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ABSTRACT

BACKGROUND AND PURPOSE: Radiographic assessment of cerebral metastasis after stereotactic radiosurgery remains a major chal-
lenge in neuro-oncology. It is often difficult to distinguish tumor progression from radiation necrosis in this setting using conventional MR
imaging. The objective of this study was to compare the diagnostic sensitivity and specificity of different functional imaging modalities for
detecting tumor recurrence after stereotactic radiosurgery.

MATERIALS AND METHODS: We retrospectively reviewed patients treated between 2007 and 2010 and identified 14 patients with
cerebral metastasis who had clinical or radiographic progression following stereotactic radiosurgery and were imaged with arterial
spin-labeling, FDG-PET, and thallium SPECT before stereotactic biopsy. Diagnostic accuracy, specificity, sensitivity, positive predictive
value, and negative predictive value were calculated for each imaging technique by using the pathologic diagnosis as the criterion standard.

RESULTS: Six patients (42%) had tumor progression, while 8 (58%) developed radiation necrosis. FDG-PET and arterial spin-labeling were
equally sensitive in detecting tumor progression (83%). However, the specificity of arterial spin-labeling was superior to that of the other
modalities (100%, 75%, and 50%, respectively). A combination of modalities did not augment the sensitivity, specificity, positive predictive
value, or negative predictive value of arterial spin-labeling.

CONCLUSIONS: In our series, arterial spin-labeling positivity was closely associated with the pathologic diagnosis of tumor progression
after stereotactic radiosurgery. Validation of this finding in a large series is warranted.

ABBREVIATIONS: ASL � arterial spin-labeling; CE � contrast-enhanced; NPV � negative predictive value; PPV � positive predictive value; RN � radiation necrosis;
SRS � stereotactic radiosurgery; SUV � standard uptake value; TP � tumor progression

Stereotactic radiosurgery (SRS) has emerged as an important

treatment technique for patients with cerebral metastasis. A

major challenge in the clinical management of these patients in-

volves determination of tumor response to treatment.1 Radio-

graphically, SRS can induce reactive changes in the irradiated vol-

ume and edema in the surrounding cerebrum. These changes lead

to breakdown of the blood-brain barrier, resulting in contrast

enhancement on conventional MR imaging.2-4 This phenome-

non, termed “radiation necrosis” (RN), is often difficult to distin-

guish from tumor progression (TP) by using standard contrast-

enhanced MR imaging (CE-MR imaging). Patients with RN are

treated with steroids, anticoagulants, hyperbaric oxygen, or anti-

angiogenic therapy, while patients with TP require either surgical

intervention or chemotherapy.5,6 Thus, the ability to distinguish

RN from TP fundamentally drives clinical decision-making and

patient care.

Currently, patients with radiographically ambiguous lesions un-

dergo surgical biopsy or resection.5 While these procedures are gen-

erally safe, morbidity ranges from 1% to 9%.7-9 Most often, the mor-

bidities involve transient neurologic deficits, but rare devastating

neurologic consequences and death have also been reported.7-9 In

this context, there is a critical need for noninvasive modalities that

would allow reliable discrimination of RN from TP.

Advances in physiologic imaging hold promise as alternate

modalities to aid in the discrimination of RN from TP. Rather

than relying on contrast extravasation, such imaging is based on

the principle of measuring differences in physiologic states be-

tween proliferative tumor tissue and normal cerebrum. To the

extent that RN and TP exhibit distinct metabolic states, physio-
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logic imaging may better distinguish these phenomena than

structural imaging.

The objective of the current study was to compare the diag-

nostic utility of FDG-PET, thallium SPECT, and arterial spin-

labeling (ASL)-MR imaging in the setting of brain metastasis with

progression on CE-MR imaging after SRS treatment. We retro-

spectively identified patients with a definitive pathologic diagno-

sis who underwent FDG-PET, thallium SPECT, and ASL before

stereotactic biopsy. Most important, biopsies were targeted to re-

gions of positive signals in these modalities. Sensitivity, specific-

ity, positive predictive value, and negative predictive values were

calculated.

MATERIALS AND METHODS
Patients
This research was approved by the Beth Israel Deaconess Medical

Center, Harvard Medical School Institutional Review Board (IRB

2010-P-000134). The cohort of 267 consecutively biopsied pa-

tients from 2007 to 2011 was previously described.10 The inclu-

sion criteria for this study were the following patients: 1) those

who underwent stereotactic radiosurgery; 2) had radiographic

progression on conventional CE-MR imaging accompanied by

clinical deterioration; 3) underwent FDG-PET, thallium SPECT,

and ASL-MR imaging before biopsy; and 4) had a definitive tissue

diagnosis after biopsy. Patients underwent physiologic imaging

studies and biopsy after review of a brain tumor board consisting

of 3 neurosurgeons, 2 radiation oncologists, 2 neuro-oncologists,

a neuroradiologist, and a neuropathologist. Patient characteris-

tics are summarized in Table 1.

Image Acquisition and Interpretation
All images were reviewed by a board-certified neuroradiologist as

a part of standard patient care. Radiologists interpreting func-

tional results were not precluded from comparing any one study

with studies acquired previously. MR images were acquired on a

Signa HDx 3T scanner (GE Healthcare, Milwaukee, Wisconsin)

with standard T2-weighted, FLAIR, and T1 sequences. Contrast-

enhanced images were obtained after intravenous administration

of Gd-DTPA (Magnevist; Bayer HealthCare Pharmaceuticals,

Wayne, New Jersey). FDG-PET images were obtained on a

4-MDCT PET/CT scanner (GE Healthcare). One hour after IV in-

jection of 20 mCi of FDG, noncontrast CT images were obtained for

attenuation correction and fusion with emission PET images. A se-

ries of overlapping PET images was then obtained. CT images were

coregistered and fused with emission PET images.11 The maximum

standard uptake value (SUV) within an ROI drawn around the lesion

was calculated. SUV maximum values of �3.0 were defined as a

positive signal. SPECT scanning was performed after IV injection of

3 mCi of thallium 201 as previously described.12

For ASL, imaging was achieved with pseudocontinuous label-

ing13 and an interleaved stack of variable-attenuation, spiral, fast

spin-echo sequence. Eight spiral interleaves were performed to

achieve an in-plane resolution of 3.7 mm, and forty 4-mm axial

sections were acquired. A postlabeling delay of 1.5 seconds and a

labeling duration of 1.5 seconds were chosen.14 Background sup-

pression was performed with selective and nonselective inversion

pulses applied at optimized times.15,16 Three averages of label and

control images were performed and then automatically sub-

tracted. An additional reference image with a single saturation

applied 2 seconds before imaging was also acquired to enable flow

quantification. Quantification of blood flow was performed by

using previously published methods.17

For ASL, positivity was determined by the neuroradiologist

(D.H.) by visual inspection according to routine clinical practice.

There have been no clinically used defined thresholds for quanti-

tative measurements of blood flow to differentiate tumor and

nontumor tissue, and calculated thresholds by using the same

dataset would necessarily bias toward maximum accuracy.

Image-Guided Stereotactic Biopsy
The target location for biopsy was determined by the neurosurgeons

(C.C.C., P.C.W., E.K.) and was performed as previously described.10

The Riechert frame was used in all biopsies. Biopsies were performed

by using standard Nashold needles with a 10-mm side-cutting win-

dow (Integra LifeSciences, Plainsboro, NJ). To determine biopsy tra-

jectories, we fused CE-MR imaging, PET, SPECT, and ASL by using

Inomed software (Stereoplan Plus, Freiburg, Germany). Using these

Table 1: Demographic information, clinical course, location of tumor, radiation dose, time between SRS and follow-up imaging, biopsy
results, and imaging results of each patienta

Pt
Age
(yr) Clinical Course Location SRS Dose

SRS to
Imaging Bx PET SPECT MR ASL

1 69 RCC, s/p SRS and stent, new CE Left paraventricular 22 Gy � 1 11 Mo RN Negative Positive Negative
2 63 NSCLC, s/p SRS, new CE Right frontal 19 Gy � 1 12 Mo TP SUV 20 Positive Positive
3 79 NSCLC, s/p SRS, neurologic deterioration Right frontal 22 Gy � 1 8 Mo RN SUV 4.9 Negative Negative
4 64 Esophageal cancer, s/p SRS, new CE Left frontal 21 Gy � 1 4 Mo TP Negative Positive Positive
5 72 SCLC, 3 lesions s/p WBRT � SRS Left parietal 22 Gy � 1 7 Mo TP SUV 10.3 Positive Positive
6 46 Breast cancer, s/p SRS, new CE Right cerebellar 22 Gy � 1 4 Mo TP SUV 6.6 Negative Positive
7 65 Melanoma, s/p SRS, neurologic decline Right temporal 18 Gy � 1 10 Mo RN SUV 7.2 Positive Negative
8 63 RCC, s/p SRS, new CE Right thalamus 16 Gy � 1 6 Mo RN Negative Negative Negative
9 58 Melanoma, s/p IR, enlarged CE Right frontal 19 Gy � 1 4 Mo TP SUV 10.7 Negative Negative
10 52 NSCLC, s/p SRS, new CE Right cerebellar 18 Gy � 1 3 Mo RN Positive Negative
11 59 Melanoma, s/p SRS Left frontal 22 Gy � 1 3 Mo TP SUV 8 Negative Positive
12 52 Breast cancer, s/p SRS Right temporal 8 Gy � 3 11 Mo RN Negative Negative Negative
13 56 RCC, s/p SRS Left temporal 21 Gy � 1 12 Mo RN Negative Negative Negative
14 49 Melanoma, s/p SRS Right frontal 21 Gy � 1 8 Mo RN Negative Negative Negative

Note:—RCC indicates renal cell carcinoma; Bx, biopsy; s/p, status-pos; IR, ionizing radiation; NSCLC, non-small cell lung cancer; SCLC, small cell lung cancer; WBRT, whole brain
radiation therapy.
a Patients 1, 6, and 9 are those featured in the illustrative cases. Cells next to patients 1, 3, 7, 8, 10, and 12–14 represent RN on biopsy; other cells represent TN.
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reconstructions, we selected biopsy trajectories to afford sampling of

CE-MR imaging, PET, SPECT, and ASL regions positive for tumor

progression. To maximize the volume of tumor sampled, we planned

a linear trajectory to allow serial sampling through the largest diam-

eter of the tumor based on the imaging technique with the largest

signal. In all cases, the region of biopsy was positive in at least 1 of the

imaging modalities. While positivity differed among modalities

within a single region, in no cases did 2 different modalities define

distinct regions as scoring positive. For instance, there were no cases

in which 1 region of the tumor scored positive for ASL while another

scored positive for PET.

Pathology results were reviewed by a board-certified neuropa-

thologist as a part of standard patient care. In accordance with the

standard clinical practice, patients were classified as having tumor

progression if the neuropathologist identified any histologic evidence

of viable tumor. Patients were classified as having radiation necrosis

only when no evidence of viable tumor was found by the neuropa-

thologist. Results were reviewed with the neuropathologist at the tu-

mor conference to confirm that the diagnosis stated in the formal

pathology report was accurate.

Statistical Analysis
Sensitivity, specificity, positive predic-

tive value (PPV), and negative predictive

value (NPV) were calculated for each

imaging technique (CE-MR imaging,

FDG-PET, thallium SPECT, and ASL) as

they related to the pathology findings.

Accuracy for each technique was calcu-

lated as (true positives � true nega-

tives)/(all positives � all negatives).

Values were also calculated for combi-

nations of 2 or all 3 modalities. More

stringent criteria were defined as posi-

tive tumor recurrence if all modalities

were positive for TP. Less stringent cri-

teria for positivity were defined if at least

1 technique was positive for TP.

RESULTS
Of 267 patients stereotactically biopsied

between 2007 and 2011, 14 underwent CE-MR imaging, FDG-

PET, thallium SPECT, and ASL before surgical biopsy for defini-

tive tissue diagnosis. The demographics of the study population

are shown in Table 1. The patient ages ranged from 46 to 79

years. There were 9 male and 5 female patients. The patients

had cerebral metastases from a spectrum of primary sites, in-

cluding 4 lung cancers, 2 breast cancers, 3 renal cell carcino-

mas, 4 melanomas, and 1 esophageal cancer. On the basis of the

final pathology, 6 patients (42%) had tumor progression, while

8 (58%) developed radiation necrosis. A representative coreg-

istration of the 4 imaging modalities and the definition of the

stereotactic target are shown in Fig 1.

Accuracy for tumor recurrence in metastatic cancer was high-

est by using ASL (87%), followed by FDG-PET (73%) and SPECT

(53%), and lowest for CE-MR imaging (50%). Sensitivity was

highest for ASL and PET (71%) and lowest for SPECT (43%). ASL

had a specificity of 100%, while PET and SPECT were 75% and

63%, respectively. ASL also had the highest PPV (100%) and NPV

(89%), whereas SPECT had the lowest (PPV, 50%; NPV, 63%).

For FDG-PET, PPV was 71% and NPV was 86%. Results are sum-

marized in Table 2. Although not used in the current analysis,

quantitative values for ASL analyses are included in the On-line

Table for reference.

For both positive and negative results, ASL and PET measures

were in agreement 74% of the time; ASL and SPECT, 64%; and

PET and SPECT, 50%. Agreement among all 3 modalities was

43%. When ASL-PET, PET-SPECT, and all 3 were in agreement,

the accuracy was 100% in all cases. Accuracy was 93% when ASL

and SPECT were in agreement.

A combination of different modalities did not result in

higher accuracy than ASL alone when positivity was defined as

a positive result in any 1 of a combination of 2 or all 3 modal-

ities (Table 3). Sensitivity and NPV were both 100% when at

one of modality (PET, ASL, or SPECT) was positive. However,

specificity and PPV were lower than those for ASL alone at 75%

and 50% for specificity and 75% and 66.7% for PPV, respec-

tively. SPECT or ASL yielded lower predictive values for all

FIG 1. Individual images (A) CE MR imaging, thallium SPECT, FDG-PET, and ASL-MR imaging, and
fused images (B) overlaid on CE-MR imaging. Red line represents the biopsy trajectory.

Table 2: Accuracy, sensitivity, specificity, PPV, and NPV for each
imaging modality

CE-MRI PET SPECT MR ASL
Accuracy 46.2% 78.6% 57.1% 92.9%
Sensitivity – 83.3% 50.0% 83.3%
Specificity – 75.0% 62.5% 100.0%
PPV – 71.4% 50.0% 100.0%
NPV – 85.7% 62.5% 88.9%

Note:— – indicates unable to calculate; CE-MRI were all positive for tumor progres-
sion.

Table 3: Accuracy, sensitivity, specificity, PPV, and NPVa

PET or
ASL +

PET or
SPECT +

SPECT or
ASL + Any One +

Accuracy 85.7% 71.4% 71.4% 71.4%
Sensitivity 100.0% 100.0% 66.7% 100.0%
Specificity 75.0% 50.0% 62.5% 50.0%
PPV 75.0% 60.0% 57.1% 60.0%
NPV 100.0% 100.0% 71.4% 100.0%

a Positive � 1 modality positive.
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measures relative to ASL alone. The combination of all 3 mo-

dalities also had high sensitivity and NPV (100%) but low spec-

ificity and PPV (50% and 60%).

If positivity was defined more stringently as a positive result in

both modalities, specificity increased to 100% for all combina-

tions, which did not differ from findings in ASL alone. However,

sensitivities were low. When both ASL and PET-positive, sensitiv-

ity � 67%; when both ASL and SPECT were positive, sensitivity �

50%; and when both SPECT and PET were positive, sensitivity �

50%; and when all 3 were positive, sensitivity � 33%. PPV was

100% for all combinations, but NPVs were all �80%. The accu-

racy of any of the combinations was never higher than that of ASL

alone. See Table 4 for a summary.

Illustrative Cases

Case 1: Radiation Necrosis. A 69-year-old man had a solitary renal

cell carcinoma metastasis to the periventricular white matter of

the posterior left lateral horn. Progression on CE-MR imaging

was noted 13 months following radiosurgery (18 Gy in a single

fraction, Fig 2A). Physiologic imaging findings were only positive

on SPECT. Biopsy revealed radiation necrosis.

Case 2: Tumor Recurrence. A 46-year-old woman had metastatic

breast cancer metastasis to the right cerebellum. Progression on

CE-MR imaging was noted 9 months following radiosurgery (5

Gy �5 fractions, Fig 2B). Physiologic imaging showed positive

signals on ASL and PET (SUV � 6.6). Thallium SPECT findings

were negative. Biopsy revealed tumor recurrence.

Case 3: Tumor Recurrence. A 58-year-old man had a solitary

melanoma metastasis to the right inferior frontal cortex. Pro-

gression on CE-MR imaging was noted 22 months after SRS

(18 Gy in a single fraction, Fig 2C). Physiologic imaging find-

ings were positive on PET only (SUV � 10.7). Biopsy revealed

tumor recurrence.

DISCUSSION
This study compares the diagnostic utility of FDG-PET, thallium

SPECT, and ASL in the post-SRS setting by using pathologic di-

agnoses secured through targeted biopsies as the criterion stan-

dard. We analyzed imaging results in 14 patients with cerebral

metastases who underwent SRS and were biopsied after clinical or

radiographic progression. Only 46% of patients with enlarging

contrast enhancement on MR imaging had tumor progression

confirmed by histopathology. This find-

ing highlights the inadequacy of conven-

tional MR imaging in this setting. Of the

3 physiologic imaging modalities stud-

ied, ASL exhibited the highest level of

sensitivity and specificity in terms of dis-

criminating between RN and TP. Com-

bining imaging modalities did not sub-

stantially improve the diagnostic utility

of ASL (Table 3).

In clinical practice, FDG-PET and

thallium SPECT are often used for de-

tection of intracranial lesions. In prior

studies, the sensitivity and specificity of

FDG-PET for discriminating TP and RN

for primary gliomas ranged from 77% to

81% and 63% to 90%, respectively.18-20

Sensitivity and specificity for brain me-

tastases were 86% and 80%.18 These

results are largely in line with those ob-

served in this study (sensitivity 83%,

specificity 75%). However, thallium

SPECT results reported in this study

(sensitivity 50%, specificity 63%) were

markedly lower than those previously

reported (specificity and sensitivity val-

ues of 82.7%–91% and 82.8%–90% for

primary gliomas and metastases21,22). In

fact, a recent review reported that

SPECT was superior to other imaging

modalities for differentiating radiation

necrosis and TP in primary gliomas.23

FIG 2. CE-MR imaging, thallium SPECT, FDG-PET, and ASL-MR images from case 1 (A) with meta-
static renal cell carcinoma to periventricular white matter of the posterior left lateral horn.
CE-MR imaging shows new enhancement in the region treated. SPECT was positive while PET and
ASL were negative for tumor recurrence. Biopsy of the target region indicated radiation necrosis
in case 2 (B) with metastatic breast cancer to the right cerebellum. CE-MR imaging shows new
enhancement in the region treated. PET (SUV � 6.6) and ASL were positive for tumor recurrence.
Biopsy of the target region indicated tumor recurrence in case 3 (C) with metastatic melanoma to
the right inferior frontal cortex. Only PET was positive for tumor recurrence (SUV � 10.7). Biopsy
of the target region indicated tumor recurrence.

Table 4: Accuracy, sensitivity, specificity, PPV, and NPVa

PET and
ASL +

PET and
SPECT +

SPECT and
ASL + All +

Accuracy 85.7% 78.6% 78.6% 71.4%
Sensitivity 66.7% 50.0% 66.7% 100.0%
Specificity 100.0% 100.0% 100.0% 100.0%
PPV 100.0% 100.0% 100.0% 100.0%
NPV 80.0% 72.7% 72.7% 66.7%

a Positive � all modalities positive.
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However, no studies have directly compared SPECT and ASL in

the same patient population, to our knowledge.

Although ASL perfusion is not yet widely used clinically in the

setting of neoplasm, perfusion MR imaging such as dynamic sus-

ceptibility contrast MR imaging has been of recent interest for the

investigation of brain tumors. Like ASL, DSC measures brain per-

fusion but relies on dynamic measurement of intravenous con-

trast agents.23 Because intravenous contrast agents are typically

administered in the oncologic population, each additional scan

that requires contrast compounds the risk of morbidity. In terms

of the diagnostic utility of the 2 MR perfusion modalities, studies

directly comparing CBF values in ASL and DSC for tumor,17,24

ischemic tissue, and normal brain have consistently noted24 high

correlations. For brain metastases, DSC–MR imaging yielded sen-

sitivity and specificity values from 70% to 100% and 95.2% to

100% for differentiation of necrosis and tumor recurrence.25,26 In

differentiating tumor recurrence and radiation necrosis or pseu-

doprogression of primary gliomas, direct comparison between

ASL and DSC–MR imaging showed no statistical significance,

with sensitivity and specificity values of 79%–94% and 64%–

88%.20,27 In terms of detection of gliomas and metastases, ASL

and DSC–MR imaging also showed similar diagnostic yields.28,29

However, ASL has the advantages of better signal-to-noise ratio,

fewer distortion effects secondary to hemorrhage, and the poten-

tial for quantification.17 More definitive studies comparing the 2

modalities will be needed in the patient population with postra-

diation metastasis. Furthermore, larger studies using ASL for tu-

mor identification will be necessary to establish generalizable

thresholds for interpretation of quantitative ASL values.

Supporting the idea that perfusion imaging would be an ideal

technique for differentiation of tumor progression and radiation

necrosis is the assumption that tumor has sufficiently more vas-

cularity than fibrous or necrotic tissue. Likewise, FDG-PET pos-

itivity depends on glucose uptake. If the metabolism of the tumor

does not require glucose uptake, then FDG-PET will be falsely

negative. Thallium SPECT positivity is determined by the pres-

ence of functional sodium-potassium adenosine triphosphatase.

If this transporter is not active in the tumor, thallium SPECT

findings will be falsely positive. Reliable detection of tumor post-

radiation may require different functional modalities, depending

on specific characteristics of the tumor. Furthermore, a funda-

mental question in imaging revolves around the resolution and

sensitivity of the imaging technique relative to the strength of

signal based on size, attenuation, and intensity of the measure of

interest of a tumor.

With regard to the use of image-guided stereotactic biopsy,

possible errors of coregistration remain an important consider-

ation. However, our method of registration and biopsy has been

shown, by our group and others, to be highly accurate. Nondiag-

nostic tissue samples occurred at a rate of 4.6%–5%.10,30

In the current practice setting, there is a high degree of subjec-

tivity in the management of patients with cerebral metastasis who

have radiographic and/or clinical progression after SRS. While

our study is limited by the small sample size, it represents a sys-

tematic effort to address a clinically important question. Most

studies investigating posttreatment imaging use presumptive di-

agnoses or have only a subset of patients with histology. Another

limitation is the heterogeneity of metastatic tumor types repre-

sented in this study. Metastases may exhibit varying levels of flow

depending on their primary location and individual variability in

tumor physiology. For example, melanomas have a short T1, and

accumulation of the ASL signal can be attenuated.31 Furthermore,

flow in regions with reduced activity due to radiation or vascular

disease may be underestimated by ASL due to delayed arrival of

arterial blood. Such underestimation might be addressed by

newer ASL techniques that can label for longer and also measure

the arterial transit delay.32,33 However, despite the predicted un-

derestimation of effect size given the heterogeneity of our sample,

ASL appeared to provide useful diagnostic information. A larger

study comparing perfusion imaging (ASL and DSC) with tissue

diagnosis would be of importance to validate the present results

and has the potential to fundamentally alter our clinical practice

in the surveillance and management of patients with cancer after

SRS treatment.

CONCLUSIONS
Our results suggest that ASL offers a noninvasive method in the

discrimination of RN from TP in patients with cerebral metastasis

who underwent SRS. Results from the present study provide a

basis for future prospective studies with larger sample sizes to

validate the use of ASL in this setting.
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