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Abstract

Background and purpose—Cerebral edema associated with brain tumors is an important 

source of morbidity. Its type depends largely on the capillary ultra-structures of the histopathologic 

subtype of underlying brain tumor. The purpose of our study was to differentiate vasogenic edema 

associated with brain metastases and infiltrative edema related to diffuse gliomas using 

quantitative 3D T1 rho (T1ρ) imaging.

Materials and methods—Preoperative MR examination including whole brain 3D T1ρ 
imaging was performed in 23 patients with newly diagnosed brain tumors (9 with metastasis, 8 

with lower grade glioma, LGG, 6 with glioblastoma, GBM). Mean T1ρ values were measured in 

regions of peritumoral non-enhancing T2 signal hyperintensity, excluding both enhancing and 

necrotic or cystic component, and normal-appearing white matter.

Results—Mean T1ρ values were significantly elevated in the vasogenic edema surrounding 

intracranial metastases when compared to the infiltrative edema associated with either LGG or 

GBM (p = 0.02 and < 0.01, respectively). No significant difference was noted between T1ρ values 

of infiltrative edema between LGG and GBM (p = 0.84 and 0.96, respectively).
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Conclusion—Our study demonstrates the feasibility and potential diagnostic role of T1ρ in the 

quantitative differentiation between edema related to intracranial metastases and gliomas and as a 

potentially complementary tool to standard MR techniques in further characterizing 

pathophysiology of vasogenic and infiltrative edema.
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1. Introduction

Cerebral edema is an important and common cause of morbidity in patients with brain 

tumors [1–3]. The type of cerebral edema depends on the histology of the brain tumor and is 

categorized as vasogenic, comprised of interstitial water, or infiltrative, containing both 

water and tumor cells [4,5]. Vasogenic edema is most commonly associated with intracranial 

metastases whereas infiltrative edema is seen with gliomas [4]. Differentiating the two types 

of edema on imaging can be challenging but is important for accurate preoperative diagnosis 

of tumor, guiding surgical resection, and monitoring treatment response [6].

Several MR imaging techniques, including diffusion, perfusion, and spectroscopy have been 

studied to distinguish vasogenic edema and infiltrative edema by providing quantitative 

measures of alterations in brain water signal, blood flow, and biochemical profiles, 

respectively [7,8]. T1ρ, or spin-lattice relaxation in the rotating frame, is a fast spin echo 3D 

sequence that employs a low frequency spin locking pulse with resultant increased 

sensitivity to slow lattice motions. T1ρ can be used to probe macromolecular interactions 

and has been shown to reflect normal aging as well as pathologic changes in tissue protein 

and pH content [9–11]. A small number of published reports have shown potential 

applications of T1ρ neuroimaging to evaluate tumor boundaries [12–16], neurodegenerative 

disease [17–19], demyelination [20,21], psychiatric disease [22], and acute cerebral 

ischemia [11,23,24].

The purpose of our study was to determine whether quantitative 3D T1ρ imaging could 

differentiate vasogenic edema and infiltrative edema. Because the paramount difference 

between vasogenic and infiltrative edema is the presence of infiltrating tumor cells in the 

latter, the low frequency interactions between macromolecules and bulk water were expected 

to be different between these two types of edema. We hypothesized that the higher water 

content and lack of tumor cells in vasogenic edema surrounding brain metastases would 

result in prolonged T1ρ values consistently throughout the region of vasogenic edema and 

hence distinguish it from infiltrative edema associated with infiltrating gliomas.

2. Materials and methods

2.1. Patient population

Twenty-three patients (11 men, 12 women; median age, 58 years, range 34–76 years) who 

presented for initial surgery of newly diagnosed brain tumor at our institution were recruited 

for preoperative MR examinations that included 3D T1ρ imaging. Evaluated patients were 
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divided into metastatic, LGG (WHO grade II and III), and GBM (WHO grade IV) tumor 

groups based on clinical history and/or pathology. All fourteen cases of glioma (LGG and 

GBM) as well as four of nine metastasis underwent surgical resection or biopsy with 

resultant histopathologically confirmed diagnosis. In the remaining five cases of metastasis, 

the diagnosis was presumed based on the clinical history of extracranial primary tumor and 

other whole-body imaging findings consistent with metastatic disease. This study was 

performed in accordance with the Health Insurance Portability and Accountability Act and 

received Institutional Review Board approval.

2.2. MR imaging protocol

All preoperative MR imaging including 3D T1ρ was performed on a 3.0 T clinical scanner 

(Discovery, GE Healthcare, Waukesha, WI). The MR imaging protocol included seven 

sequences: 3-plane localizer (TR/TE, 8.5/1.6 ms), sagittal T1-weighted spin-echo (TR/TE, 

600/17 ms), axial 3D T2-weighted fast spin-echo (TR/TE, 3000/102 ms), axial FLAIR 

(TR/TE/TI, 10000/148/2200 ms), axial DWI echo-planar imaging (TR/TE, 10000/99 ms; 

section thickness/intersection gap, 5/0 mm; matrix size 256 × 256 × 24; FOV 24 cm; b-

value, 1000 s/mm2), 3D T1ρ, and contrast-enhanced 3D SPGR T1-weighted imaging 

(TR/TE, 34/8 ms; section thickness/intersection gap, 1.5/0 mm).

3D T1 ρ imaging was performed before the administration of intravenous gadolinium 

contrast using a magnetization prepared 3D pseudo steady-state fast spin echo acquisition 

pulse sequence. Imaging parameters included: 0.9 × 0.9 × 1.6 mm resolution, 280 × 196 mm 

FOV, 120 slices, 0.5 NEX, 2× ARC parallel imaging (GE Healthcare) along the phase 

encoding direction, echo train length of 12, spin lock frequency 500 Hz, and time of spin 

lock (TSL) 2, 10, 40, 60, 80, and 100 ms. The total scan time for T1ρ data acquisition was 

3.5 min MR image processing.

2.3. MR imaging processing and T1ρ measurements

The FLAIR, T1ρ, and contrast-enhanced 3D SPGR images were transferred to a 

commercially available post-processing workstation (Advantage Workstation, GE 

Healthcare). Image processing was performed in a blinded manner using commercially 

available software (FuncTool 9.4.05a, GE Healthcare).

Using FuncTool (GE Healthcare) T2 mapping software, the acquired 3D T1ρ image data 

sets were fitted to a mono-exponential model using least square fit to obtain T1ρ or T2 value 

within the ROI. We chose a small (50 mm2) ROI within a normal appearing white matter 

contralateral to the tumor hemisphere for fitting. A predefined threshold, as part of the 

software workflow, was designed to limit the bias in T2 calculation due to the background 

noise contribution with the late echoes. The lower the value of confidence, the tighter the 

condition on the mono-exponential fit. FuncTool T2 mapping is based on least square fitting 

to a mono-exponential decay model with a truncation method as follows: (1) Selects the first 

3 echoes and takes the logarithm; if true mono-exponential decay, then we get a linear fit of 

the 3 echoes; (2) Calculates linear regression coefficient R; (3) Adds the next echo of the 

curve, linearizes and determines R’; (4) If R’ does not differ by more than a predefined 

threshold, then it continues the iteration with next echoes until the end of the echoes or until 
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the condition is no longer met; (5) If R’-R exceeds the predefined threshold, then the 

calculation is stopped. If this happens at the very first iteration, then the pixel is blacked out.

Once the T1ρ maps were calculated on a voxel-by-voxel basis from the T1ρ imaging sets, 

they were aligned with FLAIR and contrast-enhanced 3D SPGR images in the same axial 

location and resolution. For each trans-axial plane of T1ρ, co-registered ROIs were manually 

defined around non-contrast-enhancing T2/FLAIR abnormality (NCE) and contralateral 

normal appearing white matter (NAWM) allowing T1ρ measurement.

Within the ROIs, none of the patients demonstrated evidence of blood products or other 

confounding factors that could have effects on the quantitative metrics. ROIs were manually 

corrected on the T1ρ maps to avoid regions of contrast enhancement and cystic/necrotic 

change. Volumes of NCE tumor were calculated from ROI analysis. Generation of ROIs 

allowed for the collection of mean values for each ROI per axial slice. The individual means 

were then weighted by ROI area to calculate the average of the mean T1ρ values for the 

NCE ROIs from the entirety of peritumoral edema. All ROIs were subsequently approved by 

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

Certificate of Added Qualification in neuroradiology.

2.4. Statistical analysis

All T1ρ values are measured and reported in milliseconds. Descriptive statistics were 

performed to calculate the mean and 95% confidence interval of T1ρ and ADC values in the 

different study groups. One-way analysis of variance was performed to compare NCE 

volumes, mean NCE T1ρ and ADC values, and mean NAWM T1ρ and ADC values between 

tumor groups. Post hoc comparisons were performed using the Bonferroni-Holm method. A 

p-value of less than 0.05 was considered statistically significant.

3. Results

3.1. Patient characteristics

Table 1 summarizes the characteristics of the evaluated tumor patients. All metastasis, five 

of eight LGG, and all GBM patients examined in this study demonstrated contrast 

enhancement. All patients enrolled in this study had evidence of NCE peritumoral edema. 

Mean volume of NCE peritumoral edema was 44.5 cm3 in metastases, 49.3 cm3 in LGGs, 

and 29.2 cm3 in GBMs; no significant difference was observed between the groups (p = 

0.36). Representative cases of metastasis, LGG, and GBM are shown in Fig. 1.

3.2. T1ρ measurements

Differences in mean T1ρ values between metastases, LGGs, and GBMs are reported in Table 

2 and depicted in Fig. 2. Mean T1ρ values were significantly elevated in NCE of metastases 

compared to those in LGGs and GBMs by one-way ANOVA (p = 0.018). Bonferroni-Holm 

post-hoc tests revealed differences between the mean T1ρ values in NCE of metastases 

compared to LGGs (p = 0.034) and GBMs (p = 0.040). No significant difference was 

observed between mean T1ρ values in NCE of LGGs compared to GBMs (p = 0.964). In 

Fig. 3. examples of histograms from selected axial ROIs in metastatic tumor and glioma are 
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shown. Overall, histograms of T1ρ values were higher and narrower in the metastasis group 

compared to the gliomas. Mean NAWM T1ρ values were 78.9 in metastasis, 78.6 in LGG, 

and 78.2 in GBM. No significant difference was found between T1ρ values in NAWM 

across the tumor groups (p = 0.914). Compared to regions of peritumoral edema, NAWM 

T1ρ was significantly different in all tumor groups (p < 0.001).

4. Discussion

In this study we used whole brain 3D T1ρ imaging to quantitatively assess and differentiate 

two types of cerebral edema caused by brain tumors—vasogenic edema associated with 

brain metastases and infiltrative edema associated with infiltrating gliomas. We found 

significantly higher T1ρ values in the vasogenic edema of brain metastases compared to the 

infiltrative edema of gliomas. Our study suggests that T1ρ imaging may be capable of 

capturing and quantifying the pathophysiologic difference between vasogenic and infiltrative 

edema.

To the best of our knowledge, whole brain T1ρ imaging has not been previously used to 

characterize the pathological processes of untreated brain tumors and associated cerebral 

edema in humans. T1ρ has been studied to a limited extent in several neuroimaging 

applications including the evaluation of ischemia [11,23,24], neurodegenerative disorders 

[17,18], demyelinating disease [20,21], animal models of brain tumor [12–14,25], and 

response to gene therapy [15,16]. Although the exact mechanisms governing T1ρ relaxation 

are not fully understood, several factors proposed to influence T1ρ include scalar coupling, 

dipole–dipole interactions, and chemical exchange processes [26]. Our findings of difference 

in mean T1ρ values between the two types of tumor-related edema can be interpreted in the 

context of the aforementioned studies and current understanding of tumor pathophysiology. 

We suggest that in peritumoral edema, the dominant factor influencing T1ρ is the 

macromolecular content of the extracellular environment. In purely vasogenic edema, where 

there is an increased ratio of water to protein, we observed T1ρ prolongation. Conversely, 

we noted relative T1ρ shortening in infiltrative peritumoral edema due to increased 

macromolecular content associated with infiltrative tumor cells. This is consistent with in 
vitro [27] and in vivo [28] studies demonstrating decreased T1ρ values with increasing 

concentration of macromolecular content in solution or in tissue, respectively.

As evidenced by the broader histogram distribution and wider interquartile range on the 

boxplots, we observed a broader range of variability in T1ρ values within the peritumoral 

edema of LGG and GBM compared to that of metastatic tumors. This may reflect the 

heterogeneous nature of infiltrative edema associated with glial tumors versus the largely 

isolated increased bulk water of metastasis. These findings were seen across both glioma 

groups and we found no significant difference in T1ρ values of edema between LGG and 

GBM. While some of the elevated values in infiltrative edema can be explained by lower 

cellularity and greater water content, other physiologic processes may underlie the observed 

T1ρ values. For example, studies of cerebral ischemia have suggested that T1ρ prolongation 

in ischemic regions relates to higher acidity caused by ischemic or infarcted tissue leading to 

altered proton exchange and macromolecular integrity [24,29]. Acidic extracellular pH from 

tumor catabolism has been observed in brain tumors and as such we postulate that proton 
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exchange may play a central role in the observations [30,31]. A review of the literature does 

not reveal any studies evaluating tumor pH differences between metastases and gliomas. Our 

findings may reflect differences in metabolism related to tumor grade in gliomas and 

primary tumor characteristics in metastases.

Based on our preliminary study, 3D T1ρ imaging may be a useful complimentary metric for 

evaluating different types of brain tumors. Using this technique, high-resolution T1ρ maps 

can be fused with standard morphologic MR images to provide quantitative values for more 

precise regional assessment and longitudinal comparison. T1ρ is a high spatial resolution 

technique that could potentially be used to direct real-time image-guided biopsy. This 

intraoperative application has a potentially high clinical impact for the management of 

patients with glioma. If validated by prospective studies with pathologic correlation, T1ρ 
MR imaging could be used to delineate the infiltrating tumor margin with resultant 

alterations to surgical approach or radiation field planning.

Our study had several limitations including its small sample size and retrospective design 

and should be considered a preliminary study. Additionally, while most of the tumor 

diagnoses were confirmed pathologically, there was no direct imaging and pathology 

correlation based on T1ρ values and image-guided tissue biopsy results to better define the 

underlying biology of T1ρ alteration. To prospectively validate and identify tissue correlates 

of T1ρ, future studies will include tissue biopsy using image-guided approach to directly 

correlate tissue characteristics with T1ρ and other quantitative MR imaging parameters. A 

larger sample size and prospective pathologic correlation would allow for more robust 

comparison between tumor groups, help establish meaningful cutoff values for T1ρ 
measurements, and potentially lead to changes in patient management.

5. Conclusion

Our study demonstrates the clinical feasibility and potential role of T1ρ imaging in the 

quantitative assessment and differentiation of vasogenic edema caused by brain metastases 

and infiltrative edema associated with infiltrating gliomas. Image-guided tissue biopsy 

directed by T1ρ imaging may be the next step towards validation and identification of tissue 

and biologic correlates of altered T1ρ values in different types of tumor-related edema and 

cellular heterogeneity of various brain tumors.

Acknowledgments

Funding

This work was supported by the National Institutes of Health T32 Grant (5 T32 EB001631-12)

Abbreviations

GBM glioblastoma

LGG lower grade glioma

NAWM normal appearing white matter

Villanueva-Meyer et al. Page 6

Eur J Radiol. Author manuscript; available in PMC 2017 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript
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Fig. 1. 
T1ρ differentiates glial neoplasm from intraparenchymal metastatic disease. Six 

representative patients from the three studied tumor groups; imaging from right to left: post-

contrast 3D T1 SPGR, FLAIR, DWI (T2 trace image), and T1ρ color map. LGG: (A) 41-

year-old man with anaplastic astrocytoma (WHO grade III) and (B) 57-year-old man with 

oligoastrocytoma (WHO grade II). GBM: (C) 52-year-old man and (D) 76-year-old woman 

with GBM (WHO grade IV). Metastatic disease: (E) 64-year-old woman with small cell 

lung carcinoma metastasis and (F) 67-year-old woman with metastatic breast cancer. Similar 

morphologic appearance is demonstrated on post-contrast 3D T1 SPGR, FLAIR, and DWI 

images. Markedly increased T1ρ values are observed within the NCE peritumoral edema 

portion of the intracranial metastasis. Conversely, the gliomas demonstrate decreased T1ρ 
within the NCE pertiumoral edema when compared to metastatic disease. This observation 

across the imaging cohort was found to be statistically significant. Note elevated T1ρ values 

within the increased bulk water of the cystic/necrotic components in (A), (C), and (E).
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Fig. 2. 
Boxplots of mean T1ρ in NCE between tumor groups. Quantitative T1ρ values were 

significantly higher in metastasis compared to LGG and GBM (*). There was no significant 

difference in T1ρ values between LGG and GBM.
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Fig. 3. 
Representative T1ρ color maps and axial NCE ROI histograms. A rightward deviation and a 

narrower histogram of T1ρ value frequencies in the NCE of (A) 59-year-old man with lung 

adenocarcinoma metastasis is seen compared to that of a (B) 34-year-old man with 

anaplastic astrocytoma.
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Table 1

Clinical and pathologic patient characteristics.

Patient Age/Sex Pathology Tumor Group

1 64/F Colon Metastasis

2 59/M Lung (Small Cell) Metastasis

3 52/M Lung (Adenocarcinoma) Metastasis

4 70/M Prostate Metastasis

5 58/F Presumed Breast Metastasis

6 71/M Presumed Melanoma Metastasis

7 37/F Presumed Breast Metastasis

8 67/F Presumed Breast Metastasis

9 59/F Presumed Endometrial Metastasis

10 41/M OA (WHO II) LGG

11 57/M OA (WHO II) LGG

12 47/F AO (WHO III) LGG

13 62/F AO (WHO III) LGG

14 54/F AA (WHO III) LGG

15 34/M AA (WHO III) LGG

16 34/M OA (WHO II) LGG

17 73/M DA (WHO II) LGG

18 52/M GBM (WHO IV) GBM

19 59/F GBM (WHO IV) GBM

20 56/M GBM (WHO IV) GBM

21 70/F GBM (WHO IV) GBM

22 50/F GBM (WHO IV) GBM

23 76/F GBM (WHO IV) GBM

Note: OA, oligoastrocytoma; AO, anaplastic oligodendroglioma; AA, anaplastic astrocytoma; DA, diffuse astrocytoma; LGG, lower grade glioma; 
GBM, glioblastoma.
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Table 2

Comparison of MR imaging findings.

Tumor Group Mean T1ρNCE
(95% CI)

Metastasis (N = 9) 171.7 (152.7–190.7)

LGG (N = 8) 136.8 (121.5–152.1)

GBM (N = 6) 137.3 (117.3–157.3)

p-value* 0.018

NCE, non-contrast-enhancing T2/FLAIR abnormality; T1ρ values are reported in ms.

*
By one-way ANOVA.
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