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Background. The aim of this study was to assess the effectiveness of fluorine-18 fluorodeoxyglucose (FDG) PET-CT and dynamic
contrast-enhanced (DCE) MRI in differentiating tumor progression and radiation injury in patients with indeterminate enhancing
lesions after radiation therapy (RT) for brain malignancies.

Methods. Patients with indeterminate enhancing brain lesions on conventional MRI after RT underwent brain DCE-MRI and PET-CT
in a prospective trial. Informed consent was obtained. Lesion outcomes were determined by histopathology and/or clinical and
imaging follow-up. Metrics obtained included plasma volume (Vp) and volume transfer coefficient (Ktrans) from DCE-MRI, and max-
imum standardized uptake value (SUVmax) from PET-CT; lesion-to-normal brain ratios of all metrics were calculated. The Wilcoxon
rank sum test and receiver operating characteristic analysis were performed.

Results. The study included 53 patients (29 treated for 29 gliomas and 24 treated for 26 brain metastases). Progression was
determined in 38/55 (69%) indeterminate lesions and radiation injury in 17 (31%). Vpratio (VP lesion/VP normal brain, P , .001), Ktrans

ratio

(P¼ .002), and SUVratio (P¼ .002) correlated significantly with diagnosis of progression versus radiation injury. Progressing lesions
exhibited higher values of all 3 metrics compared with radiation injury. Vpratio had the highest accuracy in determining progression
(area under the curve¼ 0.87), with 92% sensitivity and 77% specificity using the optimal, retrospectively determined threshold of
2.1. When Vpratio was combined with Ktrans

ratio (optimal threshold 3.6), accuracy increased to 94%.

Conclusions. Vpratio was the most effective metric for distinguishing progression from radiation injury. Adding Ktrans
ratio to Vpratio

further improved accuracy. DCE-MRI is an effective imaging technique for evaluating nonspecific enhancing intracranial lesions
after RT.
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Radiation therapy (RT) has an essential role in providing local
control and prolonging survival of patients with intracranial
primary malignancies (gliomas) as well as those with brain

metastases.1 – 4 While RT is effective in disease control, it often
results in radiation injury at treatment sites, which may mani-
fest months to years later.5 In patients treated for gliomas with
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standard fractionated RT and systemic therapy, the radiation
injury rate has been reported to be 5%–10%.6 In the treatment
of metastasis using single-fraction stereotactic radiosurgery
(SRS), radiation injury rates may reach 18% or greater.7,8

Conventional MRI is often unable to reliably distinguish be-
tween progression and radiation injury, as both may manifest
with new and/or growing enhancing lesions.9,10 For patients
with indeterminate findings on conventional MRI, treatment
decision making is difficult, as progression usually demands
a significant change in therapeutic approach to ensure
tumor control.11,12 Although some patients (25% in the series
reported upon here) do undergo surgical resection of enhanc-
ing lesions for neurologic symptom management and im-
provement of long-term outcome, allowing for definitive
histopathologic diagnosis, resection is a risky invasive proce-
dure and may not be suitable for all patients, especially
those with multiple lesions, lesions in inaccessible locations,
or progressive extracranial disease.13,14 In addition, histopa-
thology is susceptible to sampling error. Therefore, an accu-
rate, non-invasive imaging technique for diagnosing progression
or radiation injury is needed.

Biologically, progression and radiation injury represent 2 dif-
ferent mechanistic processes: tumor progression causes in-
creased enhancement due to tumor-induced angiogenesis
and microvascular proliferation,15 while RT causes increased
enhancement by inducing small-vessel endothelial damage
and reducing microvasculature.16,17 Due to this fundamental
pathophysiologic difference, advanced imaging modalities
such as dynamic contrast-enhanced (DCE) MRI and fluorine-18
fluorodeoxyglucose (FDG) PET-CT have been advocated for the
assessment of indeterminate enhancing lesions after RT.
DCE-MRI correlates with microvascular density at angiography
and histopathology18 and can quantify the inflammatory and
vascular endothelial growth factor–mediated vascular chang-
es that occur with tumor progression and radiation injury.19,20

FDG PET-CT has been shown to be useful in differentiating pro-
gression and radiation injury through metabolic differences,
with higher uptake in active tumor cells.21 DCE-MRI and FDG
PET-CT are commonly performed for the diagnosis of progres-
sion and radiation injury in patients with enhancing lesions of
indeterminate etiology after RT, but their comparative predic-
tive value, sensitivity, and specificity remain uncertain. In this
study, we prospectively evaluated the efficacy of DCE-MRI
and FDG PET-CT in predicting whether new or worsening en-
hancing brain lesions seen after RT represented progression or
radiation injury.

Materials and Methods

Patient Selection

This prospective trial was approved by the local institutional re-
view board and privacy board (ClinicalTrials.gov # NCT01604512).
Written informed consent was obtained from all patients. The
inclusion criteria were age ≥18 years, pathological or clinical/
radiological diagnosis of a primary or secondary brain tumor,
completion of RT, and new and/or increasing enhancing brain
lesion(s) at the treated site considered indeterminate for pro-
gression versus radiation injury by the neuroradiologist and cli-
nician. The exclusion criterion was a contraindication to PET-CT

or MRI scan or gadolinium contrast. Fifty-three patients (35
male and 18 female) with 55 indeterminate lesions and
mean and median age of 57 years (range, 19 –81) were
enrolled.

DCE-MRI and PET-CT examinations were performed ≤12
weeks from the diagnosis of the indeterminate lesion and
≤12 weeks of each other, with either the DCE-MRI or the
PET-CT acquired first. The accrual period for this study was
from June 2012 through January 2014.

Dynamic Contrast-Enhanced MRI Acquisition and
Analysis

Patients were scanned on 1.5T or 3T scanners (Signa HDxt/Ex-
cite, Discovery 450/750, GE Healthcare) using an 8-channel
head coil. Images acquired in multiple planes were standard
T1-weighted (repetition time/echo time [TR/TE], 525/7 ms for
1.5T; 1800/7 ms for 3T), T2-weighted (TR/TE, 4000/102 ms for
1.5T; 3100/101 ms for 3T), diffusion-weighted (TR/TE, 8000/
85 ms for 1.5T and 3T), fluid-attenuated inversion recovery
(TR/TE, 8000/160 ms for 1.5T; TR/TE, 9000/120 ms for 3T),
susceptibility-weighted (TR/TE, 5000/25 ms for 1.5T; 38/23 ms
for 3T), and contrast T1-weighted (TR/TE, 560/8 ms for 1.5T;
1842/7 ms for 3T).

T1-weighted DCE perfusion data were acquired using an
axial 3D echo-spoiled gradient-echo sequence: TR, 4 –5 ms;
TE, 1–2 ms; flip angle, 25 degrees; slice thickness, 5 mm; field
of view, 24 cm. Ten to 14 slices were acquired to cover the en-
tire lesion volume. The time between phases (temporal resolu-
tion) was 5–6 sec per volume with 40 phases, 10 before and 30
immediately after i.v. bolus administration of a single dose of
contrast material (0.2 mL/kg to maximum 20 mL gadopente-
tate dimeglumine; Bayer HealthCare Pharmaceuticals), total
scan time 3 min 20 sec to 4 min. Axial contrast T1-weighted
images were also obtained to match the DCE images. The
raw data were transferred to an offline image processing
workstation.

A board-certified neuroradiologist with 8 years of neuroim-
aging experience processed the DCE-MRI data in nordicICE
(NordicNeuroLab). Using a 2-compartment model with kinetic
modeling and arterial input function–based vascular deconvo-
lution as proposed by Murase,22 maps were calculated of plas-
ma volume (Vp), extravascular extracellular distribution volume
(Ve), volume transfer coefficient between plasma and extravas-
cular extracellular space (Ktrans¼ distribution into tissue; Kep¼
distribution away from tissue), and area under the perfusion
time curve (AUPC). Each map was overlaid onto the matching
contrast T1-weighted image, and DCE analysis was performed
by placing 3–5 small fixed-diameter (50–75 mm2) regions of
interest (ROIs) targeted to the most visually apparent abnor-
malities in the lesion on each perfusion color map. This method
of analysis has been described as providing the most accurate
and reproducible results.23 – 25 Areas of hemorrhage, calcifica-
tion, cystic/necrotic change, and vessels were explicitly exclud-
ed by careful review of all available MRI sequences for each
case, particularly the susceptibility-weighted imaging and pre-
contrast T1 images.

For each individual perfusion color map, the most abnormal-
ly elevated of the 3–5 measurements was selected and then
normalized by placing a fixed-diameter (50–75 mm2) ROI in

Hatzoglou et al.: Differentiating tumor vs radiation injury with advanced imaging

874



the normal contralateral white matter and calculating the ratio
of the lesion measurement to the normal white matter mea-
surement; the ratios (hereafter referred to as Vpratio, Veratio,
Ktrans

ratio , Kepratio, and AUPCratio) were recorded for analysis..

Fluorodeoxyglucose PET-CT Protocol and Analysis

Ten millicuries of fluorine-18 FDG was i.v. injected, with the pa-
tient remaining seated in the injection room for 60 min. The pa-
tient was then positioned on a PET-CT scanner (Discovery STE,
GE Healthcare). A spiral CT was acquired using a full helical ac-
quisition at 1 sec/rotation, 30 mA, 140 kV; slice thickness,
5 mm. Immediately upon completion of the CT, a 10-min 3D
PET scan was acquired. CT and PET data were reconstructed
using a 30-cm field of view. A radiologist board certified in ra-
diology and nuclear medicine with 9 years of PET-CT experience
defined ROIs for the lesion and normal brain. The maximum
standardized uptake value (SUVmax) of the lesion and normal
brain were measured. The brain FDG PET-CT was windowed to
visualize the focal FDG avidity associated with the known brain
lesion on MRI, then an ROI was placed to encompass the entire
area of abnormal FDG avidity. SUVmax was measured from the
voxel with the highest SUV within this ROI. Calculation of
lesional SUVmax was reproducible, as the voxel with the highest
SUV was consistently within a range of possible ROIs. A second
ROI was then drawn in comparable contralateral normal brain
to measure SUVmax for normal brain background. The ratio of
lesion SUVmax and normal brain SUVmax (SUVratio) was then cal-
culated and used for further analysis.

Lesion Diagnosis

When available, histopathology after resection of the indeter-
minate enhancing lesion was used to determine diagnosis. Pro-
gression was determined by the presence of any amount of
tumor in the resected lesion. Radiation injury was determined
by the complete absence of any identifiable tumor. For patients
with nonhistopathologic diagnoses, determination of progres-
sion or radiation injury was made using modified criteria from
the RANO (Response Assessment in Neuro-Oncology) working
group.26 Progression was determined by continued increase in
size of the enhancing lesion (≥25% in sum of product of per-
pendicular diameters) or if the patient experienced progressive
clinical worsening of neurologic function requiring salvage ther-
apy. Radiation injury was determined by the absence of clinical
worsening and the spontaneous stabilization or decrease of the
enhancing lesion on subsequent MRI scans for a minimum of 6
months without new therapy.27 Lesion diagnosis was made by
an experienced radiation oncologist blinded to the DCE-MRI
and PET-CT data.

Statistical Analysis

Clinical characteristics were compared between patients with
gliomas and patients with metastases using Fisher’s test and
the Wilcoxon rank sum test. The Wilcoxon rank sum test was
also used to determine the significance of correlations between
DCE-MRI and PET-CT imaging metrics (Vpratio, Veratio, Ktrans

ratio ,
Kepratio, AUPCratio, and SUVratio) and progression versus radia-
tion injury. After Bonferroni adjustment for multiple testing,

the P-value was set to ,.007 (P , .05 divided by 7 tests). Re-
ceiver operating characteristics analysis was performed for
the imaging metrics found to be significant on the Wilcoxon
rank sum test, and the area under the curve (AUC) was comput-
ed. Threshold values for the different imaging metrics were es-
timated by maximizing the sum of sensitivity and specificity.
Subgroup analyses were also performed for the gliomas and
the metastases.

Results

Patient Characteristics

Twenty-nine patients received RT for 29 gliomas, and the ma-
jority of these (97%) were treated with postoperative partial-
brain RT (PBRT) to a median dose of 60 Gy (range, 26–60 Gy).
Twenty-four patients received RT for 26 brain metastases; the
treatments consisted of definitive SRS (42% of metastases; me-
dian dose, 21 Gy; range, 15–21 Gy), postoperative PBRT (12%;
median dose, 30 Gy; range, 30–36 Gy), and various combina-
tions of SRS, PBRT, and whole-brain RT (Table 1).

The median time between RT and detection of the indeter-
minate lesion was 9 months (range, 1–99 mo), with no signifi-
cant difference between the glioma group (median, 9 mo;
range, 1–99 mo) and the metastasis group (median, 10 mo;
range, 3–40 mo; P¼ .83). The median time between detection
of lesions in question and the first protocol scan was 1 month
(range, 0 –2.8 mo). The median time between the protocol
DCE-MRI and FDG PET-CT scans was 1 day (range, 0–84 d),
with 36 patients (68%) completing the scans within 7 days;
41 patients (77%) completing them within 14 days; and 48 pa-
tients (91%) completing them within 30 days.

Clinical Outcomes Determination

Of the 55 indeterminate enhancing lesions assessed in the
study, 38 (69%) were determined to be progression and 17
(31%) were determined to be radiation injury through either
histopathologic examination after surgical resection (n¼ 14,
25%) or longitudinal clinical and radiological evaluation (n¼
41 lesions, 75%). Progression was diagnosed more frequently
for gliomas (93%) than for brain metastases (42%, P , .001,
Table 1). The proportion of patients diagnosed with progression
through surgical pathology did not differ significantly between
the glioma cohort (23%) and the brain metastases cohort
(28%, P¼ .76). At time of progression, patients with glioma
were being treated with temozolomide (n¼ 7), bevacizumab
(n¼ 6), 2 BKM120 (n¼ 2), carmustine (n¼ 1), carboplatin
(n¼ 1), or irinotecan (n¼ 1). At time of progression, patients
with metastases were being treated with bevacizumab (n¼ 2).

Correlation Between Dynamic Contrast-Enhanced MRI/
PET-CT Metrics and Clinical Outcomes

As summarized in Table 2, increased Vpratio (P , .001) and Ktrans
ratio

(P¼ .002) were significantly associated with progression, while
Kepratio, Veratio, and AUPCratio were not (P . .17). Optimal
threshold values were retrospectively determined from the
data. When a Vpratio threshold of ≥2.1 was used to declare pro-
gression, sensitivity was 92% (ie, 35 of 38 lesions representing
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progression were correctly classified as progression) and specif-
icity was 77% (the rate of correct classification of radiation in-
jury as radiation injury). The use of a Ktrans

ratio threshold of ≥3.6 to
declare progression yielded sensitivity of 87% and specificity of
71%. The PET-CT SUVratio was also a significant predictor of pro-
gression (P¼ .002). The use of an SUVratio threshold of ≥1.2 to
declare progression yielded sensitivity of 68% and specificity of
82% (Fig. 1). Representative cases are shown in Figs 2 and 3.

Of the 38 lesions determined to be progression, 3 (8%) did
not reach the Vpratio optimal threshold of 2.1, five (13%) did
not reach the Ktrans

ratio threshold of 3.6, and 12 (32%) did not
reach the SUVratio threshold of 1.2. Of the 3 progressing lesions
below threshold for Vpratio, 2 were also below threshold for
Ktrans

ratio and all 3 were below threshold for SUVratio. Of the 17 le-
sions determined to be radiation injury, 3 (18%) had an
SUVratio . 1.2, four (24%) had a Vpratio . 2.1, and 5 (29%)

Table 1. Patient characteristics

Characteristics All Patients,
n¼ 53

Patients with
Gliomas, n¼ 29

Patients with Brain
Metastases, n¼ 24

P

Lesions (%) 55 29 (52.7) 26 (47.3)
Median age, y (range) 57 (19–81) 53 (19–72) 63 (24–81) .13
Histology

Astrocytoma*
IV 18 (33) 18 (62)
III 6 (11) 6 (21)
II 2 (4) 2 (7)

Oligodendroglioma*
III 2 (4) 2 (7)
II 1 (2) 1 (3)

Metastasis
NSCLC 7 (13) 7 (27)
Breast 7 (13) 7 (27)
Melanoma 5 (9) 5 (19)
Other 7 (13) 7 (27)

Type of radiation therapy
PBRT only 31 (56) 28 (97) 3 (12)
SRS only 11 (20) 11 (42)
PBRT+ WBRT 3 (5) 2 (8)
SRS + WBRT 8 (15) 8 (31)
SRS + PBRT 2 (4) 1 (3) 2 (8)

Clinical outcome ,.001
Tumor progression 38 (69) 27 (93) 11 (42)
Radiation injury 17 (31) 2 (7) 15 (58)

Abbreviations: NSCLC, non-small cell lung cancer; WBRT, whole-brain RT.
*World Health Organization grade.

Table 2. DCE-MRI and PET-CT imaging metrics used to determine accuracy in predicting disease progression vs radiation injury

Variables Disease Progression Radiation Injury Pa AUC

Mean Range SE Mean Range SE

DCE-MRI
Vpratio 6.2 1.5–41.9 1.3 2.1 1.1–7.8 0.4 ,.001 0.87
Ktrans

ratio 31.8 0.4–363 10.9 6.3 0.3–28.4 2.1 .002 0.76
K21ratio 91.8 1.0–700 24.6 54.7 0.7–250 19.6 .21 0.61
Veratio 928 3.6–17 360 616 1068 1.4–12 275 770 .17 0.62
AUPCratio 7.9 1.3–47.3 1.5 9.5 1.2–39.0 2.9 .18 0.62

PET-CT
SUVratio 1.6 1.0–4.2 0.1 1.1 1.0–1.9 0.1 .002 0.75

aWilcoxon rank sum test.
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had a Ktrans
ratio . 3.6. Of the 3 radiation injury lesions above thresh-

old for SUVratio, 2 were also above threshold for Vpratio, and 2
were above threshold for Ktrans

ratio .

Discordance Between Predictions Made with DCE-MRI
and PET-CT Metrics

When utilizing Vpratio ≥ 2.1 and SUVratio ≥ 1.2 as thresholds for
predicting tumor progression, the results were discordant for 12
lesions. Vpratio correctly predicted tumor in 9 of these lesions
(MR perfusion [MRP] and PET were performed on the same
day for 4 lesions; PET preceded MRP for 4 lesions by 83, 34,

25, and 18 days; MRP preceded PET for 1 lesion by 1 day).
There were no discordant cases of PET-CT correctly predicting
tumor progression when Vpratio did not meet the threshold of
2.1. Vpratio correctly predicted radiation injury for 1 lesion that
demonstrated an SUVratio ≥ 1.2 (SUVratio¼ 1.7; MRP and PET
performed on the same day). PET-CT correctly predicted radia-
tion injury in 2 lesions for which Vpratio predicted tumor progres-
sion (Vpratio¼ 7.77 and 2.52; both lesions in the same patient,
MRP preceded PET by 18 days).

When a Ktrans
ratio ≥ 3.6 and an SUVratio ≥ 1.2 were used as opti-

mal thresholds for predicting tumor progression, the results
were discordant for 18 lesions. Ktrans

ratio correctly predicted
tumor in 10 of these lesions (MRP and PET were performed on
the same day for 5 lesions; PET preceded MRP for 4 lesions by
83, 34, 25, and 18 days; MRP preceded PET for 1 lesion by 1
day). Ktrans

ratio correctly predicted radiation injury in 1 lesion that
was predicted to be tumor by PET-CT (SUVratio¼ 1.9; PET pre-
ceded MRP by 1 day). PET-CT correctly predicted tumor progres-
sion in 4 lesions for which Ktrans

ratio predicted radiation injury (MRP
and PET were performed on the same day for 2 lesions; MRP
preceded PET for 2 lesions by 2 and 7 days). PET-CT correctly
predicted radiation injury in 3 lesions for which Ktrans

ratio predicted
tumor progression (MRP and PET were performed on the same
day for 2 lesions; PET preceded MRP for 1 lesion by 10 days).

Correlation of Combinations of DCE-MRI and PET-CT
Metrics with Clinical Outcomes

We next explored combinations of DCE-MRI and PET-CT metrics
to determine whether they would further improve prediction of
clinical outcomes. When using the optimal thresholds of
Vpratio ≥ 2.1 and Ktrans

ratio ≥ 3.6, the combination of these 2 met-
rics had sensitivity of 79% for accurate diagnosis of progression,
and specificity of 94% for accurate diagnosis of radiation injury.
Compared with using Vpratio alone, combining Vpratio and Ktrans

ratio

improved accuracy in predicting radiation injury but not pro-
gression. When Vpratio ≥ 2.1 and SUVratio ≥ 1.2 were combined,
the rate of correct classification of progression was 66% and

Fig. 1. Receiver operating characteristic (ROC) analysis for Vpratio, Ktrans
ratio ,

and SUVratio demonstrating the optimal cutoffs to be 2.1, 3.6, and 1.2,
respectively, in distinguishing between progression and radiation injury.

Fig. 2. Patient example of tumor progression detected by DCE-MRI perfusion. Images obtained in a 30-year-old man with metastatic sarcoma who
underwent SRS to a left parietal lobe metastasis. Axial contrast-enhanced T1-weighted image before treatment (A) shows an enhancing mass
(arrow) that increases in size 6 months after treatment (B). Vp map of the enlarging mass (C) demonstrates increased perfusion; however, PET-CT
showed no abnormal FDG uptake (D). Pathology confirmed progression.
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the rate of correct classification of radiation injury was 88%,
also improving the predictive value for radiation injury com-
pared with any individual metric.

Subgroup Analyses

The metastasis subgroup (n¼ 26) consisted of more patients
with diagnoses of radiation injury (n¼ 15, 68%) than of progres-
sion (n¼ 11, 42%). In this subgroup, Vpratio remained a signifi-
cant predictor of radiation injury (P¼ .001), as did Ktrans

ratio (P¼
.005) and SUVratio (P¼ .004), while the other metrics were not
(P ≥ .18). When a Vpratio threshold of ≥2.6 was used to declare
progression, sensitivity was 91% and specificity was 80%. The
use of a Ktrans

ratio threshold of ≥4.1 to declare progression yielded
sensitivity of 100% and specificity of 67%. Vpratio and Ktrans

ratio mea-
surements were not significantly different between the progres-
sive metastases (n¼ 11) and the progressive gliomas (n¼ 27)
(P¼ .062). The use of an SUVratio threshold of ≥1.4 to declare
progression yielded sensitivity of 82% and specificity of 80%.

Discussion
DCE-MRI and FDG PET-CT are frequently utilized for the purpose
of distinguishing between tumor progression and radiation injury
in the brain.19,20,28– 30 However, there is no clear consensus on
which modality is more accurate or whether the 2 modalities
provide complementary information. In this prospective study,
we systematically analyzed the accuracy of DCE-MRI and FDG
PET-CT in differentiating progression and radiation injury in pa-
tients who developed indeterminate enhancing lesions after RT
for gliomas or brain metastases. To our knowledge, this is the
largest prospective series providing a direct comparison of the ef-
fectiveness of DCE-MRI and FDG PET-CT in the same set of pa-
tients. We found that DCE-MRI and PET-CT were both useful in
distinguishing between progression and radiation injury, al-
though DCE-MRI (AUC¼ 0.76–0.87) slightly outperformed
PET-CT (AUC¼ 0.75). The predictive values of these techniques
increased when they were used in combination.

Compared with conventional MRI alone, DCE-MRI can im-
prove diagnosis, predict prognosis, and inform treatment deci-
sions in patients with brain tumors.31,32 While the literature has
demonstrated the benefits of using DCE-MRI in distinguishing
progression and radiation injury, the majority of the studies
were retrospective and included small numbers of patients.
Metrics such as increased cerebral blood volume ratio,20,33 de-
creased percentage of signal-intensity recovery,20,30 and in-
creased relative peak height20 have all been associated with
progression in both gliomas and brain metastases. A recent
study of 33 patients treated with RT for gliomas found that in-
creased Ktrans and Ve correlated with progression.34 We did not
find Ve to be a significant predictor (P¼ .17), possibly because
of heterogeneous contributions to Ve from additional physio-
logic factors such as capillary bed perfusion and permeability.35

However, we did find that Vpratio, which provides estimates of
vascular perfusion and microvascular density, and Ktrans

ratio ,
which provides estimates of vascular leakiness related to al-
tered permeability, permeability surface area product, and
flow, were significant predictors. Specifically, Vpratio was the
most robust predictor of progression (AUC¼ 0.87; 92% sensitiv-
ity using a cutoff of 2.1) of the 5 DCE-MRI metrics tested. When
Vpratio and Ktrans

ratio were combined, accuracy in predicting radia-
tion injury improved to 94% from 77% for Vpratio only and
71% for Ktrans

ratio only. The increased accuracy reflects the comple-
mentary roles of Vpratio and Ktrans

ratio , which investigate different
pathophysiologic properties and have been recognized as inde-
pendent imaging biomarkers.36,37 We did not detect a differ-
ence in Vpratio, Ktrans

ratio , or SUVratio between the progressive
metastasis subgroup and the progressive glioma subgroup
(P¼ .062). We also found similar optimal thresholds for the
whole group and the metastasis subgroup; for simplicity, we
therefore suggest that the proposed whole-group thresholds
are sufficient for routine clinical use regardless of the underly-
ing tumor pathology.

Using FDG PET-CT, we determined that SUVratio was effective
in distinguishing between progression and radiation injury but
trended toward lower predictive value compared with Vpratio

Fig. 3. Patient example of radiation injury detected by DCE-MRI perfusion and PET-CT. Images obtained in a 39-year-old woman with metastatic
breast cancer who underwent SRS to a left frontal lobe metastasis. Axial contrast-enhanced T1-weighted image (A) demonstrates an enhancing
mass that had increased in size 1 year after SRS (arrow). DCE-MRI showed no increase in perfusion on the Vp map (B) and no increase in SUV on
PET-CT (C). The lesion remained stable 1 year after it had enlarged (D) without any additional therapy and was determined to represent radiation
injury.
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(AUC¼ 0.75 vs 0.87, P¼ .061). Prior studies have also shown in-
creased SUVratio in progression30,38 without finding PET-CT to be
superior to DCE-MRI. The combination of Vpratio with SUVratio did
not yield higher predictive value than Vpratio alone. The SUVratio

threshold of ≥1.2 demonstrated higher specificity for progres-
sion than either Vpratio or Ktrans

ratio alone, but its specificity was
lower than that of the combination of Vpratio and Ktrans

ratio (82%
vs 94%). DCE-MRI also performed better than PET-CT when
the results of DCE-MRI and PET-CT were discordant. This has im-
plications for clinical care, as DCE-MRI alone may be sufficient
for the evaluation of indeterminate lesions in many patients.
Furthermore, DCE-MRI may offer the added benefits of being
less expensive and less time-consuming than PET-CT, as at
some institutions (including ours) patients with brain tumors
are already routinely followed with MRI.

Our study had several potential limitations. First, we includ-
ed a heterogeneous group of patients who had both primary
and metastatic tumors. It is possible that optimal cutoff values
for distinguishing radiation injury from progression differ be-
tween patients with gliomas and patients with metastases, al-
though our results and other studies have shown that they
have similar values.39,40 The inclusion of both primary and met-
astatic tumors reflects actual practice with heterogeneous
patient populations and therefore broadens the potential appli-
cability of our results. Nevertheless, an ongoing subsequent
study with a larger patient cohort is under way at our institu-
tion, which will allow for more detailed analyses of patients
with primary versus metastatic disease. Second, not all pa-
tients underwent surgery for their enlarging brain lesions; how-
ever, the clinical and radiological criteria we used to determine
follow-up outcomes were familiar and commonly applied in re-
search trials and in daily practice. Third, a disproportionate
number of the patients with primary tumors were determined
to have progression. This may reflect our relatively conservative
definitions of radiation injury as complete absence of any
tumor at histopathology and no new treatment for a minimum
of 6 months at follow-up. Fourth, we were unable to perform
subgroup analyses for the glioma cohort due to the unequal
numbers of patients in the progression and radiation injury
groups. Nevertheless, a subgroup analysis including only the
patients treated for brain metastases showed that Vpratio re-
mained the most effective imaging metric in distinguishing pro-
gression and radiation injury. Fifth, the DCE acquisition time
may not have been sufficiently long enough to allow for precise
measurement of Kep and Ve. We typically observe a new slight-
ly elevated baseline toward the end of the signal-intensity time
curve, suggesting that the equilibrium phase has been reached
and washout has been achieved. Although extending the time
of DCE acquisition would help confirm that equilibrium has
been reached, it has been suggested that proper modeling of
the tracer kinetics is sufficient to correctly estimate the con-
stancy of the parameters over time.41 – 43

In conclusion, we found that the DCE-MRI metrics Vpratio and
Ktrans

ratio , as well as the SUVratio derived from FDG PET-CT, were use-
ful in distinguishing progression from radiation injury. Of all the
individual metrics assessed, Vpratio was the most robust predictor
of progression, and the combination of Vpratio and Ktrans

ratio was able
to predict radiation injury with 94% accuracy. Our results should
be validated in a larger cohort that allows for separate analyses
for patients with gliomas and patients with metastases.
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