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Abstract: This study aims to assess the effect of 18F-FDG PET/CT imaging on the short- and long-term prognoses of 
lung cancer patients with brain metastases after gamma knife radiotherapy. 104 lung cancer patients with brain 
metastases were divided into the PET/CT (n = 52) and control groups (n = 52). In the PET/CT group, 18F-FDG PET/CT 
imaging combined with gamma knife treatment was performed. Tumor targets were outlined and the prescription 
doses were determined based on the PET/CT findings during the gamma knife radiotherapy. In the control group, 
gamma knife treatment alone was given. The effective rates, local control rates, average survival times, and sur-
vival rates were compared. The preoperative and postoperative KPS scores at three months significantly differed in 
both groups (P = 0.000, 0.032). The clinical efficacy at postoperative three months significantly differed between 
the two groups (Z = -2.048, P < 0.05). In the PET/CT group, the effective rate at postoperative three months was 
61.35% (32/52), significantly higher than the 42.30% (22/52) in the control group (P = 0.032). The local control 
rate significantly differed in the two groups [90.38% (47/52) vs. 75.00% (39/52); P = 0.038]. The average survival 
times were 14.2 and 12.2 months in the PET/CT and control groups (both P > 0.05). The incidence rate of acute and 
chronic adverse events was 21.15% in the PET/CT group, significantly lower than the 42.30% in the control group (P 
= 0.020). The application of 18F-FDG PET/CT enables a closer tumor target delineation to the tumor biological target 
volume and increases the localized radiation dose in the high metabolic area during gamma knife radiotherapy. 
18F-FDG PET/CT imaging combined with gamma knife treatment is more efficacious and safer compared to gamma 
knife treatment alone. 
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Introduction

Approximately 20%-40% of patients with malig-
nant tumors suffer from brain metastases over 
the course of their disease progression [1, 2]. 
Lung cancer is the most common primary 
tumor associated with brain metastases, and 
roughly half of all lung cancer patients are  
diagnosed with brain metastases [3]. If no 
intervention is given, the clinical prognoses of 
lung cancer patients with brain metastases will 
be extremely poor, with a 1-year survival rate of 
10.4% [4] and a median survival time one of 1 
month [2, 5].

With the imaging technology optimization and 
effective systemic treatment, the median sur-
vival time of lung cancer patients with brain 

metastases can be prolonged to 6-8 months, 
or even longer. At present, whole brain radia-
tion therapy (WBRT) and stereotactic radiosur-
gery (SRS) are adopted as the first-line therapy 
for newly-diagnosed brain metastases. Com- 
pared with traditional radiotherapy, the main 
advantages of gamma knife radiotherapy in- 
clude accurate localization, a large local target 
dose, reliability, safety, and a rapid therapeutic 
effect. The principle of gamma knife treatment 
is to place the tumor lesions in high-energy 
gamma rays in an attempt to cause irreversible 
damage to the DNA chains in the tumor cells, 
eventually leading to tumor cell death [6].

Target delineation is one of the key procedures 
throughout radiotherapy. Current studies have 
demonstrated that the application of PET imag-
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ing can improve the clinical efficacy in the treat-
ment of tumors by at least 30% [7]. PET/CT 
imaging, a noninvasive functional imaging pro-
cedure, can accurately and objectively display 
the locations, sizes, and borders of brain me- 
tastases through the tissue metabolic activity, 
tissue oxygen content, cell proliferation, and 
other biological pathways in the various stages 
of the tumor cells at the molecular level. 

In this clinical trial, 18F-FDG PET/CT imaging 
combined with gamma knife treatment was 
employed to delineate the tumor targets, mea-
sure the local radiotherapy doses, calculate  
the local tumor control rates, and evaluate the 
clinical prognoses of lung cancer patients with 
brain metastases, and to subsequently com-
pare them with their counterparts undergoing 
gamma knife radiotherapy alone, aiming to  
provide clinical evidence for the feasibility of 
the application of 18F-FDG PET/CT imaging  
combined with gamma knife treatment during 
radiotherapy.

Materials and methods

Inclusion criteria

(1) The primary lesions were confirmed throu- 
gh pathology, and the brain metastases were 
diagnosed using enhanced MRI; (2) The brain 
metastases was measurable on the images;  
(3) The KPS score was greater than 60, the 
number of lesions was less than 5, the maxi-
mum diameter was shorter than 5 cm, and  
the expected survival time was longer than 3 
months; (4) Patients who did not receive che-
motherapy in the previous four weeks. 

Exclusion criteria

(1) Patients with severe, uncontrolled medical 
complications; (2) Patients who had been treat-
ed for brain metastases; (3) Patients whose 
liver and kidney function, blood routine, or ECG 
showed abnormalities were excluded from this 
investigation. Written informed consents were 
obtained from all the participants. The study 
procedures were approved by the ethics com-
mittee of the Affiliated Hospital of Inner Mon- 
golia Medical University (WZ2019027).

Data acquisition

The clinical data of the 104 cases of lung can-
cer patients with brain metastases treated with 

gamma knife radiotherapy from January 2012 
to December 2015 were retrospectively ana-
lyzed in this study. All the patients were ran-
domly assigned into the PET/CT group (n = 52) 
or the control group (n = 52). The patients in the 
PET/CT group were treated with gamma knife 
radiotherapy within 2 weeks after their 18F-FDG 
PET/CT scan, and the patients in the control 
group were treated with gamma knife radio-
therapy alone.

Therapeutic method

First, all the patients were placed in the Lek- 
sell stereotactic positioning head frame under 
local anesthesia, and they underwent a loca-
tion enhancement scan of T1 weighted axial 
with 3.0T MRI (GE), with a thickness of 3 mm 
seamless scanning. The treatment was based 
on the OUR-XGD gamma knife treatment plan-
ning system (Shenzhen Australian Fertility Cor- 
poration, China). The planning target volume 
(PTV) was delineated based on the tumor  
morphology, which was displayed on the en- 
hanced localization MRI in the control group.  
To be closer to the biological target volume of 
the tumor, the 18F-FDG PET/CT images were 
fused with the MRI images, and the PTV was 
delineated based on the high metabolic zone 
shown on the PET/CT images in the PET/CT 
group. According to the tumor size, the patho-
logical characteristics, the peri-tumoral ede- 
ma, and the patient’s functional status, a  
40%-60% isodose curve was utilized to pack 
the PTV with a peripheral dose of 12-20 Gy  
and a central dose of 20-33 Gy. According to 
each patient’s physical conditions, mannitol, 
dexamethasone, or other intracranial pressure 
treatment were administered after the gamma 
knife treatment.

Efficacy evaluation criteria during follow-up

All the patients were followed up every three 
months until the patient’s death or until the 
conclusion of this study. The brain metastases 
after the gamma knife treatment were evalu- 
ated based on the WHO solid tumor efficacy 
evaluation criteria into CR (complete remis-
sion), PR (partial remission), SD (stable dis-
ease), or PD (progression disease), respective-
ly. Effective rate of tumor = (CR + PR)/sum × 
100%, local control rate of tumor = (CR + PR + 
SD)/sum × 100%. Survival time is defined as 
from the diagnosis of the brain metastases to 
death or to the last follow-up date. The median 
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survival period is defined as the survival time 
corresponding to the cumulative survival rate 
of 0.5, indicating that only 50% of the individu-
als can survive during this period.

Statistical analysis

All the data analyses were performed using 
SPSS 19.0 statistical software (SPSS Inc., 
Chicago, IL). The survival times and rates were 
statistically analyzed and calculated using the 
Kaplan-Meier method and by plotting the cu- 
mulative survival rates. The baseline data of  
all the patients in the two groups were statis- 
tically compared using independent samples 
t-tests or chi-square tests. A P value of less 
than 0.05 was considered statistically signifi- 
cant.

Results

Baseline data

The baseline data of all the patients in the two 
groups were statistically compared using inde-
pendent samples t-tests or chi-square tests. 
The ages, genders, pathological types, maxi-
mum diameters and locations of the brain 
metastases, RPA grades, or the preoperative 
KPS scores did not significantly differ between 
the two groups (all P > 0.05). The PET/CT imag-
ing altered the target delineation and peripher-
al dose settings in some patients treated with 
gamma knife radiosurgery. Hence, the periph-
eral dose in the PET/CT group was calculated 
as 15.51±1.35, significantly higher compared 
to the peripheral dose of 14.46±1.34 in the 
control group (P < 0.001), as demonstrated in 
Tables 1, 2.

Preoperative and postoperative KPS scores

As illustrated in Table 3, the preoperative KPS 
score in the PET/CT group was 74.42±9.16, 
which did not significantly differ from the KPS 
score of 72.50±8.13 in the control group (t = 

Clinical efficacy after the gamma knife treat-
ment

We evaluated the brain metastases by com- 
paring the enhanced cranial MRIs of all the 
patients at 3 months after the gamma knife 
treatment in the two groups. The clinical effi- 
cacy of all the patients in the two groups was 
statistically compared, as illustrated in Table  
4. At postoperative 3 months, the tumor recur-
rence rates in the PET/CT group and control 
group were 9.6% and 25.0%, and the differen- 
ce was statistically significant (P = 0.038), and 
the rates were 27.27% and 47.72% at 6 mon- 
ths after the corresponding treatment, and  
this difference was also statistically significant 
(P = 0.048).

Survival times and rates

At the final follow-up, there were 11 surviving 
patients in the PET/CT group and 8 surviving 
patients in the control group. In the PET/CT 
group, 10 (24.4%) patients died of intracranial 
diseases, and in the control group 16 (36.4%) 
patients died of intracranial diseases. In addi-
tion, 31 (75.6%) and 28 (63.6%) patients died 
of extracranial diseases in the PET/CT and  
control groups (χ2 = 1.433, P = 0.231). The  
percentages of the causes of death did not  
significantly differ between the two groups 
(Figure 1, Table 5).

Postoperative adverse reactions 

No patient died after undergoing the gamma 
knife treatment. According to the RTOG eva- 
luation criteria, an acute radiation response of 
the central nervous system (grades I-II) occur- 
red in 9 patients in the PET/CT group and 17 
patients in the control group. The symptoms 
were relieved by dehydration, intracranial pres-
sure reduction and symptomatic treatment, 
respectively. No severe acute radiation reac-
tion (≥ grade III) occurred. In the PET/CT group, 

Table 1. Clinical characteristics of the patients in the two 
groups

Clinical characteristics Age Preoperative 
KPS score

Peripheral 
dose

PET/CT group 60.50±10.85 74.42±9.16 15.51±1.35
Control group 59.25±9.16 72.50±8.13 14.46±1.34
T value 0.635 1.132 3.981
P value 0.527 0.260 < 0.001

1.132, P = 0.260). The KPS scores at 
postoperative 3 and 12 months did 
not significantly differ between the 
two groups (t = 1.476, P = 0.144; t = 
0.560, P = 0.578). However, the KPS 
score at postoperative 6 months  
was 78.84±16.51, remarkably higher 
when compared with the KPS score  
of 70.79±19.64 in the control group  
(t = 2.003, P = 0.049).
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Table 3. Comparison of the KPS scores in the two groups 
Parameter PET/CT group Control group t value P value
Preoperative KPS 74.42±9.16 72.50±8.13 1.132 0.260
3 m KPS 84.17±13.18Δ 79.15±19.32Δ 1.476 0.144*
6 m KPS 78.84±16.51 70.79±19.64 2.003 0.049
1 y KPS 71.30±21.17 67.50±23.37 0.560 0.578
*Variance is not uniform, applying t-test; ΔCompared with preoperative KPS, 
P < 0.05.

Table 4. Comparison of the clinical efficacy in the two groups 
(n, %)
Parameter PET/ CT group Control group X2/Z value P value
Quantity 52 52 -2.048 0.041
    CR 12 9
    PR 20 13
    SD 15 17
    PD 5 13
Effective rate 32 (61.53) 22 (42.30) 4.585 0.032
Local control rate 47 (90.38) 39 (75.00) 4.300 0.038 

Table 2. Clinical characteristics of the patients in the two groups
Clinical characteristics PET/CT group Control group X2/Z value P value 
Gender
    Male 36 33
    Female 16 19 0.388 0.543
Pathology 
    Adenocarcinoma 32 38
    Squamous cell carcinoma 12 8
    Small cell carcinoma 8 6 1.600 0.449
Number of brain metastases#
    1 21 12
    2~3 15 17
    4~5 16 23 -1.868 0.062
Maximum diameter of the brain metastasis (cm)#
    ≤ 2 65 82
    2~3 57 64
    3~5 13 18 -0.161 0.872
Location of the brain metastasis
    Supratentorial 38 35
    Subtentorial 4 6
    Whole brain 10 11 0.571 0.752
RPA grade#
    Grade I 24 30
    Grade II 18 16
    Grade III 10 6 -1.305 0.192
Extracranial metastasis
    Yes 21 26
    No 31 26 0.971 0.325
#Nonparametric rank sum test. 

2 cases suffered from grades I-II 
adverse responses of the central 
nervous system, and 5 patients in 
the control group suffered similar-
ly. No grade III or IV adverse events 
were observed in the two groups 
(Table 6).

Discussion

The Karnofsky performance status 
(KPS) is a quantitative indicator of 
patient health status and activity. 
Many studies have applied KPS as 
a prognostic marker, and it has 
been proven to be the optimal 
prognostic predictor [8]. Patients 
with a KPS score > 70 are gene- 
rally expected to have longer sur-
vival [3, 9, 10]. In this study, the 
preoperative KPS scores of all the 
enrolled patients were higher th- 
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an 60, and the preoperative KPS scores did not 
significantly differ between the PET/CT and 
control groups. After the corresponding treat-
ment, the KPS scores at postoperative 3 
months were considerably higher than preop-
erative KPS scores in both groups, suggesting 
that gamma knife radiotherapy is an effective 
approach to improve the functional status of 
lung cancer patients with brain metastasis. The 
postoperative MRIs at 3 months showed that 
the quantity of intracranial lesions was 
increased or that new lesions emerged in cer-
tain patients. The low rate of tumor recurrence 
and the timely review of the new lesions did not 
lead to any focal symptoms. There was no sig-
nificant difference in the KPS scores at 3 
months after the treatment between the two 
groups. The KPS scores at 6 months after the 
operation were lower than they were at 3 
months in both groups, but the KPS score was 
not significantly decreased in the PET/CT group. 
The possible reasons were that the tumor 
recurrence rate was higher in the control group, 
and the target delineation of the PET/CT group 
was more accurate and the peripheral dose 
was higher. Therefore, the local tumor control 
rate was improved in the PET/CT group. The 
KPS scores at 6 months and 1 year were lower 
than they were at 3 months after the opera-
tions in both groups, probably because of sys-
temic disease progression and increased intra-

gamma knife treatment can be used as an 
effective method of controlling the growth of 
brain metastases. Studies have demonstrated 
that the local control rate of brain metastases 
is related to the pathology, lesion size, radio-
therapy time, and dose [12]. Current studies 
have shown that small-cell lung cancer is the 
most sensitive to radiation therapy, squamous 
cell carcinoma is moderate, and adenocarcino-
ma is the least sensitive among the three types 
of lung cancer. Simonová’s study found that the 
local control rates of brain metastases smaller 
than 2 cm in diameter were 85%, but the local 
control rates were reduced to 45% for brain 
metastases greater than 3 cm in diameter [13]. 
Another important independent prognostic fac-
tor affecting the local control rate of brain 
metastases with SRS is the maximum periph-
eral dose of the tumor target [14, 15]. In gen-
eral, small tumors may receive higher periph-
eral doses, but the peripheral doses of larger 
tumors are more likely to be limited by the maxi-
mum tolerated doses. In this study, the tumor 
volume derived from 18F-FDG PET/CT was 
slightly smaller than the tumor volume shown 
by MRI, which was closer to the true tumor vol-
ume in the PET/CT group. Moreover, 18F-FDG 
PET/CT can be utilized to explicitly display the 
high metabolism area representing the activity 
of the tumor cells. Consequently, the PET/CT 
group can achieve a high radiation dose.

Figure 1. The cumulative survival curves of the two groups.

cranial lesions from 6 mon- 
ths to 1 year, which resulted  
in a decrease in the overall 
KPS scores in both groups. As 
a quantitative index to evalu-
ate the overall patient func-
tional status, the KPS score 
varies with the development of 
the disease, so it can provide 
valuable information for choos-
ing the appropriate treatment 
program and evaluating the 
patients’ clinical prognoses. 

Local control of brain metasta-
ses is defined as the stabiliza-
tion or reduction of the metas-
tasis after the treatment. After 
the gamma knife treatment, 
the cumulative radiation dose 
within a certain time window 
can achieve 90% of the radia-
tion dose required to control 
the lesion [11]. Therefore, 
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Current studies report that the local tumor  
control rate ranges from approximately 75.47% 
to 94% at 2-3 months after the gamma knife 
treatment. Zhang et al. [16] reported a local 
control rate of 92.4% in 92 patients with brain 
metastases at 2-3 months after their gamma 
knife treatment, which is consistent with the 
findings of the present study. In the study, the 
local control rates and the effective rates of the 
tumors in the PET/CT group at 3 months after 
the operations were significantly higher than 
they were in the control group, probably be- 
cause the tumor target volume delineated in 
the PET/CT group was closer to biological tar- 
get volume of the tumor, and the peripheral 
dose in the PET/CT group was higher than it 
was in the control group. However, complete 
control of the metastatic brain lesions was not 
achieved after the corresponding treatment in 
both groups, possibly due to the following cau- 
ses: the current limitations of imaging technol-
ogy cannot fully realize tumor visualization. It 
fails to obtain intraoperative 3D imaging. It 
functions to protect the important structures 
(such as the tissues adjacent to the brain- 
stem) and severe peritumoral edema restricts 
the peripheral doses; radiation-insensitive hy- 
poxic cells and radioactive resistant cells exist 
in the tumor tissues, so a review is not prompt- 
ly conducted after the treatment [17].

For both whole brain radiotherapy and stereo-
tactic therapy, approximately 20-40% of pati- 
ents with brain metastases die due to the pro-

ies have demonstrated that higher KPS scores, 
a lower class of recursive partitioning analysis 
(I or II RPA), a smaller tumor volume, non-mela-
noma primary tumors, the control of the prima-
ry tumor, longer time intervals of primary tumor 
metastasis to the brain, single metastasis, and 
higher edge doses are the prognostic factors 
[3, 5, 19]. Park et al. [4] statistically evaluated 
the clinical efficacy of gamma knife treatment 
in 147 patients older than 70 years with brain 
metastases, and the 6-month and 1-year over-
all survival rates were 60.4% and 29.4%. Zhang 
et al. [16] reported that the average survival 
time of 92 patients with brain metastases after 
gamma knife treatment was 11.7 months, and 
the 1-year and 2-year survival rates were 51.7% 
and 19.6%, which are almost consistent with 
the findings of the current investigation.

The correlation between the prescription dose 
and patient survival is well understood. In the 
study, the peripheral doses in the PET/CT  
group were higher than they were in the con- 
trol group, but the survival rates in the PET/CT 
group were not significantly higher than they 
were in the control group, possibly because of 
the following causes: the peripheral dose dif- 
ference between the two groups was not lar- 
ge. The patient’s survival was affected by a  
variety of factors, such as whether to continue 
active treatment of the systemic disease and  
a timely review. At present, studies show that 
the survival rate of patients receiving gamma 
knife treatment is close to the rates of other 

Table 6. Comparison of the adverse radioactive events in the two 
groups (cases, %)

Group Cases Acute adverse 
reactions

chronic adverse 
reactions Sum

PET/CT group 52 9 2 11 (21.15%)
Control group 52 17 5 22 (42.30%)
X2 value 5.371
P value 0.020

Table 5. Survival times and rates after the gamma knife treatment in the two groups

Group Case
Survival time (months) Survival rate (cases, %)
Mean Median 6 months 1 years 2 years 3 years

PET/CT group 52 14.212 10.000 44 (84.62) 24 (46.15) 8 (15.38) 3 (5.77)
Control group 52 12.212 10.000 44 (84.62) 23 (44.23) 5 (9.62) 0 (0.00)
X2 value 1.146 - 0.039 0.791 -
P value 0.284 - 0.844 0.374 0.243

gression of the intracranial 
lesions, and roughly 60-80%  
of patients eventually die due 
to the progression of extracra-
nial diseases [18]. The exis-
tence of extracranial active 
lesions is the most important 
factor affecting the median 
survival times of patients [14]. 
Multivariate stratification stud-
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standard treatments [20]. There is no differ-
ence between stereotactic radiosurgery and 
craniotomy in terms of the local control of the 
tumor, so gamma knife radiotherapy can be 
used as the preferred treatment for patients in 
a good general condition and with systematic 
disease control [5].

It is generally believed that stereotactic radio-
surgery with high target doses is a feasible and 
effective treatment for increasing the local 
tumor control rate and prolonging patient sur-
vival time. However, higher peripheral doses 
and greater tumor target volumes may lead to 
more severe radiology toxicity [10]. Peripheral 
doses are related to the occurrence of radiation 
brain necrosis. Studies have shown that pre-
scription doses exceeding 20 Gy are an impor-
tant factor contributing to neurological deterio-
ration after gamma knife therapy [21]. Ranjan 
[12] also found that the probabilities of radia-
tion necrosis were 20%, 20%, and 12% for the 
lesions treated with 20 Gy, 18 Gy, and 15 Gy, 
respectively. The tumor target size correlates 
with the occurrence of radiation brain edema, 
and large brain metastases are more prone to 
radiation cerebral edema and radiation necro-
sis. Therefore, large brain metastases may be 
difficult to control with stereotactic radiosur-
gery [22]. In this study, the peripheral dose in 
the PET/CT group was higher than it was in the 
control group, but the incidence of adverse 
reactions was lower than it was in the control 
group. The reason may be that the tumor tar-
gets of the PET/CT images was closer to the 
biological target volumes of the tumors, and 
the normal brain tissue surrounding the tumor 
avoided being irradiated.

Conclusion

Taken together, PET/CT assists in the manage-
ment of lung cancer patients with brain metas-
tases by revealing the metabolism rather than 
the histology [23]. The application of PET/CT in 
a gamma knife radiotherapy program for lung 
cancer patients with brain metastases can 
make the tumor targets closer to the biological 
target volumes and can increase the local radi-
ation doses in the high metabolic areas, im- 
proving the effective and local control rates, 
and reducing the incidence of adverse radio- 
active reactions. Due to the limitation of the 
small sample size, the PET/CT target delinea-
tion method has no uniform standards, be- 

cause of the existence of physiological FDG 
high accumulation areas and current radio- 
therapy technology. Metabolic tumor volume 
can improve the diagnostic performance of  
11C-MET PET/CT for the diagnosis of recurr- 
ence in patients with metastatic brain tumors 
[24]. Nevertheless, the findings obtained from 
our study need to be validated by subsequent 
investigations with larger sample sizes.

Appendix: case report

The patient, a middle-aged man, was diag-
nosed with lung cancer brain metastases 
(pathology: moderate-poorly differentiated ad- 
enocarcinoma). His preoperative 18F-FDG PET/
CT showed a CT visible group-like high density 
shadow in the right temporal lobe, and visible 
liquid density in it, the midline compression 
shifted to the left; a PET mass with the imaging 
agent of a group-like abnormal concentration, 
an SUVmax of about 12.3, so the patient was 
diagnosed with right temporal lobe metastasis 
with peripheral edema. Enhanced positioning 
MRI in the gamma knife radiotherapy show- 
ed visible irregular and uneven enhancement 
shadows in the right temporal lobe. The lesion 
size was about 45 × 38 mm, and edema could 
be seen in the surrounding tissues. The right 
lateral ventricle and the three ventricles were 
compressed, and the midline structure was 
shifted to the left. In the formulation of the 
gamma knife radiotherapy, we compared the 
MRI and PET/CT images (Figure 2A, 2B): the 
18F-FDG abnormal concentration area repre-
sented tumor cells with a high metabolism  
area in the PET/CT imaging. The tumor volume 
derived from PET/CT was smaller than what 
showed on the MRI. Based on the PET/CT im- 
ages, we narrowed the tumor target volume 
and made the target volume closer to the bio-
logical target volume of the tumor. And for the 
relatively small tumor target volume, we fur- 
ther increased the radiation dose of the high 
metabolic area. Finally, we developed a radio-
therapy plan with PET/CT and MRI images: the 
isotonic curve was 45%, the peripheral dose 
was 14 Gy, and the central dose was 31.1 Gy. A 
review of the MRI at 2 months after the treat-
ment showed that compared with the previous 
MRI imaging, the right temporal lobe metasta-
ses were significantly reduced after the treat-
ment (Figure 2C, 2D).
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