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Background. The aim of this study was assess acute and early delayed radiation-induced changes in normal-ap-
pearing brain tissue perfusion as measured with perfusion magnetic resonance imaging (MRI) and the dependence 
of these changes on the fractionated radiotherapy (FRT) dose level. 
Patients and methods. Seventeen patients with glioma WHO grade III-IV treated with FRT were included in this 
prospective study, seven were excluded because of inconsistent FRT protocol or missing examinations. Dynamic sus-
ceptibility contrast MRI and contrast-enhanced 3D-T1-weighted (3D-T1w) images were acquired prior to and in aver-
age (standard deviation): 3.1 (3.3), 34.4 (9.5) and 103.3 (12.9) days after FRT. Pre-FRT 3D-T1w images were segmented 
into white- and grey matter. Cerebral blood volume (CBV) and cerebral blood flow (CBF) maps were calculated 
and co-registered patient-wise to pre-FRT 3D-T1w images. Seven radiation dose regions were created for each tissue 
type: 0–5 Gy, 5–10 Gy, 10–20 Gy, 20–30 Gy, 30–40 Gy, 40–50 Gy and 50–60 Gy. Mean CBV and CBF were calculated 
in each dose region and normalised (nCBV and nCBF) to the mean CBV and CBF in 0-5 Gy white- and grey matter 
reference regions, respectively. 
Results. Regional and global nCBV and nCBF in white- and grey matter decreased after FRT, followed by a ten-
dency to recover. The response of nCBV and nCBF was dose-dependent in white matter but not in grey matter. 
Conclusions. Our data suggest that radiation-induced perfusion changes occur in normal-appearing brain tissue 
after FRT. This can cause an overestimation of relative tumour perfusion using dynamic susceptibility contrast MRI, and 
can thus confound tumour treatment evaluation. 
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Introduction

Radiation-induced changes in brain tissue can be 
divided into acute, early delayed and late effects.1-4 
Several publications suggest that vascular damage 
is the primary cause of acute and early delayed 

effects.3,5 Both acute and early delayed effects are 
considered reversible, manifesting as dilation and 
thickening of blood vessels, decrease in vessel den-
sity, endothelial cell damage and disruption of the 
blood-brain-barrier in normal appearing brain tis-
sue.1,3,4,6 
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Few studies have assessed radiation-induced 
changes in brain perfusion in normal appearing 
brain tissue after fractionated radiotherapy (FRT) or 
stereotactic radiosurgery.5,7-14 Contradictory results 
have been published, however, perfusion tech-
niques and post-processing methods differ exten-
sively between studies. Overall, the published data 
show a reduction of both cerebral blood volume 
(CBV) and cerebral blood flow (CBF) after comple-
tion of FRT or single fraction stereotactic radiosur-
gery, with an inverse dose-response relationship.

Perfusion MRI is useful in the diagnostic evalua-
tion of gliomas as well as for longitudinal response 
assessment and prognostication, with dynamic 
susceptibility contrast (DSC)-MRI being the most 
widely applied perfusion MRI technique in clinical 
practice.15-20 DSC-MRI is also one of several physi-
ological imaging techniques that has the potential 
to be incorporated into the Response Assessment 
in Neuro-Oncology (RANO) criteria as proposed 
by the RANO working group.21,22 DSC-MRI can as-
sess perfusion parameters like CBV and CBF but 
has several limitations, leading to both quantifica-
tion and reproducibility issues.18 These limitations 
are related to acquisition and post-processing of 
the data.15,16,18,23-26 Generally, only relative meas-
urements, i.e. normalised to a reference region in 
normal appearing brain tissue, are feasible in clini-
cal practice.19,26 However, this improves the repro-
ducibility of measurements, which is important for 
longitudinal comparison.16 Reference tissue can be 
defined in several ways, but most commonly, con-
tralateral normal-appearing white matter (WM) is 
used.19,27 We hypothesize that vascular damages in 
normal appearing brain tissue secondary to radia-
tion exposure can confound DSC-MRI measure-
ments. Since DSC-MRI is an extensively applied 
perfusion imaging technique in brain tumours it 
is important to determine if normalisation to ref-
erence tissue is affected by radiation exposure. 
Consequently, the aim of this prospective study 
was to assess acute and early delayed radiation-
induced changes in normal appearing brain tissue 
measured with DSC-MRI and the dependence of 
these changes on the radiation dose given.

Patients and methods
Patients

Seventeen patients, 18 years or older, with newly 
detected glioma WHO grade III-IV proven by histo-
pathology and scheduled for FRT and chemother-
apy were included prospectively. This study was 

done in accordance with the declaration of Helsinki 
and was approved by the local ethical committee 
(Regionala etikprövningsnämnden i Uppsala, approval 
number 2011/248). Written informed consent was 
obtained from all patients. All patients had under-
gone surgical resection or biopsy. Baseline MRI 
was performed prior to FRT (pre-FRT) and post-
FRT examinations were scheduled consecutively 
after the completion of FRT (FRTPost-1, FRTPost-2 and 
FRTPost-3). The FRT was delivered using 6 megavolt 
photons with intensity-modulated radiation thera-
py or volumetric arc therapy. Concomitant chemo-
therapy was administrated daily during FRT with 
temozolomide followed by adjuvant chemothera-
py starting 4 weeks after completed FRT accord-
ing to Stupp et al.28 In cases of tumour progression 
or recurrence, a combination of temozolomide, 
bevacizumab and/or procarbazine, lomustine and 
vincristine (in combination further known as PCV) 
was administrated.   

Exclusion criteria

Exclusion criteria were inconsistent or missing MRI 
examinations and/or deviation from a prescribed 
total radiation dose of 60 Gray (Gy). 

Image acquisition

All MR examinations were performed with a con-
sistent imaging protocol on a 1.5 T scanner (Avanto 
Fit, Siemens Healthcare, Erlangen, Germany) and 
included DSC perfusion and contrast-enhanced 
3D-T1-weighted (3D-T1w) images. 

Imaging parameters:

DSC-MRI (2D-EPI, gradient-echo; Repetition 
time/Echo time/Flip angle = 1340/30/90; 128 x 
128 matrix; 1.8x1.8x5 mm3; time resolution = 
1.34 s; 18 slices). A bolus of 5 ml gadolinium-
based contrast agent (GBCA) (Gadovist, Bayer 
AG, Berlin, Germany) was administered for a 
DCE-MRI and was also regarded as a pre-bolus 
to diminish the effects of contrast agent extrava-
sation15,18 for the following DSC-MRI. For the 
actual DSC-MRI, a second standard dose bolus 
of 5 ml GBCA was administered. The contrast 
agent was administered using a power-injector 
at a rate of 2 ml/s for the first injection and 5 ml/s 
for the second injection. 

3D-T1w image (3D-gradient Echo; Repetition 
time/Echo Time/Inversion time/Flip angle = 
1170/4.17/600/15; 256 x 256 matrix: 1x1x1 mm3: 
208 slices)
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CT imaging for radiotherapy planning was ac-
quired with a Philips, Brilliance Big Bore (Philips 
Healthcare, Best, the Netherlands) with a voxel 
size of 0.525 x 0.525 x 2 mm3. 

Perfusion analysis

Signal to concentration time curves conversion 
has been described previously.29,30 Concentration 
time curves were visually inspected before anal-
ysis. CBV was determined as the ratio of areas 
under the tissue and arterial concentration time 
curves. CBF was determined through deconvo-
lution as the initial height of the tissue impulse 
function.24,29 Deconvolution was carried out using 
standard singular value decomposition (sSVD) 
with Tikhonov regularisation with an iterative 
threshold.29,31-33 A patient-specific arterial input 
function (AIF) was defined in the middle cerebral 
artery branches in the hemisphere contralateral 
to the tumour19 in the pre-FRT examination, the 
same AIF was then applied to the patient’s follow-
ing post-FRT examinations. Contrast agent leak-
age correction was applied according the method 
described by Boxerman et al., 2006.34 Vessel seg-
mentation was performed using an iterative five-
class k-means cluster analysis to exclude large 
arteries and veins.35 Calculation of DSC data 
was performed in NordicICE (NordicNeurolabs, 
Bergen, Norway). 

Data post-processing

CBV and CBF maps were co-registered to the pre-
FRT 3D-T1w images for each patient and exami-
nation using the SPM12 toolbox (Wellcome Trust 
Centre for Neuroimaging, London, UK). Planned 
radiation dose levels for each region were acquired 
by rigidly transforming the dose-planning CT (in-
cluding related radiation dose plans) to the pre-
FRT 3D-T1w images using the standard Elastix 
registration toolbox.36 

Grey matter (GM) and WM probability maps 
were segmented from the 3D-T1w images, for each 
examination, using the segmentation tool in the 
SPM12 toolbox. WM and GM maps were defined 
as partial volume fraction above 70%. Contrast-
enhancing tissue, oedema, resection cavity, tu-
mour progression and recurrence, if present, were 
excluded, reviewed by an experienced neuroradi-
ologist. Registered radiation dose plans were di-
vided as follows: 0–5 Gy, 5–10 Gy, 10–20 Gy, 20–30 
Gy, 30–40 Gy, 40–50 Gy and 50–60 Gy, creating a 
total of seven binary dose regions for each tissue 

type, (mean volume and standard deviation for 
each dose region is presented in S1 Table). 

Statistical analysis

Mean CBV and CBF were calculated in each dose 
region and normalised (nCBV and nCBF) to the 
mean CBV and CBF in 0–5 Gy WM and GM re-
gions, respectively. Super- and subscripts are used 
to distinguish between tissue type from which 
measurements were derived (superscript) and 
reference tissue type used for normalisation (sub-
script), i.e. ,  and   (same 
for nCBF). For descriptive analysis, average mean, 
95% confidence interval (CI) and standard error of 
mean (SEM) were calculated region-wise, outlined 
by radiation dose regions (regional nCBV and 
nCBF), and globally, incorporating all regional val-
ues irrespective of received radiation dose (global 
nCBV and nCBF). A Wilcoxon matched-pairs 
signed ranks test was used to compare post-FRT 
data with pre-FRT data under the null hypothesis: 
there is no change in nCBV and nCBF after FRT. 
This was performed for regional values and global 
values and for GM and WM, respectively. Derived 
P-values are two-sided and presented as exact val-
ues, unless lower than 0.001, in this case they are 
presented as <0.001. P-values lower than 0.05 were 
considered significant. Relative change was further 
defined as:

 same for nCBF

Mean relative change and standard deviation 
(SD) were calculated and presented as a part of the 
descriptive analysis. A linear regression model was 
applied to assess a possible dose-response relation-
ship between relative change and received radia-
tion dose. Graphpad Prism 7 for Mac (Graphpad 
Software, La Jolla California USA) was used for 
statistical analysis and graph design.

Results
Patients

Seven patients were excluded due to inconsistent 
or missing pre-FRT examinations (n = 5) or devia-
tion from the prescribed total dose of 60 Gy (n = 
2). Data from 10 patients were analysed (mean age 
55.8 years, SD 8.0 years). All had a histopathologi-
cal diagnosis of glioblastoma (WHO grade IV). All 
patients analysed were prescribed a total dose of 60 
Gy, however, nine patients had received a fraction 
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performed 3.1 (3.3, 9 patients), 34.4 (9.5, 5 patients) 
and 103.3 (12.9, 9 patients) days after end of FRT. 
Five patients were administrated temozolamide af-
ter FRTPost-1 and three patients after FRTPost-2. PCV 
and bevacizumab/lomustine were administrated 
after FRTPost-1 in two patients respectively. 

Changes in nCBV and nCBF after 
radiation treatment 

A representative dose region distribution map 
with corresponding pre-FRT 3D-T1w image are 
displayed in Figure 1. Global nCBV and nCBF with 
95% CI and derived P-values are graphically de-
scribed in Figure 2. Mean and SEM of global nCBV 
and nCBF together with mean relative change and 
SD and derived P-values are presented in Table 1. 
Both  and  decreased at FRTPost-1, 
decreased further at FRTPost-2, and recovered at 
FRTPost-3, however, still below corresponding val-
ues at pre-FRT. Significant differences were found 
for all values except  at FRTPost-2;  
and  showed the same tendency. Only 
small variations between pre-FRT and post-FRT 
examinations were present in  and  
implying no change after FRT. Comprehensive fig-
ures over regional nCBV and nCBF and derived 
P-values are provided in S1 and S2 Figures and S2 
Table. In summary, similar responses were seen 
in regional nCBV and nCBF after FRT as in global 
nCBV and nCBF, but they were less pronounced 
and mostly non-significant. 

Dose-response relationship

Using a linear regression model, both  and 
 demonstrated an inverse response to ra-

diation dose, i.e. larger reductions in nCBV with 
increasing radiation dose;  and  
demonstrated a varied response to radiation dose. 
Furthermore, the same tendency could be seen for 

 and . In Figure 3, relative change 
and derived linear regression curve and equation 
for regional nCBV is illustrated (corresponding for 
nCBF can be found in S3 Figure). 

Discussion

In this study, we found decreasing perfusion val-
ues indicating acute and early delayed effects in 
normal appearing brain tissue after FRT. We also 
observed a dose-response relationship in WM but 
not in GM. 

TABLE 1. Mean, standard error of mean (SEM) and change relative pre-fractionated 
radiotherapy (pre-FRT) for global nCBV and nCBF. Global normalised cerebral 
blood volume (nCBV) and normalised cerebral blood flow (nCBF)  (mean and SEM), 
change in percentage relative pre-FRT (mean and SD) and derived P-values from 
a Wilcoxson matched-pair signed ranks test comparing post-FRT data with pre-FRT 
data. Corresponding table for regional nCBV and nCBF can be found in S2 Table

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBV 1.63±0.03 1.53±0.04 1.49±0.05 1.53±0.03

ΔnCBV (%) -6.7±7.7 -4.6±11.7 -6.0±9.3

p-value <0,0001 0,0535 <0,0001

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBF 1.60±0.03 1.53±0.03 1.37±0.04 1.46±0.03

ΔnCBF (%) -5.1±11.7 -12.5±11.4 -7.5±8.2

p-value 0,0057 <0,0001 <0,0001

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBV 1.10±0.03 1.06±0.03 1.03±0.03 1.05±0.03

ΔnCBV (%) -4.3±7.6 0.7±11.7 -3.6±11.9

p-value 0,0003 0,3818 0,1197

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBF 1.09±0.02 1.08±0.03 0.96±0.03 1.05±0.03

ΔnCBF (%) -3.1±7.7 -7.4±10.5 -3.4±10.3

p-value 0,0166 0,0002 0,2267

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBV 1.00±0.01 0.99±0.01 1.02±0.02 1.0±0.02

ΔnCBV (%) -0.9±4.0 1.7±5.7 -0.4±6.8

p-value 0,1629 0,184 0,6445

Pre-FRT FRTPost-1 FRTPost-2 FRTPost-3

nCBF 1.02±0.01 1.01±0.01 1.00±0.01 1.02±0.01

ΔnCBF (%) -0.1±5.1 -2.8±4.7 0.0±4.5

p-value 0,4922 0,0073 0,9252

dose of 2.0 Gy/fraction and one patient 2.2 Gy/frac-
tion. Seven post-FRT examinations were missing, 
yielding a total of 33 MR-examinations. Pre-FRT 
examination was performed in average (SD, num-
ber of patients) 9.0 (7.4, 10 patients) days prior to 
start of FRT and three post-FRT examinations were 
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Petr et al. reported a 9.8% decrease in contralat-
eral normal appearing GM CBF measured with 
arterial spin labelling -MRI 4.8 months after FRT. 
An assessment of how the radiation dose given 
affects the decrease in CBF indicated that the de-
crease is larger with higher radiation dose i.e. an 
inverse dose-response relationship.10 A good cor-
relation has previously been reported between 
arterial spin labelling -MRI and DSC-MRI with 
regard to measuring regional CBF13,37, however, an 
analysis of white matter was not included. Price et 
al. found a dose-related decrease in relative CBV 
and relative CBF in normal appearing WM after 
FRT.11 However, only four patients were studied, 
and normalisation was performed to periven-
tricular normal-appearing WM measured before 
FRT. Webber et al. reported no radiation-induced 
change in CBF, measured with DSC and arterial 
spin labelling MRI, after stereotactic radiosurgery 
in regions restricted to <0.5 Gy up to five times 
after FRT.13 Lee et al. studied CBV measured with 
DSC in WM and found a response that was similar 
to our results. The dose regions were larger, up to 
60 Gy, in steps of 15 Gy. CBV was normalised to 
voxels receiving 0–15 Gy. A tendency towards an 
inverse dose-response relationship was reported.9 
In summary, these results were in fair agreement 
with ours. 

A number of contradictory findings have been 
reported in the literature. Jakubovic et al. evaluated 
relative CBV and relative CBF measured with DSC 

FIGURE 1. Dose region distribution with corresponding pre-fractionated radiotherapy 
(pre-FRT) Gd-T1w image. Representative dose region distribution with corresponding 
pre-FRT GD-T1w image for one patient. Dose distribution was divided into seven 
binary regions (0–5 Gy, 5–10 Gy, 10–20 Gy, 20–30 Gy, 30–40 Gy, 40–50 Gy and 50–60 
Gy). Resection cavity, post-FRT effects and tumour tissue were excluded.

FIGURE 2. Longitudinal change in global normalised cerebral blood volume (nCBV) and normalised cerebral blood flow (nCBF). 
Global nCBV and nCBF (mean and 95% CI) graphically displayed for the different examinations in consecutive order. Derived 
P-values are included, and emphasised in bold and italics if less than 0.05. Corresponding table for regional nCBV and nCBF can 
be found in S1 and S2 Figures.

in patients undergoing single fraction stereotac-
tic radiosurgery. They reported increasing rCBV 
and rCBF in both GM and WM.8 This discrepancy 
compared to our results can be explained by use 
of different radiation treatment methods and that 
normalisation was done only to pre-stereotactic 
radiosurgery CBV and CBF values. Fuss et al. eval-
uated CBV in GM and WM after FRT in patients 
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with low-grade astrocytomas. Decrease of CBV up 
to 30% was seen 24 months after FRT in both GM 
and WM. Smaller decrease was seen 6 months af-
ter FRT.7 In another study, CBV change was evalu-
ated 15 months after FRT in GM and WM. CBV 
after FRT was found to be significantly lower than 
before FRT.14 However, in both these studies, the 
DSC analysis was not described in detail, and the 
time period used in these studies did not coincide 
with ours. As absolute values were reported, the 
results presented in these studies could be affected 
largely by the limitations in absolute quantification 
of DSC-MRI-derived perfusion measures. Taki et 
al. reported a 7% decrease in global CBF in GM 2 
weeks and 3 months after stereotactic radiosurgery. 
This is in agreement with our results. However, 
large decreases were detected in GM receiving < 
5 Gy (up to 22%).12 This contradicting result could 
be explained by reproducibility errors between ex-
aminations. Non-normalised blood flow measured 
with 99mTc-HMPAO SPECT is affected by large vari-
ations between examinations compared to normal-

ised blood flow.38 In this study, the authors do not 
describe if normalisation is used or not. Different 
radiation treatment methods and dose must also 
be considered as confounding factors when our re-
sults are compared with their findings. 

Radiation-induced vascular structural changes, 
such as dilation and thickening of vessels, de-
creased vessel density, blood-brain-barrier dis-
ruption, endothelial cell damages may introduce 
thrombosis, tortuosity and occlusion. This could 
affect the perfusion and together with decreased 
vessel density and may partly explain our re-
sults.3,4,9 Furthermore, the recovery in nCBV and 
nCBF seen in our results agrees with the theory of 
acute and early delayed effects being reversible.1,3,4 
However, radiation-induced changes in brain tis-
sue is a complex process involving several tissue 
elements. Moreover, histopathology has mainly 
been studied in rodent models or single dose ex-
periments.3,5,45 Interpreting findings from animal 
models and applying them to humans should be 
done with caution. 

FIGURE 3. Dose-dependent relative change and linear regression model for normalised cerebral blood volume (nCBV). Shows 
regional relative change for nCBV and derived line regression (line and equation). 

Corresponding figure for normalised cerebral blood flow (nCBF) can be found in S3 Figure. 
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Our findings suggest that the GM response to 
the administrated treatment is independent of the 
radiation dose received; however, there is still an 
apparent reaction to radiation. This suggestion 
is based on two preliminary findings; first, a lin-
ear regression of relative difference in regional  

 and  demonstrated both positive 
and negative slopes, with small β values compared 
to WM tissue. Second, the resulting linear regres-
sion for  and  is also small and close 
to zero. This is to be expected if no dose-response 
relationship exists in GM, and furthermore, the use 
of radiation-induced changes in low-dose WM as 
reference tissue can be rejected as a confounding 
factor in this specific case because GM was used 
as the reference tissue. To the best of our knowl-
edge, we are the first to report a perfusion decrease 
independent of radiation dose in GM using DSC. 
Several publications have shown that grey matter 
volume decreases after fractionated radiotherapy 
increasing with radiation dose46-49, since both CBV 
and CBF are tissue volume dependent parameters, 
we believe that the dose-independency found in 
grey matter is a result of decreased grey matter vol-
ume instead of an actual response in CBV and CBF 
independent on radiation dose given. 

Despite encouraging results, some potential 
limitations need to be addressed. First, the patient 
number is small and for the evaluation of perfu-
sion on examination FRTPost-2 only five data sets 
were analysed. The severity of the disease signifi-
cantly contributed to the high number of excluded 
patients through drop-outs and terminating ex-
aminations, which was beyond our control. Our 
efforts to keep a consistent FRT protocol and im-
aging time frame also contributed to exclusions. 
However, since we investigated response to radia-
tion dose over time, it was necessary to keep both 
radiation dose and imaging time point consistent 
in the patient material. Secondly, concomitant and 
adjuvant chemotherapy was given to all patients. 
While there are no reports of temozolomide or 
PCV affecting brain perfusion, a recent publica-
tion reported that bevacizumab may decrease CBF 
in contralateral normal appearing GM.50 However, 
only one patient was given bevacizumab during 
the examinations analysed, it is therefore unlikely 
that our data are affected by the adjuvant chemo-
therapy given.

The limitations of DSC-MRI are, in the present 
study, considered by several post-processing se-
lections. The use of patient-specific AIF in DSC 
measurements has been shown to increase the 
reproducibility between examinations, minimis-

ing the effects on reproducibility inherent in par-
tial volume effects and noise.51 This approach also 
confronts the concern regarding misleading results 
due to radiation-induced changes in pixels defined 
as the AIF.9 Vessel segmentation was performed to 
eliminate macro vessel signal contributions caus-
ing overestimation of CBV and CBF. We used pre-
bolus administration and contrast agent leakage 
correction as suggested.15,18 Furthermore, post-FRT 
effects such as oedema were excluded from the 
dose regions during segmentation, and can there-
by not influence our results.  

In summary, significant decrease of global nCBV 
and nCBF between pre-FRT and post-FRT exami-
nations was found in our study. As proposed by 
Petr et al., perfusion variations in healthy tissue can 
represent a possible bias with regard to reference 
region selection.10 Acute and early delayed effects 
from FRT would, based on our results and other 
publications, introduce an overestimation of tu-
mour CBV and CBF since the reference normal ap-
pearing brain tissue CBV and CBF are the denomi-
nator in the ratio. Thus, information from radiation 
dose plans may assist the selection of a reference 
WM region, avoiding GM to, if possible, define a 
region that received as low dose as possible. 

Conclusions

Our findings suggest that radiation-induced per-
fusion changes occur in normal-appearing brain 
tissue after FRT. This can cause an overestimation 
of relative tumour perfusion using DSC-MRI, and 
thus, can confound tumour treatment evaluation.  
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