acquired (multiple
b-values from 10 to 1000 s/mm2, TR ¼ 5000ms, TE ¼ 98.9ms,
voxel size ¼ 0.94� 0.94 � 4.5mm). ADC maps were generated
in-line (on the scanner). Before gadolinium injection, ASL was
performed using pseudocontinuous pulse ASL (pCASL) with a
3D stack of fast spin-echo readout (TR ¼ 4588ms, TE ¼ 10.3ms,
flip angle¼ 111°, postlabeling delay¼ 2025ms, voxel size¼ 1.8�
1.8� 5mm, number of slices ¼ 16, number of excitations ¼ 3,
duration ¼ 4 minutes 13 seconds). Five background suppression
(inversion) pulses were used.

For both DCE MR imaging and DSC MR imaging, we used
intravenous injections of Gadovist 1.0 (Bayer Schering Pharma).
For DCE MR imaging, a fixed dose of 0.05mmol/kg of Gadovist
was injected at 2mL/s. For DSC MR imaging, a second dose of
gadolinium (0.05mmol/kg) was injected 10minutes after the first
injection at a rate of 4mL/s. DCE MR imaging was performed
using a 3D spoiled gradient-recalled sequence (TR ¼ 5.3ms,
TE ¼ 1.1ms, flip angle ¼ 25°, voxel size ¼ 1.9� 2.5 � 5mm, 80
phases, duration¼ 4 minutes 35 seconds). For DSC MR imaging,
we used a T2*-weighted EPI gradient recalled-echo sequence (TR
¼ 1275ms, TE ¼ 45ms, flip angle ¼ 90°, voxel size ¼ 1.8 �

1.8� 5mm, 50 phases, duration ¼ 2 minutes 8 seconds). Two
T1-mapping sequences were performed before and after contrast
injection for all patients except for the last 10: saturation method
by using adaptive recovery times for cardiac T1 mapping
(SMART1Map) (TR ¼ 4.1ms, TE ¼ 1.6ms, flip angle ¼ 20°,
voxel size=1.9 � 2.5� 5mm, duration ¼ 2 minutes 53 seconds)
and modified Look-Locker inversion recovery (MOLLI) (TR ¼
4.5ms, TE ¼ 1.6ms, flip angle ¼ 20°, voxel size ¼ 1.9 � 2.5�
5mm, duration¼ 2 minutes 53 seconds).8

Postprocessing of ASL Images
The perfusion-weighted images were produced in-line and were
quantified into CBF values via a single compartment model by
using the following equation:

CBF ASL ¼

6000� l
1� exp � ST sð Þ

T1t sð Þ
� �h i

exp PLD sð Þ
T1b sð Þ

� �

2T1b sð Þ 1� exp � LT sð Þ
T1b sð Þ

� �h i
« � NEX

PW
SF � PD

� �
:

For this equation, T1b is the T1 of blood and is assumed to be
1.6 seconds. The partial saturation of the reference image (PD) is
corrected for using a T1t of 1.2 seconds (typical of gray matter).
ST is saturation time and is set to 2 seconds. The partition coeffi-
cient l is set to the whole-brain average, 0.9. The efficiency, « , is
a combination of both inversion efficiency (0.8) and background
suppression efficiency (0.75), resulting in an overall efficiency of
0.6. PLD is the postlabeling delay. LT is the labeling duration set
to 1.5 seconds. PW is the perfusion-weighted or the raw differ-
ence image. SF is the scaling factor of the PW sequence. The CBF
is reported in milliliters/100 g/minute. NEX is the number of
excitations for PW images.

Postprocessing of DSC Images
DSC images were processed using singular value decomposition
and deconvolution as implemented in a commercially available
software package (Olea Sphere 3.0; Olea Medical). MR signal inten-
sity was converted to a T2* relaxation rate. An automated algorithm
selected the most suitable pixels for the vascular input function.
The signal intensity (SI) was converted to relative change in R2*
using the standard expression: delR2(t)¼ –ln[S(t) / So] / TE, where
S is the SI at time t; So, the baseline SI; and TE, the echo time.
Correction for leakage in CBV calculations was done using a pre-
injection of contrast agent from the DCE acquisition and linear
fitting to estimate the T1 contamination caused by extravasation
of contrast agent. Both uncorrected and corrected CBV maps
were generated.

Postprocessing of DCE Images
Three methods were used to process the DCE images: 1) without
T1 correction, 2) T1 correction with a SMART1Map acquisition,
and 3) T1 correction with MOLLI acquisitions. The extended
Tofts model was used in all cases. For all patients, DCE images
were processed directly in the software (Olea Sphere 3.0) to gener-
ate maps of plasma volume (Vp) and volume transfer constant
(Ktrans). The SI was converted to percentage change in signal in-
tensity (relSI) using the expression: relSI(t) ¼ 100 � [S(t)-So] / So,
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where S is the SI at time t and So is the baseline SI. The vascular
input function was selected from a small ROI placed in the supe-
rior sagittal sinus directly from the DCE images. Signal conversion
was set as SI to relSI(%). For patients who also had T1 mapping,
the SI-versus-time curve was converted to gadolinium-versus-
time using the T1 maps obtained before and after contrast from
either the SMART1Map or MOLLI acquisitions. This bookend T1
mapping has been described elsewhere.9 Vp and Ktrans were then
calculated for both T1-mapping techniques using the same Olea
Sphere software.

Image Interpretation
A senior neuroradiologist trained a senior neuroradiology fellow
on ROI placement and verified the technique. For each patient,

the fellow, who was blinded to the out-
come, drew an ROI over the largest solid
component of the newly enhancing
lesion using axial T1-weighted postcon-
trast images avoiding adjacent vessels
and cystic, necrotic, or hemorrhagic
areas. This ROI was coregistered on all
the other parametric maps. For the
uncorrected CBV and corrected CBV
maps, an additional ROI was placed in
the contralateral unaffected white mat-
ter to obtain a ratio (normalized value).
The mean value for each ROI on each
parametric map was recorded.

Reference Standard
For patients who underwent resection
of the newly enhancing lesions, a neu-
ropathologist blinded to the imaging
results assessed the presence and per-
centage of viable tumor and/or radia-
tion necrosis in the surgical specimens.
Visual assessment was performed under
� 4 high-power-field microscopy to
determine the approximate percentage
area of radiation necrosis or tumor
recurrence relative to the whole-tissue
area on all available slides. The follow-
ing criteria were used for the diagnosis
of radiation necrosis: the presence
of coagulative necrosis and hyalinized
vessels. For the diagnosis of recurrent
tumor, we used the following criteria:
the presence of increased cellularity and
nuclear pleomorphism. In lesions in
which there was a mixture of viable tu-
mor and radiation necrosis, a lesion
was categorized as tumor recurrence if
the percentage of viable tumor was
higher than the percentage of radiation
necrosis.

For patients who did not undergo
an operation, clinical and radiologic

follow-up following the research MR imaging was used to clas-
sify the lesion as radiation necrosis or tumor recurrence. Two
neuroradiologists, blinded to the perfusion analysis, assessed
the change in the morphology and size of the enhancing lesion
on the follow-up MR imaging using conventional and diffu-
sion-weighted sequences. The presence of a centrally restricted
diffusion pattern in an enhancing lesion was found to be associ-
ated with a treatment-related effect.10 Thus, our criteria for tu-
mor recurrence were the following: 1) presence of a nodular or
solid component that progressively increases in size with time;
and 2) absence of restricted diffusion in the central area of ne-
crosis on visual assessment of the b ¼ 1000 images and the
ADC map. Criteria for radiation necrosis were the following: 1)
a peripheral rim of enhancement that remains stable or

FIG 1. Flow chart of patients included and excluded in the study. Among the 26 patients included in
the study, 6 patients had 2 lesions, 2 patients had 1 lesion with tumor recurrence (TR) and 1 lesion
with radiation necrosis (RN), both confirmed with clinical/radiologic follow-up; 1 patient with 2
lesions with RN confirmed with surgery; 1 patient had 1 lesion with TR and 1 lesion with RN confirmed
with surgery; 1 patient with 1 lesion with TR confirmed by surgery and 1 lesion with RN confirmed
with clinical/radiology follow-up; 1 patient had 1 lesion with TR confirmed with surgery and 1 lesion
with TR confirmed with clinical/radiologic follow-up.
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decreases in size, or 2) the presence of a central area of restricted
diffusion on visual assessment of the b ¼ 1000 images and the
ADC map. The 2 neuroradiologists agreed on the classification
of 12 of 14 lesions. Consensus reading was obtained for the
remaining 2 lesions.

Statistical Analysis
For each lesion, the spatial coefficient of variation for each perfu-
sion parameter was calculated as the SD of the parameter divided
by the mean value of the parameter within the tumor ROI.11

For certain continuous clinical variables (such as age and du-
ration between MR imaging and the operation) and for each
perfusion parameter, differences between the 2 patient groups
were assessed via Mann-Whitney U tests. While P values, a ¼
.05 were considered statistically significant, a stepwise Holm
Bonferroni procedure was applied to minimize the potential
for type I errors due to multiple comparisons.12 Associations
between variables were investigated using the Spearman coeffi-
cients of rank correlation. Associations with coefficients of.0.8
were considered very strong; between 0.60 and 0.79, strong;
between 0.40 and 0.59, moderate; and,0.39, weak. Receiver op-
erator characteristic (ROC) curves were constructed for each
variable and the area under each ROC was evaluated. Both the
standard error of the area under each ROC curve and compari-
sons between areas under each ROC curve were evaluated using
the method of DeLong et al.13 All data were analyzed using
MedCalc (Version 12; MedCalc Software).

RESULTS
There were 52 patients who were prospectively enrolled in this
study. We excluded the following patients: one patient had a re-
currence but did not have prior radiation (n ¼ 1); 2 patients had
reresection.3months after the MR imaging (n ¼ 2); 11 patients

had a newly enhancing lesion measuring ,1 cm in maximal
length (n¼ 11); 9 patients did not have reresection and had short
clinical and radiologic follow-up of,3months duration (n ¼ 9);
and 3 patients were missing one of the perfusion imaging sequen-
ces (n¼ 1) or had perfusion imaging that did not cover the lesion
(n ¼ 2) (Fig 1). The clinical and demographic information for
these 26 patients is listed in Table 1. In the final analysis, there
were 32 lesions, with 6 patients having 2 lesions. Histopathology
was obtained for 18 lesions with 13 lesions categorized as tumor
recurrence (7 lesions with mixed pathology but a higher propor-
tion of tumor and 6 lesions with only tumor) and 5 lesions cate-
gorized as radiation necrosis (3 lesions with mixed pathology but
a higher proportion of radiation necrosis and 2 lesions with pure
radiation necrosis). Clinical and radiologic follow-up was used to
assess the outcome of 14 lesions (6 tumor recurrence, 8 radiation
necrosis).

The mean area for the lesion ROI was 350.1 (SD, 263.6) mm2.
The mean area for the contralateral normal white matter was
34 (SD, 6.7) mm2. For the 32 lesions, the mean spatial coefficient
of variation for the ASL_perfusion-weighted values was 27.4%,
which was lower than those derived from Vp_MOLLI (57.6%),
Vp_SMART (60%), Vp_SI (53.8%), CBV (90.2%), and corrected
CBV (70%).

For ASL perfusion imaging, the median CBF value was lower
for patients with radiation necrosis (24.1mL/100 g/min; 95% CI,
17.8–38.3mL/100 g/min) compared with those with tumor recur-
rence (36.0mL/100 g/min; 95% CI, 33.9–62.2mL/100 g/min)
(Table 2). For DSC perfusion imaging, the median corrected rela-
tive CBV (rCBV) was also lower for patients with radiation
necrosis (1.24; 95% CI, 0.83–2.89) compared with patients with
tumor recurrence (2.50; 95% CI, 1.60–3.15). There was a trend to-
ward lower median uncorrected rCBV for patients with radiation
necrosis (1.81; 95% CI, 1.55–3.18) compared with patients with

Table 1: Clinical and characteristics of patient populationa

Radiation Necrosis Tumor Recurrence P Value
Median age (yr) (95% CI) 54 (44–63.2) 59 (50.9–65.3) .34
Female/male 13% (1/12) 21% (4/15) .35
Initial tumor grade: grade 3, grade 4 0, 13 4, 15 .098
Median duration from radiation treatment to study MR imaging (days), (95% CI) 179 (142–462) 275 (191–915) .066
% Lesions with reresection 30% (5/13) 68% (13/19) .27
Median duration from imaging to reresection (days) (95% CI) 20 15 (13.5–26) .96
Median Karfnosky score (range) 80 (75.3–90) 80 (70–90) .43

a Patients with 2 lesions are entered as 2 separate entries for the purpose of this table.

Table 2: Comparison of perfusion parameters for lesions diagnosed as tumor recurrence versus radiation necrosis

Radiation Necrosis Tumor Recurrence

No. Median 95% CI No. Median 95% CI P Value
CBF_ASL (mL/100 g/min) 13 24.1 17.8–38.3 19 36.0 33.9–62.2 .003a

rCBV 13 1.81 1.55–3.18 19 3.69 2.02–5.03 .058
Corrected rCBV 13 1.24 0.83–2.89 19 2.50 1.60–3.15 .048
Ktrans_SI (min�1) 13 0.013 0.0062–0.039 19 0.019 0.011–0.048 .28
Vp_SI 13 0.16 0.12–0.29 19 0.27 0.21–0.39 .063
Ktrans_MOLLI (min�1) 11 0.052 0.024–0.094 14 0.055 0.047–0.11 .44
Vp_MOLLI 11 0.17 0.13–0.28 14 0.28 0.20–0.41 .012
Ktrans_SMART (min�1) 11 0.042 0.020–0.075 14 0.046 0.037–0.071 .48
Vp_SMART 11 0.12 0.082–0.23 14 0.21 0.15–0.33 .080

a Significance following Holm Bonferroni correction.

AJNR Am J Neuroradiol 44:134–42 Feb 2023 www.ajnr.org 137



tumor recurrence (3.69; 95% CI, 2.02–5.03) (P ¼ .058). For DCE
imaging, Vp_SI and Ktrans_SI (derived from percentage change in
signal intensity without T1 mapping) were not statistically signifi-
cantly different between the 2 groups (P ¼ .063 and P ¼ .28,
respectively, Table 2). For the subgroup of patients who under-
went T1 mapping with either MOLLI or SMART1Map sequences,
exploratory analysis of 25 lesions (11 radiation necrosis and 14
tumor recurrence) revealed that Vp_MOLLI (derived from
MOLLI T1 mapping) was lower for radiation necrosis than for
tumor recurrence (0.17; 95% CI, 0.13–0.28 versus 0.28; 95% CI,
0.20–0.41). Vp_SMART (derived from SMART1Map mapping),
Ktrans_SMART, and Ktrans_MOLLI were not statistically significant
between the 2 groups (P¼ .08, P¼ .48, and P¼ .44, respectively).
Following the Holm Bonferroni stepwise correction for multiple
comparisons (n ¼ 9), CBF_ASL was the only perfusion parameter
that remained statistically significantly different between the 2
groups (P, .0055).

The correlation between CBF_ASL and Vp_MOLLI was very
strong (rs ¼ 0.77, P, .001, Table 3). Correlations between
CBF_ASL and other DCE parameters (Ktrans_MOLLI, Ktrans_SI,

Ktrans_SMART, Vp_SI, and Vp_SMART) were moderate-to-
strong (rs between 0.50 and 0.66, P# .004). There was a moderate
correlation between CBF_ASL and the corrected CBV ratio (rs ¼
0.54, P ¼ .001). Only a weak and insignificant correlation was
found between CBF_ASL and the uncorrected CBV ratio
(rs¼ 0.20, P¼ .29).

In the differentiation between radiation necrosis and tumor
recurrence, the diagnostic accuracy for CBF_ASL was good
(AUC¼ 0.81; 95% CI, 0.64–0.98, Table 4). By means of the crite-
rion of CBF. 30mL/100 g/min, sensitivity was 0.84 (95% CI,
0.62–0.97) and specificity was 0.77 (95% CI, 0.46–0.95). Among
the three lesions which were misclassified as false negatives with
ASL, one case was likely due to ineffective labeling, because the
CBF was lower in the entire right cerebral hemisphere compared
with the left (Fig 2).

Compared with ASL-derived CBF, the diagnostic accuracies
for uncorrected rCBV (AUC¼ 0.70; 95% CI, 0.52 –0.89) and cor-
rected rCBV (AUC ¼ 0.71; 95% CI, 0.51–0.90, Table 4) were
slightly lower, though these differences did not reach statistical
significance (P ¼ .4 and P ¼ .30, respectively). By means of the

Table 3: Correlogram between different perfusion parameters using the Spearman rank correlation coefficienta

0.195 0.542 0.503 0.581 0.633 0.769 0.655 0.593

0.195 0.478 0.061 0.225 0.088 0.078 0.128 0.081

0.542 0.478 0.286 0.552 0.441 0.642 0.476 0.549

0.503 0.061 0.286 0.784 0.829 0.594 0.788 0.394

0.581 0.225 0.552 0.784 0.523 0.728 0.531 0.618

0.633 0.088 0.441 0.829 0.523 0.636 0.981 0.506

0.769 0.078 0.642 0.594 0.728 0.636 0.653 0.766

0.655 0.128 0.476 0.788 0.531 0.981 0.653 0.595

0.593 0.476 0.549 0.394 0.618 0.506 0.766 0.595
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a Color coding is red for a very strong correlation (rs .0.8); orange for a strong correlation (0.6 # rs # 0.79), yellow for a moderate correlation (0.4 # rs # 0.59), and
green for a weak correlation (rs ,0.4).
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criterion of rCBV. 2.43, sensitivity was 0.69 (95% CI, 0.43–0.87)
and specificity was 0.77 (95% CI, 0.46– 0.95). By means of the cri-
terion of corrected rCBV. 1.54, sensitivity was 0.79 (95% CI,
0.54–0.94) and specificity was 0.69 (95% CI, 0.39–0.91). Among
the 4 patients with false-negative findings, 1 patient had a right
temporal lesion that was obscured by susceptibility artifacts on

the CBV map from DSC but was correctly identified on the CBF
map from ASL and DCEMR imaging (Fig 3).

For patients who underwent DCE imaging with T1 mapping,
Vp derived from MOLLI had the best diagnostic accuracy
(AUC ¼ 0.80; 95% CI, 0.62–0.98), which was statistically higher
than that of Ktrans_MOLLI (AUC ¼ 0.59; 95% CI, 0.36–0.82)

Table 4: Diagnostic accuracy of various parameters in the differentiation between tumor recurrence and radiation necrosis for all
lesions (n = 32 lesions) and for subgroup analysis of patients with DCE T1 mapping (n = 25 lesions)a

Parameters No. AUC (95% CI) P Value Optimal Threshold Sensitivity (%) Specificity (%)
ASL_CBF 32 0.81 (0.63–0.93) ,.001 .30mL/100 g/min 84 (60–97) 77 (46–95)
rCBV 32 0.70 (0.52–0.89) .033 .2.43 69 (43–87) 77 (46–95)
Corrected rCBV 32 0.71 (0.51–0.90) .037 .1.54 79 (54–94) 69 (39–91)
Ktrans_SI 32 0.61 (0.41–0.82) .27 .0.0093 (min-1) 84 (60–97) 46 (19–75)
Vp_SI 32 0.69 (0.51–0.88) .038 .0.18 79 (54–94) 62 (32–86)
Ktrans_SI 25 0.66 (0.43–0.88) .17 .0.0092 (min-1) 86 (57–98) 55 (23–83)
Vp_SI 25 0.68 (0.46–0.90) .10 .0.18 79 (49–95) 64 (31–89)
Ktrans_MOLLI 25 0.59 (0.36-0.82) .44 .0.045 (min-1) 78 (49–95) 45 (17–77)
Vp_MOLLI 25 0.80 (0.62–0.98) ,.001 .0.19 86 (57–98) 63 (31–89)
Ktrans_SMART 25 0.58 (0.34–0.83) .49 .0.024 (min-1) 92 (66–1) 27 (6–61)
Vp_SMART 25 0.71 (0.49–0.88) .057 .0.12 93 (66-1) 54 (23–83)

a Statistics are listed with their 95% CI.

FIG 2. Sample of a case of recurrent glioblastoma multiforme with a false-negative ASL study due to probable ineffective labeling. Patient had
a history of a right frontal grade IV glioma and had undergone resection and chemoradiation 3 years earlier. A, Axial T1-weighted image shows a
newly enhancing lesion in the right anterior thalamus. B, ASL-derived CBF reveals a low CBF value in the enhancing lesion (arrow). The CBF in the
right hemispheric cortex is lower than on the left side, presumably due to ineffective labeling from dental hardware. DSC MR imaging demon-
strates a high, uncorrected rCBV value (C) and leakage-corrected rCBV value (D) at the rim of the enhancing lesion (arrow). DCE MR imaging
using MOLLI T1 mapping shows high Vp (E) and Ktrans (F) values in the lesion (arrows). Pathology confirmed glioblastoma recurrence.
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and Ktrans_SMART (AUC ¼ 0.58; 95% CI, 0.34–0.83) (P ¼ .04
and P ¼ .035, respectively). The diagnostic accuracy of Vp_SI
(AUC ¼ 0.68; 95% CI, 0.46–0.90), Vp_SMART (AUC ¼ 0.71;
95% CI, 0.49–0.88), and Ktrans_SI (AUC ¼ 0.66; 95% CI, 0.43–
0.88) was lower than that for Vp_MOLLI, though this did not
reach statistical significance (P. .05). Using a criterion of
Vp_MOLLI. 0.19, sensitivity was 0.86 (95% CI, 0.57–0.98) and
specificity was 0.63 (95% CI, 0.31–0.89).

DISCUSSION
The results of this prospective study suggest that ASL-derived
CBF measurements offer a degree of accuracy similar to that of
DSC-derived CBV measurements in differentiating tumor recur-
rence and radiation necrosis. Our results are in line with those of
prior studies published in the literature. A meta-analysis by
Wang et al3 revealed a pooled sensitivity of 79% and specificity of
78% for ASL. Two other studies not included in that meta-analy-
sis reported sensitivities of 92% and 100% and specificities of 93%
and 88%.14,15 Manning et al14 reported that 6 lesions located near
the skull base were correctly identified by ASL but were misclassi-
fied by DSC MR imaging because of susceptibility artifacts. We

had 1 such patient in our study in whom the tumor was misclassi-
fied by DSC because of susceptibility artifacts due to the temporal
bone but was correctly identified by ASL. However, ASL perfusion
might also be affected by susceptibility artifacts at the skull base or
in the neck, which can cause poor labeling. There was 1 patient
with a thalamic lesion that was misclassified on ASL due to proba-
ble poor labeling but correctly identified on CBV derived from
DSC. Thus, differences in the reported diagnostic accuracy of ASL
and DSC imaging in the literature might be influenced by the inclu-
sion or exclusion of cases with susceptibility artifacts in the study.
Use of ASL perfusion has many advantages in the clinical work-
flow: absence of gadolinium injection, reasonable acquisition time
(,5 minutes), relative standardization of the acquisition methods,
and minimal postprocessing time. A consensus article by the
International Society of Magnetic Resonance in Medicine perfusion
study group and the European Consortium for ASL in Dementia
recommended the use of a 3D multiecho segmented readout
scheme with the pCASL labeling method on a 3T MR imaging
scanner. CBF maps are usually calculated directly from the MR
imaging console without the need for additional off-line postpro-
cessing and are immediately sent to the PACS for clinical review.

FIG 3. Example of a case of recurrent glioblastoma multiforme with a false-negative DSC study due to susceptibility artifacts. A, Axial T1-
weighted image shows a newly enhancing lesion in the right mesial temporal lobe. B, ASL-derived CBF map demonstrates a marked increase in
CBF in the lesion (arrow). C, Corrected CBV map is unreliable in the tumoral region due to susceptibility artifacts (arrow). DCE MR imaging per-
formed without T1 mapping reveals high Vp (D) and Ktrans (E) values in the lesion (arrow), which correlate with the high CBF value.
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In the differentiation between tumor recurrence and radiation
necrosis using DCE imaging, we have found that plasma volume
was more accurate than Ktrans. A systematic review and meta-
analysis found that Ktrans had a pooled sensitivity of 0.75 and
specificity of 0.79 in the diagnosis of tumor recurrence versus
treatment-related changes.16 However, some authors have
reported lower sensitivities for Ktrans (0.62 and 0.51, respectively),
which are in agreement with our study.17,18 Bolcaen et al19 found
higher wash-in and washout rates on the dynamic contrast-
enhancement curves in rats with glioblastoma versus those with
radiation necrosis, but no difference in Ktrans was found between
the 2 groups. They believed that Ktrans measurements in their
study could have been biased because the commercial software
performed a voxel-by-voxel analysis for each parameter, which
can introduce more noise than performing the calculation on a
number of pixels inside a specific ROI.

Our study suggests that the diagnostic accuracy of Vp in the
differentiation of glioma recurrence from radiation necrosis can
be improved with the use of a T1-mapping technique, such as the
Look Locker method, compared with a method that does not use any
T1 mapping. Current recommendations by Quantitative Imaging
Biomarkers MRI Biomarker Committee suggest the use of a vari-
able flip angle technique for T1 mapping, which is more readily
available than the MOLLI sequence. However, the MOLLI tech-
nique might offer higher reproducibility than the variable flip
angle technique.20 Alternatively, a model-independent analysis
based on the integration of the signal intensity curve across time
as proposed by Hamilton et al21 could provide diagnostic accuracy
similar to that of more complex model-dependent analysis, which
requires T1 mapping.

A major limitation of our study is the small sample size, which
might not have allowed us to detect a statistical difference in the
diagnostic accuracy between ASL and DSC/DCE imaging. A sec-
ond limitation is the lack of direct spatial correlation between the
ROI measurements on perfusion maps with histopathologic find-
ings. There is a risk of misclassification because the ROI might
not match the resected area. In our study, we tried to mitigate
this risk by obtaining an ROI over the entire enhancing lesion
rather than a small hot-spot ROI within the enhancing lesion
because most of the enhancing lesion was usually resected at sur-
gery and sent to pathology at our institution.

CONCLUSIONS
In patients with high-grade gliomas who developed a newly
enhancing lesion following standard chemoradiation treatment,
the accuracy of ASL-derived CBF is similar to that of DSC and
DCE-derived blood volume for the differentiation of tumor re-
currence from radiation necrosis.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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