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Abstract

Background Brain metastases (BMs) are the most frequent malignancy of the central nervous system. Previous research sug-
gested that some metastases show infiltrative behavior rather than sharp demarcation. We hypothesized that three magnetic
resonance (MR) imaging parameters—i(a) tumor size, (b) extent of peritumoral edema, and (c) presence of multiple BMs—are
predictors of cellular invasion beyond the surgically identifiable tumor margins.

Methods We performed a post hoc analysis on prospectively collected data of patients with BMs. Biopsies beyond the resection
margin and immunohistochemistry were performed to assess infiltration status. The three MR imaging parameters were dichot-
omized into diameters <30 mm (“small”) and > 30 mm (“large™), amount of peritumoral edema “extended” and “limited,” and
“multiple BMs” and “single BMs,” respectively. The association between infiltration status and imaging parameters was
calculated using chi-square test.

Results Biopsy beyond the resection margin was performed in 77 patients; 49 (63.6%) had supramarginal infiltration and 28
patients (36.4%) showed no infiltration. Histological evidence of tumor infiltration was found in 25/41 patients with smaller
lesions (61%) and in 24/36 with larger lesions (66.7%, p = 0.64), in 28/44 patients with limited (63.6%) and in 21/33 patients with
extended edema (63.6%, p = 1.0), in 28/45 patients (62.2%) with single BM and in 21/32 patients (65.6%) with multiple BMs
(p=0.81).

Conclusions Based on the post hoc analysis of our prospective trial data, we could not confirm the hypothesis that infiltration of
brain parenchyma beyond the glial pseudocapsule is associated with the MR imaging parameters tumor size, extent of edema, or
multiplicity of metastases.
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Introduction

This article is part of the Topical Collection on Brain Tumors

Brain metastases (BMs) are a frequent complication of solid
54 Ingo Fiss tumors and will develop in as many as 30% of cancer patients

ifweb@web.de [10, 38]. Surgery for metastases provides certain advantages
over other treatments under certain conditions [31]. The exci-
sion of a BM can effectively control neurological symptoms
and improve both overall survival (OS) and functional status
[30]. Despite the intuitive neurosurgical assumption that me-
tastases are encapsulated and have a clear cleavage plane with-
in brain tissue, these tumors may show histological evidence
of infiltrative growth beyond the border of the solid metastasis
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«Fig. 1 Possible MR-morphologic surrogate parameters. a, b Metastasis
with a diameter >3 cm (large, a) or <3 cm (small, b). ¢, d Extent of
peritumoral edema with an edema ratio <1 (limited, ¢) or > I (extended,
d). e, f Number of brain metastases, single (e) or multiple (i.e., number of
metastases >2, f). An edema ratio of > 1 is reached when the size of the
edema exceeds that of the metastasis

margin of the glial pseudocapsule might be a major cause for
local recurrence of metastases [19, 26, 39, 44]. Ideally, the
information on infiltration status would be available to the
surgeon ahead of time for surgical planning. However, up to
now, it is unclear whether or not tumor infiltration correlates
with magnetic resonance (MR) imaging parameters. As cen-
tral hypoxic necrosis (which starts when the metastasis has
reached a certain size) is associated with invasion, an interre-
lation of metastasis size and infiltrative behavior is deemed
possible [33]. Furthermore, peritumoral edema was shown to
be associated with increased [3-catenin and E-cadherin expres-
sion in brain metastatic squamous cell carcinoma [43], which
also raises the question of a relation between edema extension
and infiltrative behavior. Lastly, the advanced oncological
treatments of cancer in an aging population lead to longer
survival and an increasing possibility of patients living long
enough to develop multiple BMs. Selection pressures such as
already administered or ongoing chemotherapy as well as
targeted therapies can provoke the development of subclones
within these BMs which might then dominate the tumor mass
and drive tumor progression [18, 22, 25]. Moreover, as the
presence of multiple lesions is not a significant predictor of
shorter survival on its own, resection of multiple metastases
may potentially be considered a useful concept in carefully
selected cases [6, 17]. On the basis of these considerations,
we hypothesized that (a) the tumor size, (b) the extent of
peritumoral edema, and (c) the presence of multiple cerebral
metastases, which are easily visible on preoperative MRI, all
constitute predictors of increased cellular invasion beyond the
surgically identifiable tumor margins.

Patients and methods
Patient population

Between 2013 and 2016, 175 patients were treated surgically
for BMs within the scope of the prospective BMBF-funded
MetastaSys trial (grant no. 0316173C) [38]. In this study, we
performed post hoc analysis on data from a cohort of 77 pa-
tients (44%) in which supramarginal biopsies were taken to
determine the presence of tumor cells beyond the resection
margins of GTR. Briefly summarized, we resected the BM
including the gliotic pseudocapsule with the aid of an operat-
ing microscope. After GTR, biopsies were taken from the
margins beyond the resected gliotic pseudocapsule with a

biopsy forceps to a depth of at least 5 mm, which was deter-
mined by an intraoperative navigation system (Brainlab AG,
Munich, Germany). These biopsies were studied histological-
ly for the detection of tumor cells. Demographic parameters
and histopathological diagnoses were retrieved from electron-
ic records.

Study design

The study was performed as a prospective surgical
monocentric analysis. Inclusion criteria were histopathologi-
cally confirmed BMs in patients over 18 years of age.
Furthermore, informed consent was signed by every patient
and the study was approved by the local ethics committee
(study number 21/3/11).

Imaging parameters

In analogy to a previous study [20], the largest size of the
operated metastasis was calculated on contrast-enhanced T1
magnetic resonance imaging (MRI) sequence using Centricity
Enterprise Web V3.0 software (GE Healthcare, Barrington,
IL, USA) by manually measuring the maximum diameter of
the contrast-enhanced area of the BM. For binary evaluation,
the BM diameter was dichotomized according to the median
into the diameters <30 mm (“small”) and > 30 mm (“large”;
Fig. 1).

The largest extent of peritumoral edema was determined by
manually measuring the maximum diameter of the edema
including the metastasis surrounded by the edema on the
FLAIR MRI sequence. The actual extent of the edema was
then calculated by subtracting the diameter of the metastasis
from the diameter of the edema. A coefficient (ratio = size-
cdema  S1Z€wumor) Was then calculated to dichotomize the cohort
into cases with a ratio > 1, in which the extent of the edema
exceeded the tumor size (“extended”), and into cases with a
ratio < 1, in which the extent of the edema was smaller than or
equal to the tumor (“limited”).

To determine the existence of multiple metastases, the
contrast-enhanced T1 MR images were carefully evaluated
for the number of BMs. Accordingly, the cohort was dichoto-
mized into “multiple BMs” (including patients presenting >2
metastases) and “single BMs” (including patients suffering
from a single BM only).

Histological workup

To determine the presence of infiltrating tumor cells in the
adjacent brain parenchyma, the brain biopsy specimens were
immunohistochemically assessed with appropriate labeling
for pan-cytokeratin CK-AE1/3 (NSCLC, breast carcinoma,
kidney carcinoma, and colorectal carcinoma), melan-A (mel-
anoma), or chromogranin A (SCLC), based on the
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immunoreactivity of the tumor bulk. According to the pres-
ence or absence of metastatic tumor cells beyond the glial
pseudocapsule, the cohort of 77 patients was dichotomized
into two groups referred to as (a) “infiltration-positive” and
(b) “infiltration-negative.”

Statistical analysis

We tested whether the MR imaging parameters—(a) size of
the operated BM (i.e., small vs large), (b) extent of edema (i.e.,
limited vs extended), and (c) presence of multiple filiae (i.e.,
single vs multiple}—were correlated with the binary invasion
status (“infiltration-positive” vs “infiltration-negative”). For
comparison, chi-square test, Fisher’s exact test, and ¢ test were
applied. p values <0.05 were considered significant.
Statistical workup was performed using SPSS 21.0 (IBM
Corp., Armonk, NY, USA).

Results

We included n = 77 patients in this study, aged between 44 and
85 years (mean 63.5+9.5 years). The female-to-male ratio
was 42:35=1.2:1 (54.5% female). Clinical data are summa-
rized in Table 1. A total of 270 biopsies were obtained from
the resection cavity wall with a median of three biopsies per
patient. Of the 77 patients, 49 (63.6%) had supramarginal

infiltration (“infiltration-positive”), whereas 28 patients
(36.4%) showed no infiltration (“infiltration-negative”).

In the infiltration-positive cohort, 197 biopsies from 49
patients (median of 3.5 biopsies per patient) were taken and
at least one sample per patient revealed metastatic tumor in-
filtration. In the infiltration-negative cohort, 73 biopsies from
28 patients were taken (median of 2.5 biopsies per patient) and
merely displacing, non-infiltrating growth patterns were ob-
served (Fig. 2). There was no specific association of an infil-
tration status to be seen for the primary tumor type (p = 0.48).

Tumor size

The average tumor size was 32.6+ 13.8 mm. In 36 patients
(46.8%), tumor size exceeded 30 mm (“large”) while in 41
patients (53.2%), tumor size was equal to or smaller than
30 mm (“small”). Histological evidence of tumor infiltration
was found in 25 out of the 41 smaller lesions (61%) and in 24
out of the 36 larger lesions (66.7%, p=0.64). In the
infiltration-positive cohort, small metastases were present in
25/49 patients (51.0%) while in the “infiltration-negative™ co-
hort, small metastases were present in 16/28 patients (57.1%).

Peritumoral edema
The average extent of peritumoral edema was 29.5 & 18.6 mm.

In 33 patients (42.9%), edema extent exceeded tumor size
(“edema ratio > 17) while in 44 patients (57.1%), the edema

Table 1  Baseline and demographic parameters of the study population. Significance was assumed for values <0.05
Status of margin infiltration
Infiltration negative (n =28) Infiltration (n =49) Total (n=77)
n Percentage of n Percentage of n Percentage of  p value
“infiltration positive” “infiltration positive” “total”
Age (mean + SD) 63.7+9.1 63.7+9.8 63.5+9.5 p=0.82
Sex Female 15 53.6 27 55.1 42 54.5 =090
Male 13 46.4 22 44.9 35 45.5
Multiple No 17 60.7 28 57.1 45 584 p=0281
metastases Yes 11 393 21 42.9 32 41.6
Metastasis size ~ No 16 57.1 25 51.0 41 53.2 p=0.64
>30 mm Yes 12 42.9 24 49.0 36 46.8
Histology of No 19 67.9 30 61.2 49 63.6 p=0.56
NSCLC Yes 9 32.1 19 38.8 28 36.4
Edema ratio Ratio <1 16 57.7 28 55.3 41 56.2 p=1.00
Ratio > 1 12 423 21 44.7 32 43.8
Histology of NSCLC/SCLC 11 393 27 55.1 38 494 p=023
primary Gastrointestinal 1 3.6 5 10.2 6 7.8
Breast 5 17.9 10 20.4 15 19.5
Mal. melanoma 7 25.0 5 10.2 12 15.6
Kidney 2 7.1 1 2.0 3 39
Unknown 2 7.1 1 2.0 3 39
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Fig. 2 Metastatic infiltration in supramarginal biopsies. Representative
microphotographs of biopsy specimens from two different regions
beyond the resected gliotic pseudocapsule (a, b) of a cerebellar
metastasis of a colon adenocarcinoma. a H&E stainings of border
biopsy with positive tumor infiltration showing a small group of cells

extent was equal to or smaller than tumor size (“edema ratio <
17). Histological evidence of tumor infiltration was found in
28/44 in patients with limited edema (63.6%) and 21/33 in
patients with extended edema (63.6%, p =1.0). Limited
edemas were observed to be present in 28/49 (57.1%) of the
infiltration-positive 28/49 patients, and in 16/28 (57.1%) of
the infiltration-negative cohort.

Multiplicity of cerebral metastases

Most patients (n =45, 58.4%) presented with a single BM
(“multiplicity-negative”), while 32 patients (41.6%) pre-
sented with multiple BMs (“multiplicity-positive”). The
multiplicity-positive cohort consisted of eight patients
having two, nine patients having three, and 15 patients
having more than three metastases. Histological evidence
of tumor infiltration was found in 28/45 patients (62.2%)
with a single metastasis and in 21/32 patients (65.6%)
with a multiple metastasis (p =0.81). In the infiltration-
positive cohort, 28/49 patients (57.1%) presented with a

-~

adjacent to the parenchyma (left and middle columns). Tumor cells are
immunoreactive for the epithelial marker pan-cytokeratin (right column).
b In the negative sample of the same case, tumor cells could not be
demonstrated morphologically with H&E (left and middle column) nor
with pan-cytokeratin (right column)

single BM, whereas in the infiltration-negative cohort,
this was 17/28 patients (60.7%).

Discussion

Our aim was to assess whether standard MR imaging param-
eters correlate with infiltration status of BMs. In our large
cohort, we found that neither size, amount of edema, nor mul-
tiplicity of BM was predictive of infiltration behavior. We
were also able to shed light on the impact of infiltrative be-
havior of BMs on size, peritumoral edema, and multiplicity of
BMs. To our knowledge, this is the first study addressing the
potential usefulness of MRI parameters to assess the infiltra-
tion status of BMs.

In spite of the strengths of our study such as (1) large
patient number, (2) prospective design, and (3) histological
workup, we could not show a significant correlation of infil-
tration status (positive vs negative) and the MRI parameters
“size of metastasis,” “extent of peritumoral edema,” and
“multiplicity of metastases” (Table 2). To achieve a better
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0S8, some authors suggest performing supramarginal resection
in BM surgery [15, 44]. However, our results suggest that
established, readily available and easy to interpret radiological
parameters are not decisive for the preoperative planning of a
surgical strategy with regard to supramarginal resection.

Role of supramarginal resection

Although Yoo et al. [44] and Kamp et al. [19] were able to
significantly minimize local recurrences by resecting 2—5 mm
beyond the glial pseudocapsule, they failed to detect vital
tumor cells during histopathological investigation of the
supramarginal resected tissue. In contrast to previous studies
[19, 34, 44], we were able to detect vital tumor cells within
biopsy samples taken beyond the resection margins of GTR in
63.6% of the cases in our study; this observation corresponds
to the results of Siam et al. [38]. It contradicts earlier studies

Table 2 Correlation between the infiltration-positive and the
infiltration-negative cohorts in respect to the dichotomized MRI
parameters: (a) size of metastasis with a diameter <3 cmor>3 cm (p =
0.64), (b) extent of peritumoral edema with an edemaratio<1 or>1 (p=

here multiple metastases indicate

which could not substantiate any direct infiltration of the brain
parenchyma beyond the glial pseudocapsule due to the lack of
evidence of vital tumor cells [24, 44]. This finding of
supramarginal infiltration may lead to the interpretation that
the infiltrative process beyond the tumor margin is not a de-
tached process on its own (apart from the bulk growth of the
whole metastasis) but it is closely related to the ongoing
growth of the metastasis itself. As such, it seems to only pre-
cede the growth of the metastasis in a defined relation, before
the bulk mass of the metastasis grows into the upfront infil-
trated brain parenchyma. This would explain that the infiltra-
tion zone typically does not seem to extend more than 5 mm
beyond the tumor pseudocapsule [41]. A previous study [34]
provided contradictory results when the researchers found no
evidence of tumor cells but only a reactive astrocytosis be-
yond the pseudocapsule when analyzing 36 samples that were
taken up to 10 mm beyond the resection margin of 12 patients

multiplicity (p =0.81). An edema ratio of > 1 is reached when the size
of the edema exceeds the size of the metastasis. For example, 57.1% of
the infiltration-negative cohort and 51.0% of the infiltration-positive
cohort show a metastasis size of <30 mm

imaging parameter

classification

p-value
(infiltration positive

Vs
infiltration negative)

diameter < 30mm (small)

diameter > 30 mm (large)

size of BM 0.64
infiltration negative infitration ne
57.1%, 16 of 28 pats.
42.9%, 12 of 28 pats.
edema ratio < 1 (limited) edema ratio >1 (extended)
edema ratio 1.0
infiltration negative infiltration negative
57.1%, 16 of 28 pats. 42.9% 120f 28 pats,
multiplicity negative multiplicity positive
number of BM =1 number of BM 2 2
multlpllc1ty infiltration negative 0.81
60.7%, 17 of 28 pats. infiltration negative
39.3%, 11 of 28 pats.
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operated on a BM. As infiltration beyond the tumor margin
was already shown in autopsy studies at that time point [3,
27], the authors argued that at the time of death, patients with a
BM will have increased local metastatic infiltration of adja-
cent brain tissue, leading to positive autopsy specimens.
Along with the proven existence of supramarginal infiltration
in living individuals, further studies within the realms of
bioimaging and its recently added capabilities to monitor
and characterize cellularity and metabolite concentrations
among other parameters [32] are necessary to effectively de-
tect and diagnose supramarginal infiltration in BMs to aid in
developing an adequate treatment strategy.

Role of imaging parameters

Although other imaging modalities such as computer to-
mography (CT) and '8F-fluorodeoxyglucose positron
emission tomography (FDG-PET) [13] are available to
detect BMs, the MRI technique of passive contrast en-
hancement is considered to be the gold standard and has
a clear superiority in sensitivity over both CT [16] and
PET/CT [23, 42]. MR perfusion imaging [12] is another
supplementary technique; however, it is not as widely
available as the standard MRI procedure, due to the com-
plexity of image acquisition, postprocessing, and interpre-
tation. As such, standard passive contrast enhancement
MRI is nowadays the diagnostic modality of choice for
the detection and evaluation of the number, size, and lo-
cation of BMs as well as secondary effects such as
peritumoral edema of the lesions [2]. Peritumoral edema,
demonstrated by hyperintense signal changes on T2 and
FLAIR images, is due to tumor-induced blood-brain bar-
rier disruption and release of fluid with high protein con-
tent into the interstitial space [9, 29]. Reports on the rela-
tionship of extent of peritumoral edema to the size of the
causative BM [2, 7, 35, 36] as well as on the impact of
peritumoral edema remain conflicting [5, 20]. Focusing
on the early and sensitive detection of BMs, a recent
study was able to detect very small BMs with a proposed
tumor volume two to three orders of magnitude smaller
(0.3-3 x 10° cells) than those volumes already detectable
with gadolinium-enhanced MRI (10’—10® cells) by identi-
fying VCAM-1 upregulation on the cerebral endothelium
on tumor-associated vessels in the early stages of BM
development using molecular MRI [37]. However, in our
study, we could show that the biometric parameters of
size, peritumoral edema, and multiplicity of BMs do not
correlate with infiltration status. Therefore, intraoperative
imaging—and its power to document specific features of a
given disease like BMs which are essential for the safe
and effective delivery of therapy—needs to be investigat-
ed further. Although hybrid PET/MRI scanners nowadays
represent the new frontier for imaging complex

pathophysiological processes, are useful for the differen-
tiation between radiation injury and brain metastasis re-
currence, and can aid in target selection for stereotactic
biopsies, they cannot yet afford a clear delineation of hy-
permetabolism outside the tumor pseudocapsule because
of the limited spatial resolution provided by PET [1, 8,
14].

Hence, additional efforts should be pursued to enhance
intraoperative imaging to detect the presence of supramarginal
infiltration and to optimize resection margins while limiting
neurological morbidity, e.g., in the context of a hybrid oper-
ating room [11].

Role of primary tumor

Our study could not show a correlation of the primary tumor
to the infiltration status (p = 0.23).

In the study of Siam et al. [38], the presence of metastatic
cells in the adjacent brain parenchyma was observed in 64.1%
of their cases and in the study of autopsy specimens by
Baumert et al. in 63% [3]. This corresponds well with our
results, where 63.6% (49 out of 77 patients) of the patients
presented supramarginal infiltration. Our results, however, are
not in line with the findings of Neves et al. [27] who reported a
tumor infiltration of only 40.3% of their autopsy specimens.

However, when comparing the results of Siam et al. [38] to
our own, infiltration rates depending on the primary tumor
were similar in NSCLC: 75% (15/20) and 67.9% (19/28),
respectively. Differences in the infiltration rate in malignant
melanoma amounting to 41.7% (5/12) and 66.7% (4/6) might
be of limited significance due to the relatively small value of
total numbers recruited here. In regard to the other tumor types
(GIT, breast, kidney), the total numbers seemed to be too low
(<4) in order to justify comparison.

In our study, we did not perform an analysis of the meta-
static infiltration type at the M/BP-interface. Therefore, in our
opinion, we cannot relate our results to any other studies
which performed this analysis.

In both MRI and autopsy studies, multiple BMs are found
in 50 to 80% of the cases [13, 21]. In our study, multiple
metastases were present in only 41.6% of the cases. This dis-
crepancy might be due to a selection bias because all patients
in this report were not only diagnosed with multiple metasta-
ses in imaging or autopsy studies but actually operated on.
Surgery in multiple BMs is generally limited to removal of
the dominant, life-threatening lesion, and to obtain a histolog-
ical diagnosis but not to achieve local disease control, as is the
case in patients with a single metastasis. Although studies
suggest that patients with a limited number of multiple BMs
may benefit from resection of all lesions [6] or at least the
dominant lesion [28, 40], performing surgical resection in
the case of multiple metastases might thus have been indicated
more conservatively.
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