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Abstract

No prior systematic study on the extent of vasogenic edema (VE) in patients with brain
metastases (BM) exists. Here, we aim to determine 1) the general volumetric relationship
between BM and VE, 2) a threshold diameter above which a BM shows VE, and 3) the influ-
ence of the primary tumor and location of the BM in order to improve diagnostic processes
and understanding of edema formation. This single center, retrospective study includes 173
untreated patients with histologically proven BM. Semi-manual segmentation of 1416 BM on
contrast-enhanced T1-weighted images and of 865 VE on fluid-attenuated inversion recov-
ery/T2-weighted images was conducted. Statistical analyses were performed using a
paired-samples t-test, linear regression/generalized mixed-effects model, and receiver-
operating characteristic (ROC) curve controlling for the possible effect of non-uniformly dis-
tributed metastases among patients. For BM with non-confluent edema (n = 545), there was
a statistically significant positive correlation between the volumes of the BM and the VE

(P <0.001). The optimal threshold for edema formation was a diameter of 9.4 mm for all
BM. The primary tumors as interaction term in multivariate analysis had a significant influ-
ence on VE formation whereas location had not. Hence VE development is dependent on
the volume of the underlying BM and the site of the primary neoplasm, but not from the loca-
tion of the BM.

Introduction

Brain metastases (BM) are the most common type of brain tumors in adults, accounting for

51% of cerebral neoplasms altogether [1]. BM are generally surrounded by vasogenic edema
(VE) resulting from tumor-induced blood-brain barrier disruption and penetration of fluid

with a high protein content into the white matter interstitial space [2, 3]. The presence of VE
may significantly contribute to clinical worsening of patients with BM and may cause or
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exacerbate seizures, headaches, or focal neurologic deficits [4]. Magnetic resonance imaging
(MRI) is the method of choice for imaging of BM and VE [5].

A number of textbooks state that degree of edema is unrelated to the volume of the underly-
ing BM, but there is no prior systematic study examining the relationship between BM and
concomitant VE volume [6-8]. This may be crucial for a better understanding of molecular
mechanisms involved in edema formation and may also improve assessment of metastases
sizes on unenhanced MRI in times of controversial discussions about Gadolinium deposition
in brain tissue [9].

In this study, we aim to determine 1) the general volumetric relationship between BM and
VE, 2) a threshold diameter above which a BM induces peritumoral edema, and 3) the influ-
ence of the primary tumor and location (supra-/infratentorial) of BM on VE development.

Materials and methods
Study cohort

This single center, retrospective study was conducted in compliance with the local ethics com-
mittee (Ethik-Kommission der Arztekammer Hamburg, WF-018/15) with a waiver of
informed consent. To collect cases, local MRI studies over a three-year period (01/2014-12/
2016) were screened for the presence of secondary malignant intraaxial brain tumors. Inclu-
sion and exclusion criteria are given in Fig 1. In total, 173 patients (90 males and 83 females)
with 1416 BM were included.

Patients diagnosed with intraaxial tumors
(2014-2016)

| Age >18 years '—) ............. >| Age <18 years |
| Secondary brain tumors / BM |—>>| Primary brain tumors |
1 known primary tumor with existing
pathology report of BM and/or
primary tumor Ty
No existing pathology report of
P BM and/or primary tumor
>1 known primary tumor with existing PRt
pathology report of BM
No previous BM treatment! '—>>| Previous BM therapy’
MRI studies without motion artifacts R { MRI studies with motion artifacts on
on FLAIR/T2w and T1w+ FLAIR/T2w and T1w+
\ 4
N=173

Patients included

Fig 1. Flow-chart summarizing patient selection in the study. BM = brain metastases, MRI = magnetic
resonance imaging.

https://doi.org/10.1371/journal.pone.0177217.g001
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In a second step, an electronic chart review of the hospital’s information system of eligible
cases was performed. Metastases-related data including date of diagnosis (primary tumor and
BM), type of primary neoplasm, patient age, and patient sex were further collected.

MRI study protocol

MRI was performed using a 1.5 Tesla (Magnetom®™ Sonata, Siemens Healthcare, Erlangen,
Germany; Magnetom™ Symphony, Siemens Healthcare, Erlangen, Germany, and Magne-
tom® Avanto, Siemens Healthcare, Erlangen, Germany) in 155 patients or a 3 Tesla scanner
(Magnetom®™ Skyra, Siemens Healthcare, Erlangen, Germany; Ingenia, Philips Medical Sys-
tems, Best, The Netherlands) in 18 patients. Imaging protocol always included non-contrast
axial fluid-attenuated inversion recovery (FLAIR) or T2-weighted (T2w) turbo spin echo
imaging. Following weight-adjusted Gadolinium injection, axial T1-weighted (T1w) spin echo
with flow compensation and three-dimensional T1w gradient echo sequences were acquired.
Sequence parameters (repetition time, echo time, inversion time, field of view, matrix, pixel
size, slice thickness, interslice gap, and number of slices) varied among the different scanners.

Image analysis

Image Analysis was performed with Analyze Software System 11.0 (Biomedical Imaging
Resource, Mayo Clinic, Rochester, MN, USA) by a single reader (J. F. K.) [10]. For this pur-
pose, non-confluent edemas (n = 545/865 edema positive BM) were contoured semi-manually
on each FLAIR/T2w slice (total lesion region of interest (ROI), in ml), including the corre-
sponding BM. Separately, all BM were segmented on contrast-enhanced T1w images (BM
ROI, in ml). VE volume was then determined by subtracting the BM ROI from the total lesion
ROI. BM and VE volumes were calculated by summing up the ROIs and then multiplied by
the corresponding slice interval. Confluent VE (connecting edemas from more than one BM,
n = 320/865) were considered as edema positive but were not included in calculations of VE
volumes. Accuracy of lesion masks was evaluated and corrected if applicable by two indepen-
dent readers (S. S. and T. S. with ten and three years of experience in Neuroradiology,
respectively).

Statistical analysis

Statistical analysis was conducted using R software (R version 3.3.1; The R Foundation for Sta-
tistical Computing) and IBM SPSS Statistics™ (IBM® 2011, version 22, Armonk, New York,
USA). For univariate analysis, a dependent t-test (correlation of BM and non-confluent VE
size), Mann-Whitney U test (comparison of sizes of edema-positive and edema-negative BM
and volumes of supra- and infratentorial BM), or Pearson’s chi-squared test (occurrence of
non-confluent VE supra- and infratentorial) was used. Based on the hypothesis that edema for-
mation is associated with metastases volume, we then performed a logistic regression analysis
using a generalized mixed-effects model with BM volume as predictor and edema formation
(dichotomous variable edema-positive/ edema-negative) as response variable, including
patient identification number as random-effect. Based on this model, receiver-operating char-
acteristic analysis was used to calculate optimal threshold values of BM volume for VE forma-
tion including all edema-negative BM (n = 551) and BM with non-confluent edema (n = 545).
To minimize the number of false negative cases (large BM without VE) and false positive cases
(small BM with VE), the threshold with both maximum sensitivity and specifity (Youden-
index) was calculated. To provide clinical applicability, corresponding diameters were calcu-
lated for each determined threshold value. Assuming that BM are shaped spherically, we com-
puted the BM diameters by using the sphere formula (V = 3 r’).
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Based on the hypothesis that edema formation might not only be dependent on BM volume
but also on location (supra-/ infratentorial) and primary tumor we used mixed-effects model-
ing again with the model mentioned above. We added localization (supra-/infratentorial) and
the five largest groups of primary tumors first as single variables and as interaction terms. A P-
value < 0.05 was considered significant. If not otherwise indicated, data are given as median
and interquartile range in parenthesis.

Results
Descriptive statistics

The median age at initial diagnosis of the primary neoplasm was 62 (53-72) years. BM devel-
oped with a latency of 9 (0-33.5) months. The primary tumor types and number of metastases
were as follows: pulmonary (number of patients: 85/number of BM: 799; tumor subtype: 61
non-small cell lung cancer, 24 small cell lung cancer), genitourinary (GU; 20/68: 8 kidney, 5
prostate, 2 ovarian, and 2 testicular cancer, 1 choriocarcinoma, 1 urothelial cell, and 1 uterine
cancer), skin (20/62: 18 melanoma, 1 Merkel-cell, and 1 squamous cell carcinoma), breast (18/
269), gastrointestinal (GI; 17/97: 6 esophageal, 4 colon, 4 rectal, 2 sigmoidal, and 1 gastric can-
cer), cancer of unknown primary (CUP; 6/47), sarcoma (2/20: 1 desmoplastic small round cell
tumor and 1 endometrial stromal sarcoma), and head and neck (1/2: 1 thyreoid cancer).

The highest number of BM per patient at first diagnosis was found in breast cancer (3 (2—-
12) BM per patient) followed by lung cancer (3 (1-6)). Table 1 shows the distribution and size
of BM and VE among all patients and by primary neoplasm.

Association of BM volume and VE formation

For all BM with non-confluent VE, there was a positive, statistically significant correlation
between BM volume and VE volume (¢(544) = -7.364, P < 0.001). BM with non-confluent
edema showed significantly higher volumes compared to BM without edema (U = 69371.5,

P < 0.001). When using the mixed effects model, BM volume was also significantly associated

Table 1. Distribution and size of BM and VE among the whole cohort and the different primary tumors.

No. of patients
No. of BM
No. of VE'
¢ Supratentorial
¢ Infratentorial

Median (IQR) no. of
BM per patient

No. of patients with
solitary BM

Median (IQR) BM size
inml

Median (IQR) VE size?
inml

All

173
1416
865
1016
400

2 (1-6)

61

0.07 (0.02-0.25)

0.47 (0.14-2.18)

Pulmonary

85
799
397
664
135
3(1-6)

25

0.07 (0.02-0.23)

0.51(0.14-2.48)

GU Skin Breast Gl CUP Sarcoma Head/
neck

20 20 18 17 10 2 1

68 62 269 97 99 20 2

56 47 199 75 71 19 1

63 56 77 65 69 20 2

5 6 192 32 30 0 0

1(1-2.75) 2(1-3) 3(2-12) 2(1-6.5) 1(1-18) 10 1

12 9 3 5 6 1

0.12(0.06-0.76) | 0.05(0.01-0.37) | 0.04 (0.01-0.13) | 0.08 (0.03—-0.26) | 0.11(0.04-0.42) | 0.48 (0.21-0.98) | 0.14

2.32(0.33-11.28) | 0.86 (0.15-2.26) | 0.27 (0.08-1.02) | 1.05 (0.22-18.06) | 0.19 (0.09—-1.74) | 0.31 (0.14-1.15) | 0.51

GU, genitourinary primary tumor; CUP, cancer of unknown primary; Gl, gastrointestinal primary neoplasm; BM, brain metastases; VE, vasogenic edema;
IQR, interquartile range

" Non-confluent and confluent VE.
2 Non-confluent VE only.

https://doi.org/10.1371/journal.pone.0177217.t001
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Table 2. Overview of thresholds for BM formation of all patients and the different primary tumors.

BM Cut-off (in mm/ ml) Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC

All 9.37/0.43 92.3 75.0 78.5 90.8 0.91
Pulmonary 9.06/0.39 90.2 82.3 78.4 92.2 0.93
GU 26.98/10.28 93.2 75.0 93.2 75.0 0.86
Skin 36.00/24.43 80.0 100.0 100.0 71.4 0.96
Breast 13.11/1.18 90.3 87.1 87.8 89.7 0.92
Gl 4.57/0.05 80.4 59.1 80.4 59.1 0.74
CUP 8.02/0.27 97.9 85.7 92.0 96.0 0.94

AUC, area under the curve; BM, brain metastases; Cl, confidence interval; GU, genitourinary primary tumor; Gl, gastrointestinal primary tumor; PPV,
positive predictive value; NPV, negative predictive value

https://doi.org/10.1371/journal.pone.0177217.t1002

with VE formation (P < 0.001). The primary tumor type had no influence on VE formation in
the simple model, but the influence become significant in the interaction model.

Edema formation threshold

Table 2 shows the optimal cut-off for BM diameter above which edema occurred. It was 9.37
mm for all, 9.06 mm for pulmonary, 26.98 mm for GU, 36.0 mm for skin, 13.11 mm for breast,
4.57 mm for GI, and 26.98 mm for CUP primary tumors (Fig 2). Corresponding sensitivities,
specificities, positive predicitive value, an, and area und the curve are given in Table 2.

100 %
80 % —
= 60 % —
2
g7
=]
A
40% —
Threshold: 0.43 [ml]
J Sensitivity: 92.3%
20 % Specificity: 75.0 %
ppv: 78.5%
npv: 90.8 %
Area under the curve: 0.91
0% T T T T
100 % 80 % 60 % 40 % 20 % 0%
Specificity

Fig 2. ROC curve determining the best threshold (maximum sensitivity and maximum specifity) for
development of vasogenic edema of all BM in the study (red star = 0.48 ml). The red line represents the
empirical ROC curve, the light red area shows the 95% confidence interval, and the blue line is a smoother of
the empiric ROC curve. Sensitivity, specifity, positive predictive value (ppv), negative predictive value (npv),
and area under the curve are also given.

https://doi.org/10.1371/journal.pone.0177217.9002
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Dependence on localization

BM tend to reside infratentorially, whereas lung, GU, and skin metastases favor the supraten-
torial space (Table 1). Supratentorial BM did not show higher volumes than infratentorial BM
(U =100455.0, P = 0.194). In the infratentorial space, metastases that exhibited edema were
more frequent than those without edema, as opposed to the supratentorial space (BM without
VE > BM with VE), x(1) = 9.375, P = 0.002. When using the mixed effects model, BM location
neither had an influence on VE formation in the simple nor in the interaction model and
therefore, no threshold for VE development was calculated.

Discussion

To the best of our knowledge, this is the first radiological study evaluating the development of
VE in patients with BM. We were able to demonstrate that VE development is dependent on
the volume of the underlying BM and the site of the primary neoplasm, but not from the loca-
tion of the BM. The “best” threshold for edema development was 9.4 mm for all patients and
differed for the distinct primary tumor groups.

The development of BM is most commonly due to hematogeneous dissemination of cancer
cells with subsequent growth in the brain parenchyma. The biology of cancer cell migration to
the brain is poorly understood. Proposed factors influencing the site of metastases formation
are summarized under the “seed vs. soil hypothesis”, which incorporates the biochemical envi-
ronment including cerebral cell surface properties and the “anatomical-mechanical hypothe-
sis”, which describes the influence of local blood flow attributes and vessel size [11, 12]. As an
example, we found that the majority of posterior fossa metastases were of breast or pulmonary
origin whereas skin cancer BM favored the supratentorial space, which is in line with previous
studies [13-15].

Numerous factors are involved in the pathophysiology of VE formation surrounding BM.
For example, during the process of tumor-mediated angiogenesis, BM recruit healthy endothe-
lial cells from surrounding brain parenchyma, but the vascularization process is disturbed by
tumor-induced lack of transmembrane tight junction proteins occludin, claudin-1, and clau-
din-5 [16, 17]. As a consequence, interendothelial tight junctions become defective, causing
increased permeability of the blood-brain barrier [3]. In contrast, reactive astrogliosis sur-
rounding the metastasis was shown to decrease fluid penetration restricting the edema [18].
VE elimination seems to be dependent on aquaporin-4, a water channel mainly expressed in
the brain [3]. The extent of tumor-infiltrating lymphocytes also influences VE formation.
Berghoff et al. demonstrated that greater CD3+/CD8+-T cell infiltration correlated with peri-
tumoral edema formation and was also associated with a prolonged median overall survival
[19]. This observation highlights the potential role of local cytokine production and the
tumor-specific immune response for edema formation. Taken together, the fluid inflow-out-
flow balance of the extracellular brain parenchyma is shifted towards influx in VE, resulting in
increased intracranial pressure [3, 20, 21]. As a general rule, VE preferably occurs in the white
matter, which contain radially oriented nerve fibers rather than densely packed nerve cell bod-
ies of the grey matter.

Sekine et al. demonstrated differences in BM count, BM sizes, and VE volumes in 57 non-
small cell lung cancer patients with differences in EGFR mutation status [22]. Hengel et al.
reported that BM from lung cancer are more likely to show an edema at >3-4 cm in diameter
compared to BM from breast cancer, but the size above which a BM initiates VE formation has
not been further studied [14]. Since we demonstrated that the general minimum cut-off value
for the presence of VE is a BM diameter of 9.4 mm, but differs between primary sites, we
hypothesize that the above-mentioned mechanisms leading to an edema are histology-specific.
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Further pathologic and molecular studies are needed to understand the different processes
involved in edema formation around BM.

Our findings may have some important clinical implications: the absence of FLAIR/T2w
hyperintensities indicating edema does not rule out BM, since we found altogether 3/1096
false negative BM. However, the volume of VE provides information about the size of the
underlying metastasis. This may become relevant in already diagnosed BM patients, in whom
administration of contrast agent must be avoided (e. g. due to kidney failure), but who may
need to undergo MRI to evaluate therapy effects. Additionally, our findings may suggest the
primary site in patients in whom diagnosis of BM precedes the discovery of the primary
tumor.

Our study is mainly limited due to selection and sampling bias, as pathology reports of BM
for precise identification of primary site were only available in patients who underwent resec-
tion or biopsy of BM. Surgery was performed in a minority of cases with symptomatic space-
occupying BM or BM with unknown primary tumor only. However, the histology report of
the primary neoplasm was available in all other patients and cases with a history of more than
one tumor within the last ten years were excluded. In addition, MRI protocols were not uni-
form and imaging was performed on different scanner types due to the retrospective character
of this study.

Conclusion

Taken together, we found that VE development mainly depends on the volume of the underly-
ing BM and the site of the primary neoplasm, but not from the location of the BM. On initial
diagnosis, administration of contrast agent on MRI should be mandatory for diagnoses of
metastases less than 9-10 millimeters in diameter. Edema volume indicates size of underlying
BM, which may be helpful in follow-up imaging without contrast. Knowledge of VE and BM
volume could help predict the primary tumor type in patients where discovery of the BM pre-
cedes that of the primary site. The differential impact of tumor histology on edema extent is a
fertile topic for future investigations on the pathophysiology of tumor mediated edema
formation.

Supporting information

S1 Table. Patient characteristics.
(SAV)
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