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Abstract
Objective  This study aims to investigate the temporal evolution of magnetic resonance imaging (MRI) findings in 
brain metastases following stereotactic radiosurgery (SRS) and their correlation with treatment response and survival 
outcomes. By analyzing volumetric changes in tumor size, perilesional edema, and necrotic components, we seek to 
identify imaging biomarkers that predict prognosis and treatment efficacy.

Methods  A retrospective analysis was conducted on 97 patients (200 metastatic lesions) who underwent SRS for 
brain metastases between 2010 and 2022. Multiparametric MRI (MPMRI) scans were analyzed at four distinct follow-up 
periods: 1 to 3 months, 3 to 8 months, 8 to 16 months, and 16 to 24 months post-SRS. Volumetric measurements 
of tumor size, perilesional edema, and necrosis were obtained using semi-automated segmentation. Apparent 
diffusion coefficient (ADC) values and relative cerebral blood volume (rCBV) ratios were also assessed. Statistical 
analyses, including Kaplan-Meier survival curves and ROC analysis, were performed to determine prognostic imaging 
biomarkers.

Results  The most significant reduction in tumor and perilesional edema volume occurred within the first 1 to 3 
months post-SRS and continued until the 8th month. A transient increase in lesion size (pseudoprogression) was 
observed in 31.5% of cases, predominantly between 3 and 8 months post-SRS. Pretreatment tumor volume was 
found to be significantly associated with treatment response. ROC analysis identified 1.22 cm³ as the optimal cutoff 
value for differentiating between Group A (good response) and Group B (poor response) lesions (AUC = 0.754, 
sensitivity = 87.0%, specificity = 57.1%). Survival analysis revealed that higher pretreatment tumor volume, larger 
necrotic volume, and extensive perilesional edema were associated with shorter survival times (p < 0.05). No 
significant association was found between survival and ADC or rCBV.

Conclusion  Following SRS, early reductions in tumor and edema volume were observed, while 31.5% of cases 
showed transient enlargement. Smaller tumors responded better to SRS, whereas larger volume, extensive edema, 
and necrosis were linked to shorter survival. Given the high rate of pseudoprogression, not every post-treatment size 
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Introduction
Stereotactic radiosurgery (SRS) was first introduced for 
the treatment of brain metastases (BMs) in the late 1980s 
[1, 2]. Today, SRS is widely utilized either as a standalone 
treatment or in combination with whole-brain radio-
therapy (WBRT) for patients with BM [3]. Post-SRS 
follow-up magnetic resonance imaging (MRI) evalu-
ations typically demonstrate a reduction in the size of 
metastatic lesions; however, transient increases in lesion 
size have also been reported in certain cases [4]. These 
enlargements observed on follow-up MR images are 
sometimes misinterpreted as tumor progression, leading 
to concerns among both clinicians and patients. How-
ever, such changes may be attributed to treatment-related 
inflammatory responses or radiation-induced effects.

Previous studies investigating the temporal changes in 
metastatic lesions following SRS have focused primar-
ily on tumor volume alterations and treatment response. 
However, the evolution of perilesional edema volume 
after SRS and its association with clinical outcomes 
remain insufficiently explored. Yet, perilesional edema 
is a critical factor that can influence both the severity of 
neurological symptoms and treatment response.

In this retrospective study, we aimed to evaluate the 
temporal changes in key radiological parameters, includ-
ing tumor volume, perilesional edema volume, apparent 
diffusion coefficient (ADC) values, and relative cerebral 
blood volume (rCBV), in patients with BM who under-
went serial MRI follow-ups after SRS. Additionally, by 
analysing the impact of these parameters on treatment 
response and survival, we sought to identify prognostic 
biomarkers for post-SRS follow-up.

Materials and methods
Study population
Local ethics committee approval was obtained for this 
retrospective study (2022-GOKAE-0638, 24/11/2022, 
No: 0541).

Patients who underwent stereotactic radiosurgery 
(SRS) for brain metastases at our institution’s Radiation 
Oncology Department and subsequently underwent fol-
low-up with multiparametric magnetic resonance imag-
ing (MPMRI) were retrospectively reviewed.

A total of 156 patients who received SRS for cerebral 
metastases between 2010 and 2022 were identified. The 
following patients were excluded from the study:

 	• 27 patients who lacked pre- or post-SRS MRI or had 
only a single post-SRS MRI,

 	• 10 patients with a history of prior surgery before 
SRS,

 	• 8 patients who had undergone whole-brain 
radiotherapy (WBRT) either before SRS or during 
follow-up,

 	• 2 patients who developed major intralesional 
hemorrhage during follow-up,

 	• 7 patients whose imaging data lacked contrast-
enhanced high-resolution T1-weighted (T1W) and 
T2-weighted/FLAIR sequences.

 	• Five patients who received more than one SRS 
treatment course for the same lesion within the 
24-month follow-up period were excluded.

Note  However, lesions treated with multi-fraction SRS in 
a single course and patients who received additional SRS 
for newly developed lesions during follow-up were not 
excluded.
As a result, a final study group consisting of 97 patients 
and 200 metastatic lesions was established. The inclusion 
and exclusion criteria are summarized in Fig. 1.

Age, sex, primary tumor histology, survival time, num-
ber and location of lesions, SRS dose, and receipt of 
concomitant chemotherapy were recorded. All patients 
underwent follow-up with multiparametric magnetic 
resonance imaging (MPMRI) for 24 months. Owing to 
variations in the clinical course, the frequency of imaging 
varied among patients, with follow-up scans performed 
between the 1st and 24th months after SRS.

Based on post-treatment time intervals, patients 
were categorized into four groups: 1 to 3 months, 3 to 8 
months, 8 to 16 months, and 16 to 24 months. MRI scans 
obtained during these timeframes were analyzed and 
evaluated.

Stereotactic radiosurgery protocol
All SRS procedures were performed using the CyberKnife 
Robotic Radiosurgery System (Accuray Inc., Sunnyvale, 
CA, USA). For treatment planning, high-resolution 3D 
post-contrast T1-weighted MRI and CT scans (1  mm 
slice thickness) were acquired with a thermoplastic mask. 
MRI and CT images were fused, and lesions were con-
toured on MRI. A 0–2  mm safety margin was added to 
define the planning target volume (PTV).

increase indicates true progression. A wait-and-see approach may help avoid unnecessary interventions in selected 
cases.

Clinical trial number  Not applicable.

Keywords  Volumetric response, Pseudoprogression, Tumor volume, Perilesional edema, Necrosis, ADC, rCBV, 
Radiosurgery response, Prognostic biomarkers
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To minimize the risk of acute peritumoral edema, all 
patients received 8  mg of dexamethasone and a proton 
pump inhibitor on the day of treatment. Additionally, 
ongoing systemic therapies—such as chemotherapy, tar-
geted therapy, or immunotherapy—were temporarily 
withheld and not administered concurrently with SRS, 
in order to reduce potential interactions and treatment-
related complications.

Magnetic resonance imaging acquisition
All imaging was performed using 1.5 Tesla MRI scanners 
(Magnetom, Siemens Healthcare, Erlangen, Germany; 
Optima 360, GE, Fairfield, USA) using a 32-channel head 
coil while patients were in the supine position. The imag-
ing parameters for each scanner are detailed in Tables 1 
and 2. Sequence parameters were predefined and could 
not be modified by the operators.

Images were acquired following the administration of 
a 0.1 mmol/kg gadolinium (Gd)-based contrast agent. 

Table 1  Siemens Magnetom 1.5 Tesla MRI sequence parameters
Parameter T2W T2 

FLAIR
DWI Contrast-

Enhanced 
T1W

T2* 
(DSC 
Perfu-
sion)

TE (ms) 99 86 60 4,86 30
TR (ms) 4000 8000 4800 13 3040
TI (ms) 2371 - -
Slice Thickness (mm) 5 5 5 1 3
Slice Gap (mm) 1.5 1.5 1.5 1.5 3.9
Field of View (FOV) 
(mm)

230 230 230 230 220

b-value (s/mm²) - - 1000 - -

Table 2  GE Optima 360 1.5 Tesla MRI sequence parameters
Parameter T2W T2 FLAIR DWI Contrast-

Enhanced 
T1W

TE (ms) 84 122 103.1 3.9
TR (ms) 4222 9000 5656 10
TI (ms) - 2200 - -
Slice Thickness (mm) 5.5 5.5 5.5 1.4
Slice Gap (mm) 1.6 1.6 1.6 1.6
Field of View (FOV) (mm) 220 220 220 256
b-value (s/mm²) - - 1000 -

Fig. 1  Flowchart of the study enrollment population
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Perfusion imaging was performed using the dynamic sus-
ceptibility contrast (DSC) perfusion method, which was 
available only on the first scanner (Table 1).

Approximately half of the total contrast dose was 
administered as a saturation dose, followed by a 5-minute 
delay before injecting the remaining contrast agent using 
an infusion pump at a rate no slower than 5 mL/min. This 
was followed by the injection of 20–25 mL of physiologi-
cal saline.

MRI acquisition was initiated in cine mode, and con-
trast injection was performed 20  s after the sequence 
started, with images obtained using GRE-EPI T2* 
sequences with a temporal resolution of 2 s.

Multiparametric MRI analysis and image evaluation
Pre- and post-SRS follow-up images were evaluated by 
two radiologists with 5 and 7 years of experience, respec-
tively, using T2W-FLAIR, ADC maps, postcontrast 3D 
T1-weighted images, and DSC perfusion data (rCBV 
maps). Both radiologists independently assessed the 
images and aimed to reach a consensus on the findings.

In cases of disagreement, a third expert with 27 years 
of experience in neuroradiology was consulted, and the 
final decision was made under their guidance. During the 
evaluation process, the radiologists were blinded to the 
clinical data and treatment responses of the patients to 
ensure unbiased analysis.

Volumetric analysis
The volumes of the solid and necrotic components of the 
lesions were measured using postcontrast high-resolu-
tion 3D T1-weighted images, while perilesional edema 
volume was assessed on T2W and FLAIR images. A 
freeware software program, 3D Slicer, was used for these 
measurements [5].

After removing demographic data and anonymizing 
the cases, the images were converted to Digital Imaging 
and Communications in Medicine (DICOM) format and 
imported into the software. The regions designated for 
volumetric measurement were semi-automatically seg-
mented using the “Editor” module within the software, 
followed by manual corrections, which were then saved 
(Fig. 2). Manual corrections were jointly reviewed by the 
same two radiologists (5 and 7 years of experience) as 
described above, and in case of disagreement, consensus 
was reached with the guidance of the senior expert neu-
roradiologist (27 years of experience).

ADC (Apparent Diffusion Coefficient) measurements
Quantitative ADC measurements were performed using 
Syngo.via (Serial No: 221348, Siemens Healthineers, 
Erlangen, Germany) and Advantage Windows Worksta-
tion (Version 4.5, GE Healthcare Technology, Fairfield, 
USA). To avoid cystic-necrotic components, quantitative 

measurements were obtained by manually drawing free-
hand regions of interest (ROIs) in three separate areas 
showing the most prominent diffusion restriction on 
visual assessment. The mean ADC value was calculated 
by averaging these three measurements. The size and 
morphology of the tumor influenced the selection of 
ROIs, which ranged from 5 to 10  mm² (Fig.  2). Due to 
extremely small lesion sizes, ADC measurements could 
not be performed for 18 lesions (9%).

Perfusion MRI analysis (rCBV maps)
rCBV (relative cerebral blood volume) maps were gener-
ated and analysed using the Syngo.via workstation (Sie-
mens Healthineers). To avoid necrotic areas and vascular 
structures, rCBV measurements were obtained from the 
most hyperperfused regions of the solid lesion and the 
normal-appearing white matter in the contralateral hemi-
sphere on the same slice. To minimize bias, three ROIs 
were placed within each lesion, and rCBV was measured 
using the freehand technique. The mean rCBV value was 
calculated by averaging these three measurements. If no 
perfused region was identified within a lesion, measure-
ments were taken from the non-perfused solid portion 
of the lesion. The tumor’s size and morphology influ-
enced ROI selection, with dimensions ranging from 5 to 
10 mm². The rCBV was calculated by dividing the tumor 
rCBV by the rCBV of the contralateral normal-appearing 
white matter (Fig. 2).

Lesion classification based on volumetric changes
Lesions were categorized into four groups based on volu-
metric changes observed during follow-up. The classifi-
cation was adapted from the RANO-BM criteria [6]:

 	• Group A (Good Response to Treatment):

 	– Lesions that showed a ≥ 30% reduction in tumor 
volume and never exhibited volume increase.

 	• Group B (Poor Response to Treatment – No 
Response):

 	– Lesions that demonstrated a ≥ 20% increase in 
tumor volume and never showed volumetric 
reduction.

 	• Group C (Pseudoprogression):

 	– Lesions that initially increased in volume after 
treatment but subsequently shrank during 
follow-up.

 	• Group D (Progression After Temporary Response):
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 	– Lesions that initially decreased in volume after 
treatment but later exhibited progression during 
follow-up.

The relationships between these four groups and pre-
treatment demographic data, as well as MRI findings, 
were analysed.

Statistical analysis
Nonparametric comparisons of more than two depen-
dent numerical variables were performed using the 
Friedman test. Pairwise comparisons between time 
points (within the same lesion) were conducted using the 
Wilcoxon signed-rank test with Bonferroni correction.

Categorical variables were analyzed using the Pearson 
chi-square test. Comparisons of three or more indepen-
dent groups were performed using the Kruskal-Wallis 
test, and pairwise comparisons between independent 
groups were conducted using the Mann-Whitney U test 
with Bonferroni correction.

Receiver operating characteristic (ROC) analysis was 
used to assess the ability of pretreatment lesion volume 
to differentiate between response groups (Groups A and 

B), and to calculate the optimal cutoff value, sensitivity, 
specificity, and area under the curve (AUC).

Survival analysis was performed using the Kaplan–
Meier method, and survival curves were compared using 
the log-rank test. For survival analysis, the time interval 
was calculated from the date of SRS to either the date of 
death (for deceased patients) or the last follow-up date 
(for censored cases).

All statistical analyses were conducted using IBM® 
SPSS© version 25. A p-value of < 0.05 was considered sta-
tistically significant.

Results
Demographic and clinical characteristics
A total of 62 patients (63.9%) were female, while 35 
patients (36.1%) were male. The overall median age was 
57 years (range: 34–85), with a median age of 55 years 
(range: 34–85) in females and 64 years (range: 52–82) in 
males. Among the 200 treated lesions, the median pre-
scribed radiation dose was 20 Gy (IQR: 18–24 Gy), and 
the median number of fractions was 1 (IQR: 1–3). A total 
of 142 lesions (71.0%) received single-fraction stereotac-
tic radiosurgery (SRS), while the remaining 58 lesions 

Fig. 2  (a) Pre-SRS imaging in a case with brain metastases from breast cancer shows the contrast-enhanced T1-weighted 3D image of the tumor. (b, c) 
Semi-automatic segmentation of the tumor in axial and sagittal views. (d) Semi-automatic segmentation of perilesional edema on axial FLAIR images. (e, 
f) ADC and perfusion images demonstrating ADC and rCBV measurements
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(29.0%) were treated with multi-fraction SRS protocols. 
The median follow-up duration was 12 months (range: 
3–24). During the follow-up period, 74 patients (76.3%) 
had died.

Lesion characteristics
A total of 200 metastatic lesions were included in the 
study. Approximately two-thirds (66.5%, n = 133) of the 
lesions were smaller than 1  cm³, while 24 lesions (12%) 
measured between 1 and 2 cm³, 22 lesions (11%) ranged 
from 2 to 4 cm³, and 21 lesions (10.5%) were larger than 
4 cm³ (Table 3).

Temporal changes in radiological findings
Radiological findings were evaluated at five distinct 
time intervals, including pre-SRS, 1 to 3 months, 3 to 8 
months, 8 to 16 months, and 16 to 24 months post-SRS, 
and comparisons among these groups were conducted. 
The numbers of patients and lesions with available imag-
ing data at each follow-up interval were as follows: base-
line (97 patients, 200 lesions), 1–3 months (92 patients, 
182 lesions), 3–8 months (94 patients, 194 lesions), 8–16 
months (62 patients, 133 lesions), and 16–24 months (35 
patients, 94 lesions). The median values and ranges of the 
measurements are presented in Table 4.

A statistically significant difference was found among 
the groups when comparing the five tumor volume mea-
surements (p < 0.001). In pairwise comparisons, the pre-
treatment tumor volume was significantly larger than 
the volumes at 1 to 3 months, 3 to 8 months, and 8 to 
16 months post-treatment (p = 0.012, p < 0.001, p < 0.001). 
No statistically significant differences were observed in 
the remaining pairwise comparisons.

A statistically significant difference was found among 
the groups when comparing the five perilesional edema 
volume measurements (p < 0.001). In pairwise compari-
sons, the pretreatment edema volume was significantly 
larger than the volumes at 1 to 3 months, 3 to 8 months, 
8 to 16 months, and 16 to 24 months post-treatment 
(p < 0.001, p < 0.001, p = 0.001, p = 0.014). No statistically 
significant differences were observed in the remaining 
pairwise comparisons.

The necrosis volume, ADC value, and CBV ratio across 
the five time intervals were compared, and no statistically 
significant differences were found (p = 0.134, p = 0.223, 
p = 0.459).

When evaluating temporal changes in the lesions, 
tumor volume decreased by approximately 45.8% within 
the first 1 to 3 months after SRS, with the most signifi-
cant reduction observed during this period. The decline 
in tumor volume continued until the 8th month, after 
which it began to increase again (Fig. 3).

Similarly, the greatest reduction in perilesional edema 
volume was observed during the 1 to 3-month period 
post-SRS. The edema volume continued to decrease, fol-
lowing a pattern similar to tumor volume reduction, until 
the 8th month (Fig. 3).

Table 3  Demographic and clinical characteristics of the study 
population
Demographic and clinical characteristics N (Number of 

Patients)
% (Per-
cent-
age)

Gender Female 62 63.9
Male 35 36.1

Chemotherapy Present 89 81.4
Absent 8 18.6

Cancer Type Lung 50 51.5
Breast 37 38.1
Ovary 5 5.2
Others (Gastrointes-
tinal System, Parotid, 
Malignant Melanoma, 
Squamous Cell 
Carcinoma)

5 5.2

Tumor Location Supratentorial 131 65.5
Infratentorial 69 34.5

Total Number of 
Lesions

1 33 34
2 28 28.9
3 12 12.4
≥ 4 24 24.7

Number of Post-
Treatment MRIs

2 33 34
3 36 37.2
≥ 4 28 28.8

Pretreatment 
Tumor Volume

≤ 1 cm³ 133 66.5
1–2 cm³ 24 12
2–4 cm³ 22 12
≥ 4 cm³ 21 10.5

Table 4  Median values and ranges of tumor volume, edema volume, necrosis volume, ADC, and rCBV ratio measurements before and 
after SRS across Follow-up intervals
Measurement Pre-Treatment 1–3 months 3–8 months 8–16 months 16–24 months
*Tumor Volume (cm³) 0.351 (0.01–35.86) 0.19 (0.02–8.86) 0.14 (0–72.73) 0.18 (0–39.67) 0.22 (0–47.70)
*Edema Volume (cm³) 0.69 (0–129.29) 0.1 (0–199.42) 0 (0–275.27) 0.1 (0–142.97) 0 (0–246.58)
Necrosis Volume (cm³) 0 (0–17.67) 0 (0–16.12) 0.001 (0–9.71) 0 (0–19.77) 0 (0–22.22)
ADC (µm²/s) 0.85 (0.61–1.30) 0.91 (0.57–1.64) 0.91 (0.57–1.52) 0.94 (0.61–1.65) 0.95 (0.52–1.82)
rCBV Ratio 2.22 (0.76–13.14) 1.66 (0.71–5.51) 1.24 (0.15–5.68) 1.53 (0.5–22) 1.42 (0.32–25.5)
* Statistically significant differences were observed in pairwise comparisons (p < 0.05)



Page 7 of 12Salbas et al. BMC Medical Imaging          (2025) 25:161 

Classification of lesions based on treatment response and 
volumetric changes
Lesions were classified into four groups based on volu-
metric changes observed during follow-up (Fig. 4).

When the four lesion groups were compared in terms 
of age, sex, primary tumor histology, lesion location, SRS 
dose, ADC value, and rCBV, no statistically significant 
differences were found (p > 0.05). However, a significant 
difference was observed in pretreatment tumor volume 
among the groups (p = 0.004). In pairwise comparisons, 
the pretreatment tumor volume of Group A lesions was 
significantly smaller than that of Group D and Group B 
lesions (p = 0.019).

ROC analysis was performed to differentiate Group 
A and Group B lesions based on their pretreatment 
tumor volumes, yielding a cutoff value of 1.22 cm³ with a 

sensitivity of 87.0% and specificity of 57.1% (AUC = 0.754, 
p = 0.004, 95% CI: 0.616–0.892) (Fig. 5).

Group C represents lesions that exhibited a transient 
increase in size (pseudoprogression). A transient size 
increase was observed in 63 out of 200 lesions (31.5%). 
Among these lesions, the onset of transient enlargement 
occurred in 13 lesions (20.7%) during the 1 to 3-month 
period post-SRS, 38 lesions (60.3%) during the 3 to 
8-month period post-SRS, and 12 lesions (19.0%) during 
the 8 to 16-month period post-SRS. When these lesions 
were compared in terms of age, sex, primary tumor 
histology, lesion location, SRS dose, ADC value, and 
rCBV, no statistically significant differences were found 
(p > 0.05).

Fig. 5  ROC analysis of pre-treatment tumor volume for differentiating 
Group A and Group B lesions

 

Fig. 4  Temporal evolution of tumor volume by response group (logarithmic scale). Sample sizes (n) for each group at all time points are indicated on the 
corresponding data points. Note: No measurable lesions remained in Group B at the final (16–24 month) time interval

 

Fig. 3  Temporal changes in median tumor volume and perilesional 
edema volume. Number of lesions analyzed at each time point: base-
line (n = 200), 1–3 months (n = 182), 3–8 months (n = 194), 8–16 months 
(n = 133), 16–24 months (n = 94)
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Survival analysis
The median survival time of the patients was 607 days. 
The overall survival (OS) rates at 6, 12, and 24 months 
were 74%, 57%, and 31%, respectively. Survival analyses 
were conducted by categorizing the patients into two 
groups based on the mean values of different parameters.

Patients with a pretreatment tumor volume smaller 
than 2.69 cm³ had a median survival of 745 days, whereas 
those with a tumor volume greater than 2.69 cm³ had a 
median survival of 515 days, showing a statistically sig-
nificant difference (p = 0.002). Similarly, patients with 
a pretreatment necrosis volume smaller than 0.44  cm³ 
had a median survival of 703 days, whereas those with a 
necrosis volume greater than 0.44 cm³ had a median sur-
vival of 339 days, with a statistically significant difference 
(p < 0.001).

For pretreatment perilesional edema volume, patients 
with a volume smaller than 14.45 cm³ had a median sur-
vival of 728 days, while those with a volume greater than 
14.45 cm³ had a median survival of 515 days, showing a 
significant difference (p = 0.028) (Fig. 6).

No statistically significant difference was found 
between ADC values and survival (p = 0.962).

The median survival times for the lesion groups were 
as follows: 728 days for Group A, 303 days for Group B, 
620 days for Group C, and 697 days for Group D. Survival 
in Group B was significantly lower than that in the other 
three groups (p = 0.031), whereas survival in Group A was 
significantly higher than that in the other three groups 
(p = 0.028) (Fig. 6).

Fig. 6  Kaplan–Meier survival analyses for tumor volume (A), necrosis volume (B), perilesional edema volume (C), and lesion groups (D). Patients with 
larger pretreatment tumor, edema, or necrosis volumes had significantly shorter survival. Group B (poor response) showed the worst survival, while Group 
A (good response) had the best outcomes

 



Page 9 of 12Salbas et al. BMC Medical Imaging          (2025) 25:161 

Discussion
This study investigated not only the radiological evolu-
tion of brain metastases following stereotactic radiosur-
gery (SRS), but also imaging parameters associated with 
treatment response and survival.

Changes in lesion size and perilesional edema dynam-
ics in brain metastases following stereotactic radiosur-
gery (SRS) are among the critical factors that directly 
influence clinical decision-making. In a study evaluating 
100 brain metastases after SRS, Sharpton et al. reported 
that the most significant volumetric reduction occurred 
between 6 and 12 weeks and that this reduction was 
associated with local tumor control [7].

Similarly, several studies have reported that the most 
pronounced volume reduction occurs within the first 1 
to 3 months [4, 8]. Our findings are consistent with these 
data, as the most striking changes were observed during 
the 1 to 3-month and 3 to 8-month intervals. Notably, the 
most significant tumor volume regression was observed 
within the first 1 to 3 months, and although this trend 
gradually diminished, it continued until the 8th month.

The literature indicates that the mechanisms of edema 
formation differ between metastatic and primary brain 
tumors, with metastases lacking significant tumor cell 
infiltration into the surrounding brain tissue, unlike glial 
tumors [9, 10]. Although perilesional edema in brain 
metastases is predominantly considered vasogenic, some 
studies have demonstrated the presence of neoplas-
tic cells extending into the edematous region [11–13]. 
There are limited studies in the literature on the tempo-
ral changes in perilesional edema following SRS. Kaur et 
al. reported that perilesional edema volume decreased 
within the first 6 months after SRS, with the most pro-
nounced reduction occurring in the first 3 months. Addi-
tionally, an increase in perilesional edema during the first 
3 months was suggested as a potential early indicator of 
tumor progression [14]. Our study also demonstrated 
that the most significant reduction in perilesional edema 
occurred during the 1 to 3-month period post-SRS, fol-
lowing a pattern similar to tumor volume reduction, 
and continued until the 8th month. We believe that the 
reduction in peritumoral edema after SRS is directly 
related to tumor volume shrinkage.

Previous studies have suggested that perilesional 
edema may inversely correlate with CD8⁺ tumor-infiltrat-
ing lymphocytes (TILs), and that radiation therapy may 
enhance antitumor immunity through modulation of the 
tumor microenvironment [15, 16]. Therefore, the reduc-
tion in peritumoral edema following SRS may, at least in 
part, be mediated by radiation-induced immunomodula-
tory mechanisms.

It is well known that conventional tumor ADC val-
ues are inversely correlated with tumor cellularity [17]. 
The literature reports that a significant increase in ADC 

values is observed following SRS and that this increase 
may serve as a potential biomarker for treatment 
response [18–20]. Additionally, ADC elevation has been 
suggested as a useful parameter in distinguishing pseudo-
progression from true progression. Although an increase 
in ADC values was observed after SRS in our study, no 
statistically significant difference was detected compared 
to pretreatment values. The small pretreatment volumes 
of most lesions and the inherent limitations in measure-
ment precision may have influenced this outcome.

A decrease in rCBV compared to pre-treatment lev-
els has been reported in both brain metastases and glial 
tumors following stereotactic radiotherapy [21, 22]. In 
our study, although rCBV showed a decreasing trend 
after SRS, no statistically significant difference was found 
when comparing pretreatment and post-SRS rCBV val-
ues. Perfusion MRI was available for 42 patients, and 
this finding may be attributed to the limited number of 
patients included in the perfusion analysis.

In our study, transient lesion enlargement was 
observed in 63 lesions (31.5%). This increase typically 
began during the 1 to 3-month period and persisted until 
the 16th month in some lesions.In a study by Patel et al., 
which evaluated 500 brain metastases treated with SRS, 
transient lesion enlargement was observed in approxi-
mately one-third of the lesions, beginning as early as 
the 6th week post-treatment and continuing up to the 
15th month [4]. Similarly, another study reported tran-
sient enlargement in approximately 28% of lesions [23]. 
This transient lesion enlargement, as demonstrated in 
these studies, is thought to be associated with radiation-
induced inflammation and necrosis processes. In our 
study, no significant association was identified between 
transient enlargement and any specific factor. However, 
previous studies have suggested that higher radiation 
doses, cancer type, and male sex may be associated with 
transient lesion enlargement [4, 24]. In addition to early 
treatment responses, we observed different temporal 
response patterns during follow-up, including transient 
enlargement and delayed progression. These findings 
highlight that a simple increase in lesion volume—par-
ticularly in the absence of other clinical or radiological 
signs—should be interpreted with caution. Recognizing 
the diversity of volumetric response patterns may sup-
port more individualized decision-making in the follow-
up management of brain metastases after SRS.

Conflicting results have been reported in the literature 
regarding the effectiveness of SRS in large tumors. Some 
studies suggest that SRS success decreases in lesions 
larger than 3  cm³, leading to lower local response rates 
[25]. In contrast, other studies have shown that SRS is 
well tolerated in large metastatic lesions, with low neu-
rotoxicity and effective tumor volume reduction [26, 
27]. In our study, smaller-volume lesions exhibited a 
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better response to SRS treatment, whereas larger lesions 
showed a more limited response. We believe that smaller 
lesions respond more favorably due to factors such as 
better tissue perfusion and a more effective radiobiologi-
cal response. Conversely, the limited presence of these 
factors in larger lesions may contribute to reduced treat-
ment efficacy.

Numerous studies in the literature have reported an 
inverse relationship between tumor volume and local 
control. Cutoff values of 1 cm³ and 2 cm³ are commonly 
cited in these studies [28–30]. In our study, ROC analy-
sis performed for Group A (good treatment response) 
and Group B (poor treatment response) yielded a cutoff 
value of 1.22 cm³. We believe that this threshold may be 
useful for predicting treatment response or progression. 
Our survival analysis, consistent with previous literature, 
demonstrated that larger tumor volumes are associated 
with poorer survival outcomes [25, 28, 31]. This finding 
suggests that treatment strategies should be reconsidered 
for patients with large-volume lesions.

There are conflicting views in the literature regarding 
the relationship between perilesional edema and sur-
vival in brain metastases. Spanberger et al. reported that 
minimal perilesional edema is associated with shorter 
survival times, and that these tumors exhibit more infil-
trative characteristics, lower HIF1a expression, and 
reduced neoangiogenesis [32]. In contrast, some stud-
ies suggest that the extent of perilesional edema has no 
significant impact on overall survival [33]. On the other 
hand, increased perilesional edema has been reported to 
be associated with a higher risk of intracranial progres-
sion, reduced response to radiotherapy, and shorter sur-
vival times in patients with metastatic lung cancer [34]. 
Similarly, some studies on primary brain tumors have 
suggested that greater perilesional edema is linked to 
poorer survival outcomes, which may be explained by 
tumor cell infiltration into peritumoral edema regions 
[35, 36]. Our findings are consistent with the literature, 
as we observed that patients with higher edema volumes 
had shorter survival times. We consider that this may be 
related to increased tumor aggressiveness and a dimin-
ished response to SRS. Perilesional edema should not be 
regarded merely as a side effect, but rather as a reflec-
tion of tumor biology and aggressiveness. Future studies 
should focus on the potential use of perilesional edema as 
a biomarker and further investigate edema dynamics in 
larger patient cohorts.

In our study, the volume of the necrotic component 
within the lesions was measured. Existing studies in 
the literature primarily focus on radiation necrosis, 
whereas our study specifically evaluated the pretreat-
ment necrotic component of the tumor that did not 
exhibit contrast enhancement. The relationship between 
pretreatment necrotic components and survival in brain 

metastases has been relatively less investigated in the lit-
erature. In a study by Yoo et al., metastases with a higher 
necrotic content were associated with shorter survival, 
and the increase in tumor volume paralleled the increase 
in necrotic component volume [37]. Similarly, another 
study reported an inverse relationship between pre-treat-
ment necrotic volume and survival [38].

In our study, patients with a pre-SRS necrotic compo-
nent volume greater than 0.44 cm³ exhibited shorter sur-
vival times. As tumor volume increases, the proportion 
of necrotic components also rises, potentially contribut-
ing to more aggressive tumor behavior through mecha-
nisms such as hypoxia and inflammation. Our findings 
suggest that the necrotic component of the tumor may 
serve as a significant prognostic marker for survival.

This study has several limitations. First, its retrospec-
tive, single-center design and modest sample size may 
limit generalizability. Second, follow-up MRI intervals 
were not fully standardized, and the decreasing num-
ber of evaluable lesions over time may have impacted 
consistency. Third, the use of 5–5.5  mm slice thickness 
in FLAIR and T2-weighted sequences for perilesional 
edema assessment may have introduced partial vol-
ume effects. In addition, since RANO-BM criteria are 
based on percentage volume change, response classifi-
cation may have been affected in lesions with different 
initial sizes. Moreover, additional treatments received 
during follow-up were not systematically documented, 
and causes of death were not always accessible. Finally, 
clinical outcomes such as neurological function or qual-
ity of life were not evaluated. Future studies with larger 
cohorts, standardized imaging protocols, and longitu-
dinal clinical data are warranted to validate and expand 
upon these findings. Despite these limitations, our study 
highlights key radiological parameters that may help 
guide post-SRS monitoring and clinical decision-making.

Conclusion
Our study highlights the temporal dynamics of radio-
logical changes following SRS for brain metastases. The 
most notable reductions in tumor and perilesional edema 
volumes occurred within the first 1–3 months post-treat-
ment. Larger tumor volumes were linked to poorer sur-
vival, with a 1.22  cm³ pretreatment threshold identified 
as a potential predictor of response. Beyond these gen-
eral trends, distinct temporal response patterns such as 
transient enlargement (pseudoprogression) and delayed 
progression were also identified. Notably, isolated volu-
metric increases on follow-up imaging do not always 
indicate true tumor progression; therefore, a wait-and-
see approach may be beneficial in selected cases. Over-
all, a detailed assessment of radiological parameters and 
awareness of atypical post-SRS response patterns may 
contribute to improved patient management.
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