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a b s t r a c t Objective: Different perfusion metrics were investigated to determine the accuracy of Perfusion CT (PCT) in differentiating recurrence of brain metastases from radiation necrosis in patients who previously underwent stereotactic radiation therapy (SRT). Patients and Methods: Twenty patients previously treated with SRT underwent PCT examination of the brain. Normalized Cerebral Blood Volume (nCBV) values within the region of interest (ROI) were calculated. Fractional volumes at nCBV values between 1.0 and 2.25, deﬁned as V1.0 –V2.25 , were derived as alternative metrics and compared to the conventional method based on the mean CBV value within the lesion (nCBVmean ). The Mann–Whitney test was used to compare the two patient’s groups with recurrence and radiation necrosis with respect to the different nCBV metrics. Predictive powers and optimal thresholds for both the nCBVmean and the V1.0 –V2.25 were evaluated using the Receiver Operating Characteristic Curves. The gold standard was represented either by the histopathological examination or the Magnetic Resonance (MR) imaging follow-up longer than six months. Results and Conclusion: The differences between the patient’s group with recurrence and that with radiation necrosis resulted statistically signiﬁcant for all the metrics, showing the lowest p-value for V1.75 and V2 . The metrics based on the fractional volumes were found to show higher predictive powers, with the highest value of 0.96 for V2.0 . Quantitative analysis of the CBV map deriving different metrics may potentially improve the diagnostic accuracy of PCT in differentiating brain metastasis recurrence from radiation necrosis. © 2011 Elsevier Ireland Ltd. All rights reserved.



1. Introduction The progressive introduction of stereotactic radiotherapy (SRT) as a treatment option for patients with a limited number of brain metastases, either used as a single modality or in combination with whole brain radiotherapy (WBRT), increased the mean overall survival rate from 3–6 months to approximately 8–12 months [1,2]. On the other hand, although advancements in technology have made it possible to develop new diagnostic imaging techniques, differentiating the recurrent brain metastases from the radiation necrosis still remains problematic. In fact, there is an overlapping
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time between the end of radiation treatment and the appearance of both these two different entities: the radiation necrosis might occur after a long time from the end of the treatment, with the probability of having in the same brain region either necrosis or tumor as well. It is also known that radiation therapy could induce tissue changing with modiﬁcations of morphologic characteristics (i.e. size, shape) or clinical signs and symptoms (i.e. compression effects) that could be confused as recurrence of disease. To date, the examination of choice for the follow-up of patients with radio-treated brain metastasis is conducted with the conventional magnetic resonance (MR) that often does not provide sufﬁcient information to distinguish the two parenchymal entities. Non invasive functional imaging techniques, i.e. MR Spectroscopy, Perfusion MR, Perfusion Computed Tomography (PCT), 11 C-methionine or 18 F-ﬂuorodeoxyglucose Positron Emission
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Tomography (PET) and Single Photon Emission Tomography (SPECT), have been proposed in order to add important complementary information to that obtained with the conventional MR, although dissimilar results are still reported [3–9]. In this regard, several studies have highlighted as perfusion parameters (elaborated either with MR or CT) may help in differentiating tumors recurrence from radiation necrosis, since tumors generally show an increased Cerebral Blood Volume (CBV) while this parameter is relatively low in the necrosis induced by radiation compared to the recurrent tumor [6–8]. Although the feasibility of PCT for routinely diagnostic imaging is limited either for the use of ionizing radiation or iodinated contrast medium, it offers the advantage of providing absolute perfusion data, due to the linear relationship between CT enhancement and contrast agent concentration, compared to the MR perfusion [10]. In the present study, we compared different perfusion metrics obtained from the analysis of the CBV map, in order to investigate the possibility of improving the diagnostic accuracy of PCT in differentiating brain metastasis recurrence from radiation necrosis. 2. Materials and methods This prospective, single-center, open-label trial was approved by the Ethic committee of our institutional review board and followed the principles of the Declaration of Helsinki and subsequent amendments. All subjects provided written informed consent before participating in the study. Patients were informed of methods and the general purpose of the study. 2.1. Study participants and study design From May 2007 to December 2009, a total of 30 patients were prospectively enrolled in the study. Patients were eligible if they (i) had a pathologically proven primary extra-cerebral tumor; (ii) had performed a treatment for cerebral metastases with SRT using Intensity Modulated Radiation Therapy (IMRT) or dynamic arch technique, in single or multiple fractions; (iii) were clinically referred for an imaging examination of the brain; (iv) were suspected of having metastatic cerebral recurrence on the basis of the results of prior MR performed every 3–6 months after SRT and/or the rapidly deteriorating patient condition. Patients were excluded for any of the following reasons: they had reported left ventricular ejection fraction of 35% or less; had any contraindication to iodinated contrast material, such as a previous history of anaphylactoid reaction, multiple myeloma or renal failure (serum creatinine level greater than 2.0 mg/dl, as measured within 2 weeks before enrollment). 2.2. Clinical outcome A histological diagnosis was obtained in 7 out of the 20 lesions (35%); in the remaining patients, the clinical diagnosis was assessed by the use of clinical and radiological follow-up, considering the neurological condition and the changes in size at serial MR scans. The ﬁrst MR study was performed approximately 45 days after the end of RT, then every 3 months within the ﬁrst year after RT and every 6 months thereafter. Three out of twenty patients also underwent a 11 C-methionine PET, for further conﬁrmation of the clinical diagnosis. The diagnosis of radiation necrosis was made when the lesion showed a complete, partial (at least a 30% decrease in the sum of diameters of target lesions), or stable response, according to the Response Evaluation Criteria in Solid Tumors (RECIST) [11]. A rapidly deteriorating neurological condition, short survival time
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due to neurological progression, or ongoing progression in subsequent MR scans (at least a 20% increase in the sum of diameters of the target lesions) was considered indicative of tumor progression. 2.3. PCT technique PCT examinations were performed in 12 patients by using a 4-section (Somaton-plus, Siemens Medical Solutions, Erlangen, Germany) and in 8 patients by a 128-section (Brilliance CT 128slice CT system- Philips Medical Systems, Eindhoven, Holland) multidetector-row computed tomography (MDCT) scanners. A preliminary un-enhanced CT scan was obtained to localize the tumor at a slice thickness of 5 mm. For both CT protocols, 40 ml of nonionic iodinated contrast medium (iopamidol-370 mg I/mL, Bracco, Milan, Italy) was injected at a rate of 8 mL/s through the antecubital vein. Four seconds after the injection began, a 40 s cine scan with 1 s interval was acquired at the chosen slice location. Four 5 mm-thick and eight 5-mm-thick axial sections were acquired with the 4-section and 128-section MDCT respectively, resulting in a total coverage of 2 and 4 cm. The dose per scan was calculated by ImPACT CT Patient Dosimetry Calculator (v. 0.99x, Medical Devices Agency, London), resulting in a total effective dose less than 5 mSv for both CT scanners. 2.4. Perfusion elaboration CT acquired images were sent to a commercially available workstation (Brain Perfusion, Brilliance Workspace Portal, v. 2.5.1.15, Philips Medical Solutions, Eindhoven, Holland) to generate perfusion maps. A neuroradiologist (blinded to the review process) selected the Anterior Cerebral Artery (ACA) or alternatively the middle cerebral artery (MCA) as input artery; a large venous structure, such as the sagittal sinus was chosen as the input vein. To avoid partial volume effects the reference vessels had to be well recognizable, large enough and sufﬁciently orthogonal to the scan section. Parametric Cerebral Blood Volume (CBV) maps were generated. 2.5. Quantitative analysis of the perfusion maps The quantitative analysis of the perfusion maps was performed using the Matlab code (Release 7.4.0, The Mathworks Inc., Natick, Massachusetts): a graphic tool was developed by a medical physicist (blinded to the review process) with 10 years experience in data analysis, to perform calculations based on voxel-by-voxel information. An expert radiologist was asked to identify a ROI on the CBV maps of each patient, using MR studies before the PCT as guide to the identiﬁcation of the extent of the tumor. The ROI was placed on a single axial section, considered as the more representative of the disease. Mirrored regions in the contralateral hemisphere were automatically drawn, after having deﬁned the median line. Particular attention was paid to exclude from the ROIs, as well as from the contralateral ones, arterial or venous structures and necrotic areas, to avoid bias in the distribution of CBV values and the subsequent statistical analyses. The CBV values inside the ROI were then divided by the average CBV inside the contralateral region, to obtain the distribution of the normalized CBV values (nCBV). Assuming a ﬁxed nCBV bin size of 0.25, the distribution of the voxel counts as a function of the bin locations (differential histogram) was recorded and displayed for each patient. Voxel counts were calculated as percentages, i.e. dividing them by the total number of voxels in the ROI, to eliminate the dependence of the histogram from the between-subject differences in the size of the ROI. To enhance the main distinguishing features of the two distributions of nCBV values, the cumulative histogram of each patient
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was derived from the differential one. This tool, commonly used in radiotherapy to evaluate the dose distribution inside target volumes and organs at risk [12], was introduced in this context to estimate the fractional volumes (or percentage of voxels) within a ROI, in which nCBV values are greater than a ﬁxed threshold. Thus, the cumulative histogram represents these volumes as a function of the nCBV threshold [13]. Fractional volumes at nCBV equal to 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, deﬁned as V1.0 –V2.25 , were assessed from the cumulative histogram of each patient and investigated as alternative metrics in comparison with the conventional method based on the mean CBV value inside the lesion (nCBVmean ). 2.6. Statistical analysis The Mann–Whitney test for unpaired samples was used to compare the radiation necrosis and recurrence group with respect to the different nCBV metrics. The predictive powers and the optimal nCBV thresholds of nCBVmean and the fractional volumes, V1 –V2.25 , were evaluated using the receiver operating characteristic (ROC) curves [14]. The differences between the areas under the ROC curves (AUCs) for the different metrics were calculated to compare the clinical utility of the metrics based on the voxel-by-voxel analysis with respect to the conventional metric based on the mean measurement inside the ROI. A two-sided p-value < 0.05 was considered to indicate statistical signiﬁcance. All the computations were performed by MedCalc software (v. 9; Mariakerke, Belgium). 3. Results 3.1. Patients population Among thirty patients entered in the study, 10 were excluded for the following reasons: patients lost from follow-up or underwent PCT examination more than 1 month after MR follow-up (n = 4), inadequate PCT examination (n = 2) contrast material extravasation (n = 2), and patient’s withdrawal of consent (n = 2). Twenty patients (mean age 56 years; age range 19–72 years) underwent PCT examination and comprised our ﬁnal study cohort (Table 1). On the basis of the gold standard results, the patient population was divided into two groups: radiation necrosis (n = 9) and recurrence (n = 11).



Fig. 1. (a) Averages of the distributions of the differential nCBV histograms inside the region of interest (ROI) for the patient’s groups with recurrence and radiation necrosis. (b) Average of the distributions of the cumulative nCBV histograms inside the ROI, for patient’s group with radiation necrosis (black line) and recurrence (gray line).



3.2. Quantitative analysis and statistical results The averaged differential and cumulative nCBV histograms among patients with recurrence and radiation necrosis are displayed in Fig. 1. A visual comparison between the differential histograms clearly shows the differences among the two patient groups: the population with recurrence is characterized by a broad distribution of data, spread out on a large range of nCBV values Table 1 Demographics and patients characteristics. Age (years) – mean (range) Gender – no. (%) Male Female Primary tumor – no. (%) Melanoma Lung Cancer Breast Cancer Renal Cell Carcinoma (RCC) Time interval (days) between the end of RT and PCT Mean (SD) Range



56 (19–72) 9 (45) 11 (55) 3 (15) 5 (25) 7 (35) 5 (25) 603 (450) 98–1433



(from 0 up to 7), while considering the population with radiation necrosis the histogram is more “peaked”, with voxel counts mainly distributed between 0 and 2.5. The same features can be consistently inferred from the cumulative histograms: in particular it can be noticed that for nCBV ≥2, the percentage volume for the radiation necrosis is, on average, less than 10%, while it is around 50% for the recurrence; if the nCBV threshold is increased to values ≥3, the percentage volume for the radiation necrosis is almost zero, while it still amounts to 30% for the recurrence. Averages and standard deviations for the different nCBV metrics among the groups with recurrence and radiation necrosis are reported respectively in Table 2. The differences between the groups all resulted statistically signiﬁcant from Mann–Whitney test, showing for the metrics based on the histogram a progressive reduction of the p-values up to a minimum of 0.001 for both V1.75 and V2 . Areas under the ROC curves (AUCs) for the different metrics, with the optimal cut-off values and the corresponding sensitivity and speciﬁcity, were reported in Table 3. ROC analyses showed that all the metrics were very similar to each other in differentiating recurrence from radiation necrosis, but the metrics based
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a progressive increase of the lesion size and worsening of clinical conditions.



Mean ± SD Radiation necrosis



nCBVmean V1.0 V1.25 V1.5 V1.75 V2.0 V2.25
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0.91 0.41 0.31 0.18 0.11 0.07 0.06



± ± ± ± ± ± ±



0.29 0.14 0.15 0.09 0.09 0.06 0.06



Recurrence 3.50 0.76 0.70 0.62 0.57 0.51 0.45



± ± ± ± ± ± ±



3.10 0.26 0.28 0.31 0.35 0.35 0.36



p-Value 0.004 0.007 0.007 0.004 0.001 0.001 0.007



nCBVmean indicates the mean Cerebral Blood Volume (CBV) within the lesion, normalized to the mean corresponding value within the contralateral region; V1.0 indicates the cumulative pixel counts (or fractional volume), normalized to the total pixels number, relative to nCBV values ≥1.0; the others V metrics are deﬁned analogously. p-Values from the Mann–Whitney test were reported.



on the histograms were found to have higher predictive powers and V2.0 showed the highest value of 0.96. However, the differences between the AUCs of all the metrics were not statistically signiﬁcant and, in particular, the comparison between the AUC of nCBVmean and V2.0 resulted in a p value > 0.40. 3.3. Representative cases 3.3.1. Case 1 A case of a 44-year-old woman affected by breast carcinoma is illustrated in Fig. 2. Contrast-enhanced T1-weighted MR images had indicated a small lesion in the left cerebellar lobe. The patient was treated with SRT, receiving the total dose of 21 Gy in single fraction and, eleven months after SRT, MR images showed an irregular area of enhancement in the left cerebellar lobe. PCT, acquired 2 weeks later indicated a decreased CBV in the region of interest, suggestive of radiation necrosis. Both the low value of nCBVmean (equal to 0.78 and falling below the cut-off of 1.44) and the nCBV cumulative histogram, constantly below the established cut-offs for the fractional volumes V1.0 –V2.25 (see below, Table 3), were consistent with the hypothesis of a radiation necrosis. The histological examination conﬁrmed the diagnosis of radiation necrosis. 3.3.2. Case 2 A case of a 63-year-old woman affected by renal carcinoma is illustrated in Fig. 3. MR SE T1 sequences after Gadoliniuminfusion showed a lesion in the left pons. The patient underwent SRT, receiving 21 Gy in 3 fractions. The lesion showed a reduction of the dimension during the 8 months following SRT, then an increase about 10 months later. The PCT indicated an area of markedly increased CBV: the nCBVmean in the lesion was 3.5 and all the cut-offs for the fractional volumes V1.0 –V2.25 resulted below the nCBV cumulative histogram of the patient (see below, Table 3). The case was diagnosed as recurrence at PCT; the ﬁnal determination of recurrence was conﬁrmed by MR follow-up, that showed



3.3.3. Case 3 In a case of a 55-year-old woman affected by breast carcinoma one lesion was falsely diagnosed as radiation necrosis at PCT. Three years after SRT, PCT did not show increased CBV values within the region of interest: the nCBVmean was below the optimal cut-off of 1.44 resulting 0.90; the plot of the cumulative histogram was slightly below all the established cut-offs for V1.0 –V2.25 (see values below, Table 3) as well. The patient underwent a surgical removal of the lesion and the pathological examination indicated a recurrence.



4. Discussion Brain parenchymal changes associated to a lesion’s enlargement that could be suggestive either of radiation necrosis or recurrence tumor are often seen at imaging follow-up of patients treated for brain metastases with SRT, with a reported percentage of up to 22% [15]. This issue represents actually a deep diagnostic question by radiologists particularly for patients with a good performance status and without signs or symptoms related to brain disease. In fact, at conventional MR examination recurrence may show variable imaging patterns: even if it is generally represented as an enhanced area after Gd-DTPA injection, frequently it might appear as a ring enhancement area and it may or may not be associated with edema and/or mass effects [3]. Advanced imaging techniques, such as PET, SPECT (Single Photon Emission Tomography) and MR Spectroscopy have recently been proposed in order to improve the diagnostic accuracy even if they often report different results and to date no standard options were reported [4,5,9,16]. In the present study, we propose the use of fractional volumes derived from a CBV map as alternative metrics in order to evaluate the diagnostic accuracy of PCT in differentiating brain metastasis recurrence from radiation necrosis. The differences in the distributions of the nCBV values among patients with recurrence and radiation necrosis are clearly displayed by both the differential and the cumulative histograms. In particular, it can be noticed that the curves are always separated, reaching the largest separation for a nCBV threshold around the value of 2. This was conﬁrmed by the statistical tests: the averages for the different nCBV metrics among the two patient groups were all statistically signiﬁcant, but for V1.75 and V2.0 the p-values reached the minimum of 0.001 (see Table 2); consistently, for V2.0 it was found the highest predictive power of 0.96. However, the differences between the AUCs of all the metrics resulted not significant (p value > 0.40), probably due to the small number of patients included in our study, even if there was a clear trend toward a better discrimination between recurrence and radiation necrosis by the use of histogram analysis.



Table 3 AUCs and 95% CIs for the different perfusional metrics as predictors for radiation necrosis or recurrence. The optimal cut-off values of these metrics and the corresponding sensitivity and speciﬁcity were reported.



nCBVmean V1.0 V1.25 V1.5 V1.75 V2.0 V2.25



AUC



95% CI



Cut-off value



Sensitivity (%)



Speciﬁcity (%)



0.91 0.90 0.90 0.92 0.95 0.96 0.89



[0.63–0.99] [0.62–0.99] [0.62–0.99] [0.65–0.99] [0.69–0.98] [0.70–0.98] [0.61–0.99]



1.44 0.54 0.46 0.28 0.24 0.16 0.16



71.4 71.4 71.4 85.7 85.7 85.7 71.4



100 100 100 100 100 100 100



AUC = area under the receiver operating characteristic curve; 95% CI = 95% conﬁdence intervals; nCBVmean indicates the mean Cerebral Blood Volume (CBV) within the lesion, normalized to the mean corresponding value within the contralateral region; V1.0 indicates the cumulative pixel counts (or fractional volume), normalized to the total pixels number, relative to nCBV values ≥1.0; the others V metrics are deﬁned analogously.
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Fig. 2. 44 y.o. woman affected by breast carcinoma. (a) MR T1 SE sequences after Gadolinium-infusion shows a small lesion in the left cerebellar lobe. (b) Isodose lines obtained from the SRT, expressed as percentages of the prescribed dose. (c) MRI SE T1 after gadolinium-infusion, 11 months after the SRT, shows an irregular area of enhancement in the left cerebellar lobe. (d) Cerebral Blood Volume (CBV) map, acquired 2 weeks later, shows a hypoperfused area, suggestive of radiation necrosis. (e) Cumulative histogram of the normalized CBV values inside the lesion (black line) and optimal cut-off values (dots) assessed to at best differentiate recurrence from. radiation necrosis The histological data (f) conﬁrmed radiation necrosis.



Unfortunately, to date only a few other reports have investigated the utility of Perfusion MR or CT in distinguishing recurrence of metastatic brain tumors from radiation necrosis [6–8,15]. Hoefnagels et al. [6], analyzed 31 patients receiving stereotactic radiosurgery (SRS) for brain metastasis. Authors concluded that no patient displaying a maximum CBV relative to the gray matter (rCBV) higher than 1.85 had radiation necrosis. Assuming this threshold as optimal cut-off, perfusion MR showed a sensitivity of 70% and a speciﬁcity of 100%. In the study of Mitsuya et al. [7], a rCBV ratio greater than 2.1 provided the best accuracy for distinguishing recurrence from radiation necrosis, with a sensitivity of 100% and a speciﬁcity of 95.2%. In this investigation, the rCBV ratio was deﬁned as the ratio between the mean rCBV value inside a ROI located within the lesion and in the contralateral white matter. To our knowledge, only Jain et al. [8] reported an initial experience in differentiating recurrent brain tumors from radiation necrosis by the use of PCT; in their study perfusion examinations were performed on a mixed population of 22 patients (primary brain tumors with different grades and metastases), by using both 16-slice and 64-slice multidetector row CT scanners. A volume coverage of 2 cm, as in the present study, was investigated at 1-s time resolution for a duration of 50 s. For mean nCBV (normalized to the normal white matter), the authors found an optimal cut-off of 1.65 to differentiate recurrence and radiation necrosis, with a reported sensitivity of 83.3% and speciﬁcity of 100%.



Nevertheless the differences in the image acquisition protocol and in the nCBV deﬁnition, these data are quite in good agreement with our results. In fact, the main difﬁculty in comparing different studies relies on the disparity between the perfusion techniques applied (i.e. image acquisition parameters, contrast enhancement protocols, deﬁnition of the arterial input function), that may affect the numerical values of the perfusion maps. Moreover, there is a great variability either about the deﬁnition of the ROIs (single or multiple, with ﬁxed or variable number of voxels, manually or automatically contoured) or in regard to the analysis method for deriving useful data from the generated parametric maps. In this regard, summary statistics based on maximum, mean or median values inside a ROI may not accurately describe the heterogeneity within the lesion. Where as, this information is completely preserve using histogram analysis, by which it is possible to simultaneously quantify hypo and hyper-perfused subvolumes inside the lesion. Thus, the ROI may be delineated considering the entire volume of the lesion, without paying attention to necrotic areas inside it (that instead greatly affect the mean measurements), because the components at each nCBV level are separately displayed and quantiﬁed. Therefore the histogram analysis allows a simpler and more objective method for contouring and, as a consequence, the diagnostic accuracy determined from metrics based on the histogram is less observer-dependent. Although the utility of quantitative measurements of the brain perfusion maps, either by the use of voxel data or histogram
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Fig. 3. 63 y.o. woman affected by renal carcinoma. (a) MR T1 sequences after gadolinium-infusion shows a lesion in the left pons. (b) Isodose lines obtained from the stereotactic radiotherapy, expressed as percentages of the prescribed dose. (c) Cerebral Blood Volume (CBV) map, acquired 10 months later, shows an area with high CBV values, suggesting a recurrence. (d) Cumulative histogram of the normalized CBV values inside the lesion (black line) and optimal cut-off values (dots) assessed to at best differentiate recurrence from radiation necrosis.



analysis, has already been demonstrated by several studies for different clinical aims (i.e. to distinguish different tumor types and to characterize their microenvironment [17], to establish the grading of cerebral gliomas [18,19] or to obtain non-invasive imaging biomarkers of the biological response of the tumor to antiangiogenic or vascular targeting agents [13,20], further research is needed to investigate its potential role for diagnostic imaging. Some potential limitations of our study merit consideration. First, the number of patients of each group (11 recurrence and 9 radiation necrosis) was small, due to difﬁculties in enrolling patients for PCT, also because of strict selection criteria used in this prospective trial. Second, the pathological conﬁrmations of recurrence or radiation necrosis was obtained in 7 out of 20 patients (35%): the extension of the lesion and/or the patient’s clinical history made biopsy or surgical intervention frequently impractical from an ethical standpoint. However, in the other patients, we obtained the evidence of the presence or absence of the recurrence by a long radiological follow-up, using in some cases the 11 C-methionine PET for a further conﬁrmation of the clinical diagnosis. Finally, we used two different CT machines to perform the perfusion examinations; this could represent a potential bias,



even if all the CT studies were sent to the same workstation to assure that the perfusion elaboration was done with the same algorithm and post-processing procedures. This potential bias could have been further reduced considering that only relative measurements were included in the analyses, having deﬁned all the perfusion metrics on the basis of the distribution of the normalized CBV values inside the regions of interest.



5. Conclusion In summary, the use of perfusion metrics based on the histogram analysis showed potential for improving the diagnostic accuracy of PCT in differentiating brain metastasis recurrence from radiation necrosis. Although these results could led radiologists to extract perfusion information differently and more precisely, further investigation on a larger cohort of patient population are warranted in order to demonstrate the utility in clinical practice of these metrics with respect to the conventional method based on the mean CBV measurement inside the lesion.
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