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Zusammenfassung

\ 4

Ziel: Hirnmetastasen treten in ca. 15-40% der
Patienten mit malignen Grunderkrankungen auf.
Ziel dieser Studie war es, zwischen Hirnmetastasen
unterschiedlicher Primdrtumore/ZNS-Lymphomen
bildgebend anhand morphologischer Kriterien so-
wie der Fraktionalen Anisotropie (FA) und dem,,ap-
parent diffusion coefficient“ (ADC) der Diffusions-
Tensor-Bildgebung (DTI) zu differenzieren.
Material und Methoden: 200 Patienten mit zere-
bralen Hirnmetastasen/primdren ZNS-Lymphomen
wurden retrospektiv eingeschlossen. Morpholo-
gische Kriterien wie Blutung, Zysten, Art der Kon-
trastmittelanreicherung sowie Lokalisation wurden
untersucht. Die FA- und ADC-Werte wurden mit-
hilfe von regions of interest (ROIs) im Kon-
trastmittelanreichernden Tumoranteil, der Nekrose
sowie der peritumoralen Region untersucht. Unter-
schiede wurde anhand von nicht-parametrischen
Tests, Entscheidungsbdaumen sowie Clusteranaly-
sen statistisch analysiert.

Ergebnisse: Signifikante Unterschiede zwischen
den Hirnmetastasen verschiedener Primdrtumoren
zeigten sich bei den morphologischen Kriterien wie
Blutung und Art der Kontrastmittelanreicherung.
Zudem zeigten sich signifikante Unterschiede fiir
die ADC-Werte im Kontrastmittelanreichernden
Tumoranteil. Primdre ZNS-Lymphome zeigten sig-
nifikant niedrigere mediane ADC-Werte im Kon-
trastmittelanreichernden Tumoranteil (ADCiympnom
0,92 [0,83-1,07] vs ADCyein_tymphom 1,35 [1,10-
1,64] P=0,001). Eine weitere Differenzierung an-
hand von FA- und ADC-Werten war nicht méglich.
Schlussfolgerung: Hirnmetastasen unterschiedli-
cher Primdrtumoren/primdrer ZNS-Lymphome
unterscheiden sich hinsichtlich morphologischer
Kriterien. Jedoch zeigt sich aufgrund der hohen
Variabilitdt eine niedrige Spezifitit. Anhand von FA
und ADC ist keine verldssliche Differenzierung un-
terschiedlicher Hirnmetastasen moglich mit Aus-
nahme von ZNS-Lymphomen, die niedrigere ADC-
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Abstract

v

Purpose: Brain metastases are a common compli-
cation of cancer and occur in about 15-40% of
patients with malignancies. The aim of this retro-
spective study was to differentiate between me-
tastases from different primary tumors/CNS lym-
phyomas using morphologic criteria, fractional
anisotropy (FA) and apparent diffusion coefficient
(ADC).

Materials and Methods: Morphologic criteria such
as hemorrhage, cysts, pattern of contrast enhance-
ment and location were reported in 200 consecu-
tive patients with brain metastases/primary CNS
lymphomas. FA and ADC values were measured in
regions of interest (ROIs) placed in the contrast-
enhancing tumor part, the necrosis and the non-
enhancing peritumoral region (NEPTR). Differen-
ces between histopathological subtypes of metas-
tases were analyzed using non-parametric tests,
decision trees and hierarchical clustering analysis.
Results: Significant differences were found in mor-
phologic criteria such as hemorrhage or pattern of
contrast enhancement. In diffusion measurements,
significant differences between the different tu-
mor entities were only found in ADC analyzed in
the contrast-enhancing tumor part. Among single
tumor entities, primary CNS lymphomas showed
significantly lower median ADC values in the con-
trast-enhancing tumor part (ADCymphoma 0.92
[0.83-1.07] vs. ADCpo_ymphoma 1.35 [1.10-1.64]
P=0.001). Further differentiation between types
of metastases was not possible using FA and ADC.
Conclusion: There were morphologic differences
among the main subtypes of brain metastases/
CNS lymphomas. However, due to a high variability
of common types of metastases and low specificity,
prospective differentiation remained challenging.
DTI including FA and ADC was not a reliable tool
for differentiation between different histopatholo-
gical subtypes of brain metastases except for CNS
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Werte zeigen. Somit bleiben die Operation, Biopsie oder das Staging

weiterhin notwendig fiir die Diagnosestellung.

Kernaussagen:

» Histopathologische Subtypen von Hirnmetastasen/ZNS-Lym-
phomen unterscheiden sich hinsichtlich der Morphologie im
MRT

P Primdre ZNS-Lymphome zeigen signifikant niedrigere ADC-
Werte

» DTI kann nicht zwischen Subtypen von Hirnmetastasen diffe-
renzieren
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lymphomas showing lower ADC values. Biopsy, surgery and stag-

ing remain essential for diagnosis.

Key Points:

» Histopathological subtypes of brain metastases/CNS lympho-
mas show different morphologic features on MRI

» Primary CNS lymphomas show significantly reduced ADC val-
ues

» DTl is not a reliable tool for differentiation between brain me-
tastases

Citation Format:

» Bette S, Wiestler B, Delbridge C etal. Discrimination of Different
Brain Metastases and Primary CNS Lymphomas Using Morpho-
logic Criteria and Diffusion Tensor Imaging. Fortschr Rontgenstr
2016; 188: 1134-1143

Introduction

v

Brain metastases are a common complication of many types of
cancer. They have a higher incidence compared to gliomas [1, 2].
In some patients with malignancies, brain metastases may even
be the first clinical manifestation. Malignancies like breast, lung,
renal, gastrointestinal or skin cancer are known to frequently de-
velop brain metastases [2]. However, brain metastases also occur
in other types of cancer such as thymoma [3], hepatocellular can-
cer [4] and endometrial carcinoma [5]. MRI is the gold standard
for the diagnosis of brain metastases, either for screening in
asymptomatic patients or assessment of neurological symptoms
of patients with known malignancies [1, 2]. Essential sequences
are T2-weighted fluid-attenuated inversion recovery (FLAIR)
images to detect the extent of the edema, T1-weighted (w) ima-
ges without contrast agent to detect hemorrhage and T1w ima-
ges after the application of contrast agent to analyze the disrup-
tion of the blood-brain barrier [1]. Morphologic criteria were
evaluated to differentiate brain metastases, but the determina-
tion of the primary cancer remains challenging due to the high
variability of MR signal changes [1]. Diffusion-weighted images
(DWI) gained a more important role in the diagnosis of brain me-
tastases. It was shown that apparent diffusion coefficient (ADC)
values are important to differentiate between high-grade glio-
mas and brain metastases [6, 7]. Lymphomas have lower ADC val-
ues than high-grade gliomas [8]. Another study pointed out that
diffusion-weighted imaging may aid in differentiating between
histopathological types of brain metastases [9]. Diffusion tensor
imaging (DTI) is important for the preoperative planning of neu-
rosurgical intervention [10] and fractional anisotropy (FA) may
help to differentiate between brain tumors and metastases [11].
As therapy strategies differ between different subtypes of brain
metastases (e. g. small or non-small cell lung cancer), the diagno-
sis of the histopathological subtype before surgery/biopsy would
be of great interest.

The aim of this study was to differentiate between histopatholo-
gical types of brain metastases/primary CNS lymphomas using
ADC and FA values of diffusion tensor imaging in conjunction
with morphologic criteria.

Methods

v

Patient population

For this retrospectively designed single center study, 200 conse-
cutive patients with brain metastases and primary CNS lympho-

mas (102 m/98f), treated between February 2009 and December
2015, were analyzed. The inclusion criteria were preoperative
diffusion-weighted imaging (diffusion tensor imaging or diffu-
sion-weighted imaging), biopsy or surgery of the brain metasta-
ses with histopathological diagnosis (n=191) or a histopatholo-
gically proven primary tumor (n=9). Histopathological subtypes
of brain metastases were classified with respect to the location of
the primary tumor (e.g. lung) as well as histopathological fea-
tures (e.g. squamous cell carcinoma, adenocarcinoma).

The study was approved by the local ethics committee (5626/12)
in accordance with the ethical standards of the 1964 Declaration
of Helsinki and its later amendments [12].

Magnetic resonance imaging

MRI was performed at 3 Tesla (T) on a Philips Achieva (Achieva 3T,
Philips Medical Systems, The Netherlands B.V.), Siemens Verio (Sie-
mens Healthcare, MAGNETOM VERIO 3T, Erlangen, Germany) or
Philips Ingenia (Philips Medical Systems, The Netherlands B.V.).
All patients underwent preoperative T2-weighted FLAIR imaging
(2D or 3D sequences) and T1w sequences with and without con-
trast agent (T1-fast field echo (FFE) or magnetization prepared
rapid gradient echo (MPRage)). Most patients also underwent
T2-weighted gradient echo imaging (¢ Table 1). 162 lesions were
measured in preoperative diffusion tensor imaging including both
FA and ADC, while 38 lesions were measured in diffusion-weighted
imaging including ADC. In 48 patients ADC maps were reconstruc-
ted from DTI raw data and ADC values were measured using Iplan-
net (Iplannet Cranial, Brainlab AG, Feldkirchen). In 13 patients with
DTI available measurement of ADC values was not possible due to
missing DTI raw data.

Image analysis

Image analysis was conducted by a neuroradiologist (S.B.; 6 years
of experience). Using regions of interest (ROIs), FA and ADC were
measured in the preoperative MRI. For each lesion, FA and ADC
were measured in the contrast-enhancing tumor part (FAonrast/
ADCcontrast)v the necrosis (lf applicable) (FAnecrosis/ADcnecrosis) and
the FLAIR hyperintense non-enhancing peritumoral region
(NEPTR) (FAngprr/ADCyeprr)- In €ach area (contrast-enhancing tu-
mor part, necrosis, NEPTR) four circular ROIs were measured
with a diameter of 5 - 10 mm. The mean value was calculated for
each region and divided by the FA/ADC value of the crus posterior
of the contralateral internal capsule as described previously [13]
to avoid a bias due to measurements on different MRI scanners or
with different sequences. ROIs were not placed in hemorrhagic
areas. In patients with multiple lesions (n=92), the lesion with
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Table1 Characteristics of MRI sequences.

Tab.1 Charakteristika der MRT-Sequenzen.

[MRI] [sequence] [acquisition time ] [TR/TE] [spatial resolution]
Philips Achieva 2D T2w FLAIR 3:00 min 12000/140 ms 0.45%0.45 x4mm?
3DT2wFLAIR 4:52 min 4800/278 ms 1.04x1.04x1.12mm3
diffusion tensorimages (15 directions) 6:26 min 10728/55ms 2x2x2mm?3
diffusion tensorimages (6 directions) 2:09 min 7665/55 ms 2x2x2mm?3
diffusion-weighted images 2:10 min 7221/55ms 2x2x2mm?3
T1w FFE 2:53 min 530/10ms 0.45x0.45x4mm?3
3D MPRage 5:55min 9/4ms 1x1x1mm?3
T2w gradient echo 2:35min 942/16.1 ms 0.45%0.45 x4mm?
Siemens Verio 2DT2w FLAIR 3:44 min 8560/136 ms 0.8x0.7x4mm?3
3DT2wFLAIR 5:52 min 5000/395 ms 1x1x1mm?3
diffusion tensorimages (6 directions) 1:28 min 3600/95 ms 1.8x1.8x4mm3
diffusion-weighted images 2:30 min 5700/91 ms 1.4x17.4x4mm3
T1w FFE 4:02 min 2000/9 ms 0.9x0.7x4mm?3
3D MPRage 4:18 min 1900/2.45 ms 1.1x7.1x1Tmm3
T2w gradient echo 3:50 min 794/19.7 ms 0.72%0.72 x4mm?
Philips Ingenia 2D T2w FLAIR 3:00 min 12000/140 ms 0.9%0.95*x4mm3
3DT2wFLAIR 4:34 min 4800/302 ms 1.12x1.12x1.12mm3
T1w SE 3:16 min 590/10 ms 0.9x1.12x4mm3
diffusion tensorimages (15 directions) 4:58 min 16119/61 ms 2x2.04%x2mm?3
diffusion tensorimages (6 directions) 3:46 min 8124/66.5 ms 2x2.03x2mm?3
diffusion-weighted images 2:21 min 6436/688.7 ms 1.98x2.02x2mm3
3D MPRage 5:59 min 9/4ms 0.99x1.05x Tmm?3
T2w gradient echo 2:33min 933/16.1ms 0.53%0.53 x4mm?

TR: repetition time; TE: echo time; TI: time of inversion; IR: inversion recovery, SE: spin echo, w: weighted.

later surgery/biopsy or the lesion with the largest diameter was
assessed. FA maps were available in 162/200 lesions, and ADC
maps in 187/200 lesions. FA qprasc Was measured in 157 patients,
FA ccrosis N 112 patients, FAygprr in 161 patients, ADCqonirast 1IN
183 patients, ADC,eqrosis in 131 patients and ADCygprg in 186 pa-
tients. Due to missing contrast enhancement/missing necrosis or
hemorrhage/missing edema, measurement was not possible in
some patients.

The number of lesions (singular vs. multiple), the location (supra-
vs. infratentorial; right/left hemisphere; frontal/temporal/parietal/
occipital lobe/cerebellar/brain stem/ventricle), contact to the dura,
the existence of cysts or hemorrhage and the pattern of contrast
enhancement (solid/nodular/circular/garland-like/solid+circular/
solid+garland-like) were assessed.

Statistical analysis

Statistical analysis of this explorative study including descriptive
data analysis was performed using IBM SPSS Statistics version
23.0 (SPSS Inc., IBM Corp., Armonk, NY, USA). Non-normally dis-
tributed data are shown as median and interquartile range. Metric
values (FA/ADC values) were compared using the Kruskal-Wallis
Test for all histopathological groups. Furthermore, these values
were compared between each entity and the remaining samples
(e.g. melanoma vs. no melanoma; lung cancer vs. no lung cancer)
using the Mann Whitney U Test. The Youden’s index was calculat-
ed in receiver operating characteristics (ROC) analysis to deter-
mine the best cut-off point for further calculation of sensitivity
and specificity.

Comparison of morphologic criteria between two groups was per-
formed using the chi-squared test. Comparison of all morphologi-
cal parameters was further done by decision trees, using Chi-
square automatic interaction detectors (CHAID). Only morpholo-
gical parameters were included for decision tree analysis due to

missing FA/ADC values in some patients. To detect intrinsic corre-
lations between imaging features and histology, we performed
unsupervised hierarchical clustering analysis of complete cases.
Because the dataset contained both numerical and categorical vari-
ables, we used the function "daisy" and Gower's distance for calcu-
lation of dissimilarity matrices from the R cluster package. Further-
more, we performed a principal component analysis (PCA) on ADC
and FA values in complete cases [14].

Results

v

Histopathological analysis revealed 62 lung cancers (58 non-
small cell lung cancers, 4 small-cell lung cancers), 29 melanomas,
26 breast cancers, 21 gastrointestinal cancers (including colon,
rectum, sigma, esophagus), 6 sarcomas, 12 primary CNS b-cell
lymphomas, 18 urothelial carcinomas (including renal and blad-
der tumors), 12 germ-cell carcinomas (including ovarian carcino-
ma and seminoma), 4 endometrial carcinomas and 10 other can-
cers (C Table 2).

The morphologic criteria were analyzed in the different histopa-
thological subgroups (© Fig. 1, © Table 3). There were 108 singular
lesions and 92 multiple (>2) intracranial lesions. Cystic compo-
nents were detected in 66 brain metastases, and 43 brain lesions
showed hemorrhage. Contact to the dura was observed in 106 me-
tastases. 3 patients showed no relevant contrast enhancement due
to hemorrhage. Most of the brain metastases showed solid contrast
enhancement (n=144) (c Table4). The highest percentage of he-
morrhage was shown by metastases of melanoma (58.6 %), urothe-
lial carcinoma (27.8 %), and lung cancer (19.4%). Comparing mela-
noma to all other brain metastases, this difference was significant
(P<0.001). Using this morphologic parameter a sensitivity/specifi-
city of 58.6%/84.8% for the diagnosis of melanoma was achieved
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Table2 Histopathological types of brain metastases.

Tab.2 Histopathologische Subtypen von Hirnmetastasen.

lung cancer 62/200(31.0 %)
- adenocarcinoma 49/62

- squamous cell carcinoma 9/62

- small cell carcinoma 4/62
melanoma 29/200 (14.5%)
breast cancer 26/200(13.0%)
- her2neu +/hormone receptor+ 4/26

- her2neu -/hormone receptor- 6/26

- her2neu +/hormone receptor- 4/26

- her2neu -/hormone receptor+ 9/26

- NOS 3/26
gastrointestinal tract cancer 21/200(10.5 %)
- upper Gl 3/21

- lower Gl 18/21

sarcoma 16/200 (3.0 %)

lymphoma 12/200 (6.0 %)
urothelialcarcinoma 18/200 (9.0 %)
- kidney 12/18
- bladder 6/18
germ cell cancer 12/200 (6.0 %)
- seminoma/non-seminoma 5/12
- ovary carcinoma 7/12
endometrial carcinoma 4/200 (2.0 %)
other 10/200 (5.0 %)
- prostate cancer 1/10
- acute myeloid leukemia 1/10
- hepatocellular cancer 2/10
- adenoid cystic carcinoma 1/10
- larynx carcinoma 1/10
- thymoma 1/10
- cancer of unknown primary 3/10

NOS: not otherwise specified.

with a positive/negative predictive value of 39.5%/92.4%, respec-
tively. Metastases of urothelial carcinoma (P=0.497) and lung can-
cer (P=0.386) did not show a significantly higher rate of hemor-
rhage. The highest fraction of a solid component was observed in
metastases of breast cancer (100.0 %), lymphoma (100.0 %) and sar-
coma (100.0%). Comparing breast cancer metastases to all other
metastases, this difference remained significant (P =0.049), result-
ing in a sensitivity/specificity of 100.0 %/13.2 % and a positive/neg-
ative predictive value of 14.7 %/100.0 %, respectively. Contact to the
dura was shown mostly by metastases of sarcoma (83.3 %) and gas-
trointestinal tumors (61.9%). However, differences compared to
other tumor types were not significant (sarcoma: P=0.131; Gl can-
cer: P=0.387).

Regarding the median values of measured ratios of fractional ani-
sotropy and apparent diffusion coefficient, the only significant dif-
ferences between different histopathological subtypes were ob-
served for ADC,niase USing the Kruskal-Wallis Test (P=0.010)
(e Fig.2). No significant differences were observed for FA.qiast
(P = 0467)v FAnecrosis (P =0.51 9), FANEPTR (P =0.1 76)- ADCnecrosis
(P=0.648) and ADCygprr (P=0.910).© Table 5 shows median values
of FA and ADC among different histopathological subtypes.
Comparing lymphomas to other metastases showed significant
differences for ADCopirast (0.92 [0.83 -1.07] vs. 1.35 [1.10 - 1.64]
P=0.001) (e Fig.3, 4). The optimal cut-off value for the diagnosis
of lymphoma was ADC,ast 1.08. Using this cut-off, a specificity
0f 98.5 % and a sensitivity of 18.4 % were achieved with a positive/
negative predictive value of 18.4%/98.5 %, respectively.

Neuroradiology REEY

Metastases of urothelial carcinoma showed significantly higher
median values in ADC,yyase COmpared to all other metastases
(1.65[1.24-1.85] vs. 1.30[1.04 - 1.59], P=0.025). Germ cell cancer
metastases compared to all other brain metastases showed signifi-
cantly lower values of FAygpr (0.16 [0.12-0.22] vs. 0.22 [0.17 -
0.29], P=0.038) (© Fig.4).

No significant differences were found in FA and ADC values of
adenocarcinoma, small cell carcinoma and squamous cell carci-
noma of the lung. Slight differences were found regarding sub-
types of breast cancer: Breast cancer metastases with identifica-
tion of Her2neu and estrogen/progesterone hormone receptor
showed lower ADC values in the contrast-enhancing tumor part
compared to breast cancer metastases without identification of
Her2neu and hormone receptor (1.08 vs. 1.33; P=0.032). Differ-
ences were also observed when comparing metastases of the up-
per GI to metastases of the lower GI (ADCecrosis 4.64 vs. 1.68;
P=0.012). However, only a small number of patients were ana-
lyzed in these subgroups.

In the comparison of metastases of adenocarcinoma to metasta-
ses of squamous cell carcinoma independently of the origin, no
significant differences were observed for ADC and FA values.
Decision tree analysis using morphological criteria only showed
that the correct diagnosis was achieved in 34.0 % of cases (© Fig.5).
The main criteria for differentiation between histopathological sub-
types using this automatic classification model were hemorrhage
and the pattern of contrast enhancement.

We further performed unsupervised hierarchical clustering (using
a dissimilarity matrix as input for the distance function), where
some trends could be observed, but no clear clustering based on
histology. Similarly, principal component analysis (PCA) of com-
plete cases with ADC and FA values showed no separation of a set
of tumors. (© Fig.6).

Discussion

v

Significant differences in morphological criteria between histopa-
thological subtypes of brain metastases and primary CNS lympho-
mas were observed, but due to a high variability and low specificity
of these parameters, use in the clinical routine is limited. Except for
lower ADC values in primary CNS lymphomas, no significant differ-
ences regarding FA/ADC values between different types of brain
metastases were disclosed. Therefore, DTI is not a reliable tool for
the differentiation between brain metastases. Histopathological
assessment is still essential for diagnosis.

Brain metastases occur more often than gliomas and are sometimes
the first manifestation of cancer [2]. MRI was shown to be superior
to CT imaging for the detection of brain metastases. Pre- and post-
contrast T1w sequences are mandatory for diagnosis [15, 16]. MRI
is performed for staging in patients with known malignancies or in
patients with neurological symptoms [1]. Imaging provides infor-
mation about the location and extent of brain metastases and mor-
phologic criteria such as hemorrhage, contact to dura, singularity
and pattern of contrast enhancement. MRI is important for further
therapy decisions such as surgery or radiotherapy [2]. Knowledge
of the primary tumor of the metastatic brain lesion is important
for therapy planning. Especially in patients with unknown malig-
nancies, diagnosis of histopathological subtypes using MRI could
help targeted staging and might eliminate the need for biopsy.
Histopathological subtypes of brain metastases display different
morphologic criteria which can help in differentiation. Brain me-
tastases of melanoma, renal cancer and lung cancer are prone to
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show hemorrhage as confirmed by the data of this study [1, 17].
Different histopathological subtypes of brain metastases show
various patterns of contrast enhancement. In this study, most le-
sions had solid enhancement, while nodular enhancement was
not observed in brain metastases. Solid contrast enhancement is
most frequently observed in breast cancer and GI cancer metas-
tases. Another important morphologic criterion may be contact
to the dura. Especially brain metastases of GI cancer and of sarco-
ma showed contact to the dura in this study. However, due to the
low specificity of these morphological parameters, differentia-
tion between histopathological subtypes remains challenging.
Using automatic classification by decision trees of morphological

Fig.1 The first row shows a melanoma metastasis
with a hyperintense signal in the T1w sequence with-
out contrast agent A and circular contrast enhance-
ment B. The second row shows an example of a
metastasis of renal cell carcinoma with hemorrhage
C and circular contrast enhancement D. Example of
a gastrointestinal cancer metastasis with typical con-
tact to the dura E. Typical solid contrast enhance-
ment of a breast cancer metastasis F.

Abb.1 Die erste Reihe zeigt eine Melanommetas-
tase mit einem hyperintensen Signal in der nativen
T1-Sequenz A und einer zirkuldren Kontrastmittel-
anreicherung B. Die zweite Reihe zeigt ein Beispiel
einer Nierenzellkarzinommetastase mit einer Ein-
blutung C und einer zirkuldren Kontrastmittelanrei-
cherung D. Beispiel einer Metastase eines gastroin-
testinalen Karzinoms mit einem typischen Kontakt
zur Dura E. Typische solide Kontrastmittelanrei-
cherung einer Mammakarzinommetastase F.

criteria, a prediction of the correct diagnosis could only be per-
formed in 34.0%, suggesting limited applicability in the clinical
routine.

Advanced imaging techniques are increasingly important in the
imaging of brain metastases especially for the differentiation from
gliomas. Perfusion-weighted imaging and MR spectroscopy were
shown to help in the differentiation between brain metastases
and glioblastomas [18 - 20]. The limitation of these imaging meth-
ods is the low spatial resolution. FET-PET imaging was shown to be
important in the diagnosis of brain metastases [21]. However, it
also has low spatial resolution. To date, these advanced imaging
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Table3 Morphologic criteria of different histopathological subtypes.

Tab.3 Morphologische Kriterien der histopathologischen Subtypen von Hirnmetastasen.

primary tumor n= solitary tumor cystic component hemorrhage solid component  contact to dura
lung cancer 62 38/62 (61.3%) 21/62 (33.9%) 11/62(17 7%) 48/62 (77.4%) 33/62(53.2%)
melanoma 28 13/29 (44.8 %) 9/29 (31.0%) 17/29 (58.6 %) 26/29 (89.7 %) 19/29 (65.5 %)
breast cancer 27 13/26 (50.0 %) 6/26 (23.1%) 2/26 (7.7 %) 26/26(100.0%) 13/26 (50.0 %)
Gl cancer 21 10/21(47.6%) 7/21(33.3%) 1/21(4.8%) 19/21(90.5 %) 13/21(61.9%)
sarcoma 6 5/6 (83.3%) 3/6 (50.0%) 1/6 (16.7 %) 6/6 (100.0%) 5/6 (83.3%)

lymphoma 12 3/12(25.0%) 1/12(8.3%) 1/12(8.3%) 12/12(100.0%) 3/12(25.0%)
urothelial carcinoma 18 11/18(61.1%) 8/18 (44.4%) 5/18(27.8%) 14/18 (77.8%) 8/18 (44.4%)
germ cell carcinoma 12 8/12(66.7 %) 6/12(50.0%) 3/12(25.0%) 12/12(100.0 %) 6/12(50.0%)
endometrial carcinoma 4 2[4 (50.0 %) 3/4(75.0 %) 0/4(0.0%) 4/4(100.0 %) 1/4(25.0%)

other 10 5/10 (50.0 %) 2/10(20.0%) 2/10(20.0%) 10/10 (100.0 %) 5/10 (50.0 %)

Gl: gastrointestinal cancer. Gl: gastrointestinal.

Table4 Patterns of contrast enhancement of different histopathological subtypes.

Tab.4 Arten der Kontrastmittelanreicherung der histopathologischen Subtypen von Hirnmetastasen.

primary tumor circular nodular solid garland-like circular+solid garland-like+solid none

lung cancer 11/62(17.7%)  0/62(0.0%) 16/62(25.8%)  12/62(19.4%)  17/62(27.4%)  5/62(8.1%) 1/62 (1.6 %)
melanoma 7/29(24.1%)  0/29 (0.0%) 12/29 (41.4%) 0/29 (0.0 %) 6/29(20.7%)  3/29(10.3%) 1/29 (3.4%)
breast cancer 0/26 (0.0 %) 0/26 (0.0 %) 16/26 (61.5%) 2/26 (7.7%) 5/26(19.2%)  3/26(11.5%) 0/26 (0.0 %)
Gl cancer 4/21(19.0%)  0/21(0.0%) 7/21(33.3%) 2/21(9.5%) 4/21(19.0%)  4/21(19.0%) 0/21(0.0%)
sarcoma 0/6 (0.0%) 0/6(0.0%) 3/6 (50.0 %) 0/6 (0.0%) 2/6(33.3%) 0/6 (0.0 %) 1/6 (16.7 %)
lymphoma 0/12(0.0%) 0/12(0.0%) 11/12(91.7 %) 0/12 (0.0 %) 1/12(8.3%) 0/12 (0.0 %) 0/12(0.0%)
urothelial 6/18(33.3%)  0/18(0.0%) 4/18(22.2%) 2/18(11.1%) 4/18(22.2%)  2/18(11.1%) 0/18(0.0%)
carcinoma

germ cell 4/12(333%)  0/12(0.0%) 0/12 (0.0%) 2/12(16.7 %) 6/12(50.0%)  0/12(0.0%) 0/12 (0.0%)
carcinoma

endometrial 0/4(0.0%) 0/4(0.0%) 1/4 (25.0%) 0/4(0.0%) 1/4 (25.0%) 2/4(50.0%) 0/4(0.0%)
carcinoma

other 1/10(10.0%)  0/10(0.0%) 5/10 (50.0%) 0/10(0.0%) 1/10(10.0%)  3/10(30.0%) 0/10(0.0%)

Gl: gastrointestinal cancer. Gl: gastrointestinal.

methods have not been shown to differentiate between different
histopathological subtypes of brain metastases.
Diffusion-weighted imaging (DWI) and diffusion tensor imaging

7 (DTI) are important in the preoperative MR imaging of brain lesions

2.00 - [10]. ADC is the most common quantitative analysis of DWI and
provides information on cell density [22, 23]. Fractional anisotropy

o * is a quantitative parameter of DTI and provides information about
* the directionality of diffusion processes [24]. It was shown that dif-

2.50

ADCqptrast

fusion-weighted imaging can give additional information regarding
tissue composition and can therefore help in the differentiation of
intracranial tumors and tumor-like conditions. [25]. Many studies
have tried to assess diffusion tensor imaging and diffusion-weight-
ed imaging for the differentiation between brain metastases and
gliomas [11, 26-28]. Higher FA values were shown in the con-
trast-enhancing tumor part of glioblastomas compared to brain
metastases, whereas no differences were observed in the NEPTR
[11]. Malignant brain tumors showed reduced FA values in the
non-enhancing peritumoral region. Significant differences were
observed between meningiomas, metastases and high-grade glio-
mas [29]. This suggests that different biology of brain lesions has
Abb.2  Werte fiir ADCcoprast in den unterschiedlichen histopatholo- an effect on fractional anisotropy values. In this explorative study
sl Sy o il B s, P, germ cell cancer metastases compared to all other brain metastases
showed lower FA values in the non-enhancing peritumoral region,
suggesting a higher invasiveness of this type of metastasis. Due to
the low patient number (n=12), the validity of these results is lim-
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Fig.2 ADC_ynrast in the different histopathological subtypes of brain
metastases. * P<0.05.
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Table5 Median FAand ADC values in different histopathological subtypes.

Tab.5 Mediane FA- und ADC-Werte der histopathologischen Subtypen von Hirnmetastasen.

primary tumor FA(ontrast FAnecrosis FANEI’TR ADccontrast ADcnecrosis ADCNEPTR

lung cancer 0.22[0.20-0.28]  0.17[0.12-0.21]  0.23[0.18-0.28]  1.43[1.14-1.63]  2.64[1.48-3.48]  2.15[1.87-2.40]
melanoma 0.25[0.19-0.28]  0.20[0.14-0.31]  0.21[0.15-0.25]  1.15[0.92-1.76]  2.41[1.19-3.78]  2.28[2.02-2.47]
breast cancer 0.21[0.16-0.26]  0.18[0.14-0.24]  0.22[0.18-0.32]  1.25[1.14-1.38]  2.56[2.05-3.59]  2.23[1.88-2.44]
Gl cancer 0.23[0.18-0.27]  0.22[0.14-0.31]  0.23[0.13-0.31]  1.40[1.20-1.83]  1.93[1.33-3.39]  2.19[2.03 -2.40]
sarcoma 0.25[0.10-0.31]  0.16[0.11-0.27]  0.21[0.20-0.35]  1.38[0.93-1.53]  2.48[1.67-3.71]  2.53[1.78-2.87]
lymphoma 0.22[0.17-0.25]  0.22[0.13-0.41]  0.23[0.16-0.27]  0.92[0.83-1.07]' 2.96[1.74-4.00]  2.12[1.83-2.50]
urothelial carcinoma ~ 0.21[0.16-0.26]  0.14[0.11-0.21]  0.19[0.17-0.28]  1.65[1.24-1.85]2 2.44[1.31-3.12]  2.22[2.07-2.46]
germ cell carcinoma ~ 0.24[0.19-0.30]  0.15[0.09-0.20]  0.16[0.12-0.22]> 1.32[1.04-1.75]  3.59[2.43-3.69]  2.19[2.13-2.54]
endometrial carcinoma  0.15[0.11-0.19]  0.12[0.10-0.14]  0.33[0.29-0.37]  1.31[1.15-1.57]  3.19[2.09-4.05]  2.15[2.03-2.42]
other 0.18[0.17-0.23]  0.19[0.16-0.27]  0.30[0.18-0.40]  1.08[0.90-1.65]  1.70[1.32-2.66]  2.29[1.70-2.66]

Gl: gastrointestinal; non-normally distributed data is shown as median [interquartile range]. Gl: gastrointestinal; nicht normalverteilte Daten sind dargestellt als Median [Inter-
quartilenabstand)].

1P<0.005.

2P<0.05.

Fig.3 Patient with a lymphoma. The contrast-en-
& hancing tumor part B shows low ADC values (A, —>).

Abb.3 Patient mit einem Lymphom. Der Kon-
trastmittelanreichernde Tumoranteil B zeigt nied-
rige ADC-Werte (A,->).

ADCoontrast
§
FA_MEFTR
§
|

h -

100 E 100 —_—

ADCeonirast

T T T . 5
no fymphoma Iymphema na urothel carcinams urothed carcinoma o germ cell carcinama no germ cell carcinoma

Fig.4 Boxplot for ADC_yrast and FAeprr for lymphoma/no lymphoma, urothelial carcinoma/no urothelial carcinoma and germ cell carcinoma/no germ cell
carcinoma.

Abb.4 Boxplots fiir die ADC-Werte im kontrastmittelanreichernden Tumoranteil sowie die FA-Werte im Odem fiir Lymphome, Urothelkarzinome, Keimzell-
tumoren im Vergleich zu anderen Subtypen von Metatasen.

ited, and further studies have to be performed. There were no other
significant differences in FA values in the contrast-enhancing tumor
part, the necrosis and the NEPTR of the analyzed lesions, suggesting
that FA is not a reliable tool for the differentiation between brain
metastases.

ADC values for the differentiation between histopathological sub-
types of brain metastases were assessed in a recent study but did
not show significant differences [9]. Another study showed that
ADC values in the contrast-enhancing tumor part correlate with
the cellularity of brain metastases [30]. Primary CNS lymphomas
are known to show lower ADC values in diffusion-weighted ima-
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Fig.5 Decision tree analysis using only morpholo-
gic criteria.

Abb.5 Entscheidungsbaum anhand morphologi-
scher Kriterien.

yels nlo
Node 1 Node 2
Category % n Category % n
¥ lung 256 11 ¥ lung 325 51
melanoma W5 17 melanoma 76 12
B breast 47 2 B breast 153 249
B gastrointestinal 23 1 B gastrointestinal 12,7 20
® sarcoma 23 1 B sarcoma 32 5
lymphoma 23 1 lymphoma 70 11
B kidney/bladder 116 5 ® kidney/bladder 83 13
germ cell 70 3 germ cell 57 9
B endometrium 00 0 B endometrium 25 4
Sothes 47 2 Sothes 51 8
Total 215 43 Total 78,5 157
=l
pattern_of_contrast_enhancement
Adj. P-value=0,001, Chi-square=34,915, df=0
circular; garland-like; solid+circular solid; solid+garland-like
Node 3 Node 4

_Category % n _Categoy % o

¥ lung 458 33 ® lung 212 18

melanoma 42 3 melanoma 108 9

B breast 83 © B preast 212 18

B gastrointestinal 125 © B gastrointestinal 129 11

B zarcoma 28 2 W sarcoma 35 3

lymphoma 14 1 lymphoma 118 10

® kidneyw/bladder 97 7 B kidney/bladder 71 6

germ cell 1225 @9 germ cell 00 0

B endometrium 14 1 B endometrium 35 3

B others 14 1 B others 82 7

Total 360 72 Total 425 85

ging [31, 32]. This is supported by our findings that lymphomas
show significantly lower ADC values in the contrast-enhancing tu-
mor part.

Despite previous information that ADC values correlate with
brain metastasis cellularity, no significant differences in ADC val-
ues were found between different histopathological subtypes of
brain metastases. In addition to the minimal differences for FA-
Neptr N germ cell cancer metastases, minimal differences were
also observed in ADC values in the contrast-enhancing tumor
part for urothelial carcinomas. Due to the comparison of multiple
groups of brain metastases, Bonferroni correction would have to
be performed to adjust the significance level which was not con-
sidered due to the explorative character of this study. However,
accounting for this, differences in FA values in germ cell cancer
metastases and in ADC values in urothelial carcinoma metastases
would no longer reach statistical significance.

One could assume that brain metastases with similar histopatho-
logical patterns (e. g. adenocarcinoma, squamous cell carcinoma)
show differences in structure and therefore also in FA and ADC
values. In this study only slight differences between subgroups
of brain metastases (e.g. upper/lower GI), but no significant dif-
ferences between histopathological groups independently of the
origin were observed. There is high variability of brain metasta-
ses between different organs, different histopathological pat-
terns and also between the different histopathological patterns
of different organs which makes classification very difficult. Fur-
thermore, the small number of patients in the subgroups is a
main limitation for statistical analysis.

In summary, MRI including morphologic criteria, diffusion-weight-
ed imaging and diffusion tensor imaging was not able to differenti-
ate between histopathological subtypes of brain metastases/pri-
mary CNS lymphomas in the clinical routine. Also hierarchical
clustering showed limited use of FA and ADC values for discrimina-
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Fig.6 Principal component analysis (PCA) for ADC

A ol P P g e B e e e 5 B )
- - values A and ADC and FA B values of different types
iy
. .' R ALY * . - of brain metastases. Unsupervised hierarchical clus-
- s e . h . . . .
= v ‘; -"'g _.. e e o i e tering analysis C.
a5ars AL :
g 4" f e - i H ;'&;ﬁyg' Szl Abb.6 Hauptkomponentenanalyse fiir ADC-Werte
. . s - . » . . . ) )
o i 1 et PRI SE i > "}' el A und ADC- und FA-Werte B fiir verschiedene Hirn-
- " : . L metastasen. Clusteranalyse C.
. . . -
PC1 PC1
C HCIus! using Dissimaarity Matrix Calculstion ‘datsy’

e

tion between histopathological subtypes due to high variability.
This analysis focused on imaging findings and thus excluded
knowledge of clinical history that would improve the correct histo-
pathological diagnosis and may be addressed in further studies.
One possible limitation of this study is the use of manually placed
ROIs without fully segmenting the complete tumor regions. It is
known that especially FA values show a wide heterogeneity even
between white matter tracks [33, 34]. Thus, the most representa-
tive regions were manually determined by an experienced neuror-
adiologist in this study. It remains to be determined if this selective
approach or complete segmentation of the lesion shows better re-
sults. Further data from different MR scanners with different DTI
images were analyzed for this study which might introduce an un-
avoidable bias. To account for this in each patient the FA/ADC val-
ues of the internal capsule were measured as previously described
[13]. Another limitation is the small number of patients in some
histopathological tumor types (sarcoma, germ cell, endometrial,
lymphoma). However, this reflects the daily routine, as these tu-
mor entities are rare, while the most common types of brain me-
tastases are lung and breast cancer and melanoma.

Abbreviations

FA fractional anisotropy

ADC apparent diffusion coefficient

MRI magnetic resonance imaging

FLAIR  fluid attenuated inversion recovery

MPRage magnetization prepared rapid gradient echo
ROI region of interest

DTI diffusion tensor imaging

DWI diffusion-weighted imaging

CHAID chi-square automatic interaction detectors
NEPTR non-enhancing peritumoral region

ROC receiver operating characteristics

PCA principal component analysis

Clinical relevance of the study

p- Significant differences in morphologic criteria were observed
between histopathological subtypes of brain metastases and
primary CNS lymphomas

p However, as the most common types of metastases/CNS lym-
phomas showed a high variability in appearance, the positive
and negative predictive values of imaging findings were low
and thus the use of these parameters is limited in the clinical
routine

» DTI was not a reliable tool for differentiation between histo-
pathological subtypes of brain metastases, except in primary
CNS lymphoma showing significantly lower ADC values

p- Therefore, biopsy and surgery are still essential for diagnosis.
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