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while the ADC did not distinguish between the two 
 (ADCmean = 1.1 ± 0.2 vs. 1.2 ± 0.4, p = 0.6). IVIM shows 
promise in differentiating recurrent tumor from radiation 
necrosis for brain metastases treated with radiosurgery, but 
needs to be validated in a larger cohort.

Keywords IVIM · Brain metastases · Radiation necrosis · 
MRI · Stereotactic radiosurgery

Introduction

High dose focused radiation including stereotactic radio-
surgery (SRS) or fractionated stereotactic radiotherapy 
(FSRT) is the standard treatment for patients with limited 
brain metastases and good performance status [1–3]. One 
of the most significant late effects from SRS is radiation 
necrosis, which can have a significant impact on neurologi-
cal function and quality of life [2]. The rate of SRS-induced 
radiation necrosis varies widely in the literature and largely 
depends on whether radiation necrosis is considered a 
reversible or irreversible injury, or both, to the white mat-
ter in the brain. After SRS treatment, it is difficult to clini-
cally or radiographically determine if radiation injury is a 
transient or permanent change [4]. Radiographic findings 
consistent with radiation necrosis include a peripherally 
enhancing and centrally necrotic lesion on T1-weighted 
post-gadolinium magnetic resonance imaging (MRI) 
sequences and an increase in volume of enhancing lesion 
that is within the high dose radiosurgery volume, occurring 
at least 3 months after SRS [5]. These changes can be seen 
in up to 30% of patients treated with SRS [4, 6, 7]. Severely 
symptomatic radiation necrosis requiring surgical resection 
occurs in up to 5.5% of patients by 24 months after treat-
ment [7].

Abstract Radiation necrosis is a serious potential adverse 
event of stereotactic radiosurgery that cannot be reliably 
differentiated from recurrent tumor using conventional 
imaging techniques. Intravoxel incoherent motion (IVIM) 
is a magnetic resonance imaging (MRI) based method that 
uses a diffusion-weighted sequence to estimate quantitative 
perfusion and diffusion parameters. This study evaluated 
the IVIM-derived apparent diffusion coefficient (ADC) 
and perfusion fraction (f), and compared the results to the 
gold standard histopathological-defined outcomes of radia-
tion necrosis or recurrent tumor. Nine patients with ten 
lesions were included in this study; all lesions exhibited 
radiographic progression after stereotactic radiosurgery 
for brain metastases that subsequently underwent surgi-
cal resection due to uncertainty regarding the presence 
of radiation necrosis versus recurrent tumor. Pre-surgical 
IVIM was performed to obtain f and ADC  values and 
the results were compared to histopathology. Five lesions 
exhibited pathological radiation necrosis and five had pre-
dominantly recurrent tumor. The IVIM perfusion fraction 
reliably differentiated tumor recurrence from radiation 
necrosis  (fmean = 10.1 ± 0.7 vs. 8.3 ± 1.2, p = 0.02; cutoff 
value of 9.0 yielding a sensitivity/specificity of 100%/80%) 
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MRI is the gold standard for diagnosing brain metasta-
ses and monitoring response to treatment. However, differ-
entiating radiation necrosis from tumor progression using 
conventional MRI is difficult as both entities exhibit an 
increase in enhancement with or without edema and clini-
cal symptoms. For tumor progression after SRS, salvage 
treatments such as surgical resection can improve overall 
survival [8]. Conversely, radiation necrosis can often be 
managed conservatively with observation, steroids, or with 
bevacizumab for symptomatic necrosis [9]. Therefore, the 
ability to distinguish between these two processes using a 
non-invasive imaging technique is critical to appropriately 
managing these patients.

Numerous advanced imaging methods have been used 
in an attempt to distinguish radiation necrosis from tumor 
recurrence, including the ratio of T2–T1 enhancement on 
MRI [10], diffusion weighted imaging (DWI) [11], MRI 
perfusion-based measurements including dynamic con-
trast-enhanced (DCE) [12] and dynamic susceptibility-
weighted (DSC) imaging [13], magnetic resonance spec-
troscopy (MRS) [14], single photon emission computed 
tomography (SPECT) [15] and positron emission tomog-
raphy (PET) using 18F-fluorodeoxyglucose (FDG) [16] 
and 11C-methyl-methionine [17] tracers. Few studies have 
correlated imaging techniques with surgical pathology and 
there remains no accepted radiographic method for diag-
nosing radiation necrosis [4]. One study showed that even 
with a combination of several advanced imaging techniques 
including perfusion CT, MRS, SPECT and PET in patients 
who subsequently underwent surgical resection, the pre-
operative neuroradiological studies proved correct in only 
nine of 15 patients [18].

Functional imaging with MRI including diffusion and 
perfusion measurements have shown promise as imag-
ing biomarkers to characterize structural changes seen 
after SRS [4, 6]. Intravoxel incoherent motion (IVIM) is a 
method that provides quantitative diffusion and perfusion 
parameters via a multiple b-value diffusion-weighted MRI 
sequence [19]. Kim et al. recently demonstrated that IVIM 
diffusion and perfusion parameters were superior to DSC-
based perfusion parameters alone in distinguishing recur-
rent tumor from treatment effect for brain metastases after 
SRS; this study, however, relied on longitudinal imaging 
and not histopathology to define outcomes [20]. IVIM has 
certain advantages over DSC perfusion imaging in that it 
does not require intravenous contrast or the estimation of 
an arterial input function, and provides inherent coregistra-
tion of diffusion and perfusion data [21].

The hypothesis of this study was that IVIM-based diffu-
sion and perfusion measurements would be able to differ-
entiate post-radiation recurrent or progressive tumor from 
radiation necrosis, using histopathology as the reference 
standard.

Methods and materials

Study population

After institutional research ethics board approval, patients 
who had SRS for brain metastases with a biopsy proven 
extracranial solid malignancy and who subsequently under-
went surgical resection for presumed tumor progression or 
radiation necrosis between October 2014 and March 2016 
were reviewed. All patients were treated with single frac-
tion SRS via a cone-based linear accelerator system or with 
FSRT. For patients who had SRS, doses ranged from 18 
to 20  Gy in a single fraction. FSRT was most commonly 
delivered in five fractions with doses ranging from 27.5 to 
35 Gy.

Imaging protocol

Patients were scanned on a 3.0-T MRI system (Achieva, 
Philips Healthcare, Best, Netherlands) using an eight-
channel phased array head coil. IVIM data was acquired 
using a diffusion-weighted echo-planar imaging (EPI) 
pulse sequence [22] with diffusion weighting along three 
orthogonal directions with six b-values (b = 0, 200, 400, 
600, 800, 1000  s/mm2). Axial images with a thickness of 
5 mm were acquired with TR/TE 6000 ms/61 ms, NEX = 1, 
FOV = 24  cm, matrix = 208 × 168, in-plane resolution of 
1.16 × 1.16  mm. Contrast-enhanced imaging (following 
administration of 0.1  mmol/kg of Gadolinium) was per-
formed using a T1-weighted 3D gradient-echo acquisition 
with a resolution of 1 × 1.1 mm2, slice thickness = 1.5 mm, 
NEX = 1, TR = 9.5 ms, TE = 2.3 ms, and flip angle = 8°.

Image processing and analysis

The standard IVIM biexponential model is described by the 
following equation [23]:

where S(b) is the signal intensity at a specific b-value,  S0 is 
the signal intensity at b = 0, D* is the pseudodiffusion coef-
ficient which is related to blood flow in the microcircula-
tion, f is the perfusion fraction (the fraction of water within 
a voxel that is contained within the microcirculation), and 
D is the diffusion coefficient related to true molecular dif-
fusion of water. Using the simplifying assumption that 
D* >> D, Eq. (1) becomes:

where the left side of the equation can be expressed as a 
linear relationship with slope D and intercept ln(1 − f). This 
simplified model has previously been validated against the 

(1)S(b)∕S
0
= f ⋅ e−bD

∗

+ (1 − f ) ⋅ e−bD

(2)ln(S(b)∕S
0
) = −bD + ln(1 − f )
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full biexponential model [24]. The apparent diffusion coef-
ficient (ADC) was calculated using the b = 0 and b = 1000 s/
mm2 images as:

Using the post-Gadolinium T1-weighted images, a man-
ual region-of-interest (ROI) was generated encompassing 
the volume of contrast enhancement (including enhance-
ment and any non-enhancing necrotic regions) representing 
either tumor or radiation necrosis. The T1-weighted images 
were then co-registered to the IVIM images using deform-
able registration (AFNI, NIH, Bethesda, MD) and the con-
tours were transferred onto the IVIM images. The perfu-
sion fraction (f) and apparent diffusion coefficient (ADC) 
were calculated on a voxel-by-voxel basis using asymptotic 
fitting of the data using equations (2) and (3) via linear 
least squares regression (Matlab, Optimization Toolbox; 
Mathworks, Natick, Massachusetts) [24]. The mean values 
for f  (fmean) and ADC  (ADCmean) as well as cumulative his-
togram parameters including the 90th percentile for f  (f90) 
and 10th percentile for ADC  (ADC10) were calculated for 
each lesion. These histogram parameters  (f90 and  D10) have 
been previously shown to be more reliable than mean val-
ues for distinguishing radiation necrosis from tumor recur-
rence [25]. Perfusion fraction (expressed as a %) and ADC 
(expressed in units of  10−3 mm2/s) were compared between 
tumors with predominantly recurrent tumor versus those 
with predominantly radiation necrosis using a two-tailed 
Student’s t-test.

Histopathology

Surgical resection of the enhancing disease was performed 
through open craniotomy and sent for pathology review. 
Central pathology review was performed by an expert 
neuropathologist (JK) blinded to the functional imaging 
results. Hematoxylin and eosin-stained (H&E) slides were 
prepared from formalin-fixed tissue by routine processing. 
The relative volume of tissue composed of residual tumor 
cells, tumor necrosis, and radiation necrosis were quanti-
tatively assessed. Tumor necrosis was defined as regions 
of coagulative necrosis in which outlines of ‘ghost’ tumor 
cells can be seen. Radiation necrosis exhibited normocellu-
lar brain parenchyma with edema, gliosis, vascular hyalini-
zation with well circumscribed regions of bland necrosis 
[26].

In cases with mixed pathology, we used the definitions 
previously described in a study of glioblastoma multiforme 
(GBM) cases resected after radiation [27]: greater than 25% 
of the specimen composed of tumor cells represents recur-
rent tumor, and less than 25% represents radiation necrosis.

(3)ADC = − ln

(

S(1000)

S(0)

)

∕1000

Results

Patient and tumor characteristics

Nine patients with ten total lesions were included in the 
analysis. One patient had two lesions removed in two dif-
ferent surgeries 4  months apart; an MRI scan with IVIM 
was acquired prior to each surgical resection. In all cases 
there was no consensus regarding the likelihood of recur-
rent tumor versus radiation necrosis prior to surgery. Clini-
cal and treatment details for all ten lesions are described 
in Table 1. The most common primary site of disease was 
lung (n = 4) followed by breast (n = 3). The majority of the 
lesions (n = 8) were supratentorial involving the right fron-
tal lobe (n = 4), left frontal lobe (n = 3), and right occipital 
lobe (n = 1). Median age of the patients was 56 years old 
and slightly more patients were female (n = 6) than male. 
Three patients were treated with single fraction radiosur-
gery while the other seven were treated with fractionated 
stereotactic radiation in five fractions (n = 6) or three frac-
tions (n = 1).

Five of the ten lesions exhibited primarily radiation 
necrosis on histopathology. One case demonstrated pure 
radiation necrosis, while the other four cases had small 
islands of residual tumor cells (ranging from 5 to 20% of 
the specimen volume). The remaining five lesions pre-
dominantly had a combination of residual tumor and tumor 
necrosis and met the pre-defined criteria for recurrent 
tumor. Figure  1 shows the anatomical MRI (post-Gado-
linium T1 image), ADC and perfusion fraction maps for a 
case of radiation necrosis and for recurrent tumor. Figure 2 
shows a histological example of radiation necrosis next to 
an island of residual tumor.

Perfusion fraction (f) and ADC: differentiating tumor 
from radiation necrosis

Table  2 details the  fmean, f90,  ADCmean,  ADC10, and the 
histologic tumor fraction for all the lesions. Lesions with 
predominantly recurrent tumor had higher  fmean and  f90 
compared lesions with pathological radiation necrosis 
 (fmean = 10.1 ± 0.7 vs. 8.3 ± 1.2, p = 0.02;  f90 = 19.8 ± 3.8 vs. 
14.9 ± 2.5, p = 0.047). A cutoff value for  fmean of nine yields 
a sensitivity of 100% and specificity of 80% for identifying 
recurrent tumor. The one lesion with a  fmean over nine, that 
was shown histologically to be radiation necrosis, was from 
a large lesion adjacent to the confluence of venous sinuses 
which may have influenced the perfusion fraction estimate. 
Similarly, a cutoff value for  f90 of 15 has a sensitivity of 
80% and specificity of 100%.

ADC did not differentiate tumor from pathological radi-
ation necrosis  (ADCmean = 1.1 ± 0.2 vs. 1.2 ± 0.4, p = 0.6; 
 ADC10 = 0.8 ± 0.5 vs. 0.8 ± 0.3, p = 1.0). The corresponding 
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mean and histogram analysis for ADC and perfusion frac-
tion for recurrent tumor and radiation necrosis are shown in 
Figs. 3 and 4.

Discussion

This study demonstrates the potential utility of the IVIM 
perfusion fraction to differentiate tumor from radiation 
necrosis in patients with brain metastases treated with high 
dose stereotactic radiation. To our knowledge this is the 
first study that evaluates IVIM parameters with histopatho-
logic confirmation for brain metastases.

Surgical resection of irradiated lesions is typically 
reserved for the most complex cases with the greatest 
uncertainty regarding the diagnosis of necrosis or recur-
rent tumor. Previous small series of patients have reported 
histological rates of pure radiation necrosis after resec-
tion between 5 and 33%, with remaining cases composed 
of a mix of necrosis and residual tumor [8, 18, 28–30]. 
None of these studies, however, report the relative propor-
tion of necrosis and viable tumor in cases where they are 
both present, and do not differentiate tumor necrosis from 
radiation necrosis. In the most comprehensive description 
of pathological features of resected brain metastases after 
SRS, Szeifert et  al. report that in 13 of 18 cases (72%), 
small islands of residual tumor cells were present occupy-
ing up to 5% of the histological volume of tissue, but it is 
not known if these cells have further proliferative potential 
[26]. The difficulty in using conventional MRI to differenti-
ate radiation necrosis from recurrent tumor was shown in 
a study using directed biopsies of a progressive region of 

enhancement of 14 brain metastases after radiation: eight 
lesions exhibited recurrent tumor cells while the remaining 
six were composed of radiation necrosis [31].

A previous study by Kim et al. demonstrated that IVIM 
can be used to distinguish recurrent tumor from treatment 
effects in a cohort of 91 patients using longitudinal imag-
ing follow-up to determine outcomes [20]. In contrast the 
present study uses the more reliable reference standard of 
surgical pathology. In the study by Kim et  al., perfusion 
fraction had a better diagnostic performance than ADC and 
CBV (derived from DSC perfusion MRI), but the combi-
nation of all three parameters had the highest diagnostic 
performance [20]. In the current study the ADC was not 
predictive in differentiating tumor from pathological radia-
tion necrosis. The absolute values for perfusion fraction in 
our study for both recurrent tumor  (f90 = 19.8) and radia-
tion necrosis  (f90 = 14.9) were higher than the values in the 
study by Kim  (f90, tumor = 7.9 and  f90, necrosis = 4.8). However, 
other published data reports the mean perfusion fraction 
in gliomas and brain metastases of 10–15 [21] in keep-
ing with the values observed in our study. The differences 
between the linear regression model used in this study and 
the biexponential model used by Kim et  al. may account 
for some, but likely not all, of the differences in perfusion 
fraction values. Additionally, a possible explanation lies in 
differences in the patient populations; this study included 
cases with the greatest uncertainty regarding the underlying 
pathology which led to the decision to pursue surgical exci-
sion while the study by Kim et  al. presumably had more 
cases of pure radiation necrosis leading to lower perfusion 
fractions. This hypothesis is supported by the complex mix 
of histologies seen in the excised surgical specimens in this 

Table 1  Clinical and treatment characteristics for all lesions

No. of tumor Histology Age (years) Sex (M/F) Location Initial tumor 
size, largest 
dimension (cm)

Radiation dose 
(Gy/No. of frac-
tions)

Time to progres-
sive enhance-
ment (months)

Predominant 
histopathology

1 Lung 50 F Cerebellum 2.3 30 5 12 Pure radiation 
necrosis

2 Breast 50 F Right occipital 2.0 20/1 14 Tumor
3 Lung 53 M Left frontal 1.3 18/1 26 Radiation 

necrosis
4 Rectal 71 M Cerebellum 3.5 35 5 7 Radiation 

necrosis
5 Breast 65 F Right frontal 2.6 24/3 7 Radiation 

necrosis
6 Breast 72 F Left frontal 0.7 20/1 16 Tumor
7 Lung 49 F Right frontal 2.3 30/5 8 Tumor
8 Lung 56 F Left frontal 1.6 30/5 13 Radiation 

necrosis
9 Melanoma 25 M Left frontal 2.2 30/5 6 Tumor
10 Melanoma 25 M Right frontal 2.2 27.5/5 9 Tumor
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study. The absolute values for ADC were similar between 
the two studies.

Previous reports have shown DSC perfusion [13] and 
diffusion [32, 33] imaging as promising methods for dif-
ferentiating tumor from necrosis in gliomas and brain 
metastases. IVIM perfusion fraction and DSC-derived 
CBV are similar but not necessarily identical measures of 
perfusion. Studies have conflicting conclusions about the 
degree of correlation between perfusion fraction and CBV 
[34, 35]. DSC is susceptible to contamination of its signal 
from blood flow from larger arteries and veins while IVIM 
is inherently most sensitive to flow within the microcircu-
lation. This is supported by direct comparison of IVIM to 
histopathologic microvessel density in animal models [36, 
37]. Other strengths of IVIM include the lack of intrave-
nous contrast administration which would allow for multi-
ple perfusion measurements in order to better understand 
the temporal evolution of perfusion after radiation in future 

Fig. 1  Anatomical post-Gadolinium T1-weighted images (left), per-
fusion fraction f-map (middle), and ADC map (right) for a case of 
radiation necrosis (top row) and recurrent tumor (bottom row). The 
case of radiation necrosis exhibits a uniformly low perfusion frac-
tion  (fmean = 7.7,  f90 = 13.6) while the recurrent tumor is more het-

erogeneous with a higher perfusion fraction  (fmean = 10.9,  f90 = 21.8). 
For this case the ADCs were similar but slightly higher for radia-
tion necrosis  (ADCmean = 0.7,  ADC10 = 0.5) than for recurrent tumor 
 (ADCmean = 1.1,  ADC10 = 0.7)

Fig. 2  H&E stain of a resected recurrent brain metastasis showing 
a region of residual viable tumor (outlined in green) next to a small 
area of bland radiation necrosis (red arrow)
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studies. IVIM allows for inherent co-registration between 
diffusion and perfusion parameters facilitating multi-para-
metric analysis. Unlike IVIM, DSC perfusion analysis typi-
cally requires more complicated mathematical modeling 
and the use of a user-defined arterial input function and a 
region of contralateral unaffected white matter.

These results illustrate that, like the biexponential model 
[20], the simplified IVIM-derived perfusion fraction using 
linear regression can distinguish tumor from pathological 
radiation necrosis. The advantage of the simplified IVIM 
model is that the number of b-values in the DWI acquisi-
tion (and subsequent overall scan time) can be limited. It 

Table 2  Individual lesion 
perfusion parameters and 
associated tumor fraction

F perfusion fraction, f90 90th percentile for f, STD standard deviation, ADC apparent diffusion coefficient, 
ADC10 10th percentile for ADC

No. of tumor Mean f (%) f90 (%) STD f Mean ADC 
 (10− 3 mm2/s)

ADC10 
 (10− 3 mm2/s)

STD ADC Histological 
tumor fraction 
(%)

1 8.6 16.2 5.7 1.3 0.9 0.3 0
2 9.5 13.9 4.3 1.2 0.9 0.3 45
3 7.7 13.6 4.7 0.7 0.5 0.2 20
4 9.8 15.1 5.1 1.5 1.2 0.3 5
5 8.6 18.1 6.8 1.6 0.9 0.5 5
6 10.4 23.3 8.2 1.1 0.7 0.3 30
7 10.3 18.3 6 1.2 0.9 0.2 40
8 6.6 11.6 3.9 0.8 0.6 0.1 20
9 10.9 21.8 7.8 1.1 0.7 0.3 30
10 9.3 21.7 8.1 0.7 0.2 0.4 50

Fig. 3  Mean and 90th percen-
tile perfusion fraction (f) for 
recurrent tumors versus radia-
tion necrosis

Fig. 4  Mean and 10th percen-
tile apparent diffusion coeffi-
cient (ADC) for recurrent tumor 
versus radiation necrosis



439J Neurooncol (2017) 134:433–441 

1 3

has recently been demonstrated that an accurate measure-
ment of perfusion fraction can be obtained with as few as 
two b-values using this simplified model [24]. In normal 
brain, the linear model has been shown to have a higher 
correlation with CBV than the biexponential model [38], 
likely due to the higher sensitivity of the biexponential 
model to noise [39]. Recent consensus guidelines advise 
that standard brain tumor imaging with MRI include a 
DWI acquisition with two b-values (500 and 1000 s/mm2) 
[40]. This would allow for widespread adoption of IVIM-
based perfusion and diffusion parameters as a method to 
characterize brain metastases before and after treatment 
and would facilitate the ongoing study of these imaging 
biomarkers and their relationship to outcomes. The current 
study only requires contouring of enhancing regions on a 
post-Gadolinium T1-weighted image and not any visual 
determination of areas of potential recurrence on perfu-
sion maps themselves. This would also enable widespread 
adoption of IVIM perfusion imaging across institutions and 
vendors.

We recognize that a multi-parametric analysis will likely 
provide the most robust characterization of irradiated brain 
metastases to guide treatment decisions. This study and the 
results from Kim et  al. [20] suggest that IVIM perfusion 
imaging should be included in future imaging studies of 
patients with brain metastases treated with radiation. The 
complex nature of enlarging enhancing disease after SRS 
is demonstrated by the mix of histopathologies in these ten 
lesions, illustrating the difficulty of using biopsies or longi-
tudinal imaging follow up as a gold standard for determin-
ing outcomes in patients with brain metastases, particularly 
because attrition is high in this cohort of patients. Further 
validation in a larger population cohort with histopatholog-
ical correlation would be beneficial but likely require co-
operation between multiple institutions.

This study has several limitations. The small number of 
patients means that further prospective study is warranted 
before definitive conclusions can be made about the utility 
of IVIM in differentiating tumor from pathological radia-
tion necrosis after SRS treatment. There is no consensus 
definition of radiation necrosis on histopathology or on 
serial imaging follow-up, which hampers comparisons 
across trials. For this study we adopted a definition from a 
study by Tihan et al. [27] used to evaluate radiation necro-
sis of gliomas, however, this definition is not standard or 
validated and it is not clear if a different histopathological 
definition should be used for brain metastases.

Conclusion

In this study, IVIM was useful in distinguishing tumor 
from pathological radiation necrosis in patients with brain 

metastases treated with SRS. These findings need to be val-
idated in a larger cohort as this was an exploratory, hypoth-
esis-generating study with a limited sample size. Accurate 
imaging biomarkers may allow for a more rapid decision to 
pursue salvage surgery for recurrent tumor or more confi-
dence in following with observation and medical manage-
ment for regions of radiation necrosis.
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