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Abstract
Background. Treatment of metastatic brain tumors often involves radiotherapy with or without surgical resection 
as the first step. However, the indications for when to use surgery are not clearly defined for certain tumor sizes and 
multiplicity. This study seeks to determine whether resection of brain metastases versus exclusive radiotherapy 
provided improved survival and local control in cases where metastases are limited in number and diameter.
Methods. According to PRISMA guidelines, this meta-analysis compares outcomes from treatment of a median 
number of brain metastases ≤ 4 with a median diameter ≤ 4 cm with exclusive radiotherapy versus surgery fol-
lowed by radiotherapy. Four randomized control trials and 11 observational studies (1693 patients) met inclusion 
criteria. For analysis, studies were grouped based on whether radiation involved stereotactic radiosurgery (SRS) 
or whole-brain radiotherapy (WBRT).
Results. In both analyses, there was no difference in survival between surgery ± SRS versus SRS alone two years 
after treatment (OR 1.89 (95% CI: 0.47–7.55, P = .23) or surgery + WBRT versus radiotherapy alone (either WBRT and/
or SRS) (OR 1.18 (95% CI: 0.76–1.84, P = .46). However, surgical patients demonstrated greater risk for local tumor 
recurrence compared to SRS alone (OR 2.20 (95% CI: 1.49–3.25, P < .0001)) and compared to WBRT/SRS (OR 2.93; 
95% CI: 1.68–5.13, P = .0002).
Conclusion. The higher incidence of local tumor recurrence for surgical patients suggests that more prospective 
studies are needed to clarify outcomes for treatment of 1-4 metastasis less than 4 cm diameter.

Key Points

 • Upfront resection vs radiation for a median number of brain metastases ≤ 4.

 • First meta-analysis to focus on brain lesions with defined size and number.

 • Surgical resection associated with worse local tumor recurrence.

Brain metastases arise in 10–30% of all cancer patients, with 
the majority originating from lung, breast, colorectal, renal cell 
carcinomas, and melanoma.1,2 Radiotherapy with or without 
preceding surgical resection (SR) is the standard treatment 
of care.3 However, there is a lack of consensus on whether 
to employ SR in the event of a solitary brain metastasis.4 The 
few available prospective studies that compare surgical and 

radiotherapy treatments of a single brain metastasis are low-
powered and offer conflicting conclusions as to whether SR 
provides a survival benefit.5–9 Furthermore, current practice 
demonstrates opposing trends in the management of a specifi-
cally small, single metastasis: while smaller metastases (<2 cm 
diameter) are increasingly treated with stereotactic radiosurgery 
(SRS), the lone existence of a single metastasis often prioritizes 
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it for SR.3,4 Accordingly, we used meta-analysis to compare 
the outcomes of SR followed by radiotherapy versus radio-
therapy alone in the management of patients with a median 
number of brain metastases ≤4 of median diameter ≤4 cm. 
We chose these parameters for number and size based on 
the available literature that addresses our question.

Radiotherapy for brain metastases can be most suitable 
to target many, smaller lesions with diameter <4  cm.10,11 
Whole-brain radiotherapy (WBRT) was the historically 
dominant radiation treatment modality until more targeted 
SRS techniques demonstrated less white matter toxicity 
and cognitive decline.12–15 Although WBRT has been recog-
nized for its improved control of distant tumor recurrence 
compared to SRS alone,16 hypofractionated dosing sched-
ules of SRS can further mitigate side-effects such as radia-
tion necrosis and recurrence.17 Currently, WBRT is reserved 
for patients who are unable to undergo SR or SRS.18

Tumor size and multiplicity along with other consider-
ations may complicate the choice between radiotherapy 
or surgical resection; in these instances, a multidiscipli-
nary approach is often recommended. For large tumors 
in patients with good performance status and controlled 
primary and systemic disease, SR is most clearly indicated 
to immediately relieve a brain metastasis accompanied 
by mass effect, edema, and/or hydrocephalus.18 SR may 
also be chosen in cases where the lesion is suspected to 
be radioresistant, as can often occur with metastases from 
melanoma, renal cell carcinoma, and sarcoma.19 Following 
resection, irradiation of the brain after resection either 
with SRS or WBRT limits tumor recurrence and prolongs 
survival.3,20

Prevention of local recurrence is another key outcome 
in the management of metastases to the central nervous 
system. Although the mechanisms of recurrence have not 
been fully elucidated, extent of resection is highly correl-
ated with recurrence and prognosis.21 While subtotal re-
section leaves a nidus of tumor cells available for future 
growth, the dispersion of microscopic tumor cells or their 
oncogenic contents is another potential mechanism by 
which the brain can be seeded for recurrent cancer.22,23 In 
support of this, piecemeal tumor resection has been asso-
ciated with greater leptomeningeal dissemination com-
pared to en bloc removal.24,25 Likewise, pachymeningeal 
seeding was found to be more common when metastases 

were managed with SR followed by SRS than when treated 
with radiation alone.26

Surgeons employ their expertise and judgment to weigh 
tumor size, multiplicity, and patient comorbidities when 
determining the treatment of metastatic brain cancer. 
Unfortunately, the indications for when to pursue surgery 
rather than radiosurgery alone are not clearly standardized. 
Accordingly, we undertook meta-analysis of reports that 
examined cases of a median number of brain metastases 
≤4 of median diameter ≤4 cm. Indeed, the management of 
mid-sized tumors carries the least consensus as to whether 
surgical or exclusive radiotherapies are indicated.4

Materials and Methods

Literature Search

A systematic search following PRISMA (Preferred 
Reporting Items for Systematic Reviews and Meta-
Analysis) guidelines was performed. A detailed protocol, 
including the inclusion, exclusion criteria, and search plan, 
were preregistered with PROSPERO (CRD42021242434). 
On February 18th, 2021, searches were performed on 
PUBMED, Web of Knowledge, and Cochrane Library for 
randomized controlled trials and observational studies 
written in the English language (Figure 1). The search 
strategy on PUBMED included: ((surgery) OR (surgical) OR 
(resection) OR (resected) OR (microsurgery) OR (microsur-
gical)) AND ((radiation) OR (radiotherapy) OR (stereotactic) 
OR (radiosurgery) OR (irradiation) OR (WBRT) OR (SRS) OR 
(Gamma Knife) OR (CyberKnife) OR (LINAC)) AND ((brain) 
OR (cerebral)) AND ((metastasis) OR (metastases) OR (met-
astatic)) NOT (case report) NOT (systematic review) NOT 
(meta-analysis) NOT (meta analysis) NOT (chemotherapy) 
NOT (immunotherapy). Studies were included in the pri-
mary analysis if they compared surgery to radiotherapy 
for a median number of brain metastases ≤4 with a me-
dian tumor diameter ≤4 cm. The number of 4 metastases 
with a 4  cm diameter threshold was selected to address 
our question with the maximum number of studies; we ob-
served that many studies compared tumors either larger 
or smaller than 4 cm. Studies that included patients with 

Importance of the Study

It is important to obtain consensus on the best 
treatment for 1–4 brain metastases, which are 
often the first sign of CNS invasion by systemic 
cancers. Exclusive radiotherapy is preferred 
against a lesion < 2 cm in diameter, while sur-
gical resection is often employed prior to radi-
ation against larger tumors > 3 cm. However, 
the indications for mid-sized tumors roughly 
1–3 cm in maximal diameter are not defined. 
Previous meta-analyses comparing surgical 
resection versus exclusive radiotherapy for 

treatment of brain cancer have not specified 
a number or size of metastases. By focusing 
on studies with a median number of brain me-
tastases ≤ 4 of median diameter ≤ 4  cm, we 
observe that radiotherapy alone can exhibit 
better local control than when surgical resec-
tion was used prior to radiotherapy. This re-
sult summons the need for more prospective 
investigations into surgical treatment of a 
limited number of intermediately sized brain 
metastases.
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a greater median number of brain metastases, and single-
cohort observational studies were excluded. Studies that 
exclusively studied radioresistant metastases such as from 
melanoma27,28 were excluded. Ultimately, the studies we 
included feature a mix a of metastases arising from lung, 
breast, colon, melanoma, and kidney (Tables 1 and 2).  
Additionally, a few studies that only reported tumor 
volume rather than diameter were excluded since no reli-
able method to calculate a maximum tumor diameter from 
its volume could be found.29–31

Data Extraction

Prior to quantitative analysis, authors (DTK, AN, SSK, 
MJ) independently assessed articles for eligibility, and 
the corresponding author (WH) was consulted to resolve 
conflicts. Instances of occurrence were recorded for all 
available parameters such as all-cause mortality, and local 
recurrence at one-year and two-year time intervals. Local 
recurrence indicates intracranial tumor regrowth within 
the original tumor bed that had undergone surgical resec-
tion and/or radiotherapy. Local recurrence is distinct from 
distant recurrence, which refers to intracranial tumor re-
growth outside of the original tumor bed. When two-year 
data was not available, parameters were calculated at the 
termination of each study. In the cases that studies did not 
explicitly report these rates, Kaplain-Meier curves were 

utilized to extract this data. WebPlotDigitizer v.4.432 was 
used to import the image files of the curves, and the values 
at one- and two-year intervals were obtained for mortality 
and recurrence. Upon completion of data extraction, each 
parameter was independently validated by DTK and AN for 
accuracy.

Statistical Analysis

A frequentist meta-analysis was performed using the meta 
package in R. For each study, the effect size and standard 
error were calculated. Odds ratios were subsequently 
pooled using the DerSimonian-Laird method. A random ef-
fects model was utilized in the cases where heterogeneity 
was significant. Heterogeneity was determined using the 
Cochran Q value and the I2 value such that I2 > 50% was 
considered significantly heterogeneous.

Assessment of Quality

Quality assessment for each study was performed by 
utilizing standard methods. For randomized controlled 
trials (RCTs), the Cochrane Risk of Bias tool was used 
(Supplementary Figure S1). For each of the domains of 
bias, the degree of risk was classified as “low,” “high,” 
or “unclear.” To assess the quality of nonrandomized 

  

PUBMED (MEDLINE)
7364 records Citation matching: 30 records 

Records after removing duplicates:
5308 records

Records screened for 
inclusion/exclusion criteria from 

title/metadata/abstract:
361 records

Full-text articles assessed for 
eligibility:
37 records

Quantitative synthesis of 
studies that prioritize 

stereotactic modalities:
7 records

999 patients

Records excluded: 324 records
Reasons for exclusion:

Single-cohort observational study
Protocol description without 
results

Records excluded from primary 
quantitative synthesis:  22

Median number of metastases 
was not  ≤4 or median tumor 
diameter was not ≤4 cm (16 
records) 

Reported tumor volume rather 
than diameter (3 records)
Diameter not reported (3 records)
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Figure 1. PRISMA flow diagram illustrating how records were identified and selected.
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case-control studies, the Newcastle-Ottawa Scale (NOS) 
was calculated. This standardized risk of bias assessment 
scores studies according to patient selection, compara-
bility, and data gathering to provide a combined score from 
0–9. Scores ≥ 6 are generally attributed to higher quality 
studies. The NOS assessment was performed independ-
ently by authors (DTK and AN) and are provided in Tables 1 
and 2. With neither the Cochrane Risk of Bias nor with NOS 
did we identify any consistent forms of bias across the in-
cluded studies.

Results

From our initial pool of 361 records, 15 records were in-
cluded for meta-analysis (Figure 1, Tables 1 and 2). Of these 
records, four studies were RCTs,7–9,33 while 11 were obser-
vational studies.34–44 The 15 studies provided a total of 1693 
patients, with 848 patients undergoing surgical treatment 
and 845 receiving exclusive radiotherapy. While all studies 
compared surgical intervention followed by radiation to ra-
diation alone, the methodologies of radiation varied. Five 
of these studies compared surgery followed by SRS to SRS. 

One study compared surgery versus SRS. One study com-
pared surgery followed by varied modes of postsurgical 
radiation (49% of cases had SRS, 23% had WBRT, 16% 
had SRS + WBRT, 9% had no radiation) versus SRS alone. 
Three studies compared surgery followed by WBRT versus 
gamma knife radiosurgery. Three studies compared sur-
gery followed by WBRT versus SRS followed by WBRT. One 
study compared surgery followed by WBRT versus WBRT 
alone. One study compared surgery followed by WBRT 
versus gamma knife radiosurgery followed by WBRT. One 
study compared surgery followed by SRS versus SRS 
alone. The studies were grouped according whether SRS 
or WBRT was the predominant radiation modality and are 
summarized in Tables 1 and 2, respectively. The Risk of Bias 
for the RCTs is shown in Supplementary Figure S1.

Survival in Studies That Prioritize Stereotactic 
Radiation Modalities

Figure 2 shows the results of a frequentist meta-analysis for 
survival outcome measurements of the studies in Table 1,  
which includes one RCT and six observational studies. 
One-year survival was reported by five of the studies with 

  
A  1-Year survival

B  2-Year survival

Favoring surgeryFavoring radiosurgery

Favoring surgeryFavoring radiosurgery

Surgery Radiation Weight
(common)

Weight
(random)Study Events Total Events Total Odds ratio OR 95%-CI 

Lamba 2019 19.000 19 50.0000 67 7.06 (0.88; 56.45) 2.1% 9.0% 
Minniti 2019 56.050 95 86.3600 127 0.68 (0.39;  1.18) 57.2% 25.7% 
Prabhu 2017 31.200 48 24.4800 48 1.78 (0.79;  4.05) 16.2% 22.0% 
Zimmerman 2016 15.114 33 13.3114 62 3.09 (1.24;  7.71) 9.5% 20.7% 
Bougie 2015 25.370 43 25.9200 72 2.56 (1.18;  5.55) 15.0% 22.6% 

Fixed effect 238 376 1.50 (1.06;  2.12) 100.0% -- 
-- Random effect 1.91 (0.72;  5.10) 100.0% 

Prediction interval 
Heterogeneity: I2 = 72%, τ2 = 0.4813, p < 0.01 

(0.16; 22.77) 

0.01 0.1 0.5 2 1 10 100 

Surgery Radiation Weight Weight 
Study Events Total Events Total Odds ratio OR 95%-CI (common) (random) 

Lamba 2019 17.000 19 35.00 67 7.77 (1.66; 36.31) 4.3% 16.7% 
Minniti 2019 27.550 95 41.91 127 0.83 (0.47;  1.48) 66.9% 32.8% 
Zimmerman 2016 8.745 33 8.37 62 2.31 (0.80;  6.68) 11.2% 23.9% 
Bougie 2015 11.610 43 12.24 72 1.81 (0.73;  4.49) 17.6% 26.6% 

Fixed effect 190 328 1.46 (0.97;  2.20) 100.0% 
-- 

-- 
Random effect 1.89 (0.47;  7.55) 100.0% 
Prediction interval 
Heterogeneity: l2 = 67%,τ2 = 0.4647, p = 0.03 

(0.06; 61.39) 

0.01 0.1 0.5 2 1 10 100 

Figure 2. Forest plots of odds ratios from studies comparing the survival outcomes of patients undergoing initial surgical resection followed by 
SRS versus SRS alone in the treatment of a brain metastases (A.) one year after treatment, and (B.) two years after treatment. The contributing 
studies are summarized in Table 1. Abbreviations: OR, odds ratio; CI, confidence interval.
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238 patients in the surgical group and 376 patients in the 
nonsurgical group (Figure 2A). Significant heterogeneity 
was observed (I2  =  72%, P < .01), and a random effects 
model was used to perform the meta-analysis. This com-
parison between surgery + SRS versus SRS alone revealed 
a pooled OR of 1.91 (95% CI: 0.72–5.10, P =  .14). The pre-
diction interval was found to be 0.16–22.77. Two-year sur-
vival was reported by four studies, including 190 patients 
in the surgical group and 328 patients in the nonsurgical 
group (Figure 2B). Significant heterogeneity was observed 
(I2 = 67%, P = .03), and a random effects model was used 
to perform the meta-analysis. This comparison between 
surgery + SRS versus SRS alone revealed a pooled OR of 
1.89 (95% CI: 0.47–7.55, P = .23). The prediction interval was 
found to be 0.06–61.39. Publication bias for survival meas-
urements was nonsignificant for the one-year data but 
was significant for the two-year data as demonstrated by 
funnel plots in Supplementary Figure S2.

Survival in Studies That Utilize Whole-Brain 
Radiotherapy

Supplementary Figure S3 show the results of a frequentist 
meta-analysis for survival outcomes in studies with 
WBRT from Table 2, which includes three RCTs and five 

observational studies. One-year survival (Supplementary 
Figure S3A) was reported by eight studies, including 
411 total patients in the surgery cohort, and 283 patients 
in the nonsurgical cohort. Because of the presence of 
nonsignificant heterogeneity (I2 = 0%, P = .46), a fixed-effects 
model was used to perform the meta-analysis. This compar-
ison between surgery + WBRT versus radiotherapy alone 
(either WBRT and/or SRS) revealed a pooled OR of 0.87 (95% 
CI: 0.63–1.20, P = .40). The prediction interval was found to 
be 0.59–1.31. Two-year survival (Supplementary Figure S3B) 
was reported by six studies, including 259 total patients in 
the surgery cohort, and 199 patients in the nonsurgical co-
hort. Nonsignificant heterogeneity was observed (I2 = 38%, 
P = .15), and a fixed-effects model was used to perform the 
meta-analysis. This comparison between surgery + WBRT 
versus radiotherapy alone (either WBRT and/or SRS) re-
vealed a pooled OR of 1.18 (95% CI: 0.76–1.84, P = .46). The 
prediction interval was found to be 0.20–5.95.

Local Recurrence in Studies That Prioritize 
Stereotactic Radiation Modalities

Figure 3 shows the results of a frequentist meta-analysis 
for local recurrence measurements of the studies in Table 1.  
One-year local recurrence was reported by six of the studies 

  

B  2-Year local recurrence

A  1-Year local recurrence

SurgeryRadiosurgery

SurgeryRadiosurgery

Surgery Radiation Weight Weight 
Study Events Total Events Total Odds ratio OR 95%-CI (common) (random)

Churilla 2019 30.680 59 24.75 75 2.20 (1.09; 4.44) 14.5% 18.0% 
Minniti 2019 16.150 95 10.16 127 2.36 (1.02; 5.43) 10.0% 16.4% 
Prabhu 2017 32.970 157 24.42 66 0.45 (0.24; 0.85) 37.7% 18.9% 
Zimmerman 2016 7.029 33 12.40 62 1.08 (0.38; 3.06) 9.4% 14.0% 
Bougie 2015 11.610 43 24.48 72 0.72 (0.31; 1.65) 18.6% 16.4% 
Wagner 2014 13.020 31 24.18 93 2.06 (0.88; 4.82) 9.7% 16.2% 

Fixed effect 418 495 1.16  (0.85; 1.59) 100.0% 
-- Random effect 1.23  (0.59; 2.57) 100.0% 

-- 

Prediction interval (0.17; 8.66) 
Heterogeneity: I2 = 72%, τ2 = 0.4117. p < 0.01 

0.01 0.1 0.51 2 10 100 

Surgery Radiation Weight 
(common) 

Weight 
(random) Study Events Total Events Total Odds ratio OR 95%-CI 

Churilla 2019 32.5562 59 27.09 75 2.18  (1.08; 4.37) 31.6% 31.9% 
Minniti 2019 20.9000 95 17.78 127 1.73  (0.86; 3.48) 35.1% 31.8% 
Zimmerman 2016 10.3290 33 12.40 62 1.82  (0.70; 4.78) 17.5% 16.7% 
Wagner 2014 22.3200 31 38.13 93 3.70  (1.53; 8.98) 15.8% 19.7% 

i 
i 

Fixed effect 218 357 2.20  (1.49; 3.25) 100.0% 
-- Random effect 2.18  (1.31; 3.64) 100.0% 

-- 

Prediction interval (1.09; 4.35) 

0.01 0.1 0.51 2 10 100 
Heterogeneity: /2 = 0%, τ2 = 0, p = 0.59 

Figure 3. Forest plots of odds ratios from studies comparing the local tumor recurrence outcomes of patients undergoing initial surgical resection 
followed by SRS versus SRS alone in the treatment of brain metastases (A.) one year after treatment and, (B.) two years after treatment. The con-
tributing studies are summarized in Table 1. Abbreviations: OR, odds ratio; CI, confidence interval; SRS, stereotactic radiosurgery.
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with 418 patients in the surgical group and 495 patients in the 
nonsurgical group (Figure 3A). Significant heterogeneity was 
observed (I2 = 72%, P < .01), and a random effects model was 
used to perform the meta-analysis. This comparison between 
surgery ± SRS versus SRS alone revealed a pooled OR of 1.23 
(95% CI: 0.59–2.57, P = .50). The prediction interval was found 
to be 0.17–8.66. Two-year local recurrence was reported by four 
studies, including 218 patients in the surgical group and 357 
patients in the nonsurgical group (Figure 3B). Nonsignificant 
heterogeneity was observed (I2 = 0%, P = .59). Thus, a fixed ef-
fects model was used to perform the meta-analysis. This com-
parison between surgery ± SRS versus SRS alone revealed 
a pooled OR of 2.20 (95% CI: 1.49–3.25, P < .0001), indicating 
greater local recurrence associated with surgery. The predic-
tion interval was found to be 1.09–4.35. Publication bias for sur-
vival measurements was nonsignificant as demonstrated by 
funnel plots in Supplementary Figure S2.

Local Control in Studies That Utilize Whole-Brain 
Radiotherapy

Poor local control was defined as recurrence of tumor at 
the site of treatment. Local control was measured one year 

after treatment and at the termination of the studies since 
data two years after the procedure was not always reported. 
One-year local recurrence (Figure 4A) was reported by five 
studies, including 286 patients in the surgical cohort, and 
206 patients in the nonsurgical cohort. Nonsignificant het-
erogeneity was observed (I2 = 25%, P = .26). Thus, a fixed-
effects model was utilized to perform a meta-analysis. This 
comparison between surgery + WBRT versus radiotherapy 
alone (either WBRT and/or SRS) demonstrated a pooled OR 
of 4.12 (95% CI: 2.37–7.17, P < .0001), indicating greater local 
recurrence associated with surgery. The prediction interval 
was found to be 0.78–21.35. Five studies reported overall 
local recurrence at the concluding timepoint (Figure 4B), 
with a total of 235 patients in the surgical cohort, and 188 
patients in the nonsurgical cohort. Because nonsignificant 
heterogeneity was observed (I2  =  37%, P  =  .18), a fixed-
effects model was used to perform a meta-analysis. This 
comparison between surgery + WBRT versus radiotherapy 
alone (either WBRT and/or SRS) demonstrated a pooled OR 
of 2.93 (95% CI: 1.68–5.13, P = .0002), indicating greater local 
recurrence associated with surgery. The prediction interval 
was 0.29–27.20. Publication bias for local control measure-
ments was nonsignificant as demonstrated by funnel and 
Labbe plots in Supplementary Figure S4.

  

SurgeryRadiosurgery

B  Overall local recurrence

A  1-Year local recurrence

SurgeryRadiosurgery

Surgery Radiation 
Study Events Total Events Total Odds ratio 

Rades 2011 49 111 5 41 
Jalvakar 2010 6 24 0 11 
Muacevic 2008 8 33 1 31 
Schoggle 2000 13 66 2 67 
Muacevic 1999 14 52 10 56 

Fixed effect 286 206 
Random effect
Prediction interval 
Heterogeneity: I2 = 25%, τ2 = 0.1588, p = 0.26 

0.01 0.1 0.51 2 10 

Surgery Radiation 
Study Events Total Events Total Odds ratio 

Roos 2011 0 10 2 11 
Muacevic 2008 12 33 5 31 
ONeil 2003 11 74 0 23 
Schoggle 2000 15 66 2 67 
Muacevic 1999 18 52 11 56 

Fixed effect 235 188 
Random effect 
Prediction interval 
Heterogeneity: I2 = 37%, τ2 = 0.3064, p = 0.18 0.01 0.1 0.51 2 10 

Weight 
(common) 

Weight 
(random) OR 95%-CI 

5.69 (2.08; 15.59) 28.2% 30.5% 
4.42 (0.48; 40.56) 6.7% 9.0% 
9.60 (1.12; 82.05) 5.4% 9.5% 
7.97 (1.72; 36.90) 11.0% 16.8% 
1.69 (0.68;  4.25) 48.6% 34.2% 

4.12 (2.37;  7.17) 100.0% 
-- 4.09 (1.62; 10.31) 100.0% 

-- 

(0.78; 21.35) 

100 

Weight 
(common) 

Weight 
(random) OR 95%-CI 

0.30 (0.03;  3.41) 16.9% 9.4% 
2.97 (0.90;  9.78) 21.0% 25.5% 
4.50 (0.55; 36.50) 8.1% 11.9% 
9.56 (2.09; 43.72) 9.8% 19.0% 
2.17 (0.91;  5.18) 44.3% 34.2% 

2.93 (1.68;  5.13) 100.0% 
-- 

-- 
2.82 (0.81;  9.78) 100.0% 

(0.29; 27.20) 

100 

Figure 4. Forest plots of odds ratios from studies comparing the local tumor recurrence outcomes of patients undergoing initial surgical resection 
followed by radiation versus radiation alone in the treatment of brain metastases. (A.) one year after treatment and, (B.) at the end of study timepoint 
(Overall). The contributing studies are summarized in Table 2 and predominantly utilize whole-brain radiotherapy. Abbreviations: OR, odds ratio; CI, 
confidence interval; SRS, stereotactic radiosurgery.
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Discussion

The purpose of this meta-analysis was to compare surgical 
resection (SR) with postoperative radiotherapy versus 
radiotherapy alone in the initial treatment of a limited 
number of brain metastasis less than 4 cm in diameter. The 
presentation of a single brain metastasis less than 4  cm 
in diameter can present a conundrum, as current clinical 
intuition favors resection for a single lesion, but also fa-
vors exclusive stereotactic radiosurgery (SRS) for smaller 
lesions (<3-4 cm diameter) that do not exhibit mass effect 
against adjacent brain architectures.3,4 Furthermore, as 
systemic immunotherapies continue to prolong the sur-
vival of patients with brain metastasis, the outcomes of the 
initial surgical or radiotherapy step can reverberate across 
many years.

Our search yielded 15 studies that directly compare sur-
gical against exclusive radiation therapy. Eight of these 
studies primarily relied upon whole-brain radiotherapy 
(WBRT) and were published between 1996–2011, while 
seven of the studies used SRS and were published be-
tween 2014–2019. Based on the key technological differ-
ences between WBRT versus SRS and the timeframes in 
which these modalities populate the literature search, we 
quantitatively analyzed the two sets of studies separately. 
While SRS is currently becoming the dominant form of 
radiotherapy even in cases with > 25 brain metastases,45 
the studies with WBRT still met the inclusion criteria and 
provide an interesting comparison to the current standard 
of care.

Results from the meta-analysis of SRS cases included 
one RCT and six observational studies, and indicated no 
difference in one-year or two-year survival between pa-
tients who underwent SR followed by radiation versus 
patients who received radiotherapy alone (Figure 2). 
However, results showed greater local tumor recurrence in 
the surgical group compared to the exclusive radiotherapy 
group at the two-year but not at the one-year timepoint 
(Figure 3). This effect was not detected in a recent meta-
analysis of studies with one or more metastases of unre-
stricted diameter.46 Indeed, by excluding any study that did 
not meet the criteria of a median number of brain metas-
tases ≤4 with a median diameter ≤4 cm, we extracted an 
incidence of recurrence that may have been previously lost 
in the heterogeneity of disparate tumor sizes and number 
of metastases.

Since the greater local recurrence in the surgical arm 
was only observed after two years with only four contrib-
uting studies, it is possible that we observe an artifact of 
a subset of studies that recorded longer follow-up. This 
cannot be excluded, and ultimately points to the need for 
longer observation of patients in studies that address this 
question. Nevertheless, the surgical arm of WBRT studies 
also demonstrates greater local tumor recurrence both 
one year after surgery and at the terminal study timepoint 
(Figure 4). We intentionally separated SRS- and WBRT-
based studies due to the global cerebral radiation exposure 
undergone in WBRT that can lead to dramatic cognitive 
decline. However, SRS and WBRT have been seen to offer 
comparable local control.47 Therefore, the higher surgical 
incidence of local recurrence in the WBRT studies aligns 

with and bolsters the same finding that we see in the sur-
gical arm of SRS studies.

This meta-analysis underscores the importance of pa-
tient selection when considering surgical and radiation 
treatments in patients with few brain metastases of inter-
mediate size. There are many instances when prompt sur-
gical resection is advised.48,49 Tumors that demonstrate 
rapid growth, impose a mass effect on surrounding tissues, 
and/or precipitate edema are among the most urgent sur-
gical candidates.17 Furthermore, a larger tumor (diameter 
> 4 cm) in a noneloquent location is typically removed by 
surgery before radiotherapy.50 Our present meta-analysis 
focused on the clinically ambiguous circumstance of 1-4 
brain metastasis less than 4 cm in diameter. Findings sug-
gest that although the surgical or pure radiation strategies 
offer no difference in survival, risk of local recurrence and 
tumor characteristics should be evaluated when consid-
ering a surgical strategy. Specifications of surgical tech-
nique, such as en bloc rather than piecemeal resection 
may abrogate this risk, but future trials are necessary to 
explore this question and to elucidate the mechanisms of 
micrometastasis.24

Extant studies vary in the reporting of tumor size and 
number, and subsequently draw mixed and inconclusive 
results. By establishing strict inclusion criteria of a median 
number of brain metastases ≤ 4 with a median tumor di-
ameter ≤ 4 cm, our meta-analysis extracts a trend in local 
tumor recurrence that warrants further investigation. 
However, the trade-off of our strict inclusion criteria is a 
relatively small pool of 1693 patients from 15 total studies 
(including four RCTs). With these numbers, our analysis is 
inherently underpowered. Although our local control sta-
tistics render p-values well below 0.05, some of our pre-
diction intervals cross the threshold of a 1.0 odds ratio. 
Prediction intervals attempt to capture how treatment ef-
fects might vary across different settings, and do not de-
tract from the significance of the p-value.51 As other reports 
have noted, it is difficult to recruit patients and surgeons 
for RCTs that randomize the initial intervention against 
brain metastasis to be surgery or radiation.

The findings of this meta-analysis also should be 
weighed against additional limitations. Overall, only four 
of the included studies were RCTs, while the other 11 were 
retrospective observational studies. Each of the 11 had a 
high cumulative NOS score, suggesting good design, but 
we cannot avoid the intrinsic bias that comes from the 
pooling of retrospective studies. Furthermore, selection 
bias may have amplified the incidence of local tumor re-
currence in the surgical arm: since rapid tumor growth and 
mass effect often prompt surgical intervention, recurrence 
may reflect the aggressive nature of these tumors rather 
than the treatment modality.

This meta-analysis provides an important contribu-
tion by pooling these studies, but well-designed random-
ized trials should be performed to adequately validate 
the findings. We also did our best to reduce selection bias 
and cross-validate the final paper selection, but may have 
missed some studies in our approach. Additionally, we 
had to exclude at least three studies that matched our cri-
teria but reported tumor volume rather than diameter.29–31 
Because not all tumors have a consistent shape, we elected 
not to estimate tumor diameter from the tumor volume.
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Overall, this meta-analysis highlights the importance of 
future RCTs that compare the recurrence outcomes when 
treating 1–4 brain metastases initially with surgery versus 
radiation. When comparing the outcomes of survival and 
recurrence for brain metastases initially treated with SR or 
SRS, it is important to try to control for the patient popula-
tion, the size, and location of the lesion, and the number of 
lesions since the presentation of two or more metastatic le-
sions in the brain carries a worse prognosis than a single le-
sion.52 Our meta-analysis showed no difference in survival 
between the two treatment strategies and indicates that radi-
otherapy alone was not inferior to SR in local tumor control.

Important questions remain regarding local tumor 
recurrence following treatment of brain metastases. 
Clinically, the predictive factors that predispose a patient 
to recurrence are a piecemeal resection and a tumor 
volume >9.7  cm3 of the single metastasis,53,54 along 
with subtotal resection.55 The microenvironment of a 
metastatic lesion likely influences recurrence following 
surgery and/or radiotherapy as these interventions dis-
perse neoplastic contents. Tumor vascularization and ep-
idermal growth factor receptor status, for example, may 
be important variables, as well as the molecular charac-
teristics of the metastasis that may even differ from the 
primary cancer.56,57

Conclusion

By focusing on a limited number of brain metastases ≤ 
4  cm in diameter, our meta-analysis showed better local 
tumor control in patients treated with exclusive radio-
therapy when compared to patients treated by surgical 
resection followed by radiotherapy. Patient selection is of 
paramount importance to identify surgical candidates.

Supplementary material

Supplemental material is available at Neuro-Oncology 
Advances online.
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