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CLINICAL STUDY

Conventional MRI does not reliably distinguish radiation necrosis
from tumor recurrence after stereotactic radiosurgery
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Abstract Distinguishing radiation necrosis (RN) from
tumor recurrence after stereotactic radiosurgery (SRS) for
brain metastases is challenging. This study assesses the
sensitivity (SN) and specificity (SP) of an MRI-based
parameter, the “lesion quotient” (LQ), in characterizing
tumor progression from RN. Records of patients treated
with SRS for brain metastases between 01/01/1999 and
12/31/2009 and with histopathologic analysis of a sub-
sequent contrast enhancing enlarging lesion at the treated
site at a single institution were examined. The LQ, the ratio
of maximal nodular cross sectional area on T2-weighted
imaging to the corresponding maximal cross sectional area
of T1-contrast enhancement, was calculated by a neurora-
diologist blinded to the histopathological outcome. Cutoffs
of <0.3, 0.3-0.6, and >0.6 have been previously suggested
to have correlated with RN, mixed findings and tumor
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recurrence, respectively. These cutoff values were evalu-
ated for SN, SP, positive predictive value (PPV) and neg-
ative predictive value (NPV). Logistic regression analysis
evaluated for associated clinical factors. For the 51 patients
evaluated, the SN, SP, PPV and NPV for identifying RN
(LQ < 0.3) were 8, 91, 25 and 73 %, respectively. For the
combination of recurrent tumor and RN (LQ 0.3-0.6) the
SN, SP, PPV and NPV were 0, 64, 0 and 83 %. The SN,
SP, PPV and NPV of the LQ for recurrent tumor
(LQ > 0.6) were 59, 41, 62 and 39 %, respectively. Stan-
dard MRI techniques do not reliably discriminate between
tumor progression and RN after treatment with SRS for
brain metastases. Additional imaging modalities are war-
ranted to aid in distinguishing between these diagnoses.

Keywords Radiation necrosis - Stereotactic
radiosurgery (SRS) - Brain metastases

Introduction

Stereotactic radiosurgery (SRS) for the treatment of a small
number of well-circumscribed intracranial metastases has
been tested and shown to be useful with a local control rate
of 72.5 % when used as a monotherapy and 88.7 % when
used in combination with whole brain radiotherapy [1].
Major advantages of SRS are the minimally invasive nature
of the treatment and the patient-friendly schedule of a
single fraction outpatient treatment. However, when
patients are followed over time and the treated lesion
demonstrates radiographic enlargement and/or the patient
develops additional symptoms attributable to a lesion at the
site of prior SRS, tumor progression must be distinguished
from radiation necrosis. Historically, surgical resection of
lesions thought to represent tumor progression
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Fig. 1 57 year old right-handed female with history of melanoma,
diagnosed with left frontal brain and lung metastases 8 years after
initial diagnosis of an arm lesion treated with resection. Treated with
Gamma Knife® radiosurgery to the left frontal lobe to 2400 cGy
prescribed to the 76 % isodose line, which covered 100 % of the
target. The plan utilized 1 shot using 16 mm sectors. Target
volume = 1.2 cc. Maximum dose = 3160.0 cGy. Maximum diame-
ter = 1.5 cm. MD/PD = 1.317. PIV/TV = 1.917 (a). At 3 months
post-Gamma Knife®, left frontal metastasis demonstrated progression
of the left frontal lesion with surrounding vasogenic edema and

demonstrated that 10 % of specimens contained radiation
necrosis alone (Fig. 1) [2]. The correct diagnosis is para-
mount as the treatment for tumor progression versus radi-
ation necrosis differs markedly. Treatment for tumor
progression may include additional radiotherapy, chemo-
therapy, and/or surgical resection/ablation, whereas radia-
tion necrosis is often a self-limited entity managed
symptomatically with a short course of steroids, anti-VEGF
agents, and only occasionally surgical intervention.

In an effort to avoid invasive diagnostic approaches such
as biopsy or surgical resection, great interest exists in
identifying reliable clinical and/or imaging features that
would help differentiate radiation necrosis from tumor
progression. Some clinical factors that have been associ-
ated with a higher likelihood of radiation necrosis include
the time from treatment to radiographic enlargement of the
lesion and the volume of tissue treated with SRS [3, 4].
Because these lesions appear similarly on contrast
enhanced T1-weighted MRI images, more sophisticated
imaging modalities have also been studied and used clini-
cally to aid in making this elusive diagnosis in a non-
invasive fashion [5-11]. However, because of its avail-
ability some investigators have sought to identify a reliable
tool to help discern between radiation necrosis and tumor
progression using the available data from standard MRI
sequences. Dequesada et al. [12] studied a novel parameter,
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hemorrhage (b). The patient was treated with whole brain radiother-
apy to a dose of 3750 cGy in 15 fractions of 250 cGy/fraction with
6MYV photons prescribed to the mid-plane. The patient did well until
7 months post-Gamma Knife®, when she experienced return of left
lower extremity weakness. MRI demonstrated an enlarging mass with
rim enhancement compatible with cystic tumor and recurrence
metastasis (c). She again underwent excisional biopsy of the lesion,
which demonstrated radiation necrosis and hemorrhage without
evidence of tumor recurrence

the “Lesion Quotient” (LQ), defined as “the ratio of
maximal cross sectional area of a definable nodule on T2-
weighted imaging to the corresponding maximal cross
sectional area of T1-contrast enhancement,” and found a
LQ of <0.3, between 0.3-0.6, and >0.6 correlated well
with radiation necrosis, mixed findings of necrosis and
tumor, and tumor progression/recurrence, respectively.
Others have studied a ratio known as a “T1/T2 mismatch,”
defined as “lack of a clear and defined lesion margin on
T2-weighted images compared to the margin of contrast
uptake on T1-weighted images,” and found mismatches
correlated with radiation necrosis [4].

Because this latter ratio is less quantitative and more
subjective, we chose to examine the more consistently
quantifiable LQ in our unique and fairly large patient
sample and validate their findings. We also sought to
identify whether a variety of technical and clinical
parameters were specifically associated with either radia-
tion necrosis or tumor progression.

Patients and methods
Between January 1, 1999 and December 31, 2009, 1202

patients with 3288 brain metastases were treated with
Gamma Knife® radiosurgery at a single institution,
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utilizing the Elekta Model B®, Elekta Model C®, and
Elekta Perfexion® systems. Of these 1202, all patients who
underwent histopathologic analysis via biopsy and/or
resection of the treated lesion(s) in the setting of radiation
necrosis versus tumor progression, had preoperative MRI
imaging within 60 days of surgery, and who had a defini-
tive histopathologic diagnosis made by a dedicated neu-
ropathologist were included in this study. Clinical
information, such as demographic characteristics, onco-
logic history, timeline of events, tumor type, SRS charac-
teristics  including lesion size, prescribed dose,
conformality index (prescribed isodose volume divided by
the target volume), homogeneity index (maximum dose
divided by the prescribed dose), administration of whole-
brain radiotherapy (WBRT), type of surgical intervention,
and Karnofsky Performance Score (KPS) at the time of
surgery were retrospectively collected for each patient.
Dosing for SRS was per RTOG 90-05 (24 Gy for tumors
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Fig. 2 43 year old woman with metastatic melanoma status-post SRS
to the right frontal lobe 2 years prior to imaging to a dose of 18 Gy.
Axial MRI demonstrating the two techniques utilized to obtain
measurements. On the left, orthogonal diameters are demonstrated on
the T2 axial MRI of the lesion at the right frontal lobe (1.7 cm in
anteroposterior direction and 1.8 cm in transverse orientation) as well
as an ellipsoid measurement of the lesion area, 2.5 cm?. On the right,

Ex

<2.0 cm, 18 Gy for tumors 2.1-3.0 cm, 15 Gy for tumors
3.1-4.0 cm) [13].

Preoperative clinical MRI scans were performed on
commercial 1.0, 1.5 and 3.0 Tesla scanners (Siemens, Er-
langen, Germany) utilizing standard RARE T2-weighted,
Inversion Recovery FLAIR, and post contrast T1-weighted
pulse sequences. Gadolinium chelate contrast agents were
administered at standard dose of 0.1 mmol/kg for all
patients. Lesion evaluation was performed on a Siemens
PACS viewing station, or using eFilm (Merge Healthcare) or
Siemens Syngo Imaging on a PC, utilizing standard mea-
surement tools by an experienced neuroradiologist (ALT)
who was blinded as to the tumor type, radiosurgery dose and
final histopathology. Orthogonal measurements of maximal
cross-sectional dimensions and perimeter tracings or ellip-
tical area measurements were generated for each case (see
Fig. 2). The maximal cross-sectional area on each imaging
modality was utilized to evaluate the lesion quotient.

0241

T1 AXIAL POS

the same lesion on T1-contrast enhanced axial MRI is assessed with
same measurements. In the case of irregular shapes, perimeter
tracings were performed by hand in addition to maximal diameter
measurements. LQ was 0.63 which predicted radiation necrosis.
Histopathology revealed radiation necrosis without evidence of tumor
progression
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The sensitivity (SN), specificity (SP), positive predictive
value (PPV), and negative predictive value (NPV) using
the previously reported cut-points of <0.3, 0.3-0.6, and
>0.6, were calculated for the endpoints of radiation
necrosis, mixed findings of necrosis and tumor, and tumor
progression only when compared with histopathology.
Logistic regression was performed to identify other imag-
ing characteristics, patient characteristics or treatment
related factors significantly associated with the develop-
ment of radiation necrosis versus tumor progression after
SRS.

Results

Fifty-seven patients of the initial 1202 treated patients
underwent surgical intervention when diagnosis of tumor
progression versus radiation necrosis was in question.
Indications for surgical intervention included for focal
neurological deficit in 22 patients (43 %), for treatment
decision-making in 16 patients (31 %), for intractable
seizures in 8§ patients (16 %), and for altered cognition in 5
patients (10 %). Thirty-four patients were noted to have
tumor progression, 16 were noted to have necrosis without
evidence of tumor, 6 were noted to have mixed tumor
progression and radiation necrosis, and 1 patient had
indeterminate histology. When the time from MRI to
resection was limited to <60 days, 51 patients remained.

Thus, 51 patients, comprised of 28 females (55 %) and
23 males (45 %), met our inclusion criteria and were
included in the analysis. Eleven histologies were repre-
sented, with non-small cell lung cancer and breast cancer
being the two most common histologies (Table 1). Median
age at the time of SRS was 57 years (range 28—73). Median
target volume was 3.2 cm® (range 0.025-20.3) and median
diameter was 2.19 cm (range 0.46—4.5). Median confor-
mality index was 1.65 (range 1.35-5.92), median homo-
geneity index was 1.96 (range 1.05-2.02), and median
maximum dose was 35.5 Gy (range 23.1-48.1 Gy). WBRT
was administered in 73 % of all patients, including 74 % of
patients without necrosis and 69 % of patients in whom
only necrosis was identified.

Surgical intervention for the 51 patients included in the
analysis consisted of stereotactic biopsy in 4 patients (8 %)
and surgical resection in 47 patients (92 %). Histopatho-
logic examination of the 51 patients demonstrated 13
(25 %) cases of radiation necrosis, 5 (10 %) cases of mixed
radiation necrosis and tumor, and 33 (55 %) cases of tumor
progression. The SN, SP, PPV and NPV for identifying
radiation necrosis (LQ < 0.3) were 8, 91, 25 and 73 %,
respectively. For the combination of recurrent tumor
and radiation necrosis (LQ 0.3-0.6) the SN, SP, PPV and
NPV were 0, 64, 0 and 83 %. The SN, SP, PPV and NPV
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Table 1 Patient characteristics

Characteristics Number %o
Sex
Male 23 45.1
Female 28 54.9
Age (years)
Median 57
Range 28-73
Prior treatment
Prior whole brain radiotherapy 20 39.2
Post-SRS whole brain radiotherapy 17 333
None 14 27.5
Type of surgical intervention
Biopsy 4 7.8
Resection 47 92.2
Primary cancer
Bladder 1 2.0
Breast 11 21.6
Colon 1 2.0
Esophagus 1 2.0
Melanoma 5 9.8
Malignant peripheral nerve sheath tumor 1 2.0
Non-small cell lung cancer 17 333
Renal cell 6 2.0
Small cell 4 9.8
Testicular 1 17.6
Ureter 1 2.0
Unknown 2 3.9

of the lesion quotient for distinguishing recurrent tumor
(LQ > 0.6) were 59, 41, 62 and 39 %, respectively.
Additional analysis was performed overall, as well as with
different LQ cut points, but did not significantly improve
the predictive ability of the test (data not shown). For all
additional analyses, the 5 cases or mixed radiation necrosis
and tumor progression were folded into the tumor pro-
gression category as these patients were felt to have
symptoms most likely related to tumor progression rather
than radiation necrosis alone and were managed as having
tumor progression/recurrence.

Logistic regression analysis was used to identify whe-
ther any of the following variables were significantly
associated with necrosis or tumor progression: KPS at the
time of surgical resection, type of resection (biopsy versus
tumor resection), the use and timing of WBRT, SRS dose,
target volume, Tl maximum cross-sectional area, T2
maximum cross-sectional area, T2 maximum cross-sec-
tional area divided by T1 maximum cross-sectional, the
product of dose by volume, the time from SRS to MRI
suspicious for radiation necrosis, time from MRI to sur-
gery, time from SRS to surgery, T2 area, T2 cystic area, T2
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anteroposterior dimension, T2 mediolateral dimension, T1
contrast-enhanced area, area of the T1 contrast-enhanced
cyst, Tl contrast-enhanced anteroposterior measurement,
T1 contrast-enhanced mediolateral measurement, ratio of
T2 area to T1 contrast-enhanced area, ratio of T2 cyst area
to T1 contrast-enhanced cyst area, and T2 divided by Tl
contrast-enhanced anteroposterior and mediolateral mea-
surements (Table 2). None of these values were signifi-
cantly correlated with either RN or tumor progression on
univariate analysis (Table 3).

Discussion

SRS has been established as a safe and effective treatment
option for brain metastases. Its most clinically significant
adverse effect is radiation necrosis, which occurs in
approximately 7 % of lesions treated with SRS [14]. At our
institution, approximately 12 % of patients experience RN
based on radiographic findings [unpublished data], less than
5 % of whom required surgical intervention for question of
RN versus tumor progression. Given the invasive nature of
biopsy and/or resection for diagnosis of radiation necrosis
and the widely differing treatments for RN versus tumor
progression/recurrence, a reliable, non-invasive method for
the diagnosis of radiation necrosis versus tumor progression
for an enlarging mass at the site of previous SRS is
appealing.

While MRI is routinely utilized for follow-up of patients
treated with SRS, its ability to distinguish between radia-
tion necrosis and progressive tumor has been problematic.
Physiologic imaging modalities, including PET, MR-
SPECT, and perfusion MRI have been used in conjunction
with standard series MRI to distinguish tumor progression
from radiation necrosis, with promising results (Table 4)
[5, 7, 10, 11]. While not providing a definitive diagnosis,
these modalities have been shown to be reliable enough
that they are now used at select institutions to help establish
a diagnosis and guide treatment without the need for sur-
gical intervention. However, these additional imaging
modalities are costly and not as widely available as con-
ventional MRI.

As such, recent attempts to use the more cost-effective
and widely available standard sequence MRI to help
distinguish between radiation necrosis and tumor pro-
gression are both intriguing and potentially clinically
meaningful. Dequesada et al. reviewed a number of dif-
ferent MRI morphologic findings and enhancement pat-
terns, none of which reliably distinguished between the
two entities when compared with histopathologic exami-
nation. However, a novel parameter, the LQ, was found to
have a NPV of 96 % for radiation necrosis if the LQ was
>0.3, a NPV of 100 % for tumor progression if the LQ

was >0.6, and a PPV of 100 % for combined necrosis and
tumor progression with a LQ of 0.3-0.6 [12]. While the
sensitivity for recurrent tumor was 100 %, the specificity
was only 32 %. For necrosis, sensitivity was 80 % and
specificity was 96 %. For combination recurrent tumor
and radiation necrosis, sensitivity was 15 % and speci-
ficity was 100 %.

Our data, which included more accurate parameters as
well as orthogonal diameter measurements by an experi-
enced neuroradiologist and a larger number of patients, did
not confirm these findings. Our study reveals that the LQ is
inadequately sensitive (59 %) and specific (41 %) for
determining recurrent tumor only. The tool in this study
had an acceptable specificity (91 %), but poor sensitivity
(8 %) for determining RN. The test was neither sensitive
(0 %) nor specific (64 %) for the combination of recurrent
tumor and radiation necrosis. The predictive values were
unacceptably low for all outcomes (see Table 3).

It is unclear why our data differs from their findings.
Some factors that differed between our cohorts include
potentially different treatment time periods, changes in
practice, patient demographics and technological differ-
ences including conformality index, homogeneity index,
and dosing. SRS also differed in our study as it was not
performed with a linear accelerator, but with Gamma
Knife®. This may offer one explanation for the differences
in outcomes as dosimetry between linear accelerator
delivered SRS and Gamma Knife® varies, with the central
hotspot receiving a higher dose with Gamma Knife® SRS
than linear accelerator SRS, potentially affecting the bio-
logic and radiographic sequelae of SRS. There is, however,
no evidence of superiority of radiosurgery delivered with a
linear accelerator versus Gamma Knife® system versus
cyclotron [15].

Another conventional MRI parameter that has been
studied is the “T1/T2 mismatch” defined as “enhancement
on T1-weighted MRI scans [not matching] any corre-
sponding and similar low-intensity mass on T2-weighted
images” [4]. It was found to be significantly correlated
with necrosis (p < .0001). The converse was also true; if a
T1/T2 match was identified, the lesion was significantly
correlated with tumor progression (p < .0001). The T1/T2
mismatch for the identification of radiation necrosis was
determined to be 83.3 % sensitive and 91.1 % specific.
While these results are intriguing, this lack of objective
methodology is limited in its qualitative rather than quan-
titative nature. Its subjective nature makes it difficult to
implement in a consistent fashion, which is why we chose
not to repeat this approach on our patient cohort.

Of the many clinical and treatment related factors that
we analyzed, none consistently correlated with either
radiation necrosis or tumor progression. Others have found
that a longer time from SRS to surgery was associated with
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Table 2 Characteristics of
patients

@ Springer

Descriptive statistics for patients w/<60 days from MRI to Surg (n = 51)

Median Mean SD Min Max n # missing

KPS at Resection post GK

All 80 73.529 12.779 40 90 51 0

No necrosis 70 72.368 12.826 40 90 38 0

Necrosis 80 76.923 12.506 60 90 13 0
Age at TX

All 57 55.10 10.90 28 73 51 0

No necrosis 54 53.47 11.13 28 71 38 0

Necrosis 61 59.85 8.97 41 73 13 0
SRS dose (Gy)

All 18 19.44 3.59 14.5 25 51 0

No necrosis 18 19.07 3.54 14.5 25 38 0

Necrosis 21 20.52 3.67 14.8 24 13 0
Target volume (cc)

All 32 4.847 4.608 0.025 20.3 51 0

No necrosis 3.25 5.153 4.791 0.142 20.3 38 0

Necrosis 2.77 3.953 4.068 0.025 12.8 13 0
Max diameter (cm)

All 2.19 2.276 0.892 0.46 4.5 51 0

No necrosis 2.195 2.344 0.91 0.7 4.5 38 0

Necrosis 2 2.075 0.84 0.46 3.7 13 0
Max dose

All 35.5 36.70 6.76 23.1 48.1 51 0

No necrosis 354 35.70 6.26 23.1 47.8 38 0

Necrosis 36.4 39.63 7.57 29.6 48.1 13 0
MD/PD

All 1.96 1.887 0.184 1.05 2.02 51 0

No necrosis 1.945 1.872 0.195 1.05 2 38 0

Necrosis 2 1.933 0.144 1.48 2.02 13 0
PIV/TV

All 1.648 1.794 0.661 1.35 5.92 51 0

No necrosis 1.644 1.729 0.321 1.35 3.06 38 0

Necrosis 1.7 1.982 1.204 1.368 5.92 13 0
% 1IDL

All 51 54.4 8.5 50 95 51 0

No necrosis 51 54.3 8.4 50 95 38 0

Necrosis 51 54.6 9.0 50 80 13 0
T1 Max CSA

All 5.08 5.96 4.419 0.2 21.2 48 3

No necrosis 5 5.706 4.425 0.2 21.2 36 2

Necrosis 6.96 6.721 4.506 0.77 13.44 12 1
T2 Max CSA

All 3.96 4.488 3.304 0.2 13.53 45 6

No necrosis 3.98 4.44 3.21 0.2 13.53 34 4

Necrosis 3.23 4.636 3.742 0.9 12.76 11 2
T2 Max CSA/T1 Max CSA

All 0.77 0.759 0.375 0 2.31 47 4

No necrosis 0.775 0.751 0.396 0 2.31 36 2

Necrosis 0.74 0.783 0.309 0.39 1.35 11 2
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Table 2 continued Descriptive statistics for patients w/<60 days from MRI to Surg (n = 51)
Median Mean SD Min Max n # missing
Dose x volume
All 59.4 82.495 67.906 0.525 294.35 51 0
No necrosis 58.5 86.492 71.045 3.408 294.35 38 0
Necrosis 66.48 70.812 58.755 0.525 192 13 0
Time from GK to MRI (months)
All 8.8 10.47 8.90 0.6 38 51 0
No necrosis 6.3 9.98 9.96 0.6 38 38 0
Necrosis 11.4 11.90 4.62 34 18.9 13 0
Time from MRI to surgery (days)
All 14 17.2 14.5 1 57 51 0
No necrosis 14 18.4 16.0 1 57 38 0
Necrosis 15 13.6 7.8 2 26 13 0
Time from GK to sugery (m)
All 9.6 11.04 8.89 0.6 38.7 51 0
No necrosis 7.05 10.58 9.95 0.6 38.7 38 0
Necrosis 11.7 12.37 4.70 3.7 19.6 13 0
T2 area
All 34 3.88 2.68 0.5 11.6 43 8
No necrosis 34 4.19 2.96 0.5 11.6 31 7
Necrosis 2.9 3.08 1.62 1.1 5.9 12 1
T2 cyst
All 1.2 2.05 1.95 0.2 5.6 12 39
No necrosis 1.2 2.11 2.05 0.2 5.6 9 29
Necrosis 1.2 1.87 1.99 0.3 4.1 3 10
T2AP
All 1.9 2.12 0.90 0.6 4.5 43
No necrosis 2 2.22 0.96 0.6 4.5 31
Necrosis 1.7 1.88 0.69 0.9 32 12
T2ML
All 1.9 1.97 0.87 0.7 4.9 43
No necrosis 2.1 2.06 0.98 0.7 4.9 31
Necrosis 1.8 1.73 0.47 0.8 2.2 12
TIC area
All 4.9 5.90 3.44 1 14.3 47 4
No necrosis 4.9 6.03 3.67 1 14.3 34 4
Necrosis 4.7 5.55 2.84 1.9 11.2 13 0
TIC cyst
All 2 2.13 1.61 0.3 6.2 35 16
No necrosis 2.1 2.32 1.73 0.4 6.2 23 15
Necrosis 1.3 1.76 1.35 0.3 4.8 12 1
T1C AP
All 2.5 2.64 1.04 1.2 5.7 47 4
No necrosis 2.6 2.76 1.07 1.2 5.7 34 4
Necrosis 2 2.32 0.91 1.3 4.3 13 0
TICML
All 24 2.65 1.05 1 6.1 45 6
No necrosis 2.5 2.67 1.16 1 6.1 33 5
Necrosis 2.3 2.58 0.69 1.8 4 12 1
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Table 2 continued

Descriptive statistics for patients w/<60 days from MRI to Surg (n = 51)

Median Mean SD Min Max n # missing
T2/T1C area
All 0.67 0.832 1.335 0.1 9.2 43
No necrosis 0.69 0.926 1.564 0.1 9.2 31
Necrosis 0.58 0.588 0.192 0.27 0.84 12
T2/T1C cyst
All 0.84 0.848 0.535 0.17 2 12 39
No necrosis 0.83 0.882 0.568 0.17 2 9 29
Necrosis 0.85 0.747 0.513 0.19 1.2 3 10
T2/TI1C AP
All 0.83 0.813 0.252 0.32 1.59 43
SRS stereotactic radiosurgery, No necrosis 0.83 0.799 0.241 0.32 1.59 31
CSA cross sectional area, TIC Necrosis 0.84 0.849 0.286 0.45 1.47 12
T1 contrast-enhanced, AP
anteroposterior, ML T2/T1C ML
mediolateral, PIV/TV All 0.78 0.76 0.216 0.38 1.3 43
prescription isodose volume/ No necrosis 0.81 0.789 0.227 0.39 1.3 31
tumor volume, MD/PD Necrosis 0.71 0.685 0.171 0.38 1 12
maximum dose/peripheral dose
:rf‘:;ly‘;‘:’ éf‘f)gg;ff;;iﬁgsis Variable p-value 0dds ratio 95 % L 95 % U
after SRS for brain metastases Gender (M vs F) 0.9294 1.059 0.299 3.749
SRS dose (Gy) 0.2100 1.122 0.937 1.342
Target volume (cc) 0.4183 0.938 0.802 1.096
Max diameter (cm) 0.3457 0.699 0.332 1.471
Max dose 0.0752 1.094 0.991 1.209
MD/PD 0.3237 16.993 0.061 4718.706
PIV/TV 0.2948 1.656 0.644 4.255
Any WBRT (Y vs N) 0.7564 0.804 0.202 3.199
T1 Max CSA 0.4900 1.052 0911 1.214
T2 Max CSA 0.8627 1.018 0.830 1.250
T2 Max CSA/T1 Max CSA 0.8065 1.249 0.211 7.394
Lesion quotient (<0.3 vs >0.3) 0.9773 5.536E—06 0.000 na
SRS dose x target volume 0.4712 0.996 0.986 1.006
Time from GK to MRI (months) 0.5018 1.024 0.956 1.095
Time from GK to surgery (months) 0.5311 1.022 0.955 1.094
T2/TIC area 0.4962 0.396 0.027 5.711
T2/T1C cyst 0.6935 0.580 0.039 8.721
T2/TI1C AP 0.5541 2219 0.158 31.129
T2/T1C ML 0.1607 0.082 0.003 2.695
KPS at surgical intervention 0.2686 1.031 0.977 1.089

radiation necrosis, while those patients requiring surgical
intervention at a shorter time after SRS were more likely to
have residual tumor at the time of resection [4]. In this
study, the median time from SRS to resection for suspicion
of tumor progression versus radiation necrosis was
9.6 months for all patients, 7.1 months for those with
tumor progression, and 11.7 months for those in whom
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necrosis only was identified. While this is consistent with
published findings, it did not reach statistical significance.

Emerging data promoting advanced imaging as a non-
invasive, though imperfect, method for diagnosis of RN
versus tumor progression/recurrence has been published
(Table 4). Patients may also be empirically treated with
steroids and monitored for radiographic response. Overall,
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Table 4 Comparison of
imaging modalities in
determining radiation necrosis

Author, reference Test
number

Sensitivity (%) for
predicting radiation
necrosis alone

Specificity (%) for
predicting radiation
necrosis alone

Standard MRI-LQ (current study) 8 91
Dequesada, [12] Standard MRI-LQ 80 96
Kano, [4] T1/T2 mismatch 83.3 91.1
Chao, [5] FDG-PET with MRI co-registration 86 80
Kimura, [10] Magnetic resonance spectroscopy 81.8 333

the treatment of radiation necrosis, tumor progression, or a
combination of the two is controversial and is a topic of
current study [16-20]. However, before the issue of treat-
ment is considered, confidence in the diagnosis of radiation
necrosis versus tumor progression is required. Our findings
suggest that metrics derived from standard T1 post-contrast
and T2-weighted sequences are unreliable to make this
diagnosis, and that advanced imaging techniques may be
requisite.

In fact, the results of our study are consistent with
already well known MRI principles and extensive clinical
experience with this modality for the evaluation of treated
brain tumors [21]. The underlying physiological mecha-
nisms of T1 shortening in gadolinium contrast enhanced
MRI occur secondary to blood-brain barrier disruption
with accumulation of paramagnetic agents in the extra-
cellular space and are not histology-specific. Accordingly,
peripheral enhancement surrounding an SRS treated tumor
may be due to either RN or tumor progression/recurrence
regardless of relative area. Similarly, hypointensity on T2-
weighted images (T2 shortening) is equally non-specific,
and may be secondary to dense cellularity from active
tumor or the presence of dephasing secondary to hemo-
globin degradation products in regions treated with radio-
surgery, as an example. Those changes in the relative size
of the areas of central and peripheral T1 and T2 shortening
lesions was non predictive of histology in our study, which
is consistent with extensive clinical MRI experience over
that past 20 years and has provided the impetus behind the
intense interest in advanced physiology and biochemistry-
based imaging techniques in recent years, which include
DSC perfusion MRI (“CBV”), DSC T1 weighted (“per-
meability”) perfusion MRI, FDG PET, MR Spectroscopy,
and others [22-24].

Conclusions

Distinguishing between RN and tumor progression/recur-
rence after SRS for brain metastases is challenging. Stan-
dard MRI sequences are neither suitably sensitive nor
specific to reliably make this diagnosis. More sophisticated

imaging modalities which reflect tumor physiology and
biochemistry are indicated to aid in this diagnosis. Histo-
pathologic confirmation remains the gold standard.
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