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Early posttreatment assessment of MRI perfusion
biomarkers can predict long-term response of lung
cancer brain metastases to stereotactic radiosurgery
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Abstract

Background. Imaging criteria to evaluate the response of brain metastases to stereotactic radiosurgery (SRS) in
the early posttreatment period remains a crucial unmet need. The aim of this study is to correlate early (within
12 wk) posttreatment perfusion MRI changes with long-term outcomes after treatment of lung cancer brain metas-
tases with SRS.

Methods. Pre- and posttreatment perfusion MRI scans were obtained in patients treated with SRS for intact non-
small cell lung cancer brain metastases. Time-dependent leakage (K@), blood plasma volume (Vp), and extracel-
lular extravascular volume (Ve) were calculated for each lesion. Patients were followed longitudinally with serial
MRI until death, progression, or intervention (whole brain radiation or surgery).

Results. We included 53 lesions treated with SRS from 41 total patients. Median follow-up after treatment was
11 months. Actuarial local control at one year was 85%. Univariate analysis demonstrated a significant difference
(P = 0.032) in posttreatment Kia"s SD between patients with progressive disease (mean = 0.0317) and without
progressive disease (mean = 0.0219). A posttreatment K'a"s SD cutoff value of 0.017 was highly sensitive (89%) for
predicting progressive disease and no progressive disease. Early posttreatment volume change was not associ-
ated with outcome (P = 0.941).

Conclusion. Posttreatment K'a"s SD may be used as an early posttreatment imaging biomarker to help predict
long-term response of lung cancer brain metastases to SRS. This can help identify patients who will ultimately
fail SRS and allow for timelier adjustment in treatment approach. These data should be prospectively validated in
larger patient cohorts and other histologies.

Key words

Brain metastases (BMs) are the most common intracranial
malignancy in adults, such that up to 40% of brain tumors
are metastatic in origin and approximately 200000 new
cases are diagnosed each year. Cancers of the lung, in par-
ticular, have a high propensity to spread to the brain.! For
these patients, prognosis is generally guarded given that
BMs often correspond with increasing systemic disease or
resistance to current therapy.?® Currently, radiation ther-
apy (RT) is the most commonly used modality to treat BMs,

for either palliative or curative intent.*® For patients with
one or several lesions, stereotactic radiosurgery (SRS) in
a single session is often used in place of whole brain RT
(WBRT), yielding >80%-90% durable local control.” Given
improvements in systemic therapy, particularly targeted
therapies or those with CNS penetration, certain subsets
of patients are able to live longer. Unfortunately, many
patients with brain metastases treated with SRS fail to
respond. Developing a non-invasive imaging biomarker to
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Importance of the study

SRS can eradicate or control brain metastasis but is
unsuccessful in up to 20% of patients at 1 year after
therapy. Tumor volume change on initial post-SRS MRI
is unreliable for predicting long-term outcome. Our
study demonstrates that post-radiation therapy (RT)
Ktrans SD may be utilized as a noninvasive imaging bio-
marker of early therapeutic efficacy. The ability to rap-
idly identify unresponsive lesions allows for timelier
consideration of alternative therapies and may help
optimize patient management.

optimize patient selection and identify nonresponders is
a critical unmet need, as patients may require early treat-
ment intensification if they are determined to be at high
risk for failure.

MRI is the gold standard for initial evaluation of BMs and
monitoring of treatment response after brain radiation. MRI
provides superior sensitivity and delineation compared with
other methods, including contrast-enhanced CT.8 Advanced
MRI techniques, including contrast-enhanced perfusion,
spectroscopy, and diffusion tensor imaging, can provide
significant functional information in addition to excellent
anatomic information such as that provided by conven-
tional MRL® Dynamic-contrast enhanced (DCE) MR perfu-
sion imaging (pMRI) is an advanced imaging technique that
allows for quantitative assessment of tumor microvascu-
lature by analyzing the distribution kinetics of an intrave-
nously injected low-molecular-weight paramagnetic agent
in the microvessels and extracellular extravascular space
of tissue under review.”® MR perfusion imaging allows for
assessment of physiologic changes in the lesion and extrac-
tion of quantitative data for longitudinal tumor monitoring.
These data can be characterized as non-invasive imaging
biomarkers, and studies are beginning to emerge regarding
their utility in monitoring treatment response.

A crucial issue in the management of BMs is how to best
assess treatment response early after RT, particularly in
the case of SRS. Treatment success is generally regarded
as the absence of progression in the size of the lesion.
Nearly one half of BMs after radiation may increase in size,
and that increase in size may persist in up to 12% even at
15 months post-radiation." The size increase is often tran-
sient and complicates management decisions, which are
further confounded by histology of the lesion or concomi-
tant systemic therapy.The reference standard in character-
izing the nature of enlarging lesions is surgical resection,
but this is not feasible or necessary in a patient population
with advanced disease and asymptomatic lesion enlarge-
ment. Although several working groups have established
criteria to provide some uniformity in assessing response,
they do not address the functional changes in the tumor
that would show a physiologic response to radiation.’?

We hypothesize that early (within 12 wk) post-SRS quan-
titative analysis of perfusion imaging can predict whether
or not lung cancer BMs will ultimately respond or fail treat-
ment. These quantifiable data would in turn allow physi-
cians to create a platform for personalization of RT by rapid

Unlike prior studies evaluating brain metastases after
RT, we focused on non-small cell lung cancer treated
only with SRS. This allows control of confounding vari-
ables such as different tumor histologies and the effect
of non-ablative radiation treatments such as whole
brain RT. Additionally, the majority of patients were fol-
lowed until death, giving a more complete understand-
ing of the long-term utility of perfusion MRI biomarkers.
These data should be prospectively validated in larger
patient cohorts.

identification of patients who are suitable for observation
after RT or who may require treatment intensification.

Materials and Methods
Patients and Treatment

This study was performed at a tertiary cancer institution
in accordance with the Health Insurance Portability and
Accountability Act and with local institutional review board
approval, including a waiver of informed consent. Patients
were retrospectively identified from 2012 to 2015. During
this time we established routine pMRI acquisition before and
after SRS treatment. Patients who were included met the fol-
lowing criteria: histopathologic diagnosis of non-small cell
lung cancer (NSCLC), treatment of an intact (nonresected)
brain metastasis with SRS, pretreatment pMRI, and post-
treatment pMRI within 12 weeks after treatment. Patients
who received WBRT prior to SRS were excluded. Patients
who did not have the treated lesion assessed with both
pre- and posttreatment pMRI were also excluded. Patient
data collected included patient age, histologic subtype, tri-
dimensional lesion size, lesion location, SRS treatment dose
(Gy), treatment dates, imaging dates, and any additional
interventions (WBRT, surgery). Treatment was performed
using single-fraction SRS alone with previously described
techniques."™ Molecular testing was performed on a biopsy
of each patient’s primary or a metastatic lesion. Primary
tumors were genotyped with the Sequenom MassARRAY
system analysis for common mutations in lung cancer,
including epidermal growth factor receptor (EGFR), KRAS,
BRAF, phosphatidylinositol-4,5-bisphosphate 3-kinase cata-
lytic subunit alpha (PIK3CA), MEK1, NRAS, Akt1, and Erb-
B2 receptor tyrosine kinase 2 (ERBB2)/human epidermal
growth factor receptor 2 (HER2), as previously described.’
Supplemental testing (PCR, fluorescence in situ hybridiza-
tion) was performed to detect exon 19 and exon 20 deletions
and anaplastic lymphoma kinase (ALK) rearrangements.

MR Perfusion Imaging Acquisition

Patients were scanned on 15T or 3T scanners (Signa
Excite, HDx and Discovery 750, GE Healthcare) using an
8-channel head coil. Standard T1-weighted, T2-weighted,
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diffusion-weighted, fluid-attenuated inversion recovery,
susceptibility-weighted, and contrast T1-weighted images
were acquired in multiple planes. Gadopentetate dimeglu-
mine (Magnevist; Bayer HealthCare Pharmaceuticals) was
power-injected via an intravenous catheter (18-21 gauge) at
doses standardized by patient body weight (0.2 mL/kg body
weight, maximum 20 mL) at 2-3 mL/s. High resolution 3D
T1-weighted contrast-enhanced images in the axial plane
with a slice thickness of 1 mm and no gaps between slices
were routinely acquired for SRS planning and follow-up
after therapy.T1-weighted DCE perfusion data were acquired
using an axial 3D echo-spoiled gradient-echo sequence (rep-
etition time [TR], 4-5 ms; echo time [TE], 1-2 ms; section
thickness, 5 mm; flip angle, 25 degrees; field of view, 24 cm;
matrix, 256 x 128). Ten phases were acquired pre-injection
followed by another 30 phases during the dynamic injec-
tion of intravenous contrast. This was followed by a 40-mL
saline flush. The time between phases (temporal resolu-
tion) was 5-6 seconds. Matching contrast T1-weighted (TR/
TE, 600/8 ms; thickness, 5 mm; matrix, 256 x 224) spin-echo
images were obtained. Ten to 12 slices were obtained for
the DCE color maps and matching T1 postcontrast images
to cover the volumes of the lesions. The native T1 was not
measured and a fixed baseline value of 1000 ms was utilized.

Imaging Analysis

Data processing and analysis of pharmacokinetic vari-
ables were conducted using NordiclCE version 2
(NordicNeurolLab). This applies a pharmacokinetic model
of contrast uptake to the calculated signal intensity
changes over time. Using a 2-compartment kinetic model,
the contrast agent is presumed to be distributed in the
blood plasma volume, leaking in a time-dependent man-
ner into the interstitium. Preprocessing of pMRI included
background noise removal and deconvolution with the
arterial input function (AIF). A linear assumption was
made between change in signal intensity and gadolinium
concentration to convert the signal intensity curve to a
concentration-time curve. The AIF was obtained from the
middle cerebral artery independently for every patient.
Curves showing an optimal relationship between AIF and
the concentration-time curve were carefully selected. Time-
dependent leakage (K'@s), blood plasma volume (Vp), and
extracellular extravascular volume (Ve) were calculated
using Toft's pharmacokinetic model analysis on a voxel-by-
voxel basis.’>'6 All regions of interest (ROls) were manually
delineated by a trained operator on the matching axial T1
postcontrast scans. A board-certified attending neuroradi-
ologist with 10 years of neuroimaging experience approved
all ROIs. The edge of contrast enhancement on the T1 post-
contrast scan dictated the borders of the lesions, including
enhancing tumor tissue and cystic/necrotic changes, but
not adjacent vessels. An average value was computed for
metastases that spanned multiple axial slices. Histogram
analysis was also performed on all voxels within the ROI.

Data Analysis

We analyzed 3 DCE-MRI metrics, including K'@"s, Vp, and
Ve. For each metric, we computed 3 submetrics, including

mean, standard deviation (SD), and median, leading to a
set of 9 features. The SD describes the width of the distri-
bution of all voxels in a histogram analysis and is indica-
tive of the heterogeneity of the tumor. We generated
3 sets of the 9 features: pre-RT, post-RT, and the change
of values (denoted as A) between pre-RT and post-RT. In
addition, we analyzed 3 clinical features, including pre-
RT tumor volume, post-RT tumor volume, and RT dose,
resulting in 30 features in total. For each imaging fea-
ture, an average value was computed across multiple
slices on each lesion. Univariate analysis was performed
using the Wilcoxon rank-sum test to find the degree
of differences in these features between patients with
and without progressive disease (PD). For features with
P-values <0.1, principal component analysis followed by
the Wilcoxon rank-sum test was conducted to investigate
whether patients with PD are differentiated from patients
without PD.

For clinical data, local control was assessed by the
modified Response Assessment in Neuro-Oncology Brain
Metastases (RANO-BM) criteria using conventional MRI,
with additional information from surgical resection if per-
formed after SRS."?The modification we made to standard
RANO-BM criteria was to lower the minimum size limit of
measurable disease to 5 mm. We chose to lower the limit
because we routinely treat BMs measuring between 5 and
10 mm with SRS at our institution. Volumetric data were
collected using standard tridimensional measurement
(length x width x height/2). Local relapse-free survival was
calculated from day of treatment to most recent imaging.
Failure was determined by progressive disease defined by
RANO-BM or surgical resection indicating viable tumor. All
data were analyzed using GraphPad Prism version 7 and
MatLab version R2014a.

Results

A total of 53 BMs were included for analysis, from 41 total
patients (Table 1). Thirty-two patients had a solitary metas-
tasis, 7 patients had 2 lesions, and 2 patients had more
than 2 lesions. All lesions were treated with single-fraction
SRS with median dose 21 Gy (range, 18-22 Gy).There were
35/41 (85%) patients with lung adenocarcinoma, 3/41 (7%)
with poorly differentiated carcinoma, 2/41 (5%) with squa-
mous cell carcinoma, and 1 with large cell carcinoma. Of
the 53 included lesions, 19 were reimaged between 7 and 8
weeks, 16 by 10 weeks, and 18 by 12 weeks. Median follow-
up after treatment was 11 months (range, 3.7-38.3 mo) and
73% of patients were followed until death. Actuarial local
control at 1 year was 85% as determined by RANO-BM
criteria or by pathologic determination if resected (Fig. 1).
Rates of complete response (CR), partial response (PR),
stable disease, and PD were 9%, 49%, 21%, and 21%,
respectively. One patient required resection for a growing
mass after SRS and was found to have viable tumor. Eight
patients received WBRT after SRS for treatment of non-
index metastases. Approximately 90% (48 of 53) of the BMs
we evaluated met the RANO-BM size criteria for measur-
able disease. We included 5 lesions that were smaller, with
none measuring below 5 mm. Of these, 3 demonstrated
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Table 1

Patient characteristics

Characteristic N (%)
Number Patients 41
Lesions 53
Sex Male 21(51.2)
Female 20 (48.8)
Age, y Median (range) 52 (36-71)
Histologic Adenocarcinoma 35 (85.4)
subtype (by
patient)
Squamous cell 3(73)
Large cell 1(2.4)
Poorly differentiated/ 2(4.9)
not otherwise specified
Mutation Wild type 15 (36.6)
(by patient)
KRAS exon 2 G12¢/D/V. 11 (26.8)
ALK rearranged 3(7.3)
ERBB2/HER2 exon 20 1(2.4)
insertion
EGFR exon 19 deletion 1(2.4)
KRAS exon 3 Q61H 1(2.4)
PIK3CA E542Q 1(2.4)
Not reported 8(19.5)
Number of Single 29 (70.7)
lesions
Multiple 12 (29.3)
Location Supratentorial 46 (86.8)
Infratentorial 7 (13.2)
Radiation dose  Median (range) 21 Gy (18-22)

Pre-RT tumor 450 mm? (40-3960)

volume

Median (range)

Post-RT tumor 210 mm?3 (0-6075)

volume

Median (range)

PD with increases in size of at least 3 mm: 2 increased by
8 mm and 1 lesion increased by 4 mm.

Representative anatomic and perfusion MR images
before and after radiation treatment are shown in Fig. 2.

Univariate analysis using a Wilcoxon rank-sum test dem-
onstrated a significant difference (P = 0.032) in post-RT
Ktrans SD between patients with PD (mean 0.0317) and with-
out PD (mean 0.0219). This is summarized in Fig. 3. Using
the Youden index, we determined that a post-RT Ktans SD
cutoff value of 0.017 yields a balanced sensitivity (89%) and
specificity (67%) for predicting PD and non-PD. Receiver
operating characteristic analysis showed area under the
curve = 0.73 for this value. Four features including post-RT
Ktrans mean, post-RT Ka"s median, A K"@"s SD, and A Ktrans
median showed a trend toward significance with P< 0.1 as
shown inTable 2. Fig. 4 shows the distribution of patients
for 2 principal components after principal component
analysis using the 5 features. Principal components 1 and 2
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Fig.1 Kaplan—Meier estimate of local control after SRS.

correlated most strongly with post-RT K'a"s SD and A Ktrans
median, respectively. It should be noted that patients with
PD clustered on the right side. Fisher's exact test based
on the boundary (seen as the vertical line of dots) showed
that patients with PD are significantly differentiated from
patients without PD (P = 0.0014).

Volume increase or decrease on the first follow-up scan
was not significantly associated with long-term BM out-
come defined by RANO-BM criteria (P = 0.9413). Of the 9
lesions that ultimately failed SRS, only 2 had increased
in volume on the first posttreatment MRI. Post-RT Ktrans
SD correctly predicted long-term failure in both lesions
using the cutoff value provided above. Seven lesions
that ultimately failed SRS demonstrated an initial volume
decrease. Post-RT K'"a"s SD correctly predicted treatment
failure for 6 of 7 of these lesions.

No patients received systemic therapy concurrently with
SRS. Our usual institutional practice is for patients to have
a washout period of approximately 2 weeks before and
after radiation for systemic therapy or 1 week before and
after radiation for targeted systemic agents. There were
2 exceptions in our cohort: 1 patient received systemic
therapy 2 days prior to SRS and another patient resumed
therapy 5 days after SRS. Overall, there was a median
14 days between last systemic therapy prior to radiation
and a median 13 days after radiation before resuming sys-
temic therapy.There were 28/53 lesions (53%) that received
systemic therapy prior to radiation and 40/53 lesions (76%)
that received systemic therapy after radiation. The differ-
ence in lesion outcome (PD vs non-PD) between patients
who received systemic therapy after SRS and those who
did not was statistically insignificant (P=0.33).

Forty-four percent (n = 18) of patients had some molec-
ular aberration detected by Sequenom or supplemental
methods, with the most common being in KRAS (exon 2
G12V/G12C/G12D, n = 11). There was no significant asso-
ciation between any pretreatment pMRI biomarker and
presence or absence of a mutation. Supplemental analy-
sis was performed on patients with KRAS mutations, as
they formed our largest subgroup. Using the Wilcoxon
rank-sum test we found that pretreatment Ve was signifi-
cantly higher (P=0.043) in BMs harboring KRAS mutations
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Fig. 2 From superior to inferior, images of T1-weighted postcontrast MRI, K¥2s, and Ve before (left) and 8 weeks after (right) SRS to a midline
cerebellar lesion. The post-RT K" SD was 0.0117 and this KRAS wild-type patient ultimately had an excellent partial response.

(n =12) versus non-KRAS mutants (n =21). The pre-RT Ve
median for KRAS mutants was 30.25 and for the wild-type
group 9.79. Using a Ve median cutoff value of 13.34, Ve was
able to significantly predict KRAS mutant status compared
with the Sequenom reference standard (area under the
curve = 0.71, sensitivity = 81.8%, specificity = 61.9%).

Discussion

In this study, we evaluated MR perfusion imaging data
to predict whether or not lung cancer BMs will ultimately
respond or fail SRS treatment. Functional pMRI features

outperformed early clinical assessment of conventional
anatomic MRI using only size measurements. Our data
show that post-RT Kta"s SD within 12 weeks of SRS may
be used as an imaging biomarker to predict long-term
treatment response for lung cancer BMs. We were able
to determine a post-RT K'@"s SD cutoff value with nearly
90% sensitivity for early detection of nonresponders to
treatment. Our findings may allow patients with NSCLC
brain metastases suitable for SRS who undergo pretreat-
ment pMRI and early posttreatment pMRI to be stratified
by physiologic treatment response. Early identification of
nonresponders can allow for timelier management deci-
sions and potential avoidance of delayed salvage therapy
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Fig. 3 Patients with PD showed significantly increased post-
RT Ktans SD within 12 weeks of SRS compared with patients with
nonprogressive disease (non-PD).

when chances of successful treatment are diminished.
Several possible approaches for brain metastases that are
likely to fail initial SRS (as determined by DCE-MRI) include
RT intensification with repeat SRS, surgical resection, and
laser ablation.’-"® In addition to determining the utility of
Ktrans SD to identify potential nonresponders, we deter-
mined that Ve from pMRI can identify KRAS mutation sta-
tus with >80% sensitivity.

Ktrans derived from pMRI reflects the volume transfer
constant of gadolinium from the intravascular compart-
ment to the extracellular extravascular space and is partly
dependent on vascular permeability. Human solid tumors
display extensive variation in microvasculature, and there-
fore measuring the level of vascular heterogeneity within
tumors can be an important tool for understanding tumor
biology and predicting treatment outcome. K@@ SD is
considered a noninvasive indicator of tumor vascular
heterogeneity and has shown promise as a tumor imag-
ing biomarker.2%2' Jansen et al studied 12 patients with
nodal metastases of head and neck cancer who ultimately
underwent surgery.?? They utilized DCE pMRI prior to treat-
ment and correlated imaging findings to molecular stud-
ies. There was a significant negative correlation found
between K'a"s SD and Ki-67, which is a marker of cellular
proliferation. This indicates that the proliferation of tumor
cells is inversely correlated with tumor heterogeneity.
Several studies have also demonstrated that pMRI bio-
markers of tumor heterogeneity, including K'a"s skewness
and SD, correlate with overall survival, tumor grade, or RT
outcome.?25

Radiation therapy, particularly SRS, has well-established
effects on tissue vasculature, including disruption of small
vessels and causing early and durable endothelial dam-
age.?2° BMs that failed SRS in our study demonstrated
higher post-SRS K'a"s SD and therefore probably increased
tumor heterogeneity compared with successfully treated
BMs. The increased heterogeneity might be attribut-
able to areas of lower tumor proliferation and hypoxia
in the PD group versus the non-PD group. Our findings
agree with a breast cancer study that demonstrated an

early posttreatment shift in pMRI heterogeneity biomark-
ers from heterogeneous to more homogeneous within
tumors that responded favorably to treatment.?> Another
study, in rectal cancer patients, demonstrated a significant
RT-related decrease in tumor vessel heterogeneity meas-
ured by pMRI.24

Ours is the first study to identify K'a"s SD as a predic-
tive biomarker for BM treatment outcome after SRS. Other
studies have demonstrated the value of K" summary
statistics, such as mean and/or median K'a"s, in predict-
ing treatment outcome after SRS. For example, Almeida-
Freitas et al studied a mixed-histology cohort of 26 patients
with 34 BMs treated with SRS.3° All patients were treated
with SRS and then reimaged 4-8 weeks after therapy. The
researchers found that an increase of 15% in Ktans after
SRS was significantly predictive of tumor progression.
Jakubovic et al studied 70 histologically diverse BMs in
44 patients who received either SRS or WBRT.?" Patients
were imaged prior to treatment, 1 week after treatment,
and again 1 month after treatment. The researchers found
that lower K" median at 1 week posttreatment signifi-
cantly discriminated responders from nonresponders. Our
data also demonstrated lower K'2"s median values for the
non-PD group versus the PD group within 12 weeks after
therapy. The difference in post-RT K'"#"S median between
the PD group and non-PD group in our study demonstrated
a trend toward statistical significance (P = 0.55).

Unlike the vast majority of prior studies evaluating
BMs after RT, ours focused exclusively on NSCLC lesions
treated with single modality SRS. This allows for con-
trol of potentially confounding variables such as variable
tumor histologies and the effect of non-ablative radiation
treatments such as whole brain radiation before SRS. We
believe that another strength of our study is that the major-
ity of patients were followed until death, giving us a more
complete understanding of the long-term utility of pMRI
biomarkers.

We additionally performed an exploratory analysis of
perfusion imaging biomarkers correlated to molecular
aberrations commonly found in NSCLC. We found that
Ve may identify patients harboring a KRAS mutation with
sensitivity greater than 80%. This study lends credence in
allowing functional MRI techniques such as pMRI to evolve
into a platform for personalization of therapy or even deter-
mination of risk factors. For example, KRAS G12C muta-
tions are associated with previous tobacco exposure in
NSCLC and are less often found in former and never smok-
ers.?23%3 KRAS mutations are generally not yet considered
actionable, but there is a renewed focus on personalizing
therapy with either direct or indirect inhibition of this path-
way.3*There is limited, but growing, data correlating pMRI
biomarkers with mutational status. Yeo et al studied 46
patients with pathologically confirmed rectal cancer who
underwent DCE-MRI prior to surgery. There was an asso-
ciation of elevated K" mean with KRAS mutations that
approached significance (P = 0.060). There was no associa-
tion of Ve with KRAS mutations.3®

Aside from its retrospective nature, our study had addi-
tional limitations. Our results cannot be generalized for a
broad spectrum of tumor histologies because we focused
on patients with NSCLC. BMs arising from NSCLC repre-
sent one of the most common types of BMs (along with



Table2 Univariate analysis using Wilcoxon rank-sum test

Variable

With-PD Group

Imaging Metric Values

Without-PD Group

Imaging Metric Values
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Pre-RT Ktrans Mean (range) 0.054 (0.005-0.079) 0.102 (0.008-0.474) 0.712
SD (range) 0.023 (0.003-0.045) 0.052 (0.008-0.221) 0.328
Median (range) 0.047 (0-0.090) 0.098 (0-0.540) 0.435
Pre-RT Ve Mean (range) 21.7 (4.3-48.5) 28.3(1.5-61.0) 0.373
SD (range) 16.2 (3.6-50.9) 25.0 (3.5-84.0) 0.899
Median (range) 19.3 (5.8-35.7) 24.3 (0-86) 0.228
Pre-RT Vp Mean (range) 3.8(0.5-9.7) 8.0 (0.2-57.9) 0.634
SD (range) 1.7 (0.2-3.9) 4.3 (0.3-33.3) 0.303
Median (range) 3.8(0.4-10.7) 8.2 (0-62.4) 0.812
Post-RT Ktrans Mean (range) 0.057 (0.026-0.119) 0.044 (0.004-0.452) 0.064
SD (range) 0.032 (0.010-0.072) 0.022 (0.002-0.135) 0.032
Median (range) 0.055 (0.020-0.10) 0.038 (0-0.310) 0.055
Post-RT Ve Mean (range) 23.7 (7.2-71.4) 15.6 (0.5-63.7) 0.064
SD (range) 30.2 (4.3-40.0) 18.1 (17.9-94.5) 0.162
Median (range) 12.1 (0-26.8) 11.3 (0-46.6) 0.236
Post-RT Vp Mean (range) 1.6 (0.6-3.19) 1.8 (0.2-15.1) 0.526
SD (range) 0.9 (0.1-1.7) 1.1 (0.1-6.6) 0.895
Median (range) 1.4 (0-3.2) 1.8 (0-14.4) 0.833
Change in Ktrans Mean 0.003 -0.058 0.17
SD 0.009 -0.030 0.054
Median 0.008 -0.060 0.054
Change inVe Mean 2.0 -12.7 0.13
SD 14.0 -6.9 0.17
Median -7.2 -13.0 0.42
Change inVp Mean -2.2 -6.2 0.369
SD -0.8 -3.2 0.444
Median -2.4 -6.4 0.543
Clinical Pre-RT volume, mm? (range) 1136.111 (125-2813) 852.821 (40-3960) 0.751
Post-RT volume, mm? (range) 1523.611 (10-6075) 299.679 (0-2400) 0.405
Mean total dose, Gy (range) 20.111 (18-21) 20.103(18-21) 0.754

Abbreviations: K", time-dependent leakage; PD, progressive disease; Ve, extracellular extravascular volume; Vp = blood plasma volume.

breast cancer and melanoma) and those for which some of
the greatest advances in targeted therapy have been made
in the past decade.?¢%7 Accurate prediction of failure of SRS
can allow these patients to receive additional therapy ear-
lier in their treatment course. Another limitation is that we
do not have pathologic evidence that K"@"s SD represents
tumor heterogeneity because neurosurgical intervention
was not feasible or practical in this patient population with
stage IV disease. Our study may have also been potentially
limited by inclusion of 5 BMs that were between 5 mm and
9 mm in size. We believe this was warranted, since many
lesions less than 10 mm are routinely treated with SRS at
ourinstitution and others. Furthermore, we routinely image
our SRS patients with high resolutionT1-weighted contrast
enhancement at 1T mm slice thickness and no interslice

gap, thereby increasing confidence in the recorded meas-
urements. Finally, we report our institutional protocol for
capturing perfusion data, but these protocols vary among
institutions, further limiting applicability until consensus
protocols can be determined.

In conclusion, this study demonstrates promising evi-
dence that pMRI biomarkers measured within 12 weeks
after SRS for NSCLC BMs can be used to predict long-
term local control and outperform early assessment of
simple anatomic changes measured by conventional MRI.
Perfusion imaging biomarkers may also have utility in
determining the presence or absence of molecular aber-
rations. These findings can potentially help guide and per-
sonalize patient treatment decisions. Larger studies are
required to prospectively validate our results.
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Fig. 4 Scatter plot of patients with and without PD after princi-
pal component analysis using 5 features with P< 0.1 in a univari-
ate Wilcoxon rank-sum test.
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