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A B S T R A C T

Purpose: The purpose of this retrospective study was to investigate the differentiation of abscess and necrotic
tumors, using susceptibility-weighted imaging (SWI) and apparent diffusion coefficients (ADC) either separated
or combined.
Methods: Imaging was performed on 26 patients with pyogenic brain abscesses, 31 patients with rim-enhancing
glioblastomas, and 21 patients with rim-enhancing metastases. The degree of intralesional susceptibility signal
(ILSS) was independently assessed by three observers. Average ADC in the lesion core was calculated. After
receiver operating characteristic (ROC) analysis, the area under the ROC curve was compared using three dif-
ferent analytical models (ILSS, ADC, and ILSS-ADC combined) to differentiate abscess from the two rim-en-
hancing necrotic tumors.
Results: The ILSS-ADC combined model had greater area under the ROC curves than ILSS or ADC used alone. In
this study, the ILSS-ADC combined model showed 100% diagnostic accuracy differentiating abscesses from
glioblastoma. The ADC model and the ILSS-ADC combined model performed equally well in distinguishing
abscesses from metastases.
Conclusion: It is concluded that SWI and ADC are complementary, and the combination of SWI and ADC may
improve results compared with the use of only one model. Validation by an independent cohort is the next
necessary step to broaden its applicability in routine clinical settings.

1. Introduction

Pyogenic brain abscesses, necrotic glioblastomas, and necrotic me-
tastatic lesions frequently appear as rim-enhancing abnormalities on
contrast-enhanced T1-weighted MR images, accompanied by sur-
rounding edema. Although the pathological origins of these abnorm-
alities are completely different, the similarity in their appearance on
conventional MR imaging can prove to be a challenge during differ-
ential diagnosis based on imaging findings alone [1,2]. It is well known

that the ADC value derived from diffusion-weighted imaging (DWI)
complements the role of conventional MR imaging in the differentiation
of abscesses from necrotic tumors, given that the ADC of the pus in the
abscess cavities is generally low, whereas in tumor the ADC value in the
necrotic core is often high [3–6]. However, exceptions are common.
High ADC values similar to those found in necrotic tumors have been
reported in 5%–21% of untreated abscesses [7,8]. Some necrotic glio-
blastomas, on the contrary, may show low ADC mimicking the DWI
appearance of brain abscesses [8–11]. Therefore, it is hoped that the
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search for new imaging techniques to assist in distinguishing brain
abscess from necrotic glioblastomas and necrotic metastases shows
promising potential for accurate differential diagnosis before treatment
decisions [5,6].

In a past study, the presence of intralesional susceptibility signal
(ILSS), a semi-quantitative index derived from susceptibility-weighted
imaging (SWI), was demonstrated to contribute to the differential di-
agnosis of rim-enhancing masses [12]. The principles for assessment
using SWI are based on findings of fine linear or dot-like low-signal-
intensity structures within the lesions [13,14], which indicate the
presence of paramagnetic substances [15,16] that may be associated
with tumor necrosis, microhemorrhage, and tumor microvascularity.
Consequently, we hypothesized in the current study that SWI may
complement ADC in the differential diagnosis of rim-enhancing masses.
For this purpose we conducted a detailed analysis by adopting the
concept of ILSS using SWI integrated with ADC on patients with pyo-
genic brain abscesses, necrotic glioblastomas, and necrotic metastases.

2. Materials and methods

2.1. Study patients

This retrospective study included data from 78 patients who had
MRI examinations between March 2009 and September 2013 with final
diagnosis of brain abscess, necrotic glioblastoma, and necrotic metas-
tasis. The inclusion criteria were rim-enhancing lesions on T1-weighted
images following contrast administration, plus that they underwent
both SWI and DWI. Written informed consents were obtained from all
the patients included in this study. The current study was approved by
our institutional review board. Demographic data has been summarized
in Table 1. Of the 78 patients, 26 had pyogenic abscesses [age
(mean ± SD) 51.3 ± 20.1 years; 19 males and 7 females], 31 had
glioblastomas (age 60.3 ± 13.5 years; 17 males and 14 females), and
21 had metastases (age 57.7 ± 14.5 years; 11 males and 10 females).
Primary metastatic tumors consisted of lung (n= 14), breast (n= 5),
colon (n= 1), and hepatocellular carcinoma (n=1). The abscess was
diagnosed by culture of the pus and histopathology that revealed an
area of cerebral necrotic inflammation and encapsulated by glial cells
and fibroblasts. The glioblastoma was diagnosed by the histopathology
showing nuclear atypia, increased mitotic activity, microvascular pro-
liferation and necrosis of the astrocytic tumors. The histological ap-
pearance of metastasis depended on the primary tumor, and all had
been pathologically proven with specimens taken via neurosurgical
biopsy.

2.2. MR imaging protocol and processing

The MR imaging examinations were performed using a 1.5-T
scanner (Signa; GE Medical System, Milwaukee, WI). All 78 patients
underwent MR imaging studies, including transverse T1 spin-echo pre-
and post-gadolinium injection (TR/TE=500/15ms), transverse T2-
weighted fast spin-echo (TR/TE=4000/100ms), transverse T2-
weighted fluid-attenuated inversion recovery (TR/TE/TI= 9000/120/
2200ms) with section thickness =5mm and FOV =24 cm. Diffusion
imaging was performed by using single-shot spin-echo echo-planar
imaging (TR/TE=10,000/93ms; diffusion sensitivities of b=0 and
1000s/mm2; acquisition matrix= 256×128; slice thickness= 5mm;
FOV=24 cm). For SWI, a transverse 3D spoiled gradient-echo se-
quence with velocity compensation gradients was used (TR/TE=50/
39ms; acquisition matrix= 288×256×28; flip angle= 18°; slice
thickness= 2.5mm; FOV=22 cm). In addition, the contrast-enhanced
3D T1-weighted imaging was collected after administration of gadoli-
nium-based contrast agent by using an inversion-recovery spoiled gra-
dient echo sequence (TE/TR/TI= 4.2/9.2/400ms; flip angle= 20°;
acquisition matrix= 288×160×124; slice thickness= 1.2mm;
FOV=24 cm).

Following image acquisition, generation of the trace ADC maps was
done based on pixel-by-pixel computation using the Stejskal–Tanner
equation, where the signals after adding diffusion-sensitizing gradients
were subtracted from those in the b=0 images after taking the natural
logarithm, and then divided by the b-value difference [17]. Analysis of
diffusion changes was performed using the manufacturer-provided
Functool Performance software (General Electric Medical System).
Average ADC in the lesion was calculated by manually contouring the
cavity and mean value extracted. For SWI, image processing was exe-
cuted offline using customized software following the procedure de-
scribed in the literature [18,19]. In short, a high-pass filter (2D Gaus-
sian with full-width-at-half-maximum=32 cycles per FOV) was first
applied to the phase images to remove background field inhomogeneity
near air-tissue interfaces [20], and normalized to create a phase mask
where regions with the presence of paramagnetic substances showed a
numerical rating between 0 and 1. This normalized phase mask was
then multiplied four times with the original magnitude image to further
enhance the hypointensity of paramagnetic substances against the
surrounding tissues on the final post-processed SWI.

2.3. SWI ILSS data analysis

Three observers (P.H.L., J.H.F., P.C.W.) independently assessed the
degree of the ILSS seen on SWI for the rim-enhancing lesions. The ILSS
was defined as the presence of either tubular or dot-like hypointense
structures seen on SWI. Then on the single imaging slice that visually
showed the maximum number of ILSS within the mass, the degree of
ILSS was established using a four-grade system based on simple
counting of the number of ILSS: Grade 0 was defined as no ILSS; Grade
1 as 1–5 ILSSs; Grade 2 as 6–10 ILSSs; and Grade 3 as ≥11 ILSSs
[12–14]. Fuzzy or diffuse low signals, which appeared as mild hy-
pointense or mixed iso- to mild hypointense rim on SWI [21], were not
included when counting the number of ILSS (Fig. 1), because the
quantification of these findings could be subjective [22]. None of all 78
cases collected in this study had intralesional calcifications that could
cause similar findings to the ILSS.

2.4. Statistical analysis

Inter-observer agreement on ILSS grading was assessed using
Kendall’s coefficient of concordance (KCC). Intra-observer reliability for
the three raters was estimated using both Cohen's quadratic-weighted
kappa and intraclass correlation coefficient (ICC), by repeating ILSS
grading at least two weeks apart on five cases randomly selected from
each of the three disease categories (total 15 cases repeated per rater).

Table 1
Demographic data, ILSS grade and ADC value of abscesses, necrotic glio-
blastomas, and necrotic metastases.

Brain lesion pathology

Abscess (n=26) Glioblastoma
(n=31)

Metastasis
(n=21)

Sex
Male 19 (73.1%) 17 (54.8%) 11 (52.4%)
Female 7 (26.9%) 14 (45.2%) 10 (47.6%)

Age (years) 51.3 ± 20.1 60.3 ± 13.5 57.7 ± 14.5
ILSS grade [n

(%)]a

0 12 (46.2%) 1 (3.2%) 7 (33.3%)
1 11 (42.3%) 3 (9.7%) 4 (19.0%)
2 2 (7.7%) 8 (25.8%) 4 (19.0%)
3 1 (3.8%) 19 (61.3%) 6 (28.6%)

ADC value (10−3mm2/s)b

Range 0.34 - 1.51 0.83 - 3.03 0.52 - 2.77
Mean ± SD 0.65 ± 0.24 2.11 ± 0.69 2.07 ± 0.80

a ILSS= intralesional susceptibility signal.
b ADC= apparent diffusion coefficient.
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ROC curve analyses were used to compare the difference between ab-
scesses and two rim-enhancing necrotic tumors, i.e., abscesses versus
glioblastomas and abscesses versus metastases, when using ILSS alone,
ADC alone, or ILSS and ADC combined (termed the ILSS-ADC combined
model). For the ILSS-ADC combined model, logistic regression was
applied to first obtain the prediction probability, which was then used
to derive the ROC curve. The areas under the ROC curves (AUCs) re-
presenting the disease differentiation abilities using ILSS and/or ADC
were then compared using the DeLong, DeLong, and Clarke–Pearson
method [23], which is a nonparametric approach to compare areas
under correlated ROC curves, by using the generalized U-statistics to
generate an estimated covariance matrix. The cutoff value for classifi-
cation based on continuous variables was the value yielding the max-
imum sum of sensitivity and specificity. Diagnostic accuracy, sensi-
tivity, specificity, positive predictive value, and negative predictive
value were subsequently derived and reported. These analyses were
carried out using SPSS software (IBM SPSS statistics v.19, Armonk, NY)
and the MedCalc statistical package (MedCalc Software, Ostend, Bel-
gium), with the level of statistical significance set at P<0.05.

3. Results

The distributions of ILSSs and ADCs in each type of rim-enhancing
lesion are summarized in Table 1. Inter-observer agreement for ILSS
grading was good, showing a KCC of 0.92, making operator dependence
a minor concern. In addition, the intra-observer reliability of rater 1, 2,
and 3 was 1, 1, and 0.972 by Cohen's quadratic-weighted kappa and 1,
1, and 0.974 by ICC, respectively, all showing very high consistency. In
ILSS analysis, a low degree of ILSS (ILSS Grade 0, 46.2% and Grade 1,
42.3%) was in most of the abscess group. A high degree of ILSS (ILSS
Grade 3, 61.3%) was in most of the glioblastoma group. ILSS tended to
spread relatively evenly for the metastatic group, in which Grade 0
(33.3%) and Grade 3 (28.6%) each accounted for about one-third of
ILSS. As to the diffusion behavior, although the ADC values for the
abscess group were generally smaller than the other two groups, sub-
stantial overlap in the ADC ranges indicated that some exceptions were
present as demonstrated in Figs. 1 and 2. In the two cases shown, ILSS
grades complemented ADC for differential diagnosis.

The results of ROC analysis in differentiating abscess from glio-
blastoma and abscess from metastasis are summarized in Table 2 and

Fig. 3. The ILSS-ADC combined model had greater AUCs than ILSS or
ADC used alone in both cases. In particular, the ILSS-ADC combined
model showed 100% diagnostic accuracy differentiating abscesses from
glioblastoma, although the improvement versus the ADC model did not
reach statistical significance (P= 0.157) likely due to limited number
of cases showing atypical ADC behavior. The perfect differentiation
between abscesses and glioblastoma is further shown in a 2D graph
(Fig. 4), where a manually drawn line can be seen to completely se-
parate the two groups of patients. On the other hand, the ADC model
and the ILSS-ADC combined model performed equally well in distin-
guishing abscesses from metastases.

4. Discussion

SWI is known to be sensitive to paramagnetic blood products and
venous vasculature that manifest as darkened spots on an image. Since
high-grade gliomas with active angiogenesis often result in a relatively
large amount of deoxyhemoglobin, increased signal loss on SWI is in-
dicative of conglomerates of tumor microvascularity [24]. As a result,
the use of intratumoral susceptibility signals on SWI has been shown to
be a helpful tool for non-invasive glioma grading [13,19,24,25]. On the
other hand, for rim-enhancing masses including brain abscesses, an
earlier study [12] reported that when using SWI alone, the degree of
ILSS may contribute to the differential diagnosis, showing diagnostic
accuracy (88.1%) in distinguishing abscesses from glioblastomas, in
distinguishing abscesses from metastases (68.2%), and in distinguishing
glioblastomas from metastases (70.5%) [12]. These findings are un-
derstandable, because in experimental settings, brain abscesses exhibit
relatively high amounts of mature collagen and consequently decreased
neovascularity [26,27]. Thus, the lack of ILSSs in abscesses could be
attributed to the rarity of vascularity. Nonetheless, it is clear that SWI
alone is considered inadequate in differentiating abscesses from brain
tumors. Noting that DWI and SWI are showing image contrasts based on
completely different mechanisms, we thus sought to investigate whe-
ther the combined use of indices derived from DWI and SWI, namely
the quantitative ADC and the semi-quantitative ILSS, could further as-
sist the differential diagnosis between these rim-enhancing masses. To
the best of our knowledge, similar studies integrating ILSS and DWI for
the differential diagnosis of rim-enhancing lesions have not been re-
ported before.

Fig. 1. A 27-year-old male patient with pyo-
genic brain abscess.
a. Contrast-enhanced T1-weighted image de-
monstrates rim-enhancing mass.
b. ADC map shows high signal intensity in the
cavity of abscess like that of cerebrospinal
fluid, reflecting the exception of marked dif-
fusion (1.51×10−3 mm2/s). c. High-resolu-
tion SWI shows no ILSS (Grade 0) within the
mass.
d. The magnified view of c reveals somewhat
fuzzy and diffuse low signals (arrows), which
are excluded in the counting of ILSS.

Fig. 2. A 61-year-old male patient with ne-
crotic glioblastoma.
a. Contrast-enhanced T1-weighted image de-
monstrates rim-enhancing mass.
b. ADC map shows low signal intensity in the
cavity of necrotic glioblastoma reflecting the
exception of restricted diffusion
(0.95× 10−3 mm2/s).
c. High-resolution SWI shows high-grade ILSS
(Grade 3).
d. The magnified view of c shows multiple
linear and dot-like structures within the mass.
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The most important finding from our study is perhaps the en-
couraging 100% accuracy differentiating abscesses from glioblastoma
when using ILSS and ADC information combined together. This result,
in our opinion, should be valuable to the radiological community, as
there have been no similar reports in the current literature. There are
some articles documenting the combined use of DWI and SWI to
characterize brain abscesses [28–30], yet in ways rather different from
our approach. Gupta et al. investigated 15 patients with histologically-
proven brain abscess, in which 11 were histopathologically found to
have hemorrhage in the abscess wall but without quantifying their ILSS
grades on SWI [28]. Among the three cases whose images were shown
in that study, one demonstrated presence of ILSS likely with grade 1 or
2, whereas the other two showed absence of ILSS (grade 0). [28] In
another study, prominent signal loss on SWI likely corresponding to
ILSS grade 3 was identified in the lesion cores in a series of three cases
of pyogenic brain abscess [29]. The article by Antulov et al. also re-
ported DWI and SWI behavior of ten pyogenic abscesses [30], but fo-
cusing on the presence of the dual-rim sign on SWI [31] rather than
ILSS. In the three previously mentioned studies [28–30], however, all
DWI images shown in these articles exhibited the typical behavior of

restricted diffusion in the abscess cavities, meaning that differentiation
from glioblastoma using ADC alone would suffice. In such cases, ILSS
grades would demonstrate no additional usefulness in differential di-
agnosis, except for lesion characterization value.

The excellent performance of the ILSS-ADC combined model found
in our cases strongly suggests that SWI and DWI provide mutually
complementary microscopic information in these rim-enhancing le-
sions, particularly for patients showing atypical DWI behavior. As op-
posed to the typical presence of serous liquid of high ADC within the
necrotic core [3–6,8], glioblastoma that exhibits atypical restricted
diffusion was attributed to factors including intratumoral micro-
hemorrhage [10]. In this regard, therefore, the ILSS grade may assist
ADC in differential diagnosis at least for glioblastoma. On the other
hand, the atypically high ADC in brain abscesses could have originated
from a variety of reasons such as variable concentrations of in-
flammatory cells and bacteria, different etiological organisms, promi-
nent necrotic debris, and so forth [7]. Documentations on their possible
linkage with microhemorrhage to result in low signals on SWI, how-
ever, were currently unavailable. Hence the additive value of ILSS
grade to confirm the diagnosis of pyogenic abscesses with atypically

Table 2
Diagnostic accuracies of ILSS, ADC, and ILSS-ADC combined model in differentiating abscess from glioblastoma and abscess from metastasis.

　 Criterion Accuracy, % Sensitivity, % Specificity, % PPV, % NPV, % AUC

Abscess vs. Glioblastoma
ILSS ** < 2 a 87.7 (76.3–94.9) 88.5 (69.8–97.6) 87.1 (70.2–96.4) 85.2 (66.3–95.8) 90.0 (73.5–97.9) 0.91 (0.81–0.97)
ADC ** ≦0.78 b 94.7 (85.4–98.9) 88.5 (69.8–97.6) 100 (88.8–100) 100 (85.2–100) 91.2 (76.3–98.1) 0.98 (0.90–1.00)
ILSS and ADC ** > 7.80E-07 c 100 (86.8–100) 100 (86.8–100) 100 (88.8–100) 100 (86.8–100) 100 (88.8–100) 1.00 (0.94–1.00)

Abscess vs. Metastasis
ILSS * < 2 a 70.2 (55.1–82.7) 88.5 (69.8–97.6) 47.6 (25.7–70.2) 67.6 (49.5–82.6) 76.9 (46.2–95.0) 0.71 (0.56–0.84)
ADC ** ≦0.78 b 91.5 (79.6–97.6) 88.5 (69.8–97.6) 95.2 (76.2–99.9) 95.8 (78.3–99.9) 87.0 (66.4–97.2) 0.95 (0.84–0.99)
ILSS and ADC ** > 0.1497 c 91.5 (76.9–96.5) 100 (86.8–100) 81.0 (58.1–94.6) 86.7 (68.9–96.4) 100 (80.5–100) 0.97 (0.88–1.00)

The 95% confidence interval is in parenthesis.
ILSS= intralesional susceptibility signal; ADC= apparent diffusion coefficient (×10−3 mm2/s); PPV=positive predictive value; NPV=negative predictive value;
AUC= area under the receiver operating characteristics curve.
* P < 0.05.
** P < 0.001.
a ILSS grade.
b ADC value.
c Probability of combined model.

Fig. 3. ROC curve of logistic regression model for predicting the probability of occurrence of Disease in Disease vs. Reference. (a) Abscess vs. Glioblastoma, (b)
Abscess vs. Metastasis. AUCs of any two methods are compared using DeLong, DeLong, and Clarke–Pearson method.
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high ADC remains unknown. Future investigations with regional radi-
ological-pathological correlation to microscopically unravel the roles of
SWI and DWI would be necessary to address these unsolved issues re-
lated to the complex interactions between hemorrhage and ADC, which
was unfortunately not accomplished in our study due to the retro-
spective nature.

Exciting as it may appear to be, the 100% differentiation of ab-
scesses from glioblastoma reported in our study has one critical lim-
itation that needs to be noted. The sample size of abscesses and tumor
pathologies was small, which precludes direct extrapolation of our re-
sults to general situations encountered in daily clinical practice. In
particular, the incremental improvements in differential diagnosis in-
troduced by integrating ILSS grades to ADC were rather minor, because
differentiation between abscesses and glioblastoma using solely the
ADC criteria was hampered only by the presence of few abscess/glio-
blastoma patients showing atypically high/low ADC. Therefore, it is not
impossible that the perfect differentiation in our study happened to be
incidental. In this regard, validation of our results by independent co-
horts is very important. Nevertheless, since abscesses/glioblastoma
patients with atypical ADC behavior were rather infrequent [5,8,32],
the potential importance of ILSS should not be neglected simply due to
lack of statistical power in our patients. We hope that the presentation
of our preliminary findings in this article could raise the attention of
other investigators to start looking into the effectiveness of the ILSS-
ADC combined model by collaboratively collecting cases showing in-
tracranial rim-enhancing lesions, especially for abscesses/glioblastoma
patients demonstrating atypical ADC behavior [7,10].

Our study has one more limitation that needs to be addressed.
Despite the usefulness of ILSS in complementing ADC for differential
diagnosis between abscesses and glioblastoma, differentiation of ne-
crotic metastasis from other types of rim-enhancing lesions remains
difficult. This limitation is further complicated by the fact that most of
the metastatic tumor pathologies investigated in our current study are
of lung cancer. In other words, only a limited variety of metastases was
studied, with trends heavily weighed by lung metastasis. Inclusion of
metastases of different histopathologic origins may alter the results
regarding differential diagnostic accuracy.

In conclusion, SWI and ADC are complementary, and the combi-
nation of SWI and ADC may improve results compared with the use of
only one technique to differentiate between abscesses, necrotic

glioblastomas, and necrotic metastatic brain tumors. At this stage, SWI
and ADC show promise for the non-invasive differentiation of pyogenic
brain abscesses from necrotic glioblastomas and necrotic metastatic
brain tumors; however, these findings should be addressed and further
validated in future clinical studies.
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