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ABSTRACT

BACKGROUND AND PURPOSE: Differentiation between tumor and radiation necrosis in patients with brain metastases treated with
stereotactic radiosurgery is challenging. We hypothesized that MR perfusion and metabolic metrics can differentiate radiation ne-
crosis from progressive tumor in this setting.

MATERIALS AND METHODS: We retrospectively evaluated MRIs comprising DSC, dynamic contrast-enhanced, and arterial spin-
labeling perfusion imaging in subjects with brain metastases previously treated with stereotactic radiosurgery. For each lesion, we
obtained the mean normalized and standardized relative CBV and fractional tumor burden, volume transfer constant, and normal-
ized maximum CBF, as well as the maximum standardized uptake value in a subset of subjects who underwent FDG-PET. Relative
CBV thresholds of 1 and 1.75 were used to define low and high fractional tumor burden.

RESULTS: Thirty subjects with 37 lesions (20 radiation necrosis, 17 tumor) were included. Compared with radiation necrosis, tumor
had increased mean normalized and standardized relative CBV (P = .002) and high fractional tumor burden (normalized, P = .005;
standardized, P = .003) and decreased low fractional tumor burden (normalized, P = .03; standardized, P = .01). The area under the
curve showed that relative CBV (normalized = 0.80; standardized = 0.79) and high fractional tumor burden (normalized = 0.77;
standardized = 0.78) performed the best to discriminate tumor and radiation necrosis. For tumor prediction, the normalized relative
CBV cutoff of $1.75 yielded a sensitivity of 76.5% and specificity of 70.0%, while the standardized cutoff of $1.75 yielded a sensi-
tivity of 41.2% and specificity of 95.0%. No significance was found with the volume transfer constant, normalized CBF, and standar-
dized uptake value.

CONCLUSIONS: Increased relative CBV and high fractional tumor burden (defined by a threshold relative CBV of $1.75) best differ-
entiated tumor from radiation necrosis in subjects with brain metastases treated with stereotactic radiosurgery. Performance of
normalized and standardized approaches was similar.

ABBREVIATIONS: ASL ¼ arterial spin-labeling; AUC ¼ area under the curve; DCE ¼ dynamic contrast-enhanced; FTB ¼ fractional tumor burden; Ktrans ¼ vol-
ume transfer constant; max ¼ maximum; nCBF ¼ normalized CBF; nRCBV ¼ normalized relative CBV; RCBV ¼ relative CBV; RN ¼ radiation necrosis; sRCBV ¼
standardized relative CBV; SRS ¼ stereotactic radiosurgery; SUV ¼ standardized uptake value

Perfusion and metabolic imaging markers such as relative CBV
(RCBV) acquired with DSC, volume transfer constant (Ktrans)

acquired with dynamic contrast-enhanced (DCE) imaging, CBF
acquired with arterial spin-labeling (ASL), and standardized
uptake value (SUV) acquired with [18F] FDG-PET have been
investigated to overcome the diagnostic challenge of differentiat-
ing progressive tumor and radiation necrosis (RN) in the post-
treatment brain tumor setting.1-3 A relatively newly described
DSC-derived metric, fractional tumor burden (FTB), which is
defined as the volume fraction of contrast-enhancing voxels
above or below a defined RCBV threshold, has also shown
increasing potential for spatial discrimination of tumor and treat-
ment effect.2

Single quantitative perfusion values (such as mean, median, or
maximum RCBV) may not accurately reflect the spatial heteroge-
neity of tumor. FTB, however, can provide per-voxel assessment
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of the entire contrast-enhancing lesion volume. While a previous
study used 1 RCBV threshold in the evaluation of tumor,3 we
have recently shown, in a study of recurrent glioblastoma, that 2
normalized RCBV thresholds (1 and 1.75) can classify voxels into
low- and high-FTB classes, which define fractions of the contrast-
enhancing volume with low and high blood volume, respectively,
and can help differentiate treatment necrosis from tumor as well
as guide clinical decision-making.4 Therefore, FTB maps allow
spatial representation of areas of suspected tumor and treatment
effect, because both can coexist in various proportions within a
given lesion.2,3 Standardization of RCBV, which uses a method to
transform RCBV maps to a standardized intensity scale without
the need for operator-defined reference ROIs (potentially mini-
mizing variability in the acquisition of RCBV measurements),5

has also shown performance similar to that of normalized RCBV
in distinguishing tumor from treatment effect.6

In this study, we evaluated the utility of DSC-derived FTB in
patients with brain metastases after previous treatment with stero-
tactic radiosurgery (SRS). We hypothesized that the use of 2 RCBV
thresholds (using normalized and standardized approaches) to
define low and high FTB, as in our prior study of recurrent glio-
blastoma,4 could be effective in distinguishing progressive tumor
from RN in previously treated brain metastases. In this study,
RCBV refers to either normalized or standardized RCBV, while
nRCBV and sRBV refer specifically to normalized and standar-
dized RCBV, respectively. A secondary goal was to evaluate the
performance of metrics derived from other perfusion and meta-
bolic techniques, including DCE, ASL, and FDG-PET.

MATERIALS AND METHODS
Subjects
This retrospective study was approved by Stanford University’s
institutional review board. Through a key word search of our
PACS database, we identified subjects with brain metastases pre-
viously treated with SRS between May 2018 to October 2020.
Inclusion criteria were the following: 18 years of age or older, his-
tory of brain metastases previously treated with SRS, and post-
treatment perfusion MR imaging showing at least 1 suspicious
contrast-enhancing lesion (defined by interval growth post-SRS),
with the longest lesion diameter measuring$10mm. Subjects
were excluded if they had nonenhancing lesions, extensive sus-
ceptibility related to blood or surgical material (obscuring .50%
of the target lesion) on raw precontrast DSC images, a histopa-
thologic diagnosis of lymphoma or a primary brain tumor such
as glioma, or if a clinical assessment of the lesion ground truth
could not be established at the time of the study. In a subset of
patients who had PET-MR imaging, evaluation of the presence of
metabolic activity was performed. Clinical demographics, histo-
pathologic information, and treatment history were obtained
through the electronic medical record.

Imaging Acquisition
MRIs were performed on 3T scanners (Discovery MR750 or Signa
Architect, GE Healthcare, n=28; Magnetom Skyra, Siemens, n=2).
Most imaging was acquired as part of the RN protocol of our insti-
tution, which consisted of the following sequences (in order of ac-
quisition): pregadolinium 3D T1-weighted inversion recovery fast-

spoiled gradient recalled, ASL, DCE, T2-weighted, DSC, and post-
gadolinium 3D T1 inversion recovery fast-spoiled gradient recalled.

ASL imaging (TR/TE = 4000 /10ms, in-plane spatial resolu-
tion = 3mm, section thickness = 4mm, skip = 0mm, with the
labeling plane at the level of the foramen magnum) was performed
with a 3D background-suppressed fast spin-echo technique with-
out vascular suppression using a pseudocontinuous labeling time
of 1.5 seconds, followed by a 2-second postlabeling delay.

DCE imaging consisted of 5 axial 3D fast-spoiled gradient
recalled flip angle series (2°, 5°, 10°, 15°, and 20°) used for T1 map-
ping, followed by acquisition of the dynamic images (TR/TE = 3–5/
1–2ms, flip angle = 30°, section thickness = 3mm with 0-mm skip,
FOV = 240mm, matrix = 128 � 128 mm, 70 phases, 20 slices/
phase, 4 seconds/phase) obtained after the intravenous injection of
0.05mmol/kg of gadobenate dimeglumine (MultiHance; Bracco
Diagnostics). This initial contrast load served as a preload dose to
help correct for leakage effects in subsequent DSC imaging.
Following DCE and T2-weighted acquisitions, a second 0.05-
mmol/kg gadolinium dose was administered for DSC (TR/TE =
1800 /35–40ms, section thickness = 5mm with 0mm skip with 20
images covering the brain, flip angle = 60°, matrix = 128 �
128mm, FOV = 240mm). If DCE was not acquired, a dose of
0.05mmol/kg of gadolinium was still administered as a preload
dose before T2-weighted and DSC imaging.

A subset of subjects underwent FDG-PET imaging on a 3T
PET-MRI scanner (Signa) using TOF capability, following an in-
travenous injection of 5–6mCi of [18F] FDG. The time from
injection to imaging was 45–75minutes. Attenuation correction
was performed with zero TE MRI, using proton density differen-
ces to classify soft tissues, air, and bone in the head. While PET
data were acquired, axial 3D T1 spoiled gradient-recalled images
were acquired for PET attenuation correction, with generation of
in-phase, out-of-phase, fat, and water images using the Dixon
method. In addition, axial proton density–weighted zero TE
images (TR/TE = 400/0.02ms, FOV = 264mm, matrix = 110 �
110mm, section thickness = 2.4mm with 0-mm skip) were
acquired.

Image Processing and Analysis
A second-year neuroradiology fellow (F.K.) performed all image
segmentation and ROI placement. All ROIs were reviewed, con-
firmed, and adjusted (if necessary) by a board-certified neurora-
diologist with 10 years of brain tumor imaging interpretation and
segmentation experience (M.I.). Each lesion was analyzed sepa-
rately in subjects with.1 lesion.

DSC Processing and Analysis
We used a workstation equipped with OsiriX MD Imaging
Software (Version 7.0; http://www.osirix-viewer.com) and a FDA-
cleared plug-in (IB Neuro, Version 2.0; Imaging Biometrics),
which uses established leakage-correction methods, to process per-
fusion data and calculate RCBV and FTB.2,3,7,8 For semiautomated
image processing, we used IB Rad Tech (Version 2.0; Imaging
Biometrics), a workflow engine that generates quantitative D T1
and FTB maps from the IB Delta Suite (Version 2.0; Imaging
Biometrics) and IB Neuro plug-ins (Imaging Biometrics), accord-
ing to a previously described workflow.4,8 Normalization was
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performed relative to the contralateral normal-appearing white
matter. Standardization was built into the software algorithm and
did not require additional operator-defined input. For each
approach, we used 2 previously tested RCBV thresholds (1 and
1.75) to define 3 FTB classes: FTBlow, percentage of contrast-
enhancing voxels with RCBV of#1.0; FTBmid, percentage of vox-
els with RCBV between 1.0 and 1.75; and FTBhigh, percentage of
voxels with RCBV of$1.75. An sRCBV of 1.56 was also evaluated
as a threshold for tumor, given a prior report of this value indicat-
ing .88% probability of tumor.3,9 Percentage values from the 3
FTB classes were summed to 100%. Mean nRCBV and sRCBV val-
ues of the contrast-enhanced volumes were generated for each sub-
ject. Contrast-enhanced T1-weighted images of the lesion
superimposed on the FTB map containing assigned colored voxels
for each class (FTBlow = blue; FTBmid = yellow; FTBhigh = red) and
a histogram displaying voxels for the contrast-enhancing volume
were also generated.

DCE Processing and Analysis
We used OsiriX MD (Version 7.0) and a commercially available
plug-in for DCE analysis (IB DCE, Version 2.0; Imaging
Biometrics). Using the semiautomated pipeline of the software,
which includes automated generation of the vascular input func-
tion, operator-defined segmentation of the entire contrast-
enhancing volume on contiguous dynamic contrast-enhanced
T1-weighted images, and pharmacokinetic modeling using the 2-
compartment Tofts model, we acquired mean Ktrans values of the
contrast-enhancing lesion volume.

ASL and PET Processing and Analysis
Postprocessed ASL imaging was performed by an automated
reconstruction script that sent CBF images directly to the PACS.

PET images were reconstructed using TOF ordered subsets ex-
pectation maximization (32 subsets, 8 iterations, 256 � 256mm
matrix, standard z-axis filter, cutoff of 3) and zero TEMRI.

Analysis was performed by manually drawing an ROI around
the margin of each enhancing lesion on a single image section
that contained the area of maximum enhancement (excluding as

much cystic or necrotic areas as possible) on axial postgadoli-
nium, T1-weighted imaging using OsiriX MD (Version 7.0). The
ROI was then transferred to coregistered and postprocessed ASL
images to obtain the maximum CBF value and coregistered MRI-
based attenuation-corrected FDG-PET images calculated from
the PET 45- to 75-minute summed raw data to obtain the maxi-
mum standardized uptake value (SUVmax). Studies have shown
that SUVmax is a more reliable and accurate parameter for quanti-
fication.10 SUVmax ratios were then produced by normalizing the
SUV maps to the pons, which was chosen as a reference area
because its metabolism and volume are least affected by disease.11

For consistency, the CBFmax of the lesion was also used for ASL,
similar to use in prior studies of quantification,12 and normalized
to the pons to obtain the maximum normalized CBF value
(nCBF).

Determination of Ground Truth Diagnoses
The diagnosis of tumor was based on fulfilling one of the following
criteria: 1) final histopathologic diagnosis in the electronic medical
record if the patient underwent resection (n=6); 2) clinical deter-
mination by a radiation oncologist (S.S. and E.L.P.) of a tumor-
progression diagnosis and need for further treatment (ie, repeat
SRS or whole-brain radiation therapy or a CNS-penetrating sys-
temic agent) (n=3); and 3) a decreased contrast-enhancing size of
the lesion after repeat SRS, performed after the study perfusion
MR imaging (n=8). The diagnosis of RN was based on fulfilling
one of the following criteria: 1) final histopathologic diagnosis in
the electronic medical record if the patient underwent resection
(n=7); and 2) clinical determination by a radiation oncologist (S.S.
and E.L.P.) of an RN diagnosis without the need for further treat-
ment (ie, the lesion became smaller on serial MR imaging without
tumor-directed therapy, n=13).

For FTB-histopathology correlation, a neuropathologist with
.25 years of experience (D.E.B.) evaluated H&E stains of all sub-
mitted specimens (mean, 2; range, 1–5) in each subject who had
undergone surgical resection. Percentages of tumor and necrosis/
gliosis were visually estimated in each specimen. In subjects with

Table 1: Demographics and clinical information

RN (n = 20 Lesions) Tumor (n = 17 Lesions)
Age (mean) (SD) (yr)a 65 (8.9) 54 (12.8)
Sex (male/female)a 9:8 3:10
Primary tumorb

Lung 10 (50.0%) 3 (17.6%)
Breast 5 (25.0%) 9 (52.9%)
Melanoma 2 (10.0%) 0
Colorectal 2 (10.0%) 0
Tonsillar 1 (5.0%) 0
Sinonasal 0 3 (17.6%)
Ovarian 0 2 (11.8%)

Surgical resection for determination of histopathologic ground truth diagnosisb 7 (35.0%) 6 (35.2%)
Interval time between end of radiation and first MR imaging (median) (range) (mo) 24.9 (4–109) 16.3 (3–41)
Interval time between end of radiation and PET-MR imaging (median) (range) (mo)c 27.9 (14–117) 12.4 (6–37)
Total radiation dosage (mean) (SD) (Gy) 24.5 (4.2) 22.8 (3.1)

a Thirty subjects who had a total of 37 lesions (n = 20 RN; n = 17 tumor) were included in age and sex analyses.
b Percentages for primary tumor type and surgical resection are relative to the total number of lesions within each column.
c Subset of 17 subjects who had a total of 20 lesions (n = 8 RN, n = 12 tumor) who underwent PET-MRI.
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.1 specimen, percentages of tumor and necrosis/gliosis were
obtained by taking the average across all submitted specimens.

Statistical Analyses
Descriptive statistics were used to report demographics, clini-
cal information, and perfusion metrics. We used the non-
parametric Mann-Whitney test to compare nRCBV and
sRCBV, FTB (using nRCBV and sRCBV threshold values of 1
and 1.75), nCBF, Ktrans, SUV, and D T1 between the tumor and
RN groups. The performance of each of these metrics to distin-
guish tumor from RN was evaluated with the area under the curve
(AUC). Sensitivity, specificity, positive predictive value, and nega-
tive predictive value were determined for all tumor RCBV thresh-
olds used in the study with MedCalc (Version 20.013; MedCalc
Software). A Spearman r correlation was used to compare each
FTB class with the percentages of tumor burden and necrosis/glio-
sis (RN) determined by histopathologic examination. P, .05 was
considered statistically significant for all analyses. Statistical analy-
ses and figures were conducted and created with GraphPad Prism
software (Version 9.2.0; GraphPad Software).

RESULTS
Subjects
A total of 39 subjects were initially identi-
fied. Subjects were excluded if they had
nonenhancing lesions (n=3), extensive
susceptibility on raw DSC images (n=2),
and a histopathologic diagnosis of lym-
phoma or other primary brain tumors
(n=3). One subject was excluded
because a clinical assessment of the lesion
ground truth could not be made at the
time of the study (n =1). After assess-
ment of eligibility, 30 subjects with a
total of 37 brain metastases (n=20 RN,
n=17 tumor) were included in the anal-
ysis. All subjects underwent the study
perfusion MR imaging, comprising
DSC (n=30), DCE (n=26), and ASL
(n=26). A subset of 17 subjects with 20
total lesions (n=8 RN, n=12 tumor)
underwent FDG-PET MR imaging.
Table 1 summarizes the demographics
and clinicopathologic information.
Figures 1 and 2 demonstrate representa-
tive DSC imaging performed in subjects
with RN and tumor, respectively.

Quantitative FTB and RCBV (DSC)
With the normalized approach, tumor

had higher FTBhigh (P= .005) and

nRCBV (P= .002) and lower FTBlow
(P= .03) than RN (Table 2). No signifi-

cance was found with FTBmid (P= .17).

AUCs to differentiate tumor from RN

were as follows: 0.71 for FTBlow (95%

CI, 0.53–0.89; P= .03), 0.63 for FTBmid

(95% CI, 0.45–0.81; P= .17), 0.77 for FTBhigh (95% CI, 0.60–0.93;

P= .005), and 0.80 for nRCBV (95% CI, 0.64–0.96; P= .002) (Fig

3A and Table 2). For tumor prediction, the nRCBV threshold of

$1.75 yielded a sensitivity of 76.5% and specificity of 70.0%, posi-

tive predictive value of 71.8%, and negative predictive value of

74.9% (Table 3).
With the standardized approach, tumor had higher FTBhigh

(P= .003) and sRCBV (P= .002) and lower FTBlow (P= .01) com-

pared with RN (Table 2). No significance was found with FTBmid

(P= .89). AUCs to differentiate tumor from RN were as follows:

0.75 for FTBlow (95% CI, 0.57–0.92; P= .01), 0.51 for FTBmid (95%

CI, 0.32–0.71; P= .89), 0.78 for FTBhigh (95% CI, 0.62–0.95;

P= .003), and 0.79 for sRCBV (95% CI, 0.63–0.95; P= .002) (Fig

3B and Table 2). For tumor prediction, the sRCBV cutoff of$1.75

yielded a sensitivity of 41.2%, specificity of 95.0%, positive predic-

tive value of 89.2%, and negative predictive value of 61.8% (Table

3). The sRCBV cutoff of$1.56 yielded similar results, with a sensi-

tivity of 47.1%, specificity of 90.0%, positive predictive value of

82.5%, and negative predictive value of 63.0% (Table 3).

FIG 1. RN in a 58-year-old man with metastatic colon cancer presenting 17months after surgical
resection of a right parietal metastasis treated with SRS. A, Recurrent contrast-enhancing lesion
at the site of the original tumor on axial T1-weighted postcontrast image. On DSC, the masslike
lesion shows low RCBV (B) and predominantly FTBlow (blue) voxels (C). Low perfusion is consistent
with pathology-proved RN (with,5% viable tumor cells).

FIG 2. Progressive tumor in a 33-year-old woman with breast cancer presenting 8months after sur-
gical resection of a left frontal metastasis treated with stereotactic radiosurgery. A, A recurrent
contrast-enhancing lesion at the site of the original tumor on an axial T1-weighted postcontrast
image. On DSC, the masslike lesion shows high RCBV (B) and predominantly FTBhigh (red) voxels (C).
High perfusion is consistent with pathology-proved progressive tumor.
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Quantitative Ktrans (DCE), nCBF (ASL), SUV (FDG-PET), and
D T1
Between RN and tumor, no significance was observed with mean
Ktrans (P= .23), nCBF (P= .05), SUV (P= .15), and D T1 (P= .14)
(Table 2). AUCs for differentiating RN and tumor were as fol-
lows: 0.64 for Ktrans (95% CI, 0.43–0.85; P= .23), 0.71 for nCBF
(95% CI, 0.52–0.90; P= .05), 0.69 for SUV (95% CI, 0.46–0.93;
P= .15), and 0.64 for D T1 (95% CI, 0.46–0.83, P= .14) (Fig 3C).

FTB-Histopathology Correlation
Thirteen subjects had surgical resection after the study perfusion
MR imaging. However, only 11 subjects (n=5 tumor and n=6
RN) had specimens available for histopathologic analysis in this
part of the study. With the normalized approach, no significant
correlation was observed with FTBlow (versus percentage tumor:
r = �0.38, P= .25; versus percentage necrosis/gliosis, r = 0.38,
P= .25), FTBmid (versus percentage tumor: r = 0.26, P= .43; ver-
sus percentage necrosis/gliosis, r = �0.26, P= .43), and FTBhigh
(versus percentage tumor: r = 0.48, P= .13; versus percentage ne-
crosis/gliosis, r =�0.48, P= .13) (Online Supplemental Data).

With the standardized approach, no significant correlation was
observed with FTBlow (versus percentage tumor: r = �0.59,
P= .06; versus percentage necrosis/gliosis, r = 0.59, P= .06),
FTBmid (versus percentage tumor: r = 0.42, P= .19; versus percent-
age necrosis/gliosis, r = �0.42, P= .19), and FTBhigh (versus per-
centage tumor: r = 0.57, P= .07; versus percentage necrosis/gliosis,
r =�0.57, P= .07) (Online Supplemental Data).

With both approaches, however, FTBhigh and FTBlow suggested
a positive correlation, respectively, with the percentage of tumor
and the percentage of necrosis/gliosis (Online Supplemental Data).

DISCUSSION
Our results show that the use of 2 RCBV thresholds (1 and 1.75)
to define FTB classes, FTBlow and FTBhigh, allowed differentiation

of tumor and RN in brain metastases following SRS. The per-
formance of normalized and standardized approaches to achieve
this task was similar. Additional perfusion and metabolic metrics
of Ktrans (DCE), nCBF (ASL), and SUV (FDG-PET), and D T1
did not reliably distinguish tumor from RN.

Results from the current study using 2 nRCBV thresholds
(1 and 1.75) in treated brain metastases are similar to results
from our previous study of treated recurrent glioblastomas, in
which nRCBV and FTBhigh best differentiated tumor from
treatment effect.4 The use of 1 as a lower threshold for identify-
ing RN and 1.75 as an upper threshold for identifying progres-
sive tumor in posttreatment brain metastases is close to
previously reported RCBV thresholds for differentiation of
radiation-related changes (,1.35)13 and tumor (range, .2–
2.1).14,15 As previously described, elevated blood volume and
FTBhigh are likely reflective of increased angiogenesis within
tumors.4 FTBlow performed slightly less well because there is
likely an overlap between hypovascular tumor and radiation-
related coagulative necrosis/gliosis.16 FTBmid, which includes
all RCBV values between 1 and 1.75, did not reliably differenti-
ate RN from tumor because there is likely an admixture of
both in varying proportions within this range of values.
Additionally, normalized and standardized RCBV and FTB
approaches performed similarly, consistent with a recent study
in high-grade gliomas.6 However, there was a trade-off in the
sensitivity and specificity between the 2 approaches when using
the$1.75 RCBV threshold for tumor prediction, possibly related
to differences in postprocessing techniques (eg, the reference
ROI in the contralateral normal-appearing white matter is
required for normalization and not for standardization) and
intrasubject variations with time.7 For tumor prediction, the sen-
sitivity and specificity were similar for the sRCBV cutoff values
of$1.75 and$1.56. Nonetheless, standardization of DSC perfu-
sion imaging, because sRCBV requires less operator-defined

Table 2: Multiparametric perfusion, metabolic, and volumetric values in RN and tumor groups

Radiation Necrosisb Tumorb P Valuec AUCd AUC (95% CI)
DSC
Normalized RCBVa

FTBlow (%) 49.5 (30.1) 28.1 (23.8) .03e 0.71 0.53–0.89
FTBmid (%) 17.7 (10.8) 13.4 (7.1) .17 0.63 0.45–0.81
FTBhigh (%) 32.8 (27.0) 58.6 (24.1) .005e 0.77 0.60–0.93
nRCBV 1.51 (0.9) 2.92 (1.5) .002e 0.80 0.64–0.96

Standardized RCBVa

FTBlow (%) 62.6 (26.2) 33.8 (16.1) .01e 0.75 0.57–0.92
FTBmid (%) 21.6 (15.7) 22.8 (7.2) .89 0.51 0.32–0.71
FTBhigh (%) 15.9 (14.0) 43.3 (20.9) .003e 0.78 0.62–0.95
sRCBV 0.94 (0.50) 1.63 (0.82) .002e 0.79 0.63–0.95

DCE
Ktrans (min�1) 0.02 (0.02) 0.03 (0.04) .23 0.64 0.43–0.85

ASL
nCBF 1.25 (0.42) 1.67 (0.68) .05 0.71 0.52–0.90

FDG-PET MR imaging
SUV 1.33 (0.19) 1.62 (0.43) .15 0.69 0.46–0.93

Volumetrics
D T1 ( cm3) 3.24 (4.58) 3.76 (2.60) .14 0.64 0.46–0.83

a Thresholds of 1 and 1.75.
b Values for RN and tumor groups are expressed in mean (SD).
c P values obtained from nonparametric Mann-Whitney tests.
d AUC obtained from receiver operating characteristic curves.
e P values are statistically significant.
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input than nRCBV, may represent an important step toward
greater multicenter adoption and use.

One of the advantages of FTB maps is the potential for spatially
mapping coexisting areas of tumor and treatment effect within a
given lesion.2 High-grade glioma studies using image-localized
biopsies within contrast-enhancing lesions have shown that areas
with low RCBV and FTB proved to be treatment effect and areas
with high RCBV and FTB proved to be tumor on histopathol-
ogy.2,3,6 In our study, though not significant (potentially related to
the lower availability of surgical specimens for histopathologic ex-
amination), we similarly found a positive correlation between
FTBhigh and the percentage of tumor on histopathology and a posi-
tive correlation between FTBlow and the percentage of necrosis and
gliosis on histopathology. However, additional investigations cor-
relating tumor and necrosis fractions with defined FTB classes are
needed for histologic confirmation.

Beyond DSC in our study, metrics of Ktrans (DCE), nCBF

(ASL), and SUV (FDG-PET) did not reliably differentiate tumor

and RN, in contrast to other studies.1,17,18 Blood flow values

derived from ASL and SUV from FDG-PET have shown utility in

identifying tumor progression in treated brain metastases, with

an equivalent sensitivity of 83% and a specificity of 100% for ASL

and 75% for FDG-PET in 1 study.19 Suh et al1 found that the

pooled sensitivity and specificity of 5 studies, including the afore-

mentioned study, using FDG-PET to differentiate tumor from

RN in post-SRS brain metastases, were 83% and 88%, respec-

tively. Results from our study may differ from those of previously

published studies because of differences in our cohorts (eg, types

and numbers of included metastatic tumors). Due to the lack of

validated thresholds for ASL, DCE, and FDG-PET, we did not

perform a combined multimodal or multiparametric analysis,

though it has been previously shown in treated glioblastomas that

the combination of parameters such as RCBV and Ktrans can

improve the overall diagnostic accuracy in differentiating recur-

rent tumor and treatment effect (RCBV, 85.8%; Ktrans, 75.5%;

RCBV and Ktrans, 92.8%).20 In addition, as expected, the use of D

T1 as a volumetric measurement of gadolinium enhancement did

not perform well in predicting tumor response, presumably

related to the overlap of gadolinium leakage across a disrupted

blood-brain barrier in both tumor and RN.21

Our study has important limitations. First, the small sample size
consisting of retrospective data from a single institution limits the
generalizability of our results. Second, we included various types of
tumor histology in our analysis. Brain metastases have been shown
to have different tumor perfusion values depending on the primary
cancer type, with brain metastases derived from renal cell carcinoma
and melanoma typically having higher RCBV values than those
derived from lung, breast, and gastrointestinal tumors.22 Our subject
cohort consisted primarily of lung- and breast-derived lesions, possi-
bly accounting for less striking and prominent differences in tumor

Table 3: Sensitivity, specificity, PPV, and NPV of nRCBV and
sRCBV thresholds for prediction of tumor

Sens Spec PPV NPV
nRCBV (1.75) 76.5 70.0 71.8 74.9
sRCBV (1.75) 41.2 95.0 89.2 61.8
sRCBV (1.56) 47.1 90.0 82.5 63.0

Note:—Sens indicates sensitivity; spec, specificity; PPV, positive predictive value;
NPV, negative predictive value.

FIG 3. Receiver operating characteristic AUC analyses demonstrate that FTB and RCBV significantly differentiate RN from tumor. A, AUCs of
FTB classes and nRCBV to differentiate RN from tumor were 0.71 for FTBlow (95% CI, 0.53–0.89; P = .03), 0.63 for FTBmid (95% CI, 0.45–0.81; P = .17),
0.77 for FTBhigh (95% CI, 0.60–0.93; P = .005), and 0.80 for nRCBV (95% CI, 0.64–0.96; P = .002). B, AUCs of FTB classes and sRCBV to distinguish RN
and tumor were 0.75 for FTBlow (95% CI, 0.57–0.92; P = .01), 0.51 for FTBmid (95% CI, 0.32–0.71; P = .89), 0.78 for FTBhigh (95% CI, 0.62–0.95; P = .003),
and 0.79 for sRCBV (95% CI, 0.63–0.95; P = .002). C, AUCs of Ktrans, nCBF (ASL), SUV (FDG-PET), and D T1 to differentiate RN from tumor were 0.64
for Ktrans (95% CI, 0.43–0.85; P = .23), 0.71 for nCBF (ASL) (95% CI, 0.52–0.90; P = .05), 0.69 for SUV (FDG-PET) (95% CI, 0.46–0.93; P = .15), and 0.64 for
D T1 (95% CI, 0.46–0.83, P = .14). The asterisk and double asterisks denote P, .05 and P, .01, respectively.
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RCBV.22 In addition, not all metastases are hypervascular; 1 study
reported variation in tumor blood flow even between metastases
derived from the same primary carcinoma, with approximately 40%
of metastases overall showing blood flow less than or equivalent to
blood flow from contralateral healthy cortex.18 In these cases, perfu-
sion MR imaging alone may not be sufficiently sensitive to distin-
guish tumor growth and RN. In future studies, it may be helpful to
establish baseline pretreatment values for comparison with posttreat-
ment values or to combine perfusion imaging with other modalities,
depending on the primary tumor histology.17,18

Additionally, given the heterogeneity in tumor origin in stud-
ies of RN, it may be warranted in a future study to systematically
stratify diagnostic accuracies of brain metastases according to tu-
mor histology. Third, while we excluded lesions with blood prod-
ucts obscuring .50% of the lesion, metastases with minor blood
products were still included in DSC analysis. This limitation is re-
flective of real-time clinical practice because blood products are
common in post-SRS lesions. It may also underscore the use of
other perfusion parameters and techniques to help with interpreta-
tion. Fourth, we did not have image-localized biopsy tissue from
the 3 distinct FTB classes evaluated, limiting the direct per-voxel
comparison of perfusion imaging metrics with fractions of tumor
and necrosis present on histopathology.

CONCLUSIONS
DSC-derived FTB using nRCBV or sRCBV thresholds of 1 and
1.75 can provide per-voxel analysis of low and high blood volume
and can differentiate progressive tumor from RN in brain metas-
tases previously treated with SRS. Normalized and standardized
approaches achieve similar performance for this task, though
sRCBV may have the potential for better reproducibility across
time and sites. Additional metrics of Ktrans (DCE), nCBF (ASL),
SUV (FDG-PET), and D T1 did not reliably differentiate tumor
from RN. Nonetheless, the evaluated RCBV thresholds and FTB
classes in this study require further clinical and histologic valida-
tion in larger prospective studies.

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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