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Abstract

Introduction—Diffusion tensor MR imaging (DTI) can be used to characterize the
microstructures of ordered biological tissues. This study was designed to assess histological
features of gliomas and surrounding brain tissues in rats using DTL.

Methods—Three types of tumors, a 9L gliosarcoma (n = 8), an F98 glioma (n = 5), and a human
glioblastoma xenograft (GBM22; n = 8) were incubated in rat brains and underwent conventional
MRI and DTI scanning using a 4.7 T animal MRI system. Fractional anisotropy (FA), isotropic
apparent diffusion coefficient (ADC), parallel diffusivity (A), and perpendicular diffusivity (A-L),
as well as histological features within several regions of interest, were analyzed.

Results—All tumor masses consisted of low-FA central zones (tumor center) and high-FA
peripheral regions (tumor rim). Histological examination revealed the existence of highly coherent
tumor organizations (circular for 9L and F98 or radial for GBM22) in the tumor rims. There were
higher ADC, AL and A in the peritumoral edema, compared to the contralateral grey matter.
There were significantly lower FA and higher AL in the ipsilateral white matter than in the
contralateral white matter for the GBM22 tumor, whereas there were no differences for the 9L and
F98 tumors. Histology showed GBM?22 tumor infiltration into the ipsilateral damaged white
matter.

Conclusions—Quantitative analysis of DTI indices provides useful information for assessing

tumor microstructures and tumor cell invasion into the adjacent gray matter and white matter.
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Introduction

Gliomas carry a poor prognosis, with a median survival time of 12—15 months for patients
with glioblastoma multiforme, and 25 years for patients with anaplastic gliomas [1].
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Histopathological examination is the gold standard for the diagnosis of gliomas. However,
the incidence of unsuccessful biopsies has been reported at approximately 8%, which may
include nonrepresentative or nondiagnostic specimens, such as inflammatory changes,
gliosis, necrosis, or normal brain [2]. Even if the biopsied specimen is adequate, there is a
diagnostic disagreement rate of 15% between neuropathologists [3]. In addition, it has been
reported that around 6% of patients who undergo surgical biopsy of brain cancer suffer from
severe complications, such as subarachnoid hemorrhage, intracerebral hemorrhage,
increased edema, and severe neurological deficits. Furthermore, around 2% of patients die
following the procedure [4]. A noninvasive diagnostic test to accurately assess gliomas,
therefore, could potentially reduce the necessity for biopsies and their associated
complications.

The primary goal in the treatment of malignant gliomas is to remove as much tumor as
possible while minimizing the damage to surrounding brain tissue to preserve neuronal
functions. Optimal neurosurgery and radiotherapy rely on accurate information about the
local extent of a tumor and its infiltration into the brain parenchyma. These factors do not
influence the choice of a treatment strategy, but ultimately, determine the prognosis of the
patient. Therefore, the main purpose of noninvasive brain cancer imaging is focused on
tumor localization, grade determination, and tumor infiltration characterization [5].

Magnetic resonance imaging (MRI) plays a key role in the detection, staging, and
characterization of the tumor infiltration of gliomas [6-9]. However, conventional MRI
imaging of gliomas has inherent limitations, such as inadequate assessment of both
peritumoral edema and the integrity of the adjacent white matter. Diffusion tensor MR
imaging (DTI) can measure the three-dimensional movement of water molecules 7n vivo and
elucidate the microstructure of the brain tissue [10-14]. Tissue microstructural
characteristics in gliomas vary considerably. Pseudopalisading necrosis is a
neuropathological hallmark of glioblastoma multiforme, where the lesion necrosis is
surrounded by radially arranged anaplastic cells, along with tumor cell infiltration, vascular
or cytotoxic edema, and reactive gliosis in the peritumoral edema [15].

In this study, we aim to evaluate the microstructural characteristics of gliomas, peritumoral
edema, and adjacent white matter using DTT in three different glioma animal models. These
animal models exhibit different biological characteristics in mimicking human gliomas. We
hypothesize that (i) there are distinct diffusion patterns in these animal models that correlate
with the tumor microstructure, and (ii) quantification of DTI indices can characterize the
peritumoral edema and the integrity of adjacent white matter.

Materials and Methods

Animal model preparation

Three tumor cell lines were used in this study, including 9L and F98 tumor models that were
derived from nitrosourea-induced malignancies of glial origin [16]. A human glioblastoma
cell line (randomly called GBM22) was established from resected tumors, passaged serially
as tumor xenografts, and cultured briefly prior to implantation into the rat brain [17]. The OL
and F98 tumor models are well-established glioma models and their biological
characteristics mimic moderately gliomas in humans [18]. However, the GBM22 tumor
shares the essential characteristics of high invasiveness and poor demarcation with human
glioblastomas [19]. There were 25,000 9L tumor cells (7 = &) or F98 glioma cells (17 = 5)
implanted in each Fisher rat, and 100,000 GBM?22 cells implanted in each nude rat (2 = §).
All the experimental procedures were approved by the Animal Care and Use Committee of
the Johns Hopkins University School of Medicine.
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MRI data acquisition

The rats underwent MRI scanning on day 11 ~13 (9L), days 10-11 (F98) and days 26-28
(GBM22) post-tumor implantation. The diameter of the tumors was approximately 4—5 mm.
Imaging experiments were performed on a 4.7 T horizontal bore animal MR system (Bruker
Biospin, MA) with an actively decoupled cross-coil setup of a 70 mm body coil for RF
transmission and a 25 mm surface coil for signal reception.

In vivo multi-slice images of rat brains were acquired in the horizontal plane (5 slices, slice
thickness 1.5 mm, field of view (FOV) =42 mm x 32 mm). Tow was acquired using a fast
spin echo (FSE) sequence and the following parameters: repetition time (TR) = 3s; echo
time (TE) = 64 ms; matrix = 256 x 256; and resolution = 0.16 mm x 0.17 mm. Diffusion
tensor images were acquired using a multiple-slice, multiple-spin echo diffusion-weighted
(DW) sequence (TR =2 s, four echoes with TEs of 26.3/36.7/47.1/57.5 ms, matrix = 128 x
96, resolution = 0.33 mm x 0.33 mm, number of average = 4). Trapezoidal diffusion
gradients were used (A = 14 ms, § = 5 ms, gradient rise time = 0.4 ms, gradient strength =
14 Gauss/cm). Seven DW images with different b values were acquired (one image with b
value = 50 s/mm? and the rest with b value = 625 s/mm?2).

Image analysis

DTI eigenvalues (A1, A, and A3) were obtained using DTI Studio v2.30 [20]. Then,
fractional anisotropy (FA), apparent diffusion coefficient (ADC), parallel diffusivity (A/),
and perpendicular diffusivity (A_L) maps were created for quantitative analysis by applying
the following equations:

FA= \/g \/(’l] — )+ (2 — A3)?+(A3 — 41)?

A+ v
ADC=(;+2+23)/3 (2
A= 3
A =(2443)/2 @

Regions of interest (ROIs) were manually drawn on the Tow and DTI images. The central
regions of gliomas (tumor center) were defined as hypointense on the FA maps (Fig. 1A).
The peripheral regions of gliomas (tumor rim) were defined as hyperintense on the FA
images [21]. Then, the peritumoral edema was defined as the hyperintense region on the
T,w images. Because the tumors were implanted in the thalamus areas, the peritumoral
edema covered most of the thalamus (Fig. 1B). The contralateral grey matter (thalamus)
served as a control. Finally, ipsilateral and contralateral white matter tracts were drawn in
the external capsule regions on the FA maps (Fig. 1A). ImageJ 1.43n (National Institutes of
Health, Bethesda, MD) was used to evaluate the quantitative indices in all of the images.

Histopathology evaluation

Rats were sacrificed for histological evaluation after MRI scanning. Brain specimens were
processed using standard histological protocols. The specimens were sectioned in 10 pum
thick slices and stained with hematoxylin and eosin (H&E). Histological specimens were
analyzed within the regions corresponding to the quantitative MRI measurements.

J Comput Assist Tomogr. Author manuscript; available in PMC 2013 November O1.
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Peritumoral regions were classified infiltrated or non-infiltrated, according to the boundary
features between the tumor and adjacent brain parenchyma and the presence of tumor cells
invading the adjacent brain parenchyma. Histological images were acquired using a light
microscope under 10x — 200x magnification, at the same exposure level, by digital
photomicrography.

Statistical analysis

Results

All results are expressed as mean + standard deviation. A paired sample t test was applied to
analyze statistical differences in the DTI indices between the tumor rim and tumor center,
the peritumoral edema and contralateral grey matter, as well as the ipsilateral and
contralateral white matter. All statistical analysis was performed using the statistical
package SPSS for Windows (Version 18, SPSS, Chicago). A p value of <0.05 was
considered to be statistically significant.

DTI and conventional MR imaging of gliomas

The 9L gliosarcoma was homogeneously hyperintense on Tow images and there was a
distinct boundary between the tumor and the adjacent normal parenchyma. The FO8 tumor
was heterogeneously hyperintense on T, images. No apparent boundary could be seen
between the tumor and adjacent brain tissue. The GBM22 tumor was iso- to hyperintense on
T, images. For all tumor models, peritumoral edema that covered the adjacent grey matter
and white matter tracts showed hyperintensity on T, images. In addition, severe mass effects
could be seen in the ventricular space and adjacent white matter tracts.

For all three tumor models, the FA maps showed a highly heterogeneous tumor mass (Fig.
2). There was a dark central lesion with low diffusion anisotropy, compared to the
contralateral brain tissue. In contrast, a bright peripheral area with a high degree of diffusion
anisotropy was observed on FA maps, as reported previously. The ADC maps were
relatively homogenous, compared to FA. There were different diffusion patterns on ADC
maps within GBM22 tumors, compared to 9L and F98 tumors (Fig. 2). In the 9L and F98
tumors, the ADC maps were markedly hyperintense in the tumor cores, compared to the
contralateral grey matter. However, the ADC signal intensity within the GBM22 tumor was
iso-intense (Fig. 2) or hyperintense, compared to the contralateral grey matter, depending on
the animal.

On the ADC maps and T, images, peritumoral regions were clearly identifiable, with
hyperintense signals. On FA maps, these peritumoral regions were hypointense, compared to
the contralateral grey matter among all three tumor models, where the peritumoral white
matter (external capsule) could be clearly identified, with hyperintense FA signals.

Quantitative analysis of DTI indices of the gliomas

Table 1 summarizes the DTT indices in the 9L, F98, and GBM?22 glioma models.
Significantly higher FA values were found in the tumor rim of FO8 and GBM22 than in the
tumor center (p = 0.01 and p <0.001, respectively). Further, significantly lower AL values
were found in the 9L tumor rim, compared to the tumor center (p = 0.015). The F98 tumor
showed significantly lower A_L in the tumor rim than in the tumor center (p = 0.038).
However, the GBM22 tumor had significantly higher A, values in the tumor rim than in the
tumor center (p = 0.006). In the peritumoral edema, all three glioma models showed
significantly higher ADC, A_L and A values compared to the contralateral grey matter.
Notably, the GBM22 tumor had significantly lower FA, but higher A_L in the ipsilateral
white matter, compared to the contralateral white matter, consistent with DTT patterns of
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myelin damage [22-24]. No significant differences in DTI indices were found between both
sides of the white matter in 9L and F98 tumors.

Histological evaluations

There are distinct histological patterns among these three tumor models (Figs. 3-5). High
densities of 9L tumor cells with randomly distributed internal space were observed within
the 9L tumors. On the contrary, the F98 and GBM?22 tumors showed a clear central necrosis
with few tumor cells. Moreover, the high densities of tumor cells showed a unique
arrangement. The individual tumor cells and adjacent interstitial space in 9L and F98 tumors
formed a circular organization pattern in the tumor rim, corresponding to high diffusion
anisotropy in the DTI images. Notably, the GBM22 tumor cells seemed elongated with
adjacent interstitial spaces, and an apparently “streaming” radial pattern, corresponding to
high FA regions. Finally, the peritumoral grey matter was compressed by the tumor mass
and the tumor cells invaded the adjacent brain parenchyma at varying distances from the
tumor mass. These patterns were more obvious in F98 and GBM22 tumors. With regard to
the adjacent white matter (external capsule), the ipsilateral white matter in the 9L and F98
models seemed normal, compared to the contralateral white matter. However, the ipsilateral
white matter of GBM22 tumors was damaged by infiltrating tumor cells. The boundary
between the tumor and the adjacent white matter was unclear.

Discussion

Malignant gliomas are histologically characterized by pseudopalisading, endothelial
proliferation, or glomerular formation [15]. Organized microstructures exist in solid tumor
tissues, where the tumor cells proliferate rapidly and pack closely in a coherent way, as
opposed to the random microstructures in necrotic or cystic areas. This is consistent with
DTI findings in humans, where FA and tumor cellularity were found to be positively
correlated [25, 26]. For example, Kinoshita et al. analyzed the FA values in grade Il to IV
gliomas and then correlated them with histology [26]. A significant positive correlation was
demonstrated between the numbers of tumor cells and FA values (r = 0.75). Our results
indicate that the solid part of gliomas (tumor rim) has a higher degree of diffusion
anisotropy, compared to the tumor center with spontaneous necrosis. Histological
evaluations confirmed the existence of well-arranged tumor cells in the tumor rims, which
formed a circular pattern in the 9L and F98 tumors and a radial pattern in the GBM22
tumors. Although these brain tumor xenografts grow relatively fast, compared to human
gliomas, our results provide useful information to better understand the growth patterns of
gliomas, which is useful for the differential diagnosis and evaluation of treatment response.

Peritumoral edema can be classified as vasogenic edema, such as the edema adjacent to
meningiomas and metastatic tumors, and tumor-infiltrated edema, such as the edema
surrounding gliomas. The ability of diffusion MRI to differentiate vasogenic edema from
tumor-infiltrated edema is still controversial. Lu et al. reported significantly higher ADC
values in vasogenic edema than in tumor-infiltrated edema [27], whereas contradictory
results were reported by other groups [28]. Peritumoral edema consists of several
complicated pathological components, such as compressed normal parenchyma, vasogenic
edema, tumor cell infiltration, and reactive astrogliosis. This may explain the conflicting
reports [29]. When the tumor tissue compresses the adjacent brain parenchyma, diffusion
anisotropy would increase. Several other pathological changes could decrease the diffusion
anisotropy. For example, vasogenic edema can enhance the free diffusion of water in the
extracellular space, infiltrating tumor cells can disrupt the integrity of adjacent white matter
tracts, and reactive astrogliosis can impede the free diffusion of water due to the swelling of
astrocytes. Therefore, the diffusion characteristics of peritumoral edema are determined by
these pathological components. We demonstrated that all three tumors exhibit significantly
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higher ADC, A_L and A values in peritumoral edema, compared to normal grey matter.
Histology showed tumor compression and vasogenic edema in 9L and F98 tumors and
GBM22 tumor infiltration into the adjacent brain parenchyma. Our results indicate that DTI
indices may have limitations in identifying tumor cell infiltration into the peritumoral
edema.

Gliomas do not only displace the fiber bundles of the white matter, as in low-grade gliomas,
but also damage the adjacent white matter tracts due to tumor cell infiltration, as in high-
grade gliomas. In our models, GBM22 had significantly lower FA, together with
significantly higher AL in the ipsilateral white matter, compared to the contralateral white
matter. On the contrary, no significant differences were found between the ipsilateral and
contralateral white matter in the 9L gliosarcoma or F98 tumor. Recent studies have
demonstrated that FA and AL are sensitive and specific biomarkers, reflecting the integrity
of the myelin in many pathological or physiological processes, such as white matter
maturation, demyelination, or dysmyelination [22-24], since A-L represents water diffusion
perpendicular to the myelin sheaths. Tumor cell infiltration may induce the myelin damage.
This is supported by experimental studies that show that demyelination is a major
pathological change in the adjacent white matter tracts [30, 31]. Clinically, demyelination is
also observed in the adjacent white matter, especially in patients with high-grade gliomas
[32]. Our results show that adjacent white matter tracts were infiltrated and damaged by
tumor cells in the GBM22 tumors, but were preserved in the 9L and F98 tumor models.
Significantly decreased FA, along with increased AL within the ipsilateral white matter of
gliomas, can be regarded as useful biomarkers to assess the integrity of adjacent white
matter tracts.

In conclusion, brain tumors are highly organized. A quantitative analysis of DTI indices can
provide useful information about the microstructures of brain tumors and the adjacent gray
matter and white matter at a near-cellular level.
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Fig 1.

Examples of ROIs in an FA map (A) and a Tow image (B) from an F98 tumor. The ROIs
over the FA map (A) include the tumor center (1), tumor rim (2), ipsilateral white matter (5),
and contralateral white matter (6). Peritumoral edema (3) and contralateral grey matter (4)
are defined on the Tow image (B). These ROIs were transferred to identical sites on FA,
ADC, A/, and AL maps.
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T,W FA ADC

Fig 2.
T,w and DTI imaging features of brain gliomas in animal models. On the conventional Tow
images, the tumors show hyperintensive regions with abnormally increased signals in the
peritumoral edema. On the FA maps, there is a small dark central area with low diffusion
anisotropy and a bright rim with a high degree of diffusion anisotropy for all tumors. On the
ADC maps, the tumor regions show hyperintensity (9L gliosarcoma and F98 tumor) or iso-
to hyperintensity (GBM22), compared to the contralateral grey matter. The peritumoral area
has abnormally increased signals.
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Fig 3.

Histological features of 9L tumor in a rat. A, Tumor mass is relatively homogeneous. B and
C, Red and yellow rectangular tumor areas in (A) under 10x magnification. The orientation
of tumor cells and the adjacent interstitial spaces form a circular pattern in the outer part of
the tumor. D, Peritumoral edema shows compressed brain parenchyma (black arrow),
dilated vessels (yellow arrow), as well as vacuolation changes. E and F, Ipsilateral adjacent
white matter and contralateral white matter. Both white matter tracts appear normal and
intact (white arrow).
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Fig 4.

Histological features of an FO8 tumor in a rat. A, F98 tumor shows heterogeneous tumor
mass with central necrosis. B and C, Red and yellow rectangular tumor areas in (A) under
10x magnification. The orientation of tumor cells and the adjacent interstitial spaces form a
circular pattern in the outer part of the tumor. D, Peritumoral edema shows compressed
brain tissue (black arrow) without obvious tumor invasion. E and F, Ipsilateral adjacent
white matter and contralateral white matter. Both sides of the white matter tracts seem
normal and intact (white arrow).
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Fig 5.

Histological features of a GBM22 tumor xenograft in a rat. A, GBM22 tumor shows a
heterogeneous tumor mass with central necrosis. B and C, Red and yellow rectangular tumor
areas in (A) under 10x magnification. There are highly coherent, radially organized tumor
cells and adjacent interstitial spaces in the outer part of the tumor. D, Tumor cells infiltrate
the adjacent brain parenchyma (black arrow). E and F, Ipsilateral adjacent white matter and
contralateral white matter. Tumor cells infiltrate the adjacent ipsilateral white matter.
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