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Abstract
Background  Adverse radiation effect (ARE) following stereotactic radiosurgery (SRS) for brain metastases is challenging 
to distinguish from tumor progression. This study characterizes the clinical implications of radiologic uncertainty (RU).
Methods  Cases reviewed retrospectively at a single-institutional, multi-disciplinary SRS Tumor Board between 2015–2022 
for RU following SRS were identified. Treatment history, diagnostic or therapeutic interventions performed upon RU resolu-
tion, and development of neurologic deficits surrounding intervention were obtained from the medical record. Differences in 
lesion volume and maximum diameter at RU onset versus resolution were compared with paired t-tests. Median time from 
RU onset to resolution was estimated using the Kaplan–Meier method. Univariate and multivariate associations between 
clinical characteristics and time to RU resolution were assessed with Cox proportional-hazards regression.
Results  Among 128 lesions with RU, 23.5% had undergone ≥ 2 courses of radiation. Median maximum diameter (20 vs. 
16 mm, p < 0.001) and volume (2.7 vs. 1.5 cc, p < 0.001) were larger upon RU resolution versus onset. RU resolution took > 6 
and > 12 months in 25% and 7% of cases, respectively. Higher total EQD2 prior to RU onset (HR = 0.45, p = 0.03) and use of 

Key points
• Tumor is difficult to distinguish from treatment effect after 

stereotactic radiosurgery (SRS).
• Resolution of radiologic uncertainty (RU) after SRS took > 6 

months in 25% of brain metastases.
• Many patients developed new neurologic deficits by the time of 

RU resolution.

Importance of the study  Stereotactic radiosurgery (SRS) is 
frequently used to treat brain metastases but may lead to adverse 
radiation effect (ARE) in up to 30% of cases. ARE is challenging 
to distinguish from tumor progression on imaging, and radiologic 
uncertainty (RU) is often resolved with monitoring of serial 
MRIs before a diagnosis is reached or a definitive intervention 
is performed. During this time, lesions may enlarge and cause 
progressive symptoms, ultimately requiring more intensive 
treatment. While generally acknowledged, no studies have 
described the consequences of this delay in RU resolution. This 
study characterizes the management and clinical implications 
of RU after SRS for brain metastases at a single, high-volume 
institution. We demonstrate that a significant proportion of 
patients experience prolonged delays in diagnosis and/or 
intervention after RU, many of whom develop new neurologic 
deficits by the time of resolution. Our findings highlight the 
critical need for improved diagnostic tools in this population.
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MR perfusion (HR = 0.56, p = 0.001) correlated with shorter time to resolution; larger volume (HR = 1.05, p = 0.006) portended 
longer time to resolution. Most lesions (57%) were diagnosed as ARE. Most patients (58%) underwent an intervention upon 
RU resolution; of these, 38% developed a neurologic deficit surrounding intervention.
Conclusions  RU resolution took > 6 months in > 25% of cases. RU may lead to suboptimal outcomes and symptom burden. 
Improved characterization of post-SRS RU is needed.

Keywords  Stereotactic radiosurgery · Adverse radiation effect · Brain metastases

Introduction

Brain metastases are common, occurring in up to 30 to 40% 
of patients with cancer [1]. Their incidence is expected to 
rise as more effective systemic therapies and high-quality 
imaging become increasingly available [2]. In recent years, 
stereotactic radiosurgery (SRS) has supplanted whole-brain 
radiation as a preferred treatment modality for patients with 
limited brain metastases due to its ability to spare neurocog-
nitive function without compromising local control or over-
all survival [3–5]. Indications for SRS continue to expand, 
with observational data suggesting that SRS may be feasi-
ble in patients with up to 10 brain metastases [6]. Multiple 
phase III clinical trials exploring quality of life and survival 
outcomes further are currently underway (NCT04804644, 
NCT03075072).

Adverse radiation effect (ARE), which may entail necro-
sis, is a late complication of intracranial radiotherapy that 
typically occurs within 6 to 18 months after treatment [7]. 
Estimates of its incidence vary from 0% up to 30% [8] due 
to variations in its definition and challenges associated 
with pathologic confirmation. Radiologically, ARE typi-
cally appears as a ring-enhancing lesion with surrounding 
T2/FLAIR hyperintensity on magnetic resonance imaging 
(MRI) and can manifest clinically as headache, nausea, 
somatosensory deficits, or vision changes, among other 
symptoms [9]. These features make it difficult to distin-
guish from tumor progression, which often exhibits similar 
radiologic and clinical characteristics. Moreover, contrast-
enhancing MRI lesions can represent a mixture of both ARE 
and recurrent tumor, further complicating their differentia-
tion. Apart from surgical resection and laser interstitial ther-
mal therapy (LITT), management of these entities can vary 
significantly, ranging from corticosteroids or bevacizumab 
for ARE to systemic therapy or reirradiation for recurrent 
tumor. ARE also resolves spontaneously without interven-
tion in up to 50% of cases [10] and is therefore often man-
aged with observation alone when asymptomatic. Accurate 
diagnosis of ARE versus tumor progression is therefore of 
critical importance.

Pathologic assessment is the gold standard in diagnos-
ing ARE versus tumor progression; however, this is rarely 

performed in practice to avoid operative morbidity. Optimal 
techniques to distinguish ARE from tumor progression in a 
non-invasive manner have not yet been established. Studies 
have explored morphologic MRI [11], MR perfusion [12], 
MR spectroscopy [13], and positron emission tomography 
(PET) [14] as potential diagnostic tools, yet many of these 
techniques are currently limited by poor performance or 
infeasibility in the routine clinical setting. Instead, radio-
logic uncertainty (RU) between ARE and progressive tumor 
is typically monitored for change over time with serial MRIs 
before a presumed diagnosis is declared and a definitive 
intervention is recommended. This process can take months, 
during which time patients may experience lesion growth 
with edema and mass effect resulting in progressive symp-
toms and ultimately requiring more intensive therapy. While 
generally acknowledged, no studies to date have described 
the ramifications of this diagnostic delay after RU. We 
sought to characterize the management and clinical impli-
cations of RU after SRS for brain metastases among patients 
presented at a single center, high-volume, multidisciplinary 
SRS Tumor Board.

Materials and methods

Study design and participants

This study was approved by our Institutional Review Board. 
This was a retrospective cohort study of patients reviewed 
at the University of California San Francisco (UCSF) multi-
disciplinary SRS Tumor Board for RU of ARE versus tumor 
progression at a site of prior SRS between April 2015 and 
December 2022. All patients were required to have under-
gone SRS for brain metastases. Exclusion criteria included 
incomplete medical records after initial RU and/or loss to 
follow-up before RU resolution.

Definitions of RU and RU resolution

The date of RU was defined as the date of the MRI on which 
a lesion indeterminate for tumor progression versus ARE 
(i.e., RU) was first described. The date of RU resolution 
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was determined based on review of the medical record and 
defined as the date of surgical resection for diagnostic pur-
poses in the face of uncertainty about ARE versus tumor 
progression or the date of definitive intervention after a 
presumed diagnosis of ARE versus tumor progression was 
reached, including surgical resection, re-irradiation, initia-
tion of/change in systemic therapy, enrollment on hospice 
or a clinical trial, or initiation of steroids to treat ARE. If no 
intervention was performed, RU resolution was designated 
as the date on which the lesion showed improvement or sta-
bility in size as described in clinical notes and radiology 
reports.

Patient, tumor, and treatment characteristics

Patient, tumor, and treatment characteristics were obtained 
from the medical record. Specifically, histology of primary 
disease, history of prior surgical resection at the site of RU, 
history of prior permanent seed implant brachytherapy at the 
site of RU, symptoms at the time of RU, use of steroids or 
bevacizumab at the time of RU, imaging modalities used to 
resolve RU, final diagnosis of either ARE or tumor progres-
sion, interventions performed at the time of RU resolution, 
and development of neurological deficits surrounding defini-
tive intervention were recorded. Note that a diagnosis could 
be reached either radiologically or based on pathology; thus, 
for lesions diagnosed based on imaging, the diagnosis may 
not have reflected the true lesion etiology. Lesions diagnosed 
as a mixture of ARE and tumor were classified as tumor 
progression. Dosimetric data from all prior courses of radio-
therapy to sites of RU were obtained by evaluation of UCSF 
and outside radiation records.

Assessment of lesions at most recent course of SRS, 
time of initial RU, and time of RU resolution

For each patient, MRIs from three timepoints were imported 
from our institutional picture archiving and communica-
tion system (PACS) into MIM (version 7.1.4). Timepoints 
included a) the date of the most recent SRS course (plan-
ning SRS MRI), b) the date on which the question of RU 
was raised, and c) the date of RU resolution or the closest 
date prior to RU resolution. The contrast-enhancing lesion 
of interest was manually contoured on the T1 post-contrast 
MRI sequence at each timepoint for each patient. The maxi-
mum diameter and volume of the contrast-enhancing lesion 
at each timepoint were calculated in MIM. The T2/FLAIR 
MRI sequence was used to assess for the presence of edema 
causing mass effect (i.e., compression, distortion, or dis-
placement or brain parenchyma or ventricles or sulcal efface-
ment) on the dates of RU and RU resolution.

Statistical analysis

Descriptive statistics were used to summarize patient, tumor, 
and treatment characteristics at baseline. Differences in 
median lesion volume (cc) and maximum diameter (mm) 
at the time of RU versus RU resolution were evaluated with 
paired samples t-tests. The difference in the frequency of 
edema causing mass effect between RU and RU resolution 
within the cohort was evaluated with McNemar’s test. The 
Kaplan–Meier method was used to estimate the median time 
from completion of the most recent SRS course to the date 
of RU and the time from RU to the date of RU resolution 
(months). Associations between clinical characteristics and 
time to RU resolution were assessed with univariate and 
multivariate Cox proportional hazards regression. P-val-
ues < 0.05 were considered statistically significant. All sta-
tistics were performed in R version (version 4.2.2; available 
at http://​www.r-​proje​ct.​org/).

Results

Lesion and treatment characteristics

We identified 128 lesions with RU in 123 patients who were 
presented at the institutional SRS Tumor Board for RU of 
ARE versus tumor progression at a prior site of SRS for 
brain metastasis between April 2015 and December 2022. 
Complete radiation records were available for 125 lesions. 
Imaging from the most recent course of SRS, initial RU, 
and RU resolution was available in 126, 128, and 126 cases, 
respectively. Baseline lesion characteristics are summarized 
in Table 1. Primary histology was non-small cell lung cancer 
in 32.8% of lesions and the most common location was in the 
frontal lobes (29.7%). The median total prescription EQD2 
for all radiation courses prior to RU onset was 43.4 Gy. A 
metastasis had been previously resected at the site of RU in 
28.9% of cases and permanent seed implant brachytherapy 
had been performed at the site of RU in 3.9% of cases. At 
the time of RU, 66.4% of patients were on systemic therapy; 
most were on either targeted therapy (39.1%) and/or immu-
notherapy (21.9%).

Lesion characteristics at time of initial RU and RU 
resolution

The median time from the most recent prior course of SRS 
to RU was 10.6 months. There was no significant difference 
in the time to RU among lesions ultimately diagnosed as 
ARE compared with progressive tumor (10 vs. 11 months, 
p = 0.6). Almost half (43.8%) of lesions were associated 
with symptoms at the time of RU; 41 (32.0%) and 5 (3.9%) 
required steroids and/or bevacizumab, respectively. The 

http://www.r-project.org/
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Table 1   Baseline patient 
characteristics

Abbreviations: IQR, interquartile range; EQD2, equivalent dose in 2 Gy fractions; Gy, Gray; SRS, stereo-
tactic radiosurgery
a Includes renal cell (n = 5), testicular (n = 2), prostate (n = 1)
b Includes colorectal (n = 4), gastroesophageal junction adenocarcinoma (n = 1), pancreas (n = 1), fibrola-
mellar hepatocellular carcinoma (n = 1)
c Includes endometrial (n = 1), ovarian (n = 2)
d Includes salivary (n = 2), sarcoma (n = 1), thymic carcinoma (n = 1), thyroid (n = 2), unknown (n = 1)
e Includes pons (n = 1), thalamus (n = 1), sellar (n = 1), corpus callosum (n = 1), basal ganglia (= 1)
f Does not include brachytherapy doses for 5 patients who received seed implant brachytherapy

Characteristic Frequency, n (%)
(n = 128)

Tumor histology
  Non-small cell lung 42 (32.8)
  Breast 39 (30.5)
  Melanoma 22 (17.2)
  Genitourinarya 8 (6.3)
  Gastrointestinalb 7 (5.5)
  Gynecologicc 3 (2.3)
  Otherd 7 (5.5)

Tumor location
  Frontal 38 (29.7)
  Parietal 21 (16.4)
  Temporal 18 (14.1)
  Occipital 18 (14.1)
  Cerebellum 28 (21.9)
  Othere 5 (3.9)

Tumor laterality
  Left 62 (48.4)
  Right 64 (50.0)
  Central 2 (1.6)
  Median initial target volume, IQR (cc) 2.73 (0.4–7.1)
  Median initial target diameter, IQR (mm) 19.0 (9.0–27.5)

Total number of radiation courses to target
  1 98 (76.6)
  2 23 (18.0)
  3 7 (5.5)
  Median total EQD2 (α/β = 10), IQR (Gy)f 43.3 (40.0–50.0)

Total EQD2f

  0–50 Gy 92 (71.9)
  50–100 Gy 27 (21.1)
  ≥ 100 Gy 9 (7.0)
  Median EQD2 at most recent SRS course (α/β = 10), IQR (Gy) 42.0 (40.0–45.9)

Fractionation at most recent SRS course
  1 87 (68.0)
  2 1 (0.8)
  3 6 (4.7)
  4 1 (0.8)
  5 33 (25.8)
  Median number of fractions at most recent SRS course, IQR 1 (1–5)
  Prior resection of lesion 37 (28.9)
  Prior seed implant brachytherapy at target site 5 (3.9)
  Median time to RU from most recent SRS course, IQR (months) 10.6 (5.2–16.7)
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median maximum lesion diameter (20.0 mm vs. 16.0 mm, 
p < 0.001) and median lesion volume (2.7 cc vs. 1.5 cc, 
p < 0.001) were both significantly larger at the time of RU 
resolution compared with initial RU. A significantly larger 
proportion of lesions were also noted to result in edema 
causing mass effect on imaging at RU resolution compared 
with initial RU (38.3% vs. 21.9%, p = 0.001. Lesions with 
RU on T1 post-contrast MRI at RU onset, 18 and 30 months 
after RU onset, and RU resolution from two representative 
patients are demonstrated in Fig. 1.

Time to RU resolution

The distribution of times to resolution of RU among all 
lesions in our cohort is demonstrated in Fig. 2. The median 
time to RU resolution from the initial date of RU was 
3.3 months (IQR: 2.3–6.0). Resolution of RU took between 
0 and 3 months in 44.5% of cases; however, it took more 
than 6 months in 25% of cases and more than 12 months in 
7.0% of cases.

Univariate and multivariate associations between patient, 
treatment, and RU lesion characteristics are shown in 
Table 2. On univariate analysis, lesions that received a total 
EQD2 > 100 Gy had significantly shorter time to RU resolu-
tion compared to those that received a total EQD2 ≤ 50 Gy 

(HR = 0.45, p = 0.03), but there was no difference in the time 
to RU resolution between those treated to 50–100 Gy com-
pared to ≤ 50 Gy (HR = 0.96, p = 0.86). Larger lesion volume 
(HR = 1.05, p = 0.006) and diameter (HR = 1.02, p = 0.01) 

Fig. 1   Lesions with RU for representative patients diagnosed with 
ARE and tumor progression. Lesions with RU on T1 post-gadolin-
ium MRI at A) RU onset, B) 18 months after RU onset, C) 30 months 

after RU onset, and D) RU resolution for representative patients diag-
nosed with ARE (top panel) and tumor progression (bottom panel)

Fig. 2   Distribution of times to resolution of radiographic uncertainty
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Table 2   Univariate and 
multivariate Cox proportional 
hazards analyses of time to 
resolution of radiographic 
uncertainty

* Significant at p < 0.05 level
Abbreviations: CI, confidence interval; EQD2, equivalent dose in 2  Gy fractions; Gy, Gray; RU, radio-
graphic uncertainty; ARE, adverse radiation effect; MRI, magnetic resonance imaging

Univariate Multivariate

Predictor Hazard ratio 95% CI p-value Hazard
Ratio

95% CI p-value

Total EQD2
  0–50 Gy Ref - Ref - -
  50–100 Gy 0.96 0.63, 1.48 0.86 0.90 0.58, 1.40 0.64
  > 100 Gy 0.45 0.22, 0.91 0.03* 0.54 0.26, 1.11 0.09

Histology at initial treatment
  Other Ref - -
  NSCLC 1.16 0.7, 1.93 0.56
  Breast 0.94 0.57, 1.57 0.82
  Melanoma 1.60 0.89, 2.88 0.12

Lesion location
  Frontal Ref - -
  Parietal 0.77 0.45, 1.32 0.34
  Temporal 0.72 0.40, 1.28 0.26
  Occipital 1.72 0.97, 3.06 0.06
  Cerebellum 0.63 0.38, 1.02 0.06
  Other 0.46 0.18, 1.17 0.10

Prior surgery
  No Ref - -
  Yes 0.89 0.76, 1.65 0.56
  RU lesion volume (cc) 1.05 1.02, 1.09 0.006* 1.04 1.01, 1.09 0.01*
  RU lesion diameter (mm) 1.02 1.01, 1.04 0.01*

Systemic therapy at RU
  No Ref - -
  Yes 0.81 0.56, 1.17 0.26

Targeted and/or immunotherapy at RU
  No Ref - -
  Yes 0.93 0.65, 1.32 0.68

Mass effect at RU
  No Ref - -
  Yes 0.93 0.61, 1.42 0.75

Symptomatic at RU
  No Ref - -
  Yes 0.97 0.68, 1.38 0.85

Bevacizumab at RU
  No Ref - -
  Yes 0.55 0.22, 1.38 0.20

Steroids at RU
  No Ref - -
  Yes 0.99 0.68, 1.45 0.98

Diagnosis
  Tumor Ref - -
  ARE 1.21 0.85, 1.73 0.29

Perfusion MRI
  No Ref - - Ref - -
  Yes 0.56 0.39, 0.80 0.001* 0.60 0.41, 0.86 0.006*

Nuclear imaging
  No Ref - -
  Yes 0.73 0.42, 1.28 0.27
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at the time of RU were associated with longer time to RU 
resolution. Cases where MR perfusion imaging was used 
to aid in the resolution of RU had significantly shorter time 
to RU resolution compared to those that did not (HR = 0.6, 
p = 0.001). Both lesion volume at the time of RU (HR = 1.04, 
p = 0.01) and use of MR perfusion imaging (HR = 0.60, 
p = 0.006) remained significantly associated with time to 
RU resolution on multivariate analysis. RU lesion diameter 
was not included in the multivariate analysis due collinearity 
with lesion volume.

Diagnosis and management

Data on lesion diagnosis (determined either radiologically 
or pathologically) and definitive management are shown 
in Table 3. ARE was diagnosed in 57.0% of lesions, while 
42.2% of lesions were diagnosed as progressive tumor. One 
lesion was ultimately found to be a cavernous malforma-
tion upon resection 2.5 years after SRS. A diagnosis was 
reached radiographically in 73.4% of cases and based on 
surgical pathology in 26.6%. Of those that were resected, 
the presumed preoperative diagnosis aligned with surgical 
pathology in 88.2% of cases (three lesions thought to repre-
sent tumor were ultimately diagnosed as ARE and one lesion 
thought to represent tumor was diagnosed as a cavernous 
malformation). Management of the nine lesions that had pre-
viously been treated to an EQD2 ≥ 100 Gy involved surgery 
in 44.4% of cases. Surveillance between the time of initial 
RU and RU resolution involved MR perfusion imaging in 

52.2% of cases and PET imaging in 11.7% of cases. Lesions 
in which MR perfusion was used were larger at the time of 
initial RU (7.9 cc vs. 4.1 cc, p = 0.01) and were more often 
located in the temporal lobes (24.1% vs. 8.9%, p = 0.08) 
compared to those in which MR perfusion was not used. Of 
the 34 lesions treated with surgery at the time of interven-
tion, 16 had been imaged with MR perfusion between RU 
and RU resolution. The interpretation of MR perfusion (i.e., 
ARE versus tumor progression) was consistent with patho-
logic findings at surgery in 75% of cases.

At the time of RU resolution, 58.5% of patients under-
went an intervention, including radiation (17.2%), surgery 
(18.0%), or a combination of the two (8.6%). Of these, 37.8% 
developed a neurologic deficit surrounding intervention. Most 
patients developed these deficits leading up to the intervention 
due to continued progression of either ARE or tumor; how-
ever, two patients developed new deficits immediately after 
the intervention (one who underwent surgery and another 
who underwent repeat SRS). The types and frequencies of 
the neurologic deficits experienced by patients in this cohort 
are illustrated in Fig. 3. The most common neurologic deficits 
were weakness, aphasia, and ataxia. Two patients died shortly 
after RU resolution. One patient, in whom RU resolution took 
2.4 months, died from intractable cerebral edema secondary 
to radiation necrosis. The other patient was ultimately diag-
nosed with recurrent tumor 6.5 months after initial RU, during 
which time the lesion grew from 7.35 cc to 30.16 cc. This 
patient died due to progression of intracranial disease.

Table 3   Management at time of RU resolution

Parameter Frequency of lesions (%)
Diagnosis

  ARE 73 (57.0)
  Tumor progression 54 (42.2)
  Cavernous malformation 1 (0.78)

Method of diagnosis
  Radiographic 94 (73.4)
  Pathologic 34 (26.6)

Parameter Frequency of patients (%)
Intervention at RU resolution

  No 53 (41.5)
  Yes 74 (58.5)
  Radiation 22 (17.2)
  Surgery 23 (18.0)
  Radiation and surgery 11 (8.6)
  Systemic therapy 6 (4.7)
  Hospice 6 (4.7)
  Steroids 5 (3.9)
  Clinical trial 1 (0.8)
  Neurologic deficit surrounding inter-

vention
28/72 (38.9)

Fig. 3   Frequency of neurologic deficits developed surrounding defini-
tive intervention
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Discussion

While tumor progression and ARE are often radiographi-
cally and clinically indistinguishable, their manage-
ment can be vastly different. Current diagnostic methods 
are non-specific in this setting despite efforts from the 
Response Assessment in Neuro-Oncology (RANO) group 
to standardize treatment response reporting [15]. When 
RU between progressive disease and ARE arises, patients 
are frequently monitored clinically and with serial imag-
ing until a diagnosis can be reached. The implications of 
this RU are crucial to understand as the incidence of brain 
metastases rises and SRS plays a larger role in their treat-
ment. In this study, we described the management and 
outcomes among patients with brain metastases presented 
at our multidisciplinary SRS Tumor Board for RU after 
SRS. Our findings illustrate the implications of RU and 
underscore the need for improved diagnostic techniques 
in this patient population.

While resolution of RU occurred within 3 months of ini-
tial RU for most lesions in our study, a large subset was sub-
ject to substantial diagnostic delays. Notably, RU resolution 
took more than 6 months in 25% of our cohort. Differentia-
tion of tumor progression from ARE is notoriously diffi-
cult for several reasons. ARE encompasses a heterogene-
ous group of responses to intracranial radiotherapy ranging 
from transient, early inflammation, or “pseudoprogression,” 
to irreversible and sometimes progressive brain necrosis 
[16]. These entities exhibit marked variation in imaging fea-
tures, making it challenging to define a characteristic “ARE 
radiologic signature” that can be applied across patients. 
Two-thirds of our cohort were receiving systemic therapy at 
the time of RU, which can influence treated lesions’ appear-
ance on MRI. Treatment effect can also differ depending on 
class of systemic agent, with several studies demonstrating 
an increased risk of ARE with capecitabine [10] and tyros-
ine kinase inhibitors [17]. Moreover, intracranial lesions 
often exhibit dynamic evolution on imaging after SRS; up 
to a third will enlarge after treatment [18]. While this typi-
cally occurs within 18 months of radiation [10], cases have 
been reported up to a decade later [19]. This variability 
is reflected in our cohort, in which the time from SRS to 
RU development among patients ultimately diagnosed with 
ARE ranged from 1.1 to 156 months. Finally, the risk fac-
tors for development of ARE are incompletely understood 
and thus have poor specificity for treatment effect. Cer-
tainly, they include treatment-related parameters such as 
radiation dose, volume [20], and concurrent use of systemic 
therapy [10, 17], but also comprise primary tumor histol-
ogy [21], age [22], tumor location and microenvironment 
[16, 23], intrinsic radiosensitivity [24], or most likely, a 
combination of these factors.

It took less time to resolve RU for lesions that had 
received multiple prior courses of radiotherapy (i.e., had 
been treated to a cumulative EQD2 ≥ 100 Gy). Cumulative 
radiation dose and volume of irradiated brain tissue, spe-
cifically V10 Gy and V12 Gy [20], have previously been 
described as risk factors for ARE. For instance, a review 
of 435 patients with 2,200 brain metastases treated with 
Gamma Knife SRS found that prior SRS to the same lesion 
was the most important predictor of ARE. Specifically, 
previous radiosurgery was associated with a 20% 1-year 
risk of symptomatic ARE, compared with only 3% among 
those with no prior treatment [10]. Our findings imply that 
radiation treatment history is often considered in diagnostic 
decision-making between RU and tumor progression. This 
may influence management in several ways. Progressive or 
symptomatic lesions may be pushed towards earlier surgery 
to obtain a pathologic diagnosis given the risks associated 
with both observation and further radiation. Indeed, 44% of 
the lesions previously treated to a total EQD2 ≥ 100 Gy in 
our study were diagnosed surgically, compared with 18% in 
the larger cohort. Alternatively, asymptomatic lesions that 
have been treated with multiple prior courses of radiotherapy 
may be quickly attributed to ARE.

Lesion diameter and volume at the time of RU were also 
associated with time to resolution of RU. One strategy for 
distinguishing treatment effect from progressive disease is 
comparison of the MRI with RU to the original radiation 
plan. Out-of-field or marginal lesion growth (i.e., growth 
outside of the area previously treated to 10–12 Gy) is con-
cerning for recurrent tumor, while enlargement within the 
high-dose treatment area is more convincing for ARE. Small 
lesions are typically clearly distinguishable as in- or out-of-
field, leading to prompt diagnosis and intervention, if appro-
priate. Alternatively, larger lesions often demonstrate hetero-
geneous growth [25], requiring observation over multiple 
imaging cycles before a definitive pattern of evolution can 
be appreciated. Moreover, larger lesions are more likely to 
contain a mixture of ARE, progressive disease, and necrotic 
tumor, further complicating their characterization [26, 27]. 
We also found that use of MR perfusion imaging portended 
a shorter time to resolution of RU. MR perfusion is often 
employed to help distinguish ARE from tumor progression 
[12, 28]; however, it is not without limitations, particularly 
for small lesions. This is illustrated in our study, where find-
ings on MR perfusion only correlated with surgical pathol-
ogy in 75% of cases.

Interestingly, there were a number of clinically relevant 
factors that were not associated with time to RU resolu-
tion. Perhaps most importantly, there was no difference in 
time to RU resolution between lesions ultimately deemed 
to represent ARE versus progressive disease, emphasizing 
the diagnostic challenge central to this study. In the same 
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vein, the presence of symptoms at the time of RU did not 
correlate with more rapid resolution, likely because ARE 
can mimic tumor progression clinically [9]. Symptomatic 
ARE is initially managed with corticosteroids and some-
times bevacizumab, both of which can mitigate the clinical 
and radiographic signs of radionecrosis [29–31]. In clinical 
practice, these therapies frequently serve a diagnostic pur-
pose as well, as one would expect recurrent tumor to remain 
stable and ARE to rapidly regress after their administration. 
Despite this, we did not find that lesions treated with ster-
oids or bevacizumab at the time of RU were resolved more 
quickly. This may have been because these therapies are also 
used to relieve symptoms of recurrent brain metastases, and 
both are also associated with reversal of radiographic find-
ings of tumor progression [8, 32]. Interpretation of imaging 
after administration of steroids or bevacizumab is therefore 
complex, and our findings suggest that they may not always 
facilitate differentiation of progressive disease from ARE.

Strikingly, almost 40% of patients who underwent a 
definitive intervention upon RU resolution developed a 
new neurologic deficit surrounding intervention. These 
included symptoms such as weakness, aphasia, visual defi-
cits, and cognitive changes, all of which can have a pro-
found impact on functional status and quality of life. While 
we are unable to determine whether these could have been 
prevented with earlier diagnosis, most deficits developed 
due to continued progression of ARE or tumor, and it is 
reasonable to assume that they could have been mitigated 
or avoided altogether with earlier intervention. Indeed, we 
found that median lesion size increased by 25% and median 
lesion volume almost doubled between RU and consensus 
diagnosis. This was accompanied by a significantly higher 
proportion of patients experiencing edema causing mass 
effect at the time of resolution. Larger lesion size is also a 
known risk factor for treatment-related complications after 
surgery [33, 34] and radiotherapy [9], which occurred in two 
patients who underwent definitive intervention at the time 
of RU resolution. Two patients in our cohort died shortly 
after resolution of RU. One developed intractable intracra-
nial edema due to radiation necrosis, ultimately leading to 
their death 2.4 months after initial RU. Another patient died 
from progressive disease 6.5 months after RU, during which 
time their tumor quadrupled in size. While these represent 
extreme examples, our findings suggest that a large propor-
tion of patients develop serious, potentially irreversible defi-
cits due to diagnostic delay. Even with timely intervention, 
diagnostic uncertainty raises the potential for inappropriate 
treatment, such as re-reirradiation or withdrawal of effective 
systemic therapy in a patient who has ARE but is thought to 
have recurrent tumor. It is important to note that resolution 
of RU is often based on imaging alone without pathologic 
confirmation [16], as was the case in 73% of lesions in this 
study. Thus, there is a real possibility of misdiagnosis. This 

is highlighted in our cohort, where the presumed preopera-
tive diagnosis among lesions that were surgically resected 
only aligned with pathologic findings in 88% of cases. This 
can lead to treatment error, unnecessary toxicity, and com-
promised outcomes.

RU is a well-recognized problem in the field of Neuro-
Oncology [8, 15, 16], and efforts to develop more effec-
tive diagnostic tools to distinguish ARE from tumor pro-
gression are currently underway [35]. LITT, a minimally 
invasive surgical technique that uses heat to ablate tis-
sue, can play both diagnostic and therapeutic roles in the 
management of RU. Indications for LITT have rapidly 
expanded in recent years and now include both treatment 
of in-field metastatic recurrences and ARE [36]. LITT has 
also demonstrated superior efficacy to bevacizumab for 
symptomatic radiation necrosis in retrospective series [37, 
38]. Nevertheless, LITT may not always be feasible, par-
ticularly in lesions located in eloquent brain regions. Non-
invasive diagnostic techniques have also been explored 
to address RU. These have included using standard MRI 
sequences such as T1/T2 matching [11], apparent diffu-
sion coefficient ratios [39], and time-dependent changes 
in lesion morphology after contrast administration [40], 
although these are infrequently used in the clinical setting. 
As discussed above, MR perfusion is often employed when 
conventional MRI sequences are inconclusive, and multi-
ple groups have explored using standard cutoffs for metrics 
such as relative cerebral blood volume or peak height to 
distinguish recurrent tumor from treatment effect [12, 28]. 
MR spectroscopy [41–43], which analyzes tissue metabo-
lites is another MR technique that has been employed to 
improve diagnostic certainty in this situation. Historically, 
single-photon emission computed tomography (SPECT)44, 
which detects the distribution of radioactive tracers such 
as thallium-201 or technetium-99, was the nuclear medi-
cine technique of choice for the study of indeterminate 
brain lesions. More recently, amino acid PET imaging has 
been employed in this scenario and has demonstrated high 
diagnostic accuracy in identifying tumor progression [45, 
46]. Indeed, RANO cites level 2 evidence for amino acid 
PET in this setting, although most studies have comprised 
retrospective, single-center analyses without histopatho-
logic confirmation [47]. While a variety of amino acid 
radiotracers have been examined, including 11C-MET, 
18F-DOPA, 18F-FET, and 18F-fluciclovine, their regular 
use is currently limited by availability, cost, and regula-
tory approval [48]. Notably, only 11.7% of lesions in our 
study were assessed with nuclear imaging, highlighting its 
limited use even within a large, academic institution. Most 
recently, machine learning-based analyses of radiomics 
signatures have been increasingly explored in patients with 
RU after intracranial radiation [49]. This approach extracts 
radiographic features from a variety of imaging sequences 
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and modalities to build predictive models that can aid in 
diagnosis and management. These models frequently out-
perform radiologists in identifying radiation necrosis [50, 
51]; however, further validation is needed in large, hetero-
geneous populations across multiple sites before they can 
be incorporated into clinical practice. Ultimately, RANO 
guidelines state that there is insufficient evidence to sup-
port any one of these modalities [15]. Instead, use of clini-
cal judgment with a combination of these techniques is 
recommended, potentially across several imaging cycles if 
a diagnosis cannot be reached at any one timepoint.

This study has several limitations, one of which is its 
lack of histopathologic confirmation at the time of resolu-
tion for the majority of lesions. Our findings describe factors 
associated with time to RU resolution, which may or may 
not have been based on a correct diagnosis in patients diag-
nosed radiographically. Nevertheless, our results reflect the 
reality of RU resolution in the clinical setting and describe 
the consequences of current management practices. Other 
limitations are related to this study’s retrospective nature. 
Patient-specific factors such as lack of social support or 
transportation barriers that may have contributed to pro-
longed diagnosis were not captured in this study. Similarly, 
assessment of patient symptoms upon RU and intervention 
was based on the medical record, which may have introduced 
bias in our results. However, complete radiation records and 
imaging at each timepoint were available for the vast major-
ity of lesions, which allowed the study authors to indepen-
dently measure lesion volumes over time rather than relying 
on radiology reports.

To our knowledge, we present the first analysis of the 
consequences of RU between ARE and tumor progression 
among patients who have undergone SRS for brain metas-
tases. In a multidisciplinary setting at a large, academic 
medical center, a quarter of patients experienced delays in 
management of at least 6 months, during which time lesions 
enlarged and more often led to intracranial edema. Clinical 
factors such as radiation history, lesion size, and use of MR 
perfusion influenced time to RU resolution; however, these 
may be subject to error when used for diagnostic purposes. 
Finally, a striking number of patients developed neurologic 
deficits surrounding intervention, including two patients 
who died due to lesion progression. Oncology care teams 
will increasingly be faced with this diagnostic dilemma 
as survival among patients with brain metastases contin-
ues to improve. Our findings highlight the critical need for 
more effective, clinically feasible diagnostic tools in this 
population.
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