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Purpose: To evaluate early perfusion changes in normal tissue following stereotactic
radiosurgery (SRS). Methods: Nineteen patients harboring twenty-two brain metastases
treated with SRS were imaged with dynamic susceptibility magnetic resonance imaging
(DSC MRI) at baseline, 1 week and 1 month post SRS. Relative cerebral blood volume and
flow (rCBV and rCBF) ratios were evaluated outside of tumor within a combined region of
interest (ROI) and separately within gray matter (GM) and white matter (WM) ROls. Three-
dimensional dose distribution from each SRS plan was divided into six regions: (1) <2Gy;
(2) 2-5Gy; (3) 5-10Gy; (4) 10-12Gy; (5) 12-16 Gy; and (6) >16 Gy. rCBV and rCBF ratio dif-
ferences between baseline, 1 week and 1 month were compared. Best linear fit plots quanti-
fied normal tissue dose-dependency. Results: Significant rCBV ratio increases were present
between baseline and 1 month for all ROls and dose ranges except for WM ROI receiving
<2Gy. rCBYV ratio for all ROIs was maximally increased from baseline to 1 month with the
greatest changes occurring within the 5-10 Gy dose range (53.1%). rCBF ratio was maximally
increased from baseline to 1 month for all ROls within the 5-10 Gy dose range (33.9-45.0%).
Both rCBV and rCBF ratios were most elevated within GM ROls. A weak, positive but not
significant association between dose, rCBV and rCBF ratio was demonstrated. Progressive
rCBYV and rCBF ratio increased with dose up to 10 Gy at 1 month. Conclusion: Normal tissue
response following SRS can be characterized by dose, tissue, and time specific increases in
rCBV and rCBF ratio.

Key words: Brain; Cancer; Dynamic susceptibility; Imaging; Metastases; MR perfusion;
Normal tissue response.

Introduction

SRS is commonly used to treat cerebral metastases. SRS is the delivery of a single
high total dose of radiation to a target localized in three dimensions with milli
metre precision. SRS has the benefit of increasing tumor control compared to
WBRT, but at the expense of a greater risk of radiation-induced necrosis (1).

Abbreviations: CBF: Cerebral Blood Flow; CBV: Cerebral Blood Volume; CSF: Cerebrospinal
Fluid; CT: Computed Tomography; DSC: Dynamic Susceptibility Contrast; DWI: Diffusion Weighted
Image; ECOG: Eastern Cooperative Oncology Group; FLAIR: Fluid Attenuated Inversion Recov-
ery; FOV: Field of View; FSPGRE: Fast Spoiled Gradient Echo; GM: Gray Matter; KPS: Karnofsky
Performance Status; MRI: Magnetic Resonance Imaging; NEX: Number of Excitations; PET: Posi-
tron Emission Tomography; rCBV: Relative Cerebral Blood Volume; rCBF: Relative Cerebral
Blood Flow; ROI: Region of Interest; RPA: Recursive Partitioning Analysis; RTOG: Radiation
Treatment Oncology Group; SD: Standard Deviation; SPGRE: Spoiled Gradient Echo; SPM: Sta-
tistical Parametric Mapping; SRS: Stereotactic Radiosurgery; SVD: Singular Value Decomposition;
TE: Echo Time; TI: Inversion Time; TR: Repetition Time; WBRT: Whole Brain Radiation Therapy;
WM: White Matter.
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Side effects include acute headaches, nausea, and drowsi-
ness, subacute neurological deterioration and late develop-
ment of necrosis, worsening neurological status, seizures,
and increased intracranial pressure (2, 3). Predictive factors
of necrosis have indicated that the dose delivered to nor-
mal brain tissue surrounding the targeted tumor is critical
[for example, the volume exposed to 10Gy (V10) or 12Gy
(V12)] (1).

The physiological response of normal tissue to radiation,
considered a surrogate of cellular response and dose toler-
ance, has been shown to differ based on whether there is a
single high dose exposure or multiple sessions delivering as
fractionated doses (4, 5). SRS mitigates the extent of normal
tissue damage by delivering an ablative dose to the tumor
coupled with rapid dose fall-off. The efficacy of SRS for
metastases is well documented with reported local control
>80% in over 2000 treated patients (6). Perfusion imaging is
widely used as a surrogate of tumor response in primary and
secondary tumors (7-11). Few studies have evaluated perfu-
sion response within normal tissues following radiotherapy
(12-16). A better understanding of the radiobiological effects
of SRS, specifically in normal brain tissue would provide
insight into tissue specific dose tolerances and potentially
guide isodose prescription. Our aim was to determine the
physiologic changes within the surrounding normal brain tis-
sue following exposure to SRS using DSC MRI perfusion
derived parameters.

Methods
Study Design and Patient Cohort

Nineteen patients treated with SRS were enrolled between
March 2008 and April 2011 on an Institutional Research
Ethics Board (IRB) approved protocol. Inclusion criteria
included brain metastases treated with SRS, age = 18, able
to provide consent for the MRI protocol, diagnosis of brain
metastases, expected life expectancy greater than 6 months,
and KPS greater than 70. Patients with MRI contraindica-
tions, prior allergic reaction to gadolinium, or a treatment
plan including WBRT were excluded. Baseline clinical
parameters recorded included age, gender, tumor volume,
radiation dose, steroid administration, RPA score, KPS, and
ECOG performance status. Steroid dose was kept constant
for 1 week post-treatment and tapered thereafter according
to clinical indications to control for possible confounding
effects (17).

Imaging Acquisition
DSC MRI was performed at baseline, one week and one

month following treatment. Structural MRIs were performed
every two months thereafter. MRI brain sequences were

Jakubovic et al.

performed on a 1.5T GE Twinspeed (General Electric,
Mississauga, Canada) and included a DWI (7000 ms/min
[TR/TE], FOV of 24 cm, matrix 128X 128, section thickness
of 5mm with no gap); a FLAIR image (8000/120/200 [TR/
TE/TI], FOV 24cm, matrix 320X224, ST 5, 1 mm gap); a
sagittal T1 FLAIR image (2200/24/750 [TR/TE/TI], FOV
24 cm, matrix 224X320, NEX 2, ST 5mm, 1 mm spacing);
a 3D T1 SPGRE (8.5/4.2, FA 20, FOV 22cm, matrix
270X270, NEX 2) and a DSC study (1700/31.5/90, FOV
24 cm; section thickness 5 mm; matrix 128X 128; no gap).
Gadovist 0.1 mL/kg, 1 mmol/l concentration was injected at
5SmL/s for the DSC study. The DSC study was followed by a
post-gadolinium 3D T1FSPGRE with similar parameters to
pre-gadolinium sequence.

Radiation Treatment

All patients were treated with SRS alone. The T1 MR images
were fused to the stereotactically localized CT images for
planning (slice thickness: 1.5 mm, pixel size 0.7 mm). CT-MR
fusion was done using an automated rigid image-matching
algorithm based on mutual information and was assessed
and approved by an experienced radiation oncologist prior
to treatment. Treatment planning was performed using the
Radionics planning software (Integra Radionics, Burlington,
Massachusetts, United States) with radiation doses ranging
from 16Gy to 24 Gy in a single fraction. SRS dose selec-
tion was based according to tumor diameter in accordance
to RTOG 9005 (18). Dose was prescribed to periphery of
the gross tumor volume as delineated on T1-weighted MR
images. No planning target volume margin was added. Pre-
scription dose was prescribed to the 90 * 5% isodose line.
One patient with multiple isocentres was prescribed to the
70% isodose line.

Localization and immobilization was performed using the
Brown-roberts-wells head frame. Treatment delivery was
performed using 6 MV photons on a Siemens PRIMUS lin-
ear accelerator (Siemens AG, Erlangen, Germany), equipped
with stereotactic cones ranging from 1.0 cm in diameter up to
4cm in diameter.

Image Analysis

SRS Dose Distribution Determination: Dose calculation
was performed using a pencil-beam based approach based
on measured tissue-phantom-ratios, off-axis ratios, and cone
output factors. The uncertainty in the measured data was
estimated to be on the order of 1%. The cumulative uncer-
tainty in the dose algorithm was difficult to ascertain but
the maximum error in calculated dose was within 4-5% for
all cone sizes, as validated internally with end-to-end tests
and externally via the Radiological Physics Center (MD
Anderson, United States).
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Pre-treatment SRS localized dose planning CT images with
overlaid isodose maps were co-registered to structural 3D T1
SPGRE post-gadolinium images. All co-registrations were
performed using a tri-linear interpolation algorithm using
SPM12b (Welcome Trust, London, United Kingdom).

MR Images: Tumor volumes were measured using MIPAV
(Medical Image Processing, Analysis and Visualization soft-
ware; Center for Information Technology, National Insti-
tutes of Health, version 4.4.1.). A brain tissue probability
map template (Montreal Neurological Institute, Montreal,
Canada) comprising GM, WM, and CSF was co-registered
to the baseline structural T1-post gadolinium images using
SPM12b. GM and WM tissue binary masks were generated
by applying a 50% threshold to the registered tissue probabil-
ity maps. DSC maps were calculated with positron emission
tomography validated software utilizing SVD (19). Using
the central volume principle and an arterial input function
CBV and CBF maps were extracted based on susceptibility
changes during the passage of contrast through the cerebral
tissues. CBV reflects the fraction of tissue volume occupied
by blood. CBF reflects the volume of blood traversing a
region per unit time (20). DSC maps were co-registered to
structural T1-post gadolinium images. Voxels representing
cerebral vasculature containing CBV >8mL/100g or CBF
>100mL/100 g/min were excluded as previously described
(21). A contra-lateral WM mirror region was reflected and
used to calculate rCBV and rCBF values.

Dosimetric Analysis: Three-dimensional volume assess-
ments were performed for all marker lesions at all time-
points using MIPAV using 3D T1 SPGRE images.
Co-registered SRS dose plans were segmented using in-
house software developed within MATLAB (MATLAB
2012b, The MathWorks, Inc., Natick, Massachusetts,
United States) and superimposed on the rCBV and rCBF
maps. The following six irradiated dose levels were defined:
<2Gy and 2-5Gy (out of target), 5-10Gy, 10-12 Gy, and
12-16 Gy (peri-target), and >16 Gy (on target). Tumor vox-
els were removed from analysis. A typical dose distribution
is shown in Figure 1. Combined ROIs included both GM
and WM. Thresholded tissue probability maps were used to
divide combined ROIs further into individual GM and WM
ROISs. Percent of total intracranial volume of combined, GM
and WM for each dose level were calculated based on intra-
cranial volumes calculated using Individual Brain Atlases
using Statistical Parametric Mapping software (IBASPM,
Cuban Neuroscience Center, Playa, Ciudad de la Habana,
Cuba) (22).

Statistical Analysis

For each SRS dose level and MRI time point, CBF and CBV
were extracted from the DSC maps for combined, GM and
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Figure 1: CBV with overlaid dose distribution: 71 year old male patient
(KPS 90) diagnosed with brain metastases secondary to colon carcinoma and
treated with 18 Gy SRS. Single lesion located in the left precentral gyrus.
Target region is drawn for illustrative purposes but was excluded from

analysis.

WM ROIs and expressed as a ratio relative to the contralat-
eral baseline. rCBV and rCBF ratio change between base-
line and 1 week and baseline and 1 month for each dose
level for combined, GM, and WM were compared using the
Wilcoxon signed ranks test. Dose was plotted against rtCBV
and rCBF ratio for combined, GM, and WM ROIs and a best
line linear fit was applied to each set of data. All analyses
were performed using SPSS version 21. P < 0.05 was con-
sidered significant.

Results

Baseline tumor and patient characteristics for the 19 patients
and 22 metastases treated are described in Table I. Median
(range) SRS dose was 20Gy (16-24 Gy) in a single fraction.
Mean (SD) intracranial brain volume was 23.52 (3.87)cm’.
The percent of irradiated intracranial volume for each dose
level is shown in Table II. rCBV and rCBF ratio stratified
by dose for combined, GM and WM ROlIs are provided in
Table III and Figure 2.

rCBYV ratio increased between baseline and 1 week for all
ROIs and dose ranges although the increase was not statisti-
cally significant. Significant rCBV ratio increase was present
between baseline and 1 month for all ROIs and dose ranges
with the exception of the WM ROI receiving <2Gy. rCBV
ratio for all ROIs was maximally increased from baseline at
1 month with the greatest changes occurring within the 5-10 Gy
dose range. GM ROI rCBYV ratio values were most elevated.

rCBF ratio increase occurred within the combined ROI
between baseline and 1 week in the >10Gy dose range. This
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Table I

Baseline clinical variables (n = 19 patients, 22 indexed tumors).

Jakubovic et al.

was driven predominantly by GM changes at the higher dose
ranges. rCBF ratio increased between baseline and 1 month

Clinical variable N (%) for combined ROIs across all dose ranges although the
increase was not significant. Significant rCBF ratio increase
Male 10 (52.6)
Previous radiation 9 (47.4) was, however, present at 1 month for GM dose ranges
Previous chemotherapy 15 (78.9) >10Gy and WM dose ranges between 5 and 16 Gy. rCBF
Recursive partitioning analysis score (RPA) ratio for all ROIs was maximally increased from baseline at
1 6 (31.6) 1 month with the greatest changes occurring within the
2 1(5.3) 5-10Gy dose range. GM ROI rCBF ratio values were most
3, ) 1,2 (63.1) elevated.
Radiation dose (Gy) Median (range)
20 (16-24)
Baseline Karnofsky performance 80 (80-90) A weak, positive but not significant association between
status (KPS) median (IQR) dose, rCBV and rCBF ratio at 1 week and 1 month for all
Baseline ECOG <2 17 (89.5) .
Steroids at baseline 8 (42.1) ROIs was demonstrated (Figure 2; tCBV: p = 0.027-0.114;
Primary tumor diagnosis rCBF: p = 0.042-0.135). rCBV and rCBF ratio increased
Melanoma 5(26.3) progressively with dose between baseline and 1 week driven
Breast 2(10.5) predominantly by GM changes. WM ROIs increase was
Lung 8 (42.1) also seen but attenuated beyond 10Gy. At 1 month progres-
Renal cell 3058) sive rCBV and rCBF ratio increase occurred for all ROIs
Colon 1(5.3)
up to 10Gy.
Table II
Percent of irradiated intracranial volume for each dose level calculated using IBASPM.
% >16Gy 12-16 Gy 10-12Gy 5-10Gy 2-5Gy <2Gy
Combined 0.094 = 0.086  0.063 = 0.045 0.064 = 0.048  0.525 £ 0440 2973 + 2264  96.27 = 2.852
GM 0.141 = 0.148  0.150 = 0.128 0.111 £ 0.102  0.786 = 0.768 3.333 £ 2284 9547 * 3.326
WM 0.039 = 0.031 0.042 = 0.029  0.035 £ 0.026  0.330 = 0.310 1.906 £ 1.566  97.64 £ 1.925

Table IIT

Mean and standard deviation rCBV and rCBF ratio values at 1 week and 1 month following radiation for combined, GM, and WM ROIs seg-
mented by dose. P values were obtained using non-parametric Wilcoxon sum rank univariate analysis.

>16Gy 12-16 Gy 10-12Gy 5-10Gy 2-5Gy <2Gy
rCBV ratio baseline to 1 week
Combined 1.279 £ 0.794  1.256 = 0.733 1.244 *= 0.677 1.191 = 0.509 1.201 £ 0.470 1.189 = 0.471
GM 1.307 = 0.657  1.230 £ 0.606 1.231 = 0.609 1.168 * 0.502 1.174 = 0.458 1.171 = 0.506
WM 1.134 £ 0.304  1.112 = 0.282 1.108 = 0.258 1.168 = 0.485 1.120 = 0.364 1.125 £ 0.394

rCBYV ratio baseline to 1 month

Combined 1.374 = 0.661* 1.382 = 0.606*
GM 1.404 = 0.565* 1.449 * 0.640*
WM 1.166 = 0.194* 1.253 = 0.309*

rCBF ratio baseline to 1 week

Combined 1.253 = 0.522*% 1.229 + 0.473*

GM 1.254 + 0.444% 1.219 = 0.414*

WM 1.175 = 0.331  1.173 = 0.321
rCBF ratio baseline to 1 month

Combined 1.314 = 0.507 1.321 £ 0.501

GM 1.369 = 0.507* 1.436 = 0.610*

WM 1.247 = 0402  1.324 = 0.415*

1.417 = 0.643* 1422 = 0.666* 1.362 = 0.661* 1.274 £ 0.477*
1.499 = 0.678* 1.531 = 0.820* 1.467 = 0911* 1.258 * 0.470%*
1.289 = 0.379*  1.379 = 0.568*  1.297 = 0.532* 1.258 = 0.501

1.205 + 0.441*%  1.183 = 0.396 1.155 = 0.375 1.127 = 0.333
1.203 = 0.437 1.160 = 0.399 1.126 = 0.385 1.127 = 0.392
1.175 = 0.358 1.199 = 0.415 1.123 = 0.321 1.108 = 0.286
1.317 = 0.508 1.339 = 0.553 1.278 = 0.564 1.166 = 0.363
1.436 = 0.620*  1.450 = 0.684 1.371 = 0.786 1.178 = 0.364
1.343 = 0.440* 1.379 = 0.501*  1.288 = 0.488 1.223 = 0.424

P values less than 0.05 are denoted by an asterisk.
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Figure 2: Line of best fit for combined rCBV and rCBF ratio. (A, B) rCBV
and (C, D) rCBF ratio Week/Baseline and Month/Baseline. A weak positive
correlation for all tissue types for dose and perfusion was demonstrated.

Discussion

We demonstrate rCBV and rCBF ratios increasing in the
adjacent normal brain tissues following SRS to brain metas-
tases. These increases relative to baseline were maximal at
1 month and within the 5-10 Gy dose range (rCBV: 42.2%;
rCBF: 33.9%). Progressive increases with dose were present,
although the correlation was weakly positive due to a ceil-
ing effect observed at 10Gy. The highest rCBV and rCBF
ratio increase was present in GM ROIs (rCBV: 25.8-53.1%;
rCBF: 17.8-45.0%) with sparing of WM in the <2 Gy dose
range.
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The results of our study indicate that early SRS tissue
response within normal tissues occurs in a dose, tissue, and
time specific manner. tCBV and rCBF ratios could be sur-
rogates of endothelial apoptosis, vascular damage and radio-
necrosis, and may provide a framework for the delineation
of GM and WM tissue-specific dose tolerances in normal tis-
sue and the integration of these tolerances into an isodose
prescription. Further study with repeated imaging and
clinical/radiographic response is required and now underway
at our institution.

Our results also highlight the dose-sparing effect of SRS with
over 96% of the total intracranial volume receiving <2 Gy
of radiation (Table II) with no early WM perfusion changes
seen following SRS (Table III) in the low dose region. This
is consistent with sparing of a significant volume of normal
tissue from SRS related effects. However, increased GM
ROI rCBYV ratio was present even in the <2 Gy dose range
(25.8%) reflecting greater radiation perfusion response of
these regions presumably due to higher metabolic demand
(12, 13). Supporting these findings, WM ROI rCBV and
rCBF increase is previously shown in regions receiving
<2 Gy following a single fraction of WBRT (23). Preferen-
tial GM ROIs rCBYV involvement is also previously shown
in a study reporting a reduction at 6 months following frac-
tionated conformal and whole brain radiotherapy (12, 13).
The prior findings and present study results are consistent
with early acute rCBV and rCBF ratio increases with pref-
erentially GM involvement followed by later reduction. This
reduction was not seen in our cohort since follow-up perfu-
sion imaging was not obtained past the one month time-point.
The precise biological cause and pathophysiological nature
of these GM rCBYV ratio changes remains unclear.

The response to SRS of normal tissue is largely unknown
and perfusion response is varied (15, 16). We demonstrate
an incremental rCBV and rCBF ratio increase with dose up
to 10Gy. Several time and dose dependant biological mecha-
nisms in normal tissues are associated with increasing radia-
tion dose including vessel dilation, endothelial cell death
and apoptosis (24). Endothelial apoptosis and subsequent
cell death begins within twenty-four hours of irradiation and
continues up to 1 month followed by a dose independent
decrease in cell density up to 6 months (25, 26).

rCBV and rCBF ratio was maximal at 1 month with a pro-
gressive increase with dose and ceiling effect at 10 Gy
(Table IIT). Maximum dose effect was seen between 5 and
10Gy. Whereas doses of 2-5Gy and 5-12Gy have been
shown to be effective in direct death of oxygenated and
hypoxic cells respectively, doses higher than 10-12Gy
induce indirect cell death via vascular damage (1, 27, 28).
A rapid increase in vascular volume and permeability
over the course of fractionated partial brain radiotherapy
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followed by a rapid drop-off by 1 month after treatment
has also been shown to occur in a dose and time depen-
dent fashion resulting in vascular regression (9). This
regression is attributed to capillary collapse and/or occlu-
sion caused by endothelial cell death, and is referred to as
“vessel renormalization”. This suggests that regions with
greater vascular damage would exhibit an earlier perfusion
response followed by vascular regression in regions receiv-
ing >10Gy by 1 month.

Limitations of this study include the administration of pre-
vious radiation and chemotherapy, lack of control for dexa-
methasone dose beyond the 1 week scan, and heterogeneity
of tumor types. Patient life expectancy, particularly in a
cohort of metastatic brain lesions further limited our ability
to assess the association between normal tissue response and
radio-necrosis. Although the patient cohort studied repre-
sents the largest perfusion cohort reported to date, statistical
power was limited by the number of patients. The magnitude
of change for each tissue type was modest and insufficient to
discriminate individual dose ranges although a preferential
increase in GM was seen.

In conclusion we observed time, dose, and tissue specific
increases in rCBV and rCBF ratio within normal tissue driven
predominantly by GM change. Sparing of significant volume
of WM receiving <2Gy was identified. Further study is
required to investigate whether these biomarkers reflect an
increased risk of radionecrosis in normal tissue.
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