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Ramon F. Barajas1, James L. Rubenstein2, and Soonmee Cha1

1Department of Radiology and Biomedical Imaging, University of California at San Francisco, 350 
Parnassus Ave, Box 0336, Ste 307H, San Francisco, CA 94143-0628

2Department of Medicine, Division of Hematology/Oncology, University of California at San 
Francisco, San Francisco, CA

Abstract

OBJECTIVE—Tumefactive demyelinating lesions (TDLs) remain one of the most common brain 

lesions to mimic a brain tumor, particularly primary CNS lymphoma (PCNSL) and high-grade 

gliomas. The purpose of our study was to evaluate the ability of apparent diffusion coefficient 

(ADC) values and conventional MRI features to differentiate TDLs from PCNSLs and high-grade 

gliomas.

MATERIALS AND METHODS—Seventy-five patients (24 patients with TDLs, 28 with 

PCNSLs, and 23 with high-grade gliomas) with 168 brain lesions (70 TDLs, 68 PCNSLs, and 30 

high-grade gliomas) who underwent DWI before surgery or therapy were included in the study. 

Minimum ADC (ADCmin) and average ADC (ADCavg) values were calculated for each lesion. 

ANOVA and ROC analyses were performed. ROC analyses were also performed for the presence 

of incomplete rim enhancement and for the number of lesions. Multiple-variable logistic 

regression with ROC analysis was then performed to evaluate performance in multiple-variable 

models.

RESULTS—ADCmin was statistically significantly higher (p < 0.01) in TDLs (mean, 0.886; 95% 

CI, 0.802–0.931) than in PCNSLs (0.547; 95% CI, 0.496–0.598) and high-grade gliomas (0.470; 

95% CI, 0.385–0.555). (All ADC values in this article are reported in units of × 10−3 mm2/s.) 

ADCavg was statistically significantly higher (p < 0.01) in TDLs (mean, 1.362; 95% CI, 1.268–

1.456) than in PCNSLs (0.990; 95% CI, 0.919–1.061) but not in high-grade gliomas (1.216; 95% 

CI, 1.074–1.356). Multiple-variable models showed statistically significant individual effects and 

superior diagnostic performance on ROC analysis.

CONCLUSION—TDLs can be diagnosed on preoperative MRI with a high degree of specificity; 

MRI features of incomplete rim enhancement, high ADC values, and a large number of lesions 

individually increase the probability and diagnostic confidence that a lesion is a TDL.
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Masslike demyelinating lesions of the brain simulating the appearance of an aggressive 

brain tumor, also referred to as tumefactive demyelinating lesions (TDLs), can pose a 

considerable diagnostic challenge [1]. On MRI, TDLs are generally larger than 2 cm and 

exhibit varying degrees of mass effect, contrast enhancement including irregular incomplete 

rim enhancement, reduced diffusion, central nonenhancement or necrosis, and surrounding 

edema. These conventional imaging features and clinical presentation can simulate 

aggressive high-grade brain tumors such as primary CNS lymphoma (PCNSL) and high-

grade glioma [1–9] (Fig. 1).

The overlap in the imaging appearance of TDLs with the imaging appearances of primary 

brain neoplasms often leads to surgical biopsy, which may not always provide a definitive 

diagnosis. The lymphodepletive effect of corticosteroid therapy, which is frequently given to 

patients with suspected TDLs before biopsy, can obscure the histologic features of both 

PCNSLs and TDLs [10, 11]. Additionally, abnormal mitotic figures in reactive astrocytes 

within TDLs can potentially mimic high-grade gliomas on histology [12]. Corticosteroids 

can also further confound the diagnostic dilemma by improving the radiologic findings of 

both TDLs and PCNSLs [10, 11, 13].

Ideally TDLs would be diagnosed noninvasively. Advanced imaging techniques, such as 

perfusion MRI and MR spectroscopy, have been explored to increase the specificity of 

noninvasive diagnostic imaging by exploiting differences in vascularity and metabolism 

[14–20]. DWI has been explored in the noninvasive diagnosis of brain mass lesions and has 

shown particular utility in the identification of cerebral abscesses mimicking brain 

neoplasms [21–24]. TDLs, PCNSLs, and high-grade gliomas have been reported to show 

abnormalities on DWI [19, 25–30], features that we explored further in this study.

The purpose of this study was to evaluate whether apparent diffusion coefficient (ADC) 

values derived from routine DWI and conventional MRI features such as incomplete rim 

enhancement on preoperative MRI can aid in the preoperative diagnosis of TDLs and hence 

help avoid potential high-risk and non-diagnostic surgical tissue sampling. Our specific 

hypotheses were that the ADC values of TDLs differ from the ADC values of PCNSLs and 

high-grade gliomas and that ADC value thresholds and conventional MRI features can be 

used to diagnose TDLs noninvasively with a high degree of specificity.

Materials and Methods

Study Participants

Seventy-five patients (24 with TDLs, 28 with PCNSLs, 23 with high-grade gliomas) with 

168 mass lesions in the brain (70 TDLs, 68 PCNSLs, and 30 high-grade gliomas) were 

included in this retrospective institutional review board–approved study. From 2002 to 2011, 

24 patients (10 males, 14 females; mean age, 35.1 years; age range, 16–53 years) presented 
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with newly diagnosed TDLs at our institution; these patients constitute the TDL cohort. The 

TDL diagnosis was confirmed either pathologically (n = 12) or clinically (n = 12) on the 

basis of imaging findings, CSF analysis, and documented clinical follow-up with neurologic 

findings that fulfilled the revised McDonald criteria [31].

During the same time period, 28 immunocompetent patients (14 men, 14 women; mean age, 

64.0 years; age range, 30–91 years) underwent preoperative MRI, and PCNSL was 

subsequently diagnosed at surgical biopsy (histopathologic diagnosis of diffuse B-cell 

PCNSL); these patients constitute the PCNSL control group.

Twenty-three consecutive patients (9 men, 14 women; mean age, 56.4 years; age range, 26–

71 years) from this same time period underwent preoperative MRI and high-grade glioma 

was subsequently diagnosed at surgical biopsy (histopathologic diagnosis of grade IV 

glioblastoma); these patients were selected to constitute the high-grade glioma control 

group.

The exclusion criteria were a lack of preoperative MRI with DWI; an unclear or alternative 

diagnosis; positive HIV status; or, for the patients with PCNSL, the presence of lymphoma 

outside the CNS based on CT of the chest, abdomen, and pelvis.

MRI and Lesion Segmentation

A standard clinical MRI protocol was performed at 1.5 or 3 T. The protocol for the study 

time period was as follows: a three-plane localizer sequence, sagittal T1-weighted spin-echo 

sequence (TR/TE, 600/17), axial 3D T2-weighted fast spin-echo sequence (TR/TE, 

3000/102), axial FLAIR sequence (TR/TE, 10,000/148; inversion time, 2200 ms), and axial 

DWI sequence (TR/TE, 10,000/99; section thickness, 5 mm; intersection gap, 0 mm; matrix 

size, 256 × 256; FOV, 24 cm; 3 orthogonal diffusion gradient directions; b values, 0 and 

1000 s/mm2) acquired in the transverse plane covering the whole brain. In addition, a 

contrast-enhanced 3D spoiled gradient-recalled T1-weighted imaging sequence (TR/TE, 

34/8; section thickness, 1.5 mm; intersection gap, 0 mm) and axial T1-weighted contrast-

enhanced spin-echo imaging sequence (TR/TE, 500/20) were performed. Slight variations in 

the scanning protocol were allowed as long as the patients underwent DWI performed at b 

values of 0 and 1000 s/mm2 because slight changes were made in departmental protocol 

over time.

All image processing and analysis were performed in a blinded fashion offline from the clin-

ical PACS workstation utilizing the FuncTool application (version 9.4.05a, GE Healthcare) 

of an Advantage Workstation (version 4.5, GE Health care). ADC maps were constructed 

from the DW images and reviewed alongside contrast-enhanced T1-weighted images, DW 

images, and T2-weighted FLAIR images. Each lesion was manually segmented on each 

slice of the ADC map by contouring the area of ADC abnormality corresponding to the 

entire lesion (Fig. 1). T2-weighted FLAIR images were used to exclude any adjacent edema 

and fluid within the ventricular system.

Minimum ADC (ADCmin) and average ADC (ADCavg) values were calculated for each 

lesion volume in units of 10−3 mm2/s. (All ADC values in this article are reported in units of 

Mabray et al. Page 3

AJR Am J Roentgenol. Author manuscript; available in PMC 2015 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



× 10−3 mm2/s.) The number of lesions and the presence or absence of an incomplete rim 

pattern of contrast enhancement were recorded. To evaluate the interobserver reproducibility 

of these methods, a second reviewer blinded to the observations and measurements of the 

first reviewer rereviewed and recontoured 20 of the lesions to derive ADCmin and ADCavg 

values and determine whether there was an incomplete rim pattern of contrast enhancement. 

All ROI measurements were performed by neuroradiology trainees and were approved by an 

attending neuroradiologist certified by the American Board of Radiology with a certificate 

of added qualification in neuroradiology.

Statistical Analyses

Statistical analyses were performed using statistics software (MedCalc for Microsoft 

Windows, version 14.8.1, MedCalc Software). The mean age and SD were calculated for 

each patient group. Mean, SD, and 95% CIs were calculated for ADCmin and ADCavg for 

the TDL, PCNSL, and high-grade glioma lesion groups. To test interrater reliability over 20 

lesions, we calculated Cohen’s kappa for the categoric variable of the presence or absence of 

an incomplete rim of enhancement and calculated the concordance correlation for the 

continuous variables of ADCmin and ADCavg. A one-way ANOVA was performed for both 

ADCmin and ADCavg of the 168 lesions with a Tukey-Kramer pairwise comparison of each 

lesion type to test the hypothesis that the ADC values of TDLs differ from the ADC values 

of PCNSLs or high-grade gliomas.

An ROC analysis was then conducted for ADCmin and ADCavg for the diagnosis of a TDL 

to test the hypothesis that ADCmin and ADCavg thresholds could be used to diagnose a TDL. 

This analysis included the calculation of the AUC with testing against the null hypothesis 

(AUC = 0.5) and identification of the optimized threshold based on the Youden J index (i.e., 

the vertical distance to the null hypothesis line or sensitivity vs [1 – specificity]) and 

bootstrapping to generate 95% CIs. ROC analyses were also performed for the presence of 

an incomplete rim of contrast enhancement and for the number of lesions to predict a TDL. 

Multiple-variable logistic regression was then performed using the predictive variables of 

ADCmin, number of lesions, and presence of an incomplete rim pattern of contrast 

enhancement to diagnose a TDL. This analysis was repeated for ADCavg, number of lesions, 

and presence of an incomplete rim pattern of contrast enhancement to diagnose a TDL and 

also for number of lesions and presence of an incomplete rim pattern of contrast 

enhancement.

Multiple-variable ROC analyses were then performed for these multiple-variable models 

using the same method as was used for the single-variable models. The ROC curves of the 

ADCmin and ADCavg multiple-variable models were compared with the corresponding 

single-variable ROCs and the non-ADC multiple-variable ROCs using the ROC Compare 

function of MedCalc, which utilizes the DeLong method accounting for correlated variables 

[32]. A Hochberg posthoc correction was applied to keep an overall study alpha of 0.05. 

This posthoc correction indicates that all p val-ues < 0.05 in this study are statistically 

significant.
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Results

Patient Characteristics

Seventy-five patients (24 with TDLs, 28 with PCNSLs, 23 with high-grade gliomas) with 

168 mass lesions in the brain (70 TDLs, 68 PCNSLs, and 30 high-grade gliomas) were 

included in this study. There were 33 males and 42 females, and the mean age was 52.4 

years (SD, 17.2 years; age range, 16–91 years). The TDL group included 24 patients (10 

males, 14 females; age range, 16–53 years) with a mean age of 35.1 years and an SD of 9.7 

years. There were 70 TDLs in the 24 patients (mean, 2.9 lesions per patient). The PCNSL 

group included 28 patients (14 men, 14 women; age range, 30– 91 years) with a mean age of 

64.0 years and an SD of 12.4 years. There were 68 PCNSLs in the 28 patients (2.4 lesions 

per patient). The high-grade glioma group included 23 patients (9 men, 14 women; age 

range, 26–71 years) with a mean age of 56.4 years and an SD of 13.7 years. There were 30 

high-grade gliomas in the 23 patients (1.3 lesions per patient).

Fifty of the 70 TDLs, 0 of the 68 PCNSLs, and 2 of the 30 high-grade gliomas showed an 

incomplete rim pattern of contrast enhancement. Example lesions are presented in Figure 2.

Interrater Reliability Testing

Cohen’s kappa statistic was 0.894 for the presence or absence of an incomplete rim of 

contrast enhancement, which indicates high interrater reliability. The concordance 

correlation coefficient was 0.830 (Pearson correlation coefficient: p = 0.859) for ADCmin 

and 0.958 (Pearson correlation coefficient: p = 0.960) for ADCavg; these results indicate 

high concordance.

Minimum Apparent Diffusion Coefficient by Lesion Type

The mean ADCmin for TDLs (n = 70) was 0.886 with an SD of 0.270 and a 95% CI of 

0.802–0.931. The mean ADCmin for PCNSLs (n = 68) was 0.547 with an SD of 0.211 and a 

95% CI of 0.496–0.598. The mean ADCmin for high-grade gliomas (n = 30) was 0.470 with 

an SD of 0.228 and a 95% CI of 0.385– 0.555. The ADCmin was statistically significantly 

higher for TDLs than for PCNSLs (p < 0.01) and high-grade gliomas (p < 0.01) with a one-

way ANOVA (F statistic, 42.61; p < 0.01) using a Tukey-Kramer pairwise test. ADCmin was 

not statistically significantly different between high-grade gliomas and PCNSLs (p > 0.05). 

These results are presented as a boxplot in Figure 3.

Average Apparent Diffusion Coefficient by Lesion Type

The mean ADCavg for TDLs (n = 70) was 1.362 with an SD of 0.395 and a 95% CI of 

1.268–1.456. The mean ADCavg for PCNSLs (n = 68) was 0.990 with an SD of 0.292 and a 

95% CI of 0.919–1.061. The mean ADCavg for high-grade gliomas (n = 30) was 1.216 with 

an SD of 0.380 and a 95% CI of 1.074– 1.356. ADCavg was statistically significantly higher 

for TDLs as compared with PCNSLs (p < 0.01) but did not reach statistical significance 

when compared with high-grade gliomas (p > 0.05) with a one-way ANOVA (F statistic, 

19.16; p < 0.01) using a Tukey-Kramer pairwise test. ADCavg was also statistically 

significantly higher for high-grade gliomas as compared with PCNSLs (p < 0.01). These 

results are presented as a boxplot in Figure 4.

Mabray et al. Page 5

AJR Am J Roentgenol. Author manuscript; available in PMC 2015 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ROC of Minimum Apparent Diffusion Coefficient for the Diagnosis of Tumefactive 
Demyelinating Lesions

ROC analysis of ADCmin values for the diagnosis of TDLs yielded an AUC of 0.839 (95% 

CI, 0.774–0.891) with a p < 0.01. The highest Youden index J was 0.522 (95% CI, 0.385–

0.614) at an ADCmin threshold of > 0.722 (95% CI, 0.569–0.879). This criterion (> 0.722) 

corresponded to a sensitivity of 0.686, a specificity of 0.837, a positive likelihood ratio of 

4.20, and a negative likelihood ratio of 0.38. These results are presented in Table 1 and 

Figure 5.

ROC of Average Apparent Diffusion Coefficient for the Diagnosis of Tumefactive 
Demyelinating Lesions

ROC analysis of ADCavg for the diagnosis of TDLs yielded an AUC of 0.749 (95% CI, 

0.677–0.813) with a p < 0.01. The highest Youden index J was 0.463 (95% CI, 0.318– 

0.584) at an ADCavg threshold of > 1.146 (95% CI, 1.129–1.403). This criterion (> 1.146) 

corresponded to a sensitivity of 0.729, a specificity of 0.735, a positive likelihood ratio of 

2.75, and a negative likelihood ratio of 0.37. These results are presented in Table 1 and 

Figure 5.

Incomplete Rim Enhancement

Incomplete rim enhancement had a sensitivity of 0.714 and a specificity of 0.980 for the 

diagnosis of a TDL on a per-lesion basis. The positive likelihood ratio was 35.00, the 

negative likelihood ratio was 0.29, the Youden index J was 0.694, and the AUC was 0.854. 

These results are presented in Table 1 and Figure 5.

Number of Lesions

ROC analysis of the number of lesions for the diagnosis of TDLs yielded an AUC of 0.717 

(95% CI, 0.643–0.784) with a p < 0.01. The highest Youden index J was 0.410 (95% CI, 

0.266–0.531) at a diagnostic threshold of > 5 lesions (95% CI, 2–6). This criterion (> 5 

lesions) corresponded to a sensitivity of 0.543, a specificity of 0.867, a positive likelihood 

ratio of 4.09, and a negative likelihood ratio of 0.53. These results are presented in Table 1 

and Figure 5.

Multiple-Variable Logistic Regression and ROC Using Minimum Apparent Diffusion 
Coefficient Values

Multiple-variable logistic regression for the identification of TDLs using the predictive 

variables of ADCmin, number of leions, and the presence of an incomplete rim of contrast 

enhancement was statistically significant, with an overall model p value of < 0.01 (intercept 

= –12.74). ADCmin (odds ratio [OR], 36,152 [95% CI, 212.7– 6,143,451]), number of 

lesions (OR, 2.079 [95% CI, 1.36–3.18]), and incomplete rim enhancement (OR, 1948 [95% 

CI, 94.44– 40,183]) were all individually statistically significant factors.

A multiple-variable ROC analysis using this model yielded an AUC of 0.926 (95% CI, 

0.875–0.961) and p < 0.01. The highest Youden index J was 0.794 (95% CI, 0.675– 0.869) 
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at a calculated probability threshold of > 0.427, which corresponded to a sensitivity of 0.814 

and a specificity of 0.980. These results are presented in Table 2 and Figure 6.

Multiple-Variable Logistic Regression and ROC Using Average Apparent Diffusion 
Coefficient Values

Multiple-variable logistic regression for the identification of TDLs using the predictive 

variables of ADCavg, number of lesions, and the presence of an incomplete rim of contrast 

enhancement was statistically significant, with an overall model p value of < 0.01 (intercept 

= –6.632). ADCavg (OR, 9.955 [95% CI, 2.326–42.61]), number of lesions (OR, 1.740 [95% 

CI, 1.335–2.268]), and incomplete rim enhancement (OR, 193.3 [95% CI, 33.53–1114]) 

were all individually statistically significant factors.

A multiple-variable ROC analysis using this model yielded an AUC of 0.954 (95% CI, 

0.957–0.988) and p < 0.01. The highest Youden index J was 0.855 (95% CI, 0.742– 0.910) 

at a calculated probability threshold of > 0.362, which corresponded to a sensitivity of 0.886 

and a specificity of 0.969. These results are presented in Table 2 and Figure 6.

Multiple-Variable Logistic Regression and ROC Using Incomplete Rim Enhancement and 
Number of Lesions

Multiple-variable logistic regression for the identification of TDLs using the predictive 

variables of the presence of an incomplete rim of contrast enhancement and number of 

lesions was statistically significant, with an overall model p value of < 0.01 (intercept = –

3.716). Incomplete rim enhancement (OR, 207.8 [95% CI, 39.09–1104]) and number of 

lesions (OR, 1.631 [95% CI, 1.30– 2.04]) were both individually statistically significant 

factors.

A multiple-variable ROC analysis using this model yielded an AUC of 0.986 (95% CI, 

0.954–0.998) and p < 0.01. The highest Youden index J was 0.863 (95% CI, 0.765– 0.900) 

at a calculated probability threshold of > 0.501, which corresponded to a sensitivity of 0.914 

and a specificity of 0.949. These results are presented in Table 2 and Figure 6.

ROC Comparisons

The multiple-variable model ROC using ADCmin (AUC = 0.986) was statistically 

significantly superior to the ROC using incomplete rim enhancement (AUC = 0.854, p < 

0.01), the ROC using number of lesions (AUC = 0.717, p < 0.01), the ROC using ADCmin 

(AUC = 0.839, p < 0.01), and the ROC using incomplete rim enhancement and number of 

lesions (AUC = 0.926, p < 0.01).

The multiple-variable model ROC using ADCavg (AUC = 0.954) was statistically 

significantly superior to the ROC using incomplete rim enhancement (AUC = 0.854, p < 

0.01), the ROC using number of lesions (AUC = 0.717, p < 0.01), the ROC using ADCavg 

(AUC = 0.749, p < 0.01), and the ROC using incomplete rim enhancement and number of 

lesions (AUC = 0.926, p = 0.025). These results are presented in Table 3.
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Discussion

The results of our study show that ADC values and conventional MRI features can be used 

to help differentiate TDLs from brain neoplasms with a high degree of specificity. Although 

TDLs, PCNSLs, and high-grade gliomas can all have areas of reduced diffusion, our study 

shows that the ADC values of TDLs differ from those of PCNSLs and high-grade gliomas. 

Specifically, ADCmin values were higher in TDLs than in PCNSLs or high-grade gliomas 

and ADCavg values were higher in TDLs than in PCNSLs but not in high-grade gliomas. 

Both ADCmin and ADCavg performed well in their stand alone ability to diagnose TDLs in 

this study as did the number of lesions and incomplete rim enhancement; incomplete rim 

enhancement notably had the highest specificity of the tested single variables (98.0%). 

Diagnostic performance was statistically significantly augmented when these variables were 

considered in multiple-variable models with statistically significant individual effects for all 

tested variables. Our study shows that TDLs can be diagnosed with a high degree of 

specificity on preoperative MRI and that incomplete rim enhancement, a large number of 

lesions, and high ADC values should all individually increase diagnostic confidence that a 

lesion is a TDL.

There are well-established imaging and clinical features that suggest a brain mass is more 

likely to be a TDL: relatively little mass effect and edema compared with lesion size, rim or 

incomplete rim enhancement, dilated veins within the lesion, and responsiveness to 

corticosteroid therapy [1, 13, 14, 33–35]. Nevertheless, many patients undergo surgical 

biopsy because these features are neither completely sensitive nor specific [10, 11, 36– 38]. 

Even on histopathology, TDLs can be confused for aggressive tumors such as high-grade 

gliomas because of atypical reactive astrocytes with mitotic figures [12]. Biopsy specimens 

of PCNSLs may also be nondiag-nostic, and imaging findings of PCNSLs may also respond 

to corticosteroids because of the lymphodepletive effect of corticosteroid therapy, 

potentially further confounding the clinical situation [10, 11]. Performing preoperative 

imaging for diagnosis is preferable to surgical biopsy if possible.

In the past decade, advanced imaging techniques have been explored to improve the 

noninvasive diagnostic accuracy of these techniques for TDLs; most of these imaging 

techniques focus on differentiation of TDLs from high-grade gliomas. Specifically, 

perfusion MRI and MR spectroscopy are helpful to discriminate lesions on the basis of 

lesion vascularity and metabolism, respectively [13–19]. Using dynamic susceptibility 

contrast-enhanced MRI, Cha et al. [14] showed significant differences in cerebral blood 

volume (CBV) values between TDLs and intracranial neoplasms, with greatest CBV values 

for high-grade glial tumors that show profound angiogenesis. Although the difference in 

CBV values was still statistically significant, the difference was less pronounced for the four 

patients with PCNSLs included in that study [14].

Reduced ADC values in PCNSLs and high-grade gliomas are related to tumor cellularity 

[39, 40]. The basis of reduced ADC values in TDLs is likely infiltration of inflammatory 

cells within the lesion; however, TDLs are generally hypocellular lesions, and overall the 

lesions show heterogeneity of ADC values [19, 25–27]. The lower ADC values and more 

homogeneous reduced ADCs in the PCNSLs as opposed to the TDLs on imaging correspond 
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to our understanding of the pathology: Compared with TDLs, PCNSLs are more cellular 

lesions and TDLs are more heterogeneous lesions that are characterized by an area of 

disruption of the blood-brain barrier, inflammatory cell infiltration, myelin damage, and a 

large component of adjacent edema. This heterogeneous “leading edge” pathologic finding 

is likely the basis for the peripheral rim pattern of reduced ADCs that was seen in some of 

the TDL cases in our study; this feature has been described previously and is similar to the 

previously described incomplete rim pattern of enhancement, the so-called “open ring,” that 

was frequently encountered in the TDL cases in our study [19, 22, 23]. The high-grade 

gliomas in our study showed low ADC values, particularly ADCmin values, which is likely 

related to the high cellularity of these lesions. However, the ADCavg values in high-grade 

gliomas were elevated and were similar to the values seen in TDLs; this similarity was likely 

the result of including cystic and necrotic areas of the high-grade gliomas and reflects the 

heterogeneous nature of these tumors.

The diagnostic performance as evaluated by ROC analysis was reasonably good (AUC = 

0.717–0.854) for all of the four single variables tested but was excellent (AUC = 0.954–

0.986) and was statistically significantly superior for the multiple-variable models 

incorporating ADC values. The results of our multiple-variable logistic regression models 

showed statistically significant individual effects for all of the individual variables in the 

models. These results show that each variable had a statistically significant impact on the 

probability of a lesion being a TDL after the other variables had been accounted for and 

provides a statistical basis for factoring all of these variables into the diagnostic confidence 

that a lesion is a TDL. Incomplete rim enhancement was highly specific for the diagnosis of 

TDLs in our study (98.0% specificity); however, the results of multiple-variable analyses do 

show an overall statistically significant added benefit by considering the other variables as 

well. We also evaluated a multiple-variable model without ADC, incorporating the number 

of lesions and incomplete rim enhancement which was also excellent in the prediction of 

TDLs (AUC = 0.926); however, adding ADC into the analysis led to statistically 

significantly better diagnostic performance. Overall the results of our analysis should be 

considered to show that it is possible to diagnose TDLs on preoperative MRI with a high 

degree of specificity and that incomplete rim enhancement, high ADC values, and a large 

number of lesions should all individually increase diagnostic confidence that a lesion is a 

TDL.

The limitations of our study include the relatively modest sample size and the retrospective 

nature of the study. We used a retrospective case-control design for our study because TDLs 

are relatively rare compared with brain tumors such as high-grade gliomas. Although this 

study provides insights into differences in ADC characteristics of these lesions that could be 

used clinically, the clinical feasibility of replicating our study with measurements of ADC 

would present a challenge to clinical workflow; however, we routinely use a similar 

processing method in daily practice for the perfusion analysis.

Possible future directions of research to make the quantitative technique more easily 

clinically applicable could include testing the performance of clinical workstation–derived 

relative ADC values on preprocessed ADC maps with a single ROI. Prior research has 

suggested that it may be possible to derive accurate ADC values on a standard clinical 
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workstation in liver lesions [41]. This strategy could potentially be evaluated in the context 

of TDLs; however, this strategy would be unlikely to perform as well as the carefully 

manually defined ROIs used in our study, particularly because the workstation would derive 

only a single-slice ADCavg value. The reproducibility of our ADC analysis based on 

manually drawn ROIs may also be a potential limitation, although interrater testing 

suggested an acceptable concordance. Future studies could evaluate the use of automatically 

segmented lesions and potential applications to computer-aided diagnosis using ADC values 

and the additional variables that we included in our model. With regard to our multiple-

variable analyses, these models are limited by the choice of variables, which were limited 

for the sake of simplicity.

MR spectroscopy and perfusion MRI data were not included in our analysis because these 

techniques were not routinely performed. Subjectively dilated venous structures were also 

not evaluated because these findings were not frequently encountered. Age was identified as 

a statistically significant factor, with the TDL patients being younger than the non-TDL 

patients; however, this variable was excluded from multiple-variable analysis to focus solely 

on variables derived from the preoperative MRI examinations.

In conclusion, the results of our study show that preoperative MRI can be used to diagnose 

TDLs with a high degree of specificity. We have reported that TDLs show statistically 

significantly higher ADCmin and ADCavg values than PCNSLs (p < 0.01) and higher 

ADCmin values than high-grade gliomas (p < 0.01) in our study of 168 brain mass lesions. 

ADCmin (AUC = 0.839) and ADCavg (AUC = 0.749) values had acceptable performance in 

ROC analysis for the identification of TDLs, as did the number of lesions (AUC = 0.717) 

and incomplete rim enhancement (AUC = 0.854). Incomplete rim enhancement notably had 

a very high degree of specificity (98.0%) for the diagnosis of TDLs. Multiple-variable 

analyses including ADC values showed statistically significant individual effects for ADC 

(as ADCmin or ADCavg), number of lesions, and incomplete rim enhancement and 

statistically significantly superior diagnostic performance on ROC analysis (AUC = 0.954–

0.986) as compared with single-variable models and non-ADC models. These results 

suggest that it is possible to diagnose TDLs on preoperative MRI with a high degree of 

specificity and that incomplete rim enhancement, high ADC values, and a large number of 

lesions should all individually increase diagnostic confidence that a lesion is a TDL. These 

results may potentially be used in the future to avoid surgical tissue sampling.
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Fig. 1. 
MRI of 36-year-old man with tumefactive demyelinating lesion (TDL). A–E, Axial DW 

image (A), axial T2-weighted FLAIR image (B), axial gadolinium-enhanced T1-weighted 

image (C), axial apparent diffusion coefficient (ADC) map (D), and axial ADC map (E) 

with ROI (outline, E) drawn on it after review of all images. ROI was drawn to include 

whole lesion and includes rim of reduced diffusion seen on DW image (A) and ADC maps 

(D and E) and corresponding to incomplete rim of contrast enhancement seen on gadolinium 

enhanced T1-weighted image (C). Minimum ADC (ADCmin) measured 0.764, and average 

ADC (ADCavg) measured 1.620. Relatively younger age of patient and high ADCmin, high 

ADCavg, and incomplete rim of contrast enhancement all suggest TDL. Diagnosis of TDL 

was proven at biopsy.
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Fig. 2. 
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MRI of tumefactive demyelinating lesions (TDLs) and brain neoplasms. Axial T2 FLAIR 

(A), axial DWI (B), axial ADC map (C), and axial post-gadolinium T1 (D) MR images from 

an 88 year old female patient with biopsy proven primary central nervous system 

lymphoma. Note the corresponding relatively low ADC values visible on the ADC map (C). 

ADCmin measured 0.580 and ADCavg measured 1.067, supporting the diagnosis. Axial T2 

FLAIR (E), axial DWI (F), axial ADC map (G), and axial post-gadolinium T1 (H) MR 

images from a 45 year old female patient with a tumefactive demyelinating lesion. Note the 

corresponding relatively high ADC values visible on the ADC map (G). ADCmin measured 

1.150 and ADCavg measured 1.460, supporting the diagnosis. Axial T2 FLAIR (I), axial 

DWI (J), axial ADC map (K), and axial post-gadolinium T1 (L) MR images from a 71 year 

old female patient with biopsy proven glioblastoma. Note the corresponding relatively low 

ADC values visible on the ADC map. ADCmin measured 0.431 and ADCavg measured 1.399 

consistent with the results of our study.
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Fig. 3. 
Boxplot of minimum apparent diffusion coefficient (ADCmin) values for each lesion group. 

ADCmin values are statistically significantly higher for tumefactive demyelinating lesions 

(TDLs) than for primary CNS lymphomas (PCNSLs) (p < 0.01) and high-grade gliomas (p < 

0.01) with one-way ANOVA using Tukey-Kramer pairwise test. Box centered at mean 

ADCmin; middle line in boxes = median ADCmin; upper and lower lines of boxes = upper 

and lower quartiles, respectively; whiskers = highest value to lowest value excluding any 

statistical outliers; circle = outside value, greater than upper quartile plus 1.5 times 

interquartile range.
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Fig. 4. 
Boxplot of average apparent diffusion coefficient (ADCavg) values for each lesion group. 

ADCavg values are statistically significantly higher for tumefactive demyelinating lesions 

(TDLs) than for primary CNS lymphomas (PCNSLs) (p < 0.01) but not for high-grade 

gliomas (p > 0.05) with one-way ANOVA using Tukey-Kramer pairwise test. Box centered 

at mean ADCavg; middle line in boxes = median ADCavg; upper and lower lines of boxes = 

upper and lower quartiles, respectively; whiskers = highest value to lowest value excluding 

any statistical outliers; circle = outside value, greater than upper quartile plus 1.5 times 

interquartile range; triangle = far out value, greater than upper quartile plus 3 times 

interquartile range.
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Fig. 5. 
Performance of single-variable models for diagnosis of tumefactive demyelinating lesions 

(TDLs). Youden index J is defined as sensitivity ‒ (1 ‒specificity) and is highest vertical 

distance from line where AUC > 0.5 (diagonal line). A, Graph shows results of ROC 

analysis using minimum apparent diffusion coefficient (ADCmin) to diagnose TDLs. B, 

Graph shows results of ROC analysis using average ADC (ADCavg) to diagnose TDLs. C, 

Graph shows results of ROC analysis using incomplete rim enhancement to diagnose TDLs. 

D, Graph shows results of ROC analysis using number of lesions to diagnose TDLs.
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Fig. 6. 
Performance of multiple-variable models for diagnosis of tumefactive demyelinating lesions 

(TDLs). Youden index J is defined as sensitivity ‒(1 ‒ specificity) and is highest vertical 

distance from line where AUC > 0.5 (diagonal line). Thresholds refer to calculated 

probabilities from logistic regression equations. A, Graph shows results of ROC analysis 

using minimum apparent diffusion coefficient (ADCmin), incomplete rim enhancement, and 

number of lesions to diagnose TDLs. B, Graph shows results of ROC analysis using average 

ADC (ADCavg), incomplete rim enhancement, and number of lesions to diagnose TDLs. C, 

Graph shows results of ROC analysis using incomplete rim enhancement and number of 

lesions to diagnose TDLs.
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TABLE 2

Results of Multiple-Variable Logistic Regression Using Incomplete Rim Enhancement and Number of 

Lesions Alone or in Combination With Minimum Apparent Diffusion Coefficient (ADCmin) or Average ADC 

(ADCavg) for the Diagnosis of Tumefactive Demyelinating Lesions (TDLs)

Factor Effect p Odds Ratio

Multiple-variable logistic regression with ADCmin for identification of a TDL
a

 ADCmin 10.50 < 0.01 36,152

 No. of lesions 0.731 < 0.01 2.079

 Incomplete rim enhancement 7.57 < 0.01 1948

Multiple-variable logistic regression with ADCavg for identification of a TDL
b

 ADCavg 2.30 < 0.01 9.955

 No. of lesions 0.554 < 0.01 1.740

 Incomplete rim enhancement 5.26 < 0.01 193.3

Multiple-variable logistic regression with incomplete rim enhancement and

 no. of lesions (no ADC) for identification of a TDL
c

 No. of lesions 0.489 < 0.01 1.631

 Incomplete rim enhancement 5.34 < 0.01 207.8

Note—All variables have statistically significant effects in the models, which indicates that they are statistically significant factors for identifying 
TDLs and that all should be factored into diagnostic confidence.

a
Overall model: p < 0.01, intercept = −12.74, AUC = 0.986.

b
Overall model: p < 0.01, intercept = –6.63, AUC = 0.954.

c
Overall model: p < 0.01, intercept = –3.72, AUC = 0.926.
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TABLE 3

Comparisons of the Multiple-Variable Apparent Diffusion Coefficient (ADC) ROCs With the Single-Variable 

ROCs and the Multiple-Variable Non-ADC ROCs

p (AUC)

Model (AUC) Corresponding ADC
No. of Lesions

(0.717)
Incomplete Rim

Enhancement (0.854)

No. of Lesions and 
Incomplete

Rim Enhancement (0.926)

ADCmin, no. of lesions, incomplete 
rim enhancement (0.986)

ADCmin: < 0.01 (0.839) < 0.01 < 0.01 < 0.01

ADCavg, no. of lesions, incomplete 
rim enhancement (0.954)

ADCavg: < 0.01 (0.749) < 0.01 < 0.01 0.025

Note—The multiple-variable ADC ROCs showed statistically significantly larger AUCs, which indicate statistically significantly superior 
diagnostic performance.

AJR Am J Roentgenol. Author manuscript; available in PMC 2015 December 15.




